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Abstract 

This study emphasizes the importance of accurate input parameters for ensuring the precision and reliability of simulations 

by conducting a sensitivity analysis to determine the calculation and material parameters. The aim is to determine the exact 

material parameters, for two different soil samples in a rigid state, by comparing the results of a sensitivity analysis with 

the unconfined compression test benchmark data for each sample. The moving particle semi-implicit (MPS) method, one 

of the particle methods, was chosen to reproduce the unconfined compression test simulation. The soil particles were 

assumed to be in the rigid state of the Bingham fluid bi-viscosity model. The first part of the study focuses on a sensitivity 

analysis of the basic simulation parameter values inputted during the simulation setup for the calculation procedure and 

the selection of the criteria for the calculation method, and then recommends the optimum values for a higher degree of 

accuracy based on the results. The second part of the study uses the results to analyze the sensitivity of each influencing 

parameter of the bi-viscosity Bingham fluid. In the final section, this study will provide a general guideline for selecting 

the optimum values for the MPS parameters and will recommend approximate values for other soil samples in future 

research with properties similar to those used in this study. 

Keywords: Bi-viscosity Model; Geomaterial; Particle Method, Sensitivity Analysis; Unconfined Compression Test. 

 

1. Introduction 

In the field of geotechnical engineering, soil particles are assumed to be a viscous fluid, defined by their viscosity-

related features during a numerical simulation by the particle method [1–4]. This also applies to soil with varying 

physical and mechanical properties [4, 5], resulting from the influence of the initial water content [6–8]. It is widely 

accepted that liquefied soil be represented by the Bingham fluid in simulations [9–13] because the Bingham fluid is 

mainly defined by the yield stress and viscosity [14, 15]. However, the analysis becomes impossible when the Bingham 

fluid is in a rigid state in which the shear stress does not exceed the yield stress [16, 17]. Meanwhile, the Bingham fluid 

bi-viscosity model defines the dual nature of the soil, assuming it to be a viscous-plastic fluid in a fluid state and a highly 

viscous fluid in a rigid state [18, 19]. Regardless of the soil state, soil can be represented in simulations by Bingham 

fluid [4, 5]. 

The precision of a simulation depends on the correct rheology and may require the use of the modified Bingham 

fluid model to explain the complex rheological behavior [20, 21]. Soil is comparable to concrete or mortar in terms of 

its flowability, and thus, the flowability values of these materials are often used as a reference when determining the 

plastic viscosity value [22, 23]. Aierken et al. [22] explained the compatibility of bi-viscosity Bingham fluid in a mortar 

flow simulation. Shakya et al. [23] suggested the extrapolation of the flow value vs. plastic viscosity, and the plastic 
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viscosity value is obtained when the flow value is zero. However, both studies assume the flow behavior of the soil, and 

neither addresses the rigid state of the soil. Shakya et al. [22] suggested the recreation of unconfined compression tests 

to determine the material parameters because these tests are the simplest tests available for reproducing the widely used 

data in geotechnical engineering [24, 25]. Shakya et al. [14] conducted a sensitivity analysis for the particle size through 

an unconfined compression test simulation. Meanwhile, Shakya et al. [26] established a general thumb rule for yield 

parameter value selection criteria as well as the relationship between the yield value and plastic viscosity. However, 

their study was conducted for a yield value input equivalent to the unconfined compressive strength, and the yield value 

is generally taken as half of the unconfined compressive strength [8, 27]. Furthermore, the interrelation between the 

parameters under the influence of the remaining parameters has not yet been explored, nor has a reliable rationale for 

choosing a calculation method been addressed. Hence, there is a need to create an appropriate guideline that outlines a 

procedure for conducting sensitivity analyses of all relative parameters for the sake of more highly accurate simulation 

results. 

This study will utilize the moving particle semi-implicit (MPS) method to establish a sensitivity analysis for the 

influencing parameters of the Bingham fluid bi-viscosity model. An attempt will be made to reproduce the realistic 

uniaxial compression test results that best fit the stress-strain relationship of the test samples and infer the actual material 

parameter values by comparing the inputted analysis values that generate the optimum results. The first section examines 

the parameters related to the mode of calculation, such as the interparticle distance, initial time interval, and radius of 

influence of the particles. The second section studies a sensitivity analysis for the plastic viscosity, critical shear strain, 

and yield value. 

2. Material and Methods 

2.1. Unconfined Compression Test Data 

The unconfined compression test (UCT) has been extensively used in geotechnical engineering to determine the 

compressive strength and shear strength parameters, like cohesion and the angle of friction of cohesive soil, under 

unconfined conditions. It is also used to assess the mechanical properties of soil and to provide the stress-strain 

characteristics of soil. Depending upon the objectives of the study, UCTs can be conducted on undisturbed, reconstituted, 

or compacted cohesive soil samples. The results of UCTs on compacted samples are useful for evaluating the stability 

and load-bearing capacity of infrastructure. Meanwhile, reconstituted soil samples are useful for studying the intrinsic 

soil properties, such that a benchmark can be established for making comparisons with different soil samples. However, 

undisturbed samples are useful for accessing the behavior of a soil in its natural state, such as its natural cohesion, angle 

of friction, and stress-strain behavior. This information is crucial for accurate geotechnical designs and analyses. 

Table 1 shows the soil properties of the two undisturbed samples utilized in this study. They are classified as clay 

and sand, respectively, according to the United States Department of Agriculture's (USDA) soil classification. The table 

includes details like the particle size distribution of the sample specimens and other soil properties, such as water content, 

unconfined compressive strength, etc., along with the actual dimensions of the samples that were extracted from the 

field for the experiment. The clay and sand samples are referred to as Sample 1 and Sample 2, respectively. Figure 1 

shows the soil particle distribution curve for Sample 1. Figure 2 shows the experimental stress-strain characteristics of 

the two samples used in this study when the strain rate of 1% per minute is applied. 

Table 1. Particle size distribution and soil properties of Samples 1 and 2 

Sample name Sample 1 Sample 2 

Soil classification Clay Sand 

Bulk density(g/cm3) 1.667 1.838 

Particle size distribution 

0.075 – 2 mm (%) 20 92.4 

0.005 – 0.075 mm (%) 38 4.4 

< 0.005 mm (%) 42 3.2 

D60 (mm) 0.020 NA 

D50 (mm) 0.010 NA 

D30 (mm) - NA 

D10 (mm) - NA 

Max. soil size (mm) 2 0.85 

Consistency properties 

Liquid limit wL (%) 64.0 NA 

Plastic limit wP (%) 28.6 NA 

Plasticity index IP 35.4 NA 
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Sample condition Undisturbed Undisturbed 

Water content (%) 53.7 22.5 

Unconfined compressive strength (kN/m2) 25.8 39.5 

Failure strain (%) 0.7 1.48 

Dimensions 5*10 cm 5.02*9.82 cm 

 

Figure 1. Soil particle distribution curve for Sample 1 

 

Figure 2. Experimental stress-strain curve characteristics of Samples 1 and 2 

2.2. Methodology 

The method of study in this research is to reproduce the unconfined compression test (UCT) phenomenon through a 

simulation that utilizes computer-aided engineering (CAE) technology to create the model and the moving particle semi-

implicit (MPS) method as the numerical calculation method. Then, an attempt is made to reproduce the output results 

that will be equivalent to the benchmark UCT results described in Section 2 as closely as possible. This study will focus 

on identifying the probable influencing parameters and their sensitivity in the simulation through a trial-and-error 

process. Figure 3 shows the analysis model for Sample 1 and the experimental model at the approximate yield point of 

the unconfined compression test. As indicated by the details in Table 1, this study will utilize two different samples with 

different dimensions. Therefore, it is mandatory that two different analytical models be created with dimensions exactly 

equal to those of the experimental sample. 
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Figure 3. Illustration of analysis model and experimental model setup for Sample 1 

Computer-aided engineering (CAE) represents technology that allows users to conduct large-scale experiments by 

adopting prototypes created by CAD (computer-aided design) to analyze and simulate experiments under various site 

conditions. The analysis model for this study was created using AutoCAD. 

The moving particle semi-implicit (MPS) method is a numerical analysis method used to simulate incompressible 

fluid; it analyzes the behavior of fluid particles using a semi-implicit algorithm [28, 29]. This method does not use the 

grid method for the calculation points. Rather, it uses the particle method, in which the domain is discretized into a 

physical quantity that holds data related to the physical characteristics, pressure, and velocity. In this method, the 

particles move at each calculation point in a Lagrangian manner, leading to solutions to the governing equations for 

incompressible fluids. The mass conservation law and Navier’s stroke law are the governing equations; they are shown 

in Equations 1 and 2, respectively. 

𝐷𝜌

𝐷𝑡
= 0  (1) 

𝐷𝑢

𝐷𝑡
= −

1

𝜌
∇𝑃 + 𝜗∇2𝑢 + 𝑔 +

1

𝜌
𝜎𝑘𝛿𝑛  (2) 

where 𝜌  is the density of the fluid, 𝑡  is time, 𝑢  is the velocity vector, 𝑃  is pressure, 𝜗  is the kinematic viscosity 

coefficient, 𝑔 is the gravity vector, 𝜎 is the surface tension coefficient, 𝑘 is the interface curvature (positive if the center 

of the curvature is on the side of liquid), 𝛿 is the delta function for the surface tension acting on the surface, and 𝑛 is the 

unit vector in the direction perpendicular to the surface. 

Figures 4-a and 4-b show a comparison of schematic diagrams for the Bingham fluid model and the bi-viscosity 

Bingham model, respectively. Bingham fluids are types of fluid that will begin to flow only when the shear stress value 

exceeds a certain value; otherwise, they remain immobile. In the context of an MPS simulation, Bingham fluid is 

regarded as a viscoplastic fluid when it exhibits fluid-like behavior and as a highly viscous fluid when it is in a rigid 

state. The constitutive equations, Equations 3 and 4, represent the fluid state and the rigid state, respectively, of the bi-

viscosity model of Bingham fluid. 

𝑇𝑖𝑗 = −𝑃𝛿𝑖𝑗 + 2(𝜂𝑝 +
𝜏𝑦

√𝛱
) 휀�̇�𝑗

𝜈𝑝
 𝛱 > 𝛱𝑐  (3) 

𝑇𝑖𝑗 = −𝑃𝛿𝑖𝑗 + 2(𝜂𝑝 +
𝜏𝑦

√𝛱𝑐
) 휀�̇�𝑗

𝜈  𝛱 < 𝛱𝑐 (4) 

where 𝑃 is pressure, 𝛿𝑖𝑗 is Kronecker’s delta, 𝜂𝑝 is the plastic viscosity, 𝜏𝑦 is the yield value, 휀�̇�𝑗
𝜈𝑝

 is the strain ratio while 

in the fluid state, 휀�̇�𝑗
𝜈  is the strain ratio while in the rigid state, 𝛱 represents at what rate the deformation tensor occurs, 

and 𝛱𝑐  is the yield reference value used to determine whether the soil is in the fluid state or the rigid state. It should be 

noted that 𝛱 and 𝛱𝑐  are expressed by Equations 5 and 6, respectively, using the flow limit strain rate. They express the 

stress-strain relationship for the Bingham fluid bi-viscosity model. 

𝛱 = 2휀�̇�𝑗휀�̇�𝑗  (5) 

𝛱𝑐 = (2𝜋𝑐)
2 = (

2𝐶𝑦𝜏𝑦

𝜂
)
2

  (6) 

where, 휀�̇�𝑗 is the rate of the deformation tensor, i and j are the indices denoting the spatial dimensions, 𝜋𝑐 is the critical 

shear strain, 𝜂 is the plastic viscosity, 𝜏𝑦 is the yield value, and 𝐶𝑦is the yield parameter. 

in diameter

1 cm

in height

1 cm
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Figure 4. Schematic diagrams comparing Bingham fluid model and bi-viscosity Bingham model 

Using an MPS-CAE simulation, an attempt was made to reproduce the exact benchmark unconfined compression 

test data through a number of trial-and-error simulations. Figure 5 provides a flowchart of the MPS-CAE simulation. 

 

(a) Flowchart of MPS-CAE simulation by trial-and-error 

 
(b) Flowchart of sensitivity analysis by MPS-CAE simulation 

Figure 5. Flowchart diagrams of MPS-CAE simulations 
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3. Analysis Conditions 

This section will describe the pre-simulation process up to the point of the initialization of the simulation. Firstly, 

the animation for the UCT procedure is created using the objects determined by CAE. A setup comprising a top plate 

and a bottom plate represents the UCT apparatus, and uniform compression is applied to the soil sample placed between 

these plates by lowering the upper plate. The plates were assigned as a polygon during the simulation with wall friction 

such that the specimen would not experience the slip condition. The bottom plate remained stationary throughout the 

simulation; only the top plate underwent constant downward motion, such that the soil sample experienced strain at 1% 

per minute. The specimen placed between these plates should make contact with both plates without exerting any 

pressure on them, so that there will not be any additional strain on the specimen. 

Figure 6 shows the three different simulation stages of the analysis given in Figure 3, depicting the strain values of 

0%, 0.168%, and 0.7% at 0s, 10.1s, and 42.1s, respectively. This particular analysis model for Sample 1 shows a yield 

point of approximately 42.1s. Unlike the experimental sample, the simulation soil sample shows only a compressed 

version instead of a fracture. However, the yield point can be confirmed by plotting the stress-strain curve from the 

output data. The additional detailed analysis conditions are described in the following two subsections. The first 

subsection discusses the calculation method selected for this study with an explanation, while the second subsection 

discusses the analysis of parameter values in detail. 

 

Figure 6. Illustration depicting progress of analytical model at different strain values 

3.1. Method of Calculation 

In the MPS simulation, Navier’s Stroke law and mass conservation law are the governing equations, where pressure, 

viscosity, and surface tension are the major parameters. Therefore, it is important to adopt the proper calculation method 

for each parameter during the setup of the simulation. Calculation of the pressure and viscosity can be done with either 

the implicit method or the explicit method [30–33]. However, in this simulation, both parameters were calculated with 

the implicit method because the calculation was carried out in several time increments, and the overall analysis results 

of the simulation were determined by the calculation results at each time increment in the MPS method. In the explicit 

calculation method, the calculation of a future value is carried out based on its current value and the values of its 

derivatives at that point in time. In other words, the future value of a function is calculated directly with this method 

based on the known values of the function and its derivatives, without the need to solve any additional equations or 

perform any numerical integration [34]. Therefore, it is a simple and easy method to implement. However, the 

calculation might not converge in the case of increasing the time increment because the particles might scatter beyond 

their expected positions. With the implicit calculation method, however, the calculation of the future value is carried out 

based on the solution of a function by solving a set of equations that involve both the current and future values of the 

function. It follows that the memory capacity required for this method is larger, but it does not require making the time 

steps as small as those required with the explicit method to attain accuracy. Thus, the overall total computation time is 

reduced for a more precise calculation. Moreover, in the pressure calculation, the explicit method is used for 

compressible fluids in which deformation is caused by an external compressive force and the effect of hydrostatic 

pressure is negligible. Meanwhile, the implicit method is used for incompressible fluids in which the effect of hydrostatic 

pressure is not negligible. Since the MPS method assumes the fluid to be an incompressible fluid, the implicit method 

is adopted for the pressure calculation in this simulation. In the calculation of viscosity, the explicit method is used for 

low-viscosity fluids that change positions significantly with each time increment. Meanwhile, the implicit method is 

used for the calculation of high-viscosity fluids. Since the specimens were assumed to be highly viscous fluids, the 

implicit method was adopted for the viscosity calculation in this simulation. In addition, the numerical stability of the 

simulation is compromised unless Equations 7 and 8 are satisfied for the explicit calculation of pressure and viscosity, 

respectively, which are not met in this study. 

(a) 0% strain at 0.00 s (b) 0.168% strain at 40.10 s (c) 0.7% strain at 74.10 s 
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𝑟 ≪ 𝑐 × ∆𝑡  (7) 

∆𝑡 < 0.2 ×
𝑟2

𝜂
  (8) 

where ∆𝑡 is the time step, 𝑟 is the interparticle distance, 𝑐 is the speed of sound, and 𝜂 is the plastic viscosity. 

As for surface tension, it can be calculated by either CSF or the potential method. However, the soil specimens used 

in this simulation are not ideal fluids but are assumed to be samples of the bi-viscosity model of Bingham fluid, which 

exists in both rigid and fluid states. Also, the attractive intermolecular force, like the van der Waals force, responsible 

for the surface tension, is lower than the surface hydration repulsive force for particle distances greater than 1.4 nm. For 

soil containing a low water content, the repulsive electrostatic force is high [35]. Considering the low water content and 

higher particle distance in the samples used in this simulation, it was assumed that the influence of surface tension would 

be for the unconfined compression tests of the soil samples, as they would remain in the rigid state of the bi-viscosity 

model [26]. Thus, the calculation of surface tension is omitted in this study by assigning the calculation method as none. 

3.2. Analyzing Parameter Values 

The wet density measured during the experiment for each specimen was used as the input value for the density during 

the simulation. The distance between particles and the initial time interval for the simulation have a significant impact 

on the accuracy and time required for the analysis. Therefore, the initial study was focused on determining the optimum 

interparticle distance value and initial time interval value before an analysis was conducted to determine the value of 

the Bingham fluid parameter. Table 2 summarizes the physical properties of Sample 1, the mode of calculation for the 

MPS simulation, and the optimum simulation parameters used in the analysis conditions of this sample to study the 

influence of the interparticle distance and initial time increments. The values for the yield value, plastic viscosity, yield 

parameter, and critical strain rate were selected based on the results generated by the previous trial-and-error simulations. 

For the parameters that are not included in Table 2, default values were used. The optimum values for the initial time 

interval and interparticle distance were determined after studying their influence both separately and in combination. 

Table 2. Analysis conditions of Sample 1 

MPS 

(Mode of calculation) 

Pressure 
Type Implicit 

Mode Stabilized 

Viscosity 
Type Implicit 

Beta 1 

Surface tension Type None 

Optimum simulation 

parameters 

Particle size 0.5 mm 

Initial time interval 0.05 s 

Finish time 90 s 

Physical properties 

Density 1668 kg/m3 

Surface tension coefficient 0.002 N/m 

Yield value 12.900 kN/m2 

Plastic viscosity 8600 Pa·s 

Yield parameter 0.0001 

*Critical shear strain 0.000129 s-1 

* Not inputted directly, but used for calculating other values. 

4. Results and Discussion 

4.1. Determination of Optimum Interparticle Distance and Initial Time Interval 

In the particle method, the particles are the calculation points used for the fluid description, and the distance between 

these calculation points is called the interparticle distance. When the interparticle distance values are decreased, the 

number of calculation points increases proportionately, and when the initial time interval is decreased, the number of 

times the calculations must be conducted increases. This will result in an exponential increase in the overall calculation 

load and duration. The simulation itself is limited by the number of calculation points that it can incorporate into the 

analysis before coming to a halt due to the massive calculation load. Thus, the precision of the simulation results depends 

on the input values for the interparticle distance and initial time interval, and hence, this study was conducted to 

determine the most appropriate analytical conditions. 
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Figure 7 shows the simulation results for the different values of interparticle distance compared with the experimental 

stress-strain relationship of Sample 1. The initial time interval for every calculation was set to be 0.05 s. The simulation 

was conducted for 0.9 mm and gradually continued to check for lower values, finally stopping at 0.5 mm due to the time 

constraint. The result for the 0.9-mm interparticle distance shows the lowest unconfined compressive strength and 

highest strain value. A clear pattern can be seen in the output results as the unconfined compressive strength value 

continues to increase and the strain value continues to decrease for the lower interparticle distance. For the 0.5-mm 

interparticle distance, the unconfined compressive strength is seen to be maximum with the unconfined compressive 

strength value of 27.16 kN/m2 and strain value of 0.9%. However, it should be noted that the unconfined compressive 

strength for the 0.7-mm interparticle distance is only 23.48 kN/m2, but the strain value is 0.82%, slightly lower than that 

of 0.5 mm. This slight change in pattern after 0.7 mm, whereby the unconfined compressive strength continues to 

increase and afterward the strain value starts to slightly increase, could be attributed to an increase in the precision of 

the analysis due to increments in the calculation points in the system accompanying the decrease in interparticle distance. 

 

Figure 7. Comparison of simulation output results for different interparticle distances 

This simulation was modeled after Sample 1, which has an unconfined compressive strength of 25.8 kN/m2 at a 

strain value of 0.7%. From this comparative analysis, the result for the 0.5-mm interparticle distance was the most 

closely reproduced result judging by the curve characteristics and unconfined compressive strength. The result for the 

0.7-mm interparticle distance also shows similar characteristics with lower unconfined compressive strength and strain 

values. The strain value is slightly more accurate, but the unconfined compressive strength is still lower than the 

benchmark comparison value. It is observed that the fluctuation in the strain value becomes lower when the input 

parameter values start resembling the correct value. However, the output unconfined compressive strength still shows a 

comparatively remarkable fluctuation despite the input parameters starting to resemble the correct values. Thus, it is 

possible to obtain different values for the unconfined compressive strength with the same strain value. Therefore, the 

output unconfined compressive strength value is more reliable for use as a benchmark, and higher emphasis is given to 

determining the precision of the simulation. In relation to a future study, it is important to note that the strain value 

decreases for a lower interparticle distance and, after a certain value, it increases slightly.  

The simulation for the 0.5-mm interparticle distance was conducted before that for the 0.6-mm interparticle distance 

and, upon observing the results, it was found that the output unconfined compressive strength and strain values are 

refined and the curve characteristics partially overlap the experimental results, especially at the yield points. From the 

overall result pattern, the 0.6-mm interparticle distance most likely produces the more accurate output unconfined 

compressive strength and strain values, but the curve overlapping the benchmark curve will probably be less than that 

for the 0.5-mm interparticle distance. Moreover, it is important to remember that other parameters inputted in this 

simulation have not yet been discussed, including the initial time interval. It is also important to note that the overall 

results might change depending on the input values of the other parameters. Thus, the absence of the 0.6-mm interparticle 

distance might not make much of a difference at this phase. Hence, considering the time constraint and the achievement 

of acceptable results at this phase, the simulation for the 0.6-mm interparticle distance was skipped.  

Figure 8 shows the simulation results of Sample 1 for the different values of the initial time interval. The study was 

conducted for the initial time interval values of 0.005 s, 0.006 s, 0.007 s, and 0.008 s. The interparticle distance for this 
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simulation was set to be 0.5 mm and all other parameters were the same as those given in Table 1. The initial time 

interval value was directly inputted in the parameter setting for the simulation which would be treated as the value of 

the time increment in the calculation. For the smaller value of the initial time interval, the particles that act as calculation 

points are constrained within the boundary walls and are bounced off the walls whenever the calculation results try to 

diverge. In addition, the distance traveled by the particles at each time increment will be limited, resulting in an increase 

in the accuracy of the analysis by decreasing any errors at the next time increment. However, the calculation time may 

increase drastically depending on the input value of the initial time interval. Thus, it is necessary to adopt the optimum 

value for the initial time interval. 

 

Figure 8. Comparison of simulation output results for different initial time intervals 

It was observed that the output values for the unconfined compressive strength and strain were almost equivalent for 

all simulations with just a slight increase in unconfined compressive strength, and that a lower value was seen for the 

initial time interval with a slight decrease in the value for strain. Initial time intervals below 0.05 s were not studied here 

due to the time constraint. Moreover, judging from the results, the curve characteristics started resembling the target 

curve characteristics, indicating that the initial time intervals that had been selected for this study were already within 

the permissible range for reproducing results without much deviation. Therefore, considering the time required for the 

calculation and other factors, it is recommended that the value of the initial time interval be selected based on the 

allowable time frame in future studies. 

Both the interparticle distance and initial time interval both have a significant impact on the accuracy of and time 

required for the analysis, influencing the calculation load. Therefore, the influence of these two parameters must be 

studied simultaneously and checked to see if they deviate from the expected results. Additionally, since these values are 

not the actual parameters for the MPS simulation model, but the parameters on which the calculation is carried out for 

any model, it is necessary to establish a proper guideline for future reference. Therefore, an attempt was made here to 

establish the optimum values for the initial time interval and interparticle distance for any type of MPS simulation.  

Figure 9 shows the simulation results for Sample 1 for the different combinations of interparticle distance and initial 

time interval, as given in Table 3. The simulation showed that the most accurate result was obtained for the combination 

of the 0.5-mm interparticle distance and the 0.05-s initial time interval. The unconfined compressive strength value of 

27.16 kN/m2 and strain value of 0.9% were obtained for Case I. The results for Case II could also be considered as 

reliable outputs as the unconfined compression strength of 23.03 kN/m2 and strain value of 0.87% were obtained, which 

are almost equivalent to the target values of Sample 1. On the other hand, Figure 7 shows that the 0.7-mm interparticle 

distance simulated at the initial time increment of 0.05 s produced the unconfined compressive strength of 23.48 kN/m2 

at the strain value of 0.82%. These results indicate that emphasis should be placed on decreasing the interparticle distance 

rather than the initial time interval if there is a time constraint in the study for higher precision of the results. In addition, 

it can be concluded that MPS simulations conducted for interparticle distances lower than 0.7 mm and initial time 

intervals lower than 0.07 s produce the optimum results, and that the selection of values should be done according to the 

study conditions. 
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Figure 9. Simulation results for different combinations of interparticle distance and initial time interval 

Table 3. Different combinations of interparticle distance and initial time interval for Sample 1 

Case Interparticle distance (mm) Initial time interval (s) 

I 0.5 0.05 

II 0.7 0.07 

III 0.8 0.08 

IV 1.0 0.10 

Figure 10 depicts an image of the interparticle distance (𝑟) and radius of influence (𝑅). The distance from the center 

of one particle can influence the other particles. The distance determines the number of particles inside the fluid that are 

affected by this situation. In the MPS method, the major components of the governing equations, like pressure, particle 

velocity, viscosity, and surface tension, affect the particle method calculations. The components of these governing 

equations that control the MPS simulation are discretized using a weighting function in accordance with Equation 9. 

𝑤(𝑟) = {
𝑅

𝑟
− 1 (0 ≤ 𝑟 ≤ 𝑅)

0 (𝑅 ≤ 𝑟)
}  (9) 

 

Figure 10. Interparticle distance and radius of influence of particles 

The pressure value of the particles at the free surface of the fluid is fixed at zero as a directory boundary condition 

of the pressure Poisson equation in the MPS method, but the pressure values of the particles inside the fluid have different 

values [36]. The degree of influence on the particles inside the fluid is determined by the value of the influence radius. 

The influence radius (𝑅) is 2.1 to 4.1 times the interparticle distance (𝑟). Normally, the standard value of the influence 
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radius is 3.1. It is recommended that this value not be changed under normal conditions, as it will reproduce less accurate 

results. This was verified when the influence radius value was changed for pressure and/or viscosity, as the results were 

skewed from an acceptable pattern. However, the change in surface tension showed the correct pattern of results with 

almost equivalent or only slightly different output values. At the setting of the MPS simulation, the assumption was 

made that the surface tension force acting on the surface of the soil sample was negligible, and thus, was not included 

in the calculation. However, the same condition cannot be applied to other fluids with sufficient mobility. Since the 

objective of this study is to establish the basic simulation parameter values for the MPS simulation, all probable scenarios 

must be established. Thus, the authors have attempted to study the changes in the patterns of the output results for 

different values of influence radius in surface tension.  

Figure 11 presents the yielding stress and strain results for Sample 1 for the different values of influence radius for 

the surface tension. The simulation was conducted for the interparticle distance of 0.5 mm and initial time interval of 

0.05 s for all values of influence. Increasing the value of the influence radius had almost no impact on the results, and 

almost the same output values for strength and strain were obtained for any time. However, a decrease in the value of 

the influence radius produced slightly different results. It was more accurate in terms of both the strength and strain 

values with the output unconfined compressive strength of 26.16 kN/m2 at the strain value of 0.82%. This suggests that 

lowering the influence of surface tension increases the precision of the results, which proves that the initial assumption 

of surface tension having a negligible influence on the soil specimen in the unconfined compression test was true. It 

might raise the question as to whether or not the results were improved because of the initial assumption of the surface 

tension being negligible. However, the fact that increasing the value of the influence radius did not impart any influence 

disapproved the initial assumption. 

 

Figure 11. Simulation results of Sample 1 for different values of influence radius in surface tension 

4.2. Sensitivity Analysis of Parameters Related to Bi-Viscosity Model 

The major influencing parameters of the bi-viscosity model are plastic viscosity, yield value, critical shear strain, 

and yield parameter, as defined in Equation 6. The yield value for the simulation was taken to be half of the uniaxial 

compressive strength of the sample [27]. In addition, it was hypothesized that the yield value in the bi-viscosity model 

corresponds to the shear strength and equals approximately half the unconfined compressive strength according to 

Mohr’s Coulomb failure criteria [8]. However, a simulation was conducted to verify whether or not this would be true 

for the simulation parameters in this study. A study for the yield parameter has already been done [26]; thus, the present 

study will not conduct a separate study for the sensitivity analysis of the yield parameter. As for the remaining 

parameters, a sensitivity analysis for both Samples 1 and 2 was performed. The simulation was conducted with the MPS 

setting of an interparticle distance of 0.5 mm, initial time interval of 0.05 s, and radius of influence of 3.1 times. 

Figures 12 and 13 show the results of the sensitivity analysis of Samples 1 and 2, respectively, for the plastic 

viscosity, compared to their respective target data characteristics at different strain values. The yield value of 12.9 kN/m2 

and critical strain rate of 0.000129 s-1 were set for Sample 1. Meanwhile, the yield value of 19.743 kN/m2 and critical 

strain rate of 0.00012 s-1 were set for Sample 2. In both cases, the values for the yield parameter were adjusted in order 

to change the values of the plastic viscosity. Table 4 presents the cases of the analysis conditions used for this sensitivity 

analysis. However, the results for both cases confirm that the influence of this particular directly proportional 

relationship of plastic viscosity and yield parameter might be negligible in the generation of the output results. It was 

found that the output results were almost equivalent for all plastic viscosity values of both samples when the yield value 

and critical shear strain were kept constant. Therefore, it is impossible to determine the plastic viscosity value under 

these analysis conditions; it needs to be studied in detail for other patterns of analysis conditions. The plastic viscosity 
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is expected to have a directly proportional relationship with the yield parameter, as suggested by Equation 6. However, 

it might be possible that the plastic viscosity value is linked to the yield parameter value by a negligible amount only. 

Therefore, it becomes essential to establish the influence of the dependency of the plastic viscosity value on other 

parameters in order to determine the exact value. 

 

Figure 12. Sensitivity analysis results of plastic viscosity for Sample 1 at different strain values 

 

Figure 13. Sensitivity analysis results of plastic viscosity for Sample 2 at different strain values 

Table 4. Conditions for plastic viscosity sensitivity analysis 

Sample Other parameters Plastic viscosity (Pas) Yield parameter 

1 
Yield value = 12.9 kN/m2 

Critical strain rate = 0.000129 s-1 

10000 0.0001 

8000 0.00008 

3000 0.00003 

800 0.000008 

2 
Yield value = 19.743 kN/m2 

Critical strain rate = 0.00012 s-1 

26324 0.00016 
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In a previous study, Shakya & Inazumi [26] concluded that plastic viscosity has a directly proportional 

relationship with the unconfined compressive strength if the yield value and yield parameter are kept constant. It can 

be inferred that the plastic viscosity value, when changed by adjusting the critical shear strain, significantly 

influences the output results.  

Therefore, it can be deduced that the plastic viscosity is influenced by the critical shear strain. This case will be 

discussed further in a sensitivity analysis of the critical shear strain, in which the critical shear strain value will be 

changed by adjusting the plastic viscosity. Next, to deduce the relationship between plastic viscosity and the yield value, 

it is important to notice the relation between plastic viscosity and the unconfined compressive strength. Since an increase 

in plastic viscosity results in an increase in unconfined compressive strength [26], and the fact that the yield value is 

generally taken as half the unconfined compressive strength [27], it can be concluded that the yield value is influenced 

in a direct proportional relationship by the plastic viscosity, which is in agreement with the concept suggested by 

Equation 6. However, when the particle sizes are changed, the same output unconfined compressive strength value is 

obtained for the much lower value of plastic viscosity [14]. Hence, it can be further deduced that this particular direct 

proportional relationship might only be moderately influential on the output results. Therefore, it is highly probable that 

linking the values of the plastic viscosity and critical shear strain together might be the most highly influential analysis 

pattern in the output results. 

Figures 14 and 15 show the sensitivity analysis results for Samples 1 and 2, respectively, for different critical strain 

rate values. In this sensitivity analysis, the yield parameter and yield value were kept constant, and the values for plastic 

viscosity were adjusted in order to change the critical shear strain value for the Sample 1 model. Meanwhile, the yield 

value and plastic viscosity were kept constant, and the values for the yield parameter were adjusted in order to change 

the critical shear strain for the Sample 2 model. It has already been proven, from the results of Figures 12 and 13, that 

the result pattern will be the same, regardless of the simulation model, if the analysis conditions are constant and the 

varying parameter types are the same. For these sensitivity analyses, the yield value was selected as half of the 

unconfined compressive strength.  

For Sample 1, a sensitivity analysis was conducted with a yield value of 12.9 kN/m2 and yield parameter of 0.0001, 

and the value of the plastic value was adjusted in order to change the critical shear strain value rate based on Equation 

6. It was deduced that this relationship should greatly influence the output results based on the study by Shakya & 

Inazumi [26], which was proven to be true, as shown in Figure 14. It was observed that the most accurate result was 

obtained for the critical strain rate value of 0.000129 s-1. However, the critical strain values of 0.000108 s-1 and 0.000086 

s-1 also provided satisfactory results. The value of the unconfined compressive strength increased and the strain value 

decreased for the lower value of critical shear strain. On the other hand, the critical shear strain value around 0.000258 

s-1 was not even similar to the correct curve characteristics of Sample 1. Thus, it may be deduced that the correct value 

for the critical shear strain might be around 0.000129 s-1.  

 

Figure 14. Patterns of sensitivity analysis results for critical shear strain in Sample 1 

0

5

10

15

20

25

30

35

40

0.0 0.5 1.0 1.5 2.0

U
n

co
n

fi
n
ed

 c
o
m

p
re

ss
iv

e 
st

re
n

g
th

 (
k
N

/m
2
)

Strain (%)

Critical shear strain of 0.000086 s⁻¹

Critical shear strain of 0.000108 s⁻¹

Critical shear strain of 0.000129 s⁻¹

Critical shear strain of 0.000161  s⁻¹

Critical shear strain of 0.000258 s⁻¹

Sample 1 experimental data



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

14 

 

 

Figure 15. Patterns of sensitivity analysis results for critical shear strain in Sample 2 

Meanwhile, for Sample 2, a sensitivity analysis was conducted with a yield value of 19.743 kN/m2 and plastic 

viscosity value of 13162 Pa·s, and the value of the yield parameter was adjusted to change the values of the critical shear 

strain. The reason for selecting the yield parameter as the parameter to be adjusted, in order to change the critical shear 

strain, was to compare the degrees of influence for different sets of varying and constant parameters in the sensitivity 

analysis. Shakya & Inazumi [26] provided the general guideline for selecting the values for the yield parameter. The 

simulation itself was successful for yield parameter values below 1/1000 only, namely, values below 1/10,000 imparted 

very little influence, but a similar result pattern [26]. A similar pattern in the critical shear strain sensitivity analysis 

results was observed for Sample 2 where the accuracy of the stress-strain curve increased for lower values of critical 

shear strain. As for the yield parameter values, they were selected as 0.00007, 0.00008, and 0.0001 for the critical shear 

strain values of 0.00011 s-1, 0.00012 s-1, and 0.00015 s-1, respectively. The conclusion by Shakya & Inazumi [26], 

regarding a yield parameter value around 1/10000, that provides the optimum result, was verified by this result, as it can 

be observed that the precision of the result increased for the lower values of the yield parameter value, but still 

approximately equaled 1/10000. However, it is also important to note the degree of influence when studying the 

sensitivity analysis. It can be observed that the stress-strain curve characteristics do not exactly resemble the benchmark 

curve characteristics, unlike what was seen for the other assessment results. This indicates that the direct relationship of 

the critical shear strain and the yield parameter might only be moderately influential on the output results. As for the 

adjusted sensitivity analysis with the remaining yield value, no study was conducted because the yield value will be 

known for a known soil sample and, if necessary, the influence on the output results can be deduced from the pattern of 

previous results. The critical shear strain and yield value should have a direct proportional relationship, but their 

influence on the output results might be negligible. It has already been established that the critical shear strain, linked 

with the plastic viscosity as the varying parameter, has the highest influence. And, a similar pattern of the yield value 

linked with the yield parameter must be the most influential on the output results. This hypothesis will be checked and 

discussed in a sensitivity analysis of yield values. 

It is important to notice that the critical shear strain value of 0.000108 s-1 for Sample 1 and the critical shear strain 

value of 0.00011 s-1 for Sample 2 provided satisfactory results, but not the most optimum results. This is approximately 

1/100 times the magnitude of the experimental strain values for Sample 1 (0.7%) and Sample 2 (1.67%). This was the 

pattern observed for the samples utilized in this study only; thus, it might not hold true for all incompressible fluids and 

cannot be established as a standard relationship. However, it can be useful as a time-reducing guideline to determine the 

actual material parameter.  

Figure 16 shows the output results for the sensitivity analysis of Sample 1 for the yield value. Although the general 

theory behind the selection of the yield value, as half of the unconfined compressive strength, has already been 

established [27], the simulation for Sample 1 was conducted to verify the results. The input values for the plastic 

viscosity and critical shear strain were kept constant throughout the simulation, and the value for the yield parameter 

was adjusted for each simulation based on Equation 6. It was observed that the unconfined compressive strength and 

strain values increased with an increase in the yield value, but the optimum value was observed for the value equal to 

half of the unconfined compressive strength. Hence, these findings prove that the results determined for the other 

sensitivity analysis are also true. Here, the previous hypothesis made about the yield value, when adjusted with the yield 

parameter, imparts the greatest influence on the output results during the sensitivity analysis of the critical shear strain 
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also proven to be true. Therefore, it is recommended that the yield value be linked with the yield parameter, and the 

plastic viscosity with the critical shear strain, to determine the exact value of each parameter during the simulation. 

Table 5 presents a summary of the conditions used in the sensitivity analysis. Meanwhile, Table 6 shows a summary of 

the inter-relationship between each major parameter of the Bingham fluid bi-viscosity model based on the theoretical 

relationship and observed influence on the simulation results. 

 

Figure 16. Patterns of sensitivity analysis results for yield values in Sample 1 

Table 5. Summary of conditions for sensitivity analysis 

Sensitivity 

analysis 

Simulation 

model 
Constant parameter Varying parameter Cross Ref. 

Plastic 

viscosity 

Sample 1 
Yield value = 12.9 kN/m2 

Critical shear strain = 0.000129 s-1 Yield parameter is adjusted to change plastic viscosity Figure 12 

Sample 2 
Yield value = 19.743 kN/m2 

Critical shear strain = 0.00012 s-1 
Yield parameter is adjusted to change plastic viscosity Figure 13 

Critical shear 
strain 

Sample 1 
Yield value = 12.9 kN/m2 
Yield parameter = 0.0001 

Plastic viscosity is adjusted to change critical shear strain Figure 14 

Sample 2 
Yield value = 19.743 kN/m2 

Plastic viscosity = 13162 Pas 
Yield parameter is adjusted to change critical shear strain Figure 15 

Yield value Sample 1 
Plastic viscosity = 8600 Pas 

Critical shear strain = 0.00012 s-1 
Yield parameter is adjusted to change yield value Figure 16 

Table 6. Summary of results for sensitivity analysis relationship 

Sensitivity 

analysis 
Other parameters 

Theoretical 

relationship 

Influence on 

simulation results 
Cross Ref. 

Plastic 

viscosity 

Critical shear strain Inversely Highly Simulation results (Figure 14) 

Yield value Directly Slightly Shakya & Inazumi (2023) 

Yield parameter Directly Negligible Simulation results (Figures 12 and 13) 

Critical shear 

strain 

Plastic viscosity Inversely Highly Simulation results (Figure 14) 

Yield value Directly Negligible Deduced from pattern 

Yield parameter Directly Slightly Simulation results (Figure 15) 

Yield value 

Plastic viscosity Directly Slightly Shakya & Inazumi (2023) 

Critical shear strain Directly Negligible Deduced from pattern 

Yield parameter Inversely Highly Simulation results (Figure 16) 

Yield 
parameter 

Plastic viscosity Directly Negligible Simulation results (Figures 12 and 13) 

Critical shear strain Directly Slightly Simulation results (Figure 15) 

Yield value Inversely Highly Simulation results Figure 16) 
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Although exactly the same stress-strain curve characteristics as those of the target sample soil could not be not 

reproduced in either simulation, the obtained results comprise a guideline for further studies on the determination of the 

exact material parameter values. Thus, using the previous results as a guideline, the authors attempted to recreate the 

exact stress-strain relationship for both samples. Figures 17 and 18 provide the stress-strain relationship reproduced for 

Samples 1 and 2, respectively. It was observed that the strength and strain values were approximately equal in both 

cases, but that the curve characteristics were not exactly the same at all phases. A graph of the simulation results was 

plotted for the data consisting of 1-second time intervals, and the formation of minute fluctuations in the curve 

characteristics could have been avoided for a dataset consisting of longer time intervals. 

 

Figure 17. Comparison of experimental and simulation stress-strain curve characteristics for Sample 1 

 

Figure 18. Comparison of experimental and simulation stress-strain curve characteristics for Sample 2 

Although this study included a sensitivity analysis of the critical shear strain, the obtained value is not directly 

inputted during the MPS simulation setting. However, the yield value, plastic viscosity, and yield parameter must be 

inputted directly, and these parameters are directly related to the critical shear strain, as shown in Equation 6. From this 

study, it was verified that the critical shear strain should be lower for a higher degree of accuracy and that the value of 

the yield parameter should also be lower. The theory suggesting that the yield value be equal to half of the unconfined 

compressive strength has been verified in this study and, considering the relationship between the parameters of the bi-

viscosity model, the value for plastic viscosity must also be higher. 
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5. Conclusions 

This study was solely focused on the MPS simulation results of unconfined compression tests generated by the 

different input parameter values. The stress-strain characteristics of two undisturbed soil samples, belonging to the soil 

and sand categories according to the USDA soil classification, were used as the target values. The results of the study 

can be divided into two major parts: i) determination of the optimum interparticle distance and initial time interval for 

the MPS simulation, and ii) sensitivity analysis of the parameters of the bi-viscosity fluid that influences the results. The 

major conclusions are summarized below. 

 Calculations of pressure and viscosity for incompressible fluids by a MPS simulation should be carried out under 

the implicit method for higher precision. 

 Lower values for the interparticle distance generate higher accuracy in the output results. It is desirable to conduct 

the simulation at an interparticle distance equal to the average dimension of the soil particles. However, it is 

important to consider the calculation load during the simulation, as lowering the interparticle distance will increase 

the calculation load. 

 The precision of the output results increases with a lower initial interval time value. This value will be treated as 

the time increment value at which the calculation is carried out. The combination of interparticle distance and 

initial time increment determines the accuracy and precision of the MPS simulation. Generally, the combination 

of the interparticle distance of 0.7 mm and the initial time interval of 0.07 s or less will produce output results with 

satisfactory precision. 

 Changing the default value of the radius of influence is generally not recommended. However, in certain 

simulations, such as those of unconfined compression tests on soil similar to that used in this study, where 

decreasing the value of the influence radius for surface tension generated slightly better output results, such a 

change is recommended. 

 The parameters under which the sensitivity analysis for plastic viscosity was conducted in this study generated 

negligible influence. However, it was deduced that the reason for this lies in the change in input value of the yield 

parameter to maintain the constant critical shear strain. Therefore, it is recommended that the input yield parameter 

value be set according to the yield value and that the plastic viscosity value be set according to the critical shear 

strain value. 

 It was observed that the accuracy of the simulation increased for lower values of critical shear strain. The critical 

shear strain value at which the optimum result was obtained is approximately 1/100 times the magnitude of the 

failure strain value. Thus, as a guideline, it is recommended that the critical shear strain value calculated from the 

failure strain be input. Considering this research as a case study, the critical strain value for Sample 1 should be 

around 0.00007 s-1, while that for Sample 2 should be around 0.000148 s-1. 

 As this study verified that the yield value is half of the unconfined compressive strength, it can be used as 

established knowledge in future studies. 

This study was centered on two different samples, which possessed a form and did not flow at the time of the 

simulation. Therefore, these values are recommended for the solid state of the bi-viscosity model only. The parameter 

values recommended in this study should only be used for soil samples with equivalent physical and mechanical 

properties. Moreover, unlike other parameters, the exact value of the plastic viscosity was not determined due to the 

time constraints of the study. However, guidance has been provided for determining the plastic viscosity value, 

considering the influencing parameters and the approximate degree of influence. It is suggested that these recommended 

values be verified if they need to be used for soil samples with different properties.  

The samples used in this study were undisturbed samples; thus, Sample 1, despite belonging to the clay category 

according to the USDA soil classification, had lower unconfined compressive strength. Additional studies might be 

necessary for reconstituted or compacted clay samples that have higher unconfined compressive strength. Therefore, it 

will be necessary to verify whether or not the recommended values produce the same degree of precision for these other 

soil particles. It is expected, however, that the trend of each parameter described in this study will hold true for all soil 

types, with the exception of a small marginal error depending upon the simulation criteria. As for the precision of the 

results, despite an attempt to perform the simulation using parameters identical to those of the experimental soil 

specimens, the presence of unknown factors and the inability to perform the simulation at the actual soil size might have 

resulted in a slight discrepancy. Moreover, there was a limited calculation capacity, which compelled the analysis 

conditions to be adjusted such that the number of calculation particles would not exceed the limit that caused the 

simulation to fail. In conclusion, future studies should be focused on refining the actual parameter values and increasing 

the database for the different types of soil while considering the limitations of the simulation. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

18 

 

6. Declarations  

6.1. Author Contributions 

Conceptualization, S.I.; methodology, S.I.; software, S.I.; validation, S.S. and S.I.; formal analysis, S.S.; 

investigation, S.S.; resources, S.I.; data curation, S.S.; writing—original draft preparation, S.S.; writing—review and 

editing, S.I.; visualization, S.S.; supervision, S.I.; project administration, S.I.; funding acquisition, S.I. All authors have 

read and agreed to the published version of the manuscript. 

6.2. Data Availability Statement 

The data presented in this study are available on request from the corresponding author.  

6.3. Funding 

The authors received no financial support for the research, authorship, and/or publication of this article. 

6.4. Conflicts of Interest 

The authors declare no conflict of interest.  

7. References  

[1] de Alba, P., & Ballestero, T. P. (2006). Residual strength after liquefaction: A rheological approach. Soil Dynamics and 

Earthquake Engineering, 26(2–4), 143–151. doi:10.1016/j.soildyn.2005.02.011. 

[2] Hamada, M., & Wakamatsu, K. (1998). A Study on Ground Displacement Caused By Soil Liquefaction. Doboku Gakkai 

Ronbunshu, 1998(596), 189–208. doi:10.2208/jscej.1998.596_189. 

[3] Uzuoka, R., Yashima, A., Kawakami, T., & Konrad, J. M. (1998). Fluid dynamics based prediction of liquefaction induced lateral 

spreading. Computers and Geotechnics, 22(3–4), 243–282. doi:10.1016/S0266-352X(98)00006-8. 

[4] Hadush, S., Yashima, A., Uzuoka, R., Moriguchi, S., & Sawada, K. (2001). Liquefaction induced lateral spread analysis using 

the CIP method. Computers and Geotechnics, 28(8), 549–574. doi:10.1016/S0266-352X(01)00016-7. 

[5] Hadush, S., Yashima, A., & Uzuoka, R. (2000). Importance of viscous fluid characteristics in liquefaction induced lateral 

spreading analysis. Computers and Geotechnics, 27(3), 199–224. doi:10.1016/S0266-352X(00)00015-X. 

[6] Yin, D., Zhang, W., Cheng, C., & Li, Y. (2012). Fractional time-dependent Bingham model for muddy clay. Journal of Non-

Newtonian Fluid Mechanics, 187–188, 32–35. doi:10.1016/j.jnnfm.2012.09.003. 

[7] Chae, J., Kim, B., Park, S. wan, & Kato, S. (2010). Effect of suction on unconfined compressive strength in partly saturated soils. 

KSCE Journal of Civil Engineering, 14(3), 281–290. doi:10.1007/s12205-010-0281-7. 

[8] Kato, S., Yoshimura, Y., Kawai, K., & Sunden, W. (2001). Effects of Suction on Strength Characteristics of Unconfined 

Compression Test for a Compacted Silty Clay. Doboku Gakkai Ronbunshu, 2001(687), 201–218. doi:10.2208/jscej.2001.687_201. 

[9] Geertsema, M., Hungr, O., Schwab, J. W., & Evans, S. G. (2006). A large rockslide - Debris avalanche in cohesive soil at Pink 

Mountain, northeastern British Columbia, Canada. Engineering Geology, 83(1–3), 64–75. doi:10.1016/j.enggeo.2005.06.025. 

[10] Luna, B. Q., Remaître, A., van Asch, T. W. J., Malet, J. P., & van Westen, C. J. (2012). Analysis of debris flow behavior with a 

one dimensional run-out model incorporating entrainment. Engineering Geology, 128, 63–75. doi:10.1016/j.enggeo.2011.04.007. 

[11] Marr, J. G., Elverhø, A., Harbitz, C., Imran, J., & Harff, P. (2002). Numerical simulation of mud-rich subaqueous debris flows 

on the glacially active margins of the Svalbard-Barents Sea. Marine Geology, 188(3–4), 351–364. doi:10.1016/S0025-

3227(02)00310-9. 

[12] Montassar, S., & de Buhan, P. (2006). A numerical model to investigate the effects of propagating liquefied soils on structures. 

Computers and Geotechnics, 33(2), 108–120. doi:10.1016/j.compgeo.2006.02.003. 

[13] Wachs, A. (2007). Numerical simulation of steady Bingham flow through an eccentric annular cross-section by distributed 

Lagrange multiplier/fictitious domain and augmented Lagrangian methods. Journal of Non-Newtonian Fluid Mechanics, 142(1–

3), 183–198. doi:10.1016/j.jnnfm.2006.08.009. 

[14] Shakya, S., & Inazumi, S. (2023). Ground modelling by MPS-CAE simulation under different influencing parameters. Smart 

Geotechnics for Smart Societies, 2365–2369. doi:10.1201/9781003299127-365. 

[15] Aberqi, A., Aboussi, W., Benkhaldoun, F., Bennouna, J., & Bradji, A. (2023). Homogeneous incompressible Bingham 

viscoplastic as a limit of bi-viscosity fluids. Journal of Elliptic and Parabolic Equations, 9(2), 705–724. doi:10.1007/s41808-

023-00221-z. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

19 

 

[16] Iribe, T., Iraha, S., Tomiyama, J. and Matsubara, H., (2003). Application of particle method to flow analysis of fresh concrete. 

Proceedings of the Japan Concrete Institute, 25(1), 905-910. 

[17] Urano, S., Nemoto, H., & Sakihara, K. (2012). Application of flow simulation for evaluation of filling-ability of self-compacting 

concrete. Journal of Japan Society of Civil Engineers, Ser. E2 (Materials and Concrete Structures), 68(1), 38-48. 

doi:10.2208/jscejmcs.68.38. 

[18] Inazumi, S., Shakya, S., Komaki, T., & Nakanishi, Y. (2021). Numerical analysis on performance of the middle-pressure jet 

grouting method for ground improvement. Geosciences (Switzerland), 11(8), 313. doi:10.3390/geosciences11080313. 

[19] Shakya, S., Inazumi, S., & Nontananandh, S. (2022). Potential of Computer-Aided Engineering in the Design of Ground-

Improvement Technologies. Applied Sciences (Switzerland), 12(19), 9675. doi:10.3390/app12199675. 

[20] Garrido, L., Gainza, J., & Pereira, E. (1988). Influence of sodium silicate on the rheological behaviour of clay suspensions-

Application of the ternary Bingham model. Applied Clay Science, 3(4), 323–335. doi:10.1016/0169-1317(88)90023-3. 

[21] Leonardi, C. R., Owen, D. R. J., & Feng, Y. T. (2011). Numerical rheometry of bulk materials using a power law fluid and the 

lattice Boltzmann method. Journal of Non-Newtonian Fluid Mechanics, 166(12–13), 628–638. doi:10.1016/j.jnnfm.2011.02.011. 

[22] Aierken, A., Luo, S., Jiang, J., Chong, L., Chang, J., Zhang, R., & Zhang, X. (2022). Experimental and Numerical Studies on 

Flowing Properties of Grouting Mortar Based on the Modified MPS Method. Geofluids, 2022. doi:10.1155/2022/4042418. 

[23] Shakya, S., Inazumi, S., Chao, K. C., & Wong, R. K. N. (2023). Innovative Design Method of Jet Grouting Systems for 

Sustainable Ground Improvements. Sustainability, 15(6), 5602. doi:10.3390/su15065602. 

[24] Hossain, M. S., & Kim, W. S. (2015). Estimation of Subgrade Resilient Modulus for Fine-Grained Soil from Unconfined 

Compression Test. Transportation Research Record, 2473(1), 126–135. doi:10.3141/2473-15. 

[25] Güneyli, H., & Rüşen, T. (2016). Effect of length-to-diameter ratio on the unconfined compressive strength of cohesive soil 

specimens. Bulletin of Engineering Geology and the Environment, 75(2), 793–806. doi:10.1007/s10064-015-0835-5. 

[26] Shakya, S., & Inazumi, S. (2023). Soil Behavior Modeling By MPS-CAE Simulation. International Journal of GEOMATE, 

24(102), 18–25. doi:10.21660/2023.102.g12141. 

[27] Inazumi, S., Kuwahara, S., Ogura, T., Hamada, S., & Nakao, K. (2020). Visualization and performance evaluation of existing 

pile pulling method with pile tip chucking by MPS-CAE. Japanese Geotechnical Journal, 15(2), 383–393. 

doi:10.3208/jgs.15.383. 

[28] Kondo, M., & Koshizuka, S. (2008). Suppressing the Numerical Oscillations in Moving Particle Semi-implicit method. 

Transactions of the Japan Society for Computational Engineering and Science, 20080015, 20080015. 

doi:10.11421/jsces.2008.20080015. 

[29] Koshizuka, S., & Oka, Y. (1996). Moving-particle semi-implicit method for fragmentation of incompressible fluid. Nuclear 

Science and Engineering, 123(3), 421–434. doi:10.13182/NSE96-A24205. 

[30] Cummins, S. J., & Rudman, M. (1999). An SPH Projection Method. Journal of Computational Physics, 152(2), 584–607. 

doi:10.1006/jcph.1999.6246. 

[31] Jandaghian, M., & Shakibaeinia, A. (2020). An enhanced weakly-compressible MPS method for free-surface flows. Computer 

Methods in Applied Mechanics and Engineering, 360, 112771. doi:10.1016/j.cma.2019.112771. 

[32] Shakibaeinia, A., & Jin, Y. C. (2010). A weakly compressible MPS method for modeling of open-boundary free-surface flow. 

International Journal for Numerical Methods in Fluids, 63(10), 1208–1232. doi:10.1002/fld.2132. 

[33] Tayebi, A., & Jin, Y. chung. (2015). Development of Moving Particle Explicit (MPE) method for incompressible flows. 

Computers and Fluids, 117, 1–10. doi:10.1016/j.compfluid.2015.04.025. 

[34] Kodama, Y. (2008). Explicit and Implicit Methods. Computational Fluid Dynamics, 687, 416–417. doi:10.1016/b978-

075068563-4.50013-6. 

[35] Hu, F., Xu, C., Li, H., Li, S., Yu, Z., Li, Y., & He, X. (2015). Particles interaction forces and their effects on soil aggregates 

breakdown. Soil and Tillage Research, 147, 1–9. doi:10.1016/j.still.2014.11.006. 

[36] Itori, S., Iribe, T., & Nakaza, E. (2012). An Improvement of Dirichlet Boundary Conditions in Numerical Simulations Using 

MPS Method. Journal of Japan Society of Civil Engineers, Ser. B2 (Coastal Engineering), 68(1), 17–28. 

doi:10.2208/kaigan.68.17. 



 Available online at www.CivileJournal.org 

Civil Engineering Journal 
(E-ISSN: 2476-3055; ISSN: 2676-6957) 

  Vol. 10, No. 01, January, 2024 

 

 

 

  

    

20 

 

Evaluation of the Mechanical Behavior of Soil Stabilized with 

Asphalt Emulsion Using Multi-Stage Loading 

 

A. S. de Medeiros 1* , M. Hugo Sant’Anna Cardoso 1, M. Aurélio Vieira da Silva 1 

1 Transport Engineering Program – COPPE, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil. 

Received 28 September 2023; Revised 15 December 2023; Accepted 19 December 2023; Published 01 January 2024 

Abstract 

The objective of this research was to assess the mechanical response (resilient and plastic) of soil stabilized with petroleum 

asphalt concrete using asphalt emulsion under multi-stage loading. To enhance the adhesion of the asphalt film to the soil 

grains, the stabilized soil underwent air-drying curing for seven days. Dosage was conducted through the indirect tensile 

strength test using diametral compression. With the optimum content determined in the dosage (2% emulsion), additions 

and removals of 0.5% asphalt emulsion from this content were performed. Consequently, three specimens were molded 

with concentrations of 1.5%, 2%, and 2.5% of slow-setting cationic asphalt emulsion. These specimens were then subjected 

to drained triaxial tests under multi-stage loading, using 5 different stress pairs, totaling 50,000 cycles. Analyzing the 

regions defined by the total and permanent deformation curves allowed studying the plastic and elastic response, the 

proportionality between these regions, and the increase in elastic and plastic regions of the soil and stabilized soil in a 

single test, providing a more accurate interpretation. Regarding the measured deformations, as the deviator stress was 

increased with each loading cycle, the stabilized samples exhibited an increase in plastic deformations compared to the 

natural soil (control). It was also observed a proportional increase in the resilient region, indicating that the addition of 

asphalt made the soil less rigid but provided cohesion that was absent before stabilization. 

Keywords: Multi-Stage; Permanent Deformation; Resilient Deformation; Asphalt Emulsion. 

 

1. Introduction 

The manual for the design and construction of materials stabilized with asphalt emulsion in South Africa (2020) [1] 

highlights the beneficial potential of using asphalt emulsion or foamed asphalt for material stabilization in various 

situations. These advantages depend on the type of project and specific site conditions. Firstly, the incorporation of this 

technique can significantly increase the cohesion and strength of the material, contributing to greater durability and 

pavement lifespan. Moreover, the possibility of reusing existing materials reduces the demand for new resources and 

minimizes environmental impact. Another positive aspect is the ability to carry out construction in adverse weather 

conditions, such as low temperatures or excessive humidity, which can be crucial in certain regions. Finally, the 

reduction in construction time and costs, especially when recycling materials on-site, makes this method an economical 

and resource-efficient choice. 

Therefore, this research began with a bibliometric analysis (a quantitative and statistical approach used to examine 

patterns, trends, and relationships in a set of bibliographic documents), aiming to find in the literature review a 

connection between multi-stage loading tests and soils stabilized with asphalt emulsion or asphalt. In the research 

conducted on the Scopus and Web of Science databases, using cluster analysis with the bibliometric interface accessed 
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through R, no integration was observed between multi-stage loading tests and soil stabilization through asphalt emulsion. 

For the database search, the keywords "multistage," "multi-stage," "repeated loading test," and "permanent deformation" 

were used, and the results are displayed in the keyword co-occurrence network map in Figure 1. The analysis highlighted 

a research gap with the potential to be explored and developed. Consequently, discussions that encompass both topics 

simultaneously are insufficient, making it challenging to adequately address the convergence of both themes. 

 

Figure 1. Co-occurrence Network Map 

For ease of visualization of the clusters, they have been separated by number in Table 1. The clusters group the 

works based on research affinity, bringing to light the relationships between the keywords of these different studies 

Table 1. Co-occurrence Network table by node 

Node Cluster Node Cluster Node Cluster Node Cluster 

Deformation 1 Triaxial Test 2 Strain Rate 3 Sand 4 

Permanent Deformations 1 Forecasting 2 Aggregate 3 Water Content 4 

Stress Analysis 1 Cyclic Loading 2 Pavements 4 Hydraulic Fracturing 5 

Pavement 1 Deformation Mechanism 2 Repeated Load Triaxial Tests 4 Boreholes 5 

Testing 1 Railroads 2 Granular Materials 4 Fiber Optics 5 

Granular Medium 1 Soil Mechanics 2 Unbound Granular Material 4 Fracturing Operations 5 

Creep 1 Cyclic Loads 2 Moisture 4 Fracture 6 

Deformation Characteristics 1 Prediction 2 Multi-Stages 4 Plastic Deformation 7 

Asphalt 1 Compressive Strength 2 Repeated Load Triaxial 4   

Rocks 1 Multi-Stage Loading 2 Moisture Determination 4   

Single Stage 1 Triaxial Test 2 Soils 4   

Strain 1 Forecasting 2 Models 4   

Asphalt Pavements 1 Recycling 3 Particle Size 4   

Compaction 1 Aggregates 3 Resilient Modulus 4   

Cluster 1 suggests works with a focus on material properties used in pavements, especially related to permanent 

deformation. Cluster 2 highlights an experimental and analytical approach, focusing on tests and mechanical 

characteristics. Cluster 3 suggests themes associated with sustainable practices (recycling), aggregate characteristics, 

and aspects related to pavements. Cluster 4 focuses on the interaction between granular materials and pavement, 

emphasizing the importance of tests and prediction models. Cluster 5, covering terms such as hydraulic fracturing, 

boreholes, and fiber optics, suggests a geotechnical or field approach, focusing on investigation methods and monitoring 

in terrains. Cluster 6, with a focus on the concept of fracture, appears to explore phenomena related to material breakage 

or failure, possibly associated with specific loading conditions. Finally, Cluster 7, centered on concepts like plastic 

deformation, indicates a more detailed analysis of plastic behavior about multi-stage loading, suggesting an emphasis 

on material plasticity under specific loading conditions. However, none of them addresses the interaction between multi-

stage loading and soil stabilization with asphalt emulsion or related topics, highlighting a research gap. 

However, it's worth noting the existence of a study published in 2023 in the Transportation Geotechnics journal. 

This study addresses asphalt stabilization using 1, 2, and 3% of the dry weight of construction and demolition waste 
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(CDW) and crushed bricks through multi-stage loading. However, the abstract and keywords of the study do not 

specifically reference the use of multi-stage loading, focusing solely on permanent deformation. This study is included 

in the literature review. Thus, this study contributes to bridging two important topics in pavement engineering: triaxial 

testing with multi-stage loading and stabilization using asphalt emulsion. 

Addressing the multistage loading technique, as highlighted in several studies such as those by Rahman et al. (2023) 

[2] and Maghool et al. (2023) [3], plays a crucial role in evaluating materials used in pavement construction and the 

behavior of granular materials. Its main contribution lies in the substantial reduction of time and effort required to test 

a wide range of stress levels in a single specimen, compared to single-stage tests. Furthermore, multistage loading allows 

for the assessment of the behavior of mixtures and materials under different stress levels, which is essential to 

understanding their performance under variable loading conditions, such as those encountered on pavements. This 

realistic approach not only saves resources but also enhances the accuracy and reliability of tests, providing a 

comprehensive understanding of the mechanical behavior of materials under different stress conditions.  

The positive contribution of the multistage loading technique to research is feasible. The analysis of permanent and 

resilient deformation using multistage loading allows the designer to assess in greater detail how materials used in 

pavement construction respond to variations in loading conditions, similar to what occurs in the field. Multistage loading 

is a more efficient test, reducing experimental variability by eliminating the need to mold multiple specimens, as 

demonstrated in this study. This makes the test more realistic. As demonstrated in the literature review, research studies 

often use separate tests or assessments to analyze the resilient and plastic response of the material, as well as modeling 

to predict material behavior. As a scientific contribution, this study proposes a simultaneous evaluation method, i.e., 

both resilient and plastic responses from the same test displayed on the same graph, using total and permanent 

deformation. As a secondary objective, this research also aims to standardize dosage using asphalt emulsion. To achieve 

this goal, the diametral compression test was conducted, following the principle of economy for emulsion use, limiting 

its usage to up to 6% of the dry weight of the soil. 

Considering the multistage loading test as an efficient method to assess the mechanical response (plastic and resilient 

performance) of materials, as evidenced in various studies presented in the literature review, it can be employed to 

measure the mechanical performance of asphalt-stabilized soil. However, as a limitation, stabilization will be studied at 

the optimal concentration determined during dosage, obtained through the diametral compression tensile test, and at the 

soil's optimum moisture content, as described in the methodology of this article. 

Tests were conducted using six different quantities of asphalt emulsion about the dry weight of the soil. These 

quantities ranged from 1 to 6% of a slow-setting cationic emulsion. The stabilized soils underwent testing in a multipress 

to assess their mechanical response to diametral compression. The highest value was achieved with 2% of asphalt 

emulsion. From this point, 0.5% of the emulsion was added and removed. Specimens were then molded with 1.5, 2, and 

2.5% and subjected to multi-stage loading tests. 

In this way, it is possible to outline the objective of this study, which is to assess the mechanical response of asphalt-

stabilized soil using asphalt emulsion for its application. To achieve this goal, dosage was performed through the indirect 

tensile test by diametral compression. The plastic and mechanical responses were assessed using multi-stage loading in 

5 loading cycles. The purpose of this study was to simultaneously analyze the plastic and elastic regions, as well as the 

variation of these regions in each loading cycle. The regions were delimited by the curves of total and permanent 

deformation, and their area was calculated through trapezoidal approximations. 

Therefore, this study aims to contribute to the expansion of knowledge regarding the use of petroleum asphalt 

concrete (PAC) contained in asphalt emulsions as a soil stabilizer, improving its mechanical performance without the 

need to heat the PAC for application. This represents an environmental benefit, as it allows the use of local materials, 

reducing emissions from transportation and optimizing economic resources, especially in remote road pavement 

infrastructure projects. The secondary objective is to specifically evaluate the influence of the asphalt film on 

stabilization. The stabilized soil was tested at the optimal moisture content of the natural soil, ensuring that moisture 

was a constant variable in all tests. 

This article is divided into five distinct sections for a clearer and more organized understanding. In the first section 

(Section 1), the introduction is presented, where the problem is contextualized, the hypothesis is formulated, assumptions 

are outlined, and the objectives of this work are established. Next, in Section 2, the literature review is addressed, 

focusing on relevant studies that have investigated the use of asphalt emulsion and multi-stage loading. In Section 3, the 

methodology employed is detailed, along with the standards and guidelines used as a basis for the analyzes. Results and 

discussion are presented in Section 4, and finally, in Section 5, the research conclusions are presented. 

2. Literature Review 

The literature review is a fundamental step in research as it helps establish and guide the study, ensuring it is relevant, 

original, and well-informed by previous works related to the topic. Therefore, this literature review aimed to underpin 

this research with works addressing the use of asphalt emulsion and multi-stage loading. 
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2.1. Asphalt Emulsion 

According to the results presented in the study by Brito et al. (2022) [4], in soil-emulsion mixtures tested under 

saturated conditions, there was no influence of curing time on the obtained results. However, in mixtures tested under 

unsaturated conditions, it was observed that an increase in curing time led to a significant increase in the cohesive 

intercept of the rupture envelopes obtained in the constant volume undrained (CIU) triaxial tests. This increase in the 

cohesive intercept was attributed to the increase in matric suction due to the evaporation of the water of constitution of 

the asphalt emulsion during the exposure of the specimens to ambient air at 25°C for the curing periods adopted in the 

study. 

The study by Orosa et al. (2022) [5] investigated the shear and permanent deformation properties of cold in-place 

recycled (CIR) mixtures with bitumen emulsion using triaxial tests. The authors found that the binder content had a 

significant impact on the shear and permanent deformation properties of the CIR mixtures. Mixtures with higher binder 

contents exhibited higher cohesion but lower internal friction. The authors also found that the CIR mixtures exhibited 

critical stress ratios between 20% and 30%. The mixture with a 2.50% binder content exhibited the best response. 

Regarding the use of emulsions, Andavam & Kumar (2020) [6] concluded in their review article that asphalt 

emulsions are an effective material for improving the properties of weak soils, especially in tropical and subtropical 

regions. The authors stated that asphalt emulsions offer advantages such as ease of application, low energy consumption, 

reduced environmental impact, and increased pavement durability. They also highlighted challenges and limitations in 

using asphalt emulsions, such as the need for quality control, appropriate dosage and emulsion type selection, the 

influence of climatic conditions, and the lack of standardized norms and specifications. 

Kamran et al. (2020) [7] assessed the potential use of asphaltenes as a waste material to enhance the mechanical 

properties of emulsified asphalt-stabilized base mixes. The study used asphaltenes as a waste material derived from the 

asphalt sands of Alberta. They added 1% to 3% of asphaltenes by total weight to an aggregate mix stabilized with 

emulsified asphalt. The results showed that asphaltene-modified mixes had higher tensile strength and flow resistance, 

while their susceptibility to moisture was slightly lower than that of the control mix. The study used different percentages 

of asphalt emulsion to determine the optimal emulsion content concerning Marshall stability and flow. 

The study by Oluyemi-Ayibiowu (2019) [8] concluded that the addition of asphalt emulsion could significantly 

improve the mechanical properties of lateritic soils, such as unconfined compressive strength (UCS) and California 

Bearing Ratio (CBR). The ideal proportion of asphalt emulsion varies depending on soil properties but generally falls 

between 4% and 6%. However, asphalt emulsion stabilization may not be effective in soils with high clay content. 

The studies by Alizadeh & Modarres (2018) [9] investigated the mechanical properties of clayey soil stabilized with 

bitumen emulsion and limestone, using unconfined compression tests, indirect tensile tests, resilient modulus tests, and 

permanent deformation tests. The authors arrived at an optimal emulsion content of 6% and an optimal limestone content 

of 10% to achieve maximum soil strength and stiffness. It was observed that the stabilized soil exhibited lower plasticity, 

greater durability, and better resistance to moisture-related damage compared to untreated soil. They concluded that 

clayey soil stabilized with emulsion and limestone could be used as a suitable material for subgrade or base layers of 

pavements. 

Based on the study by Bunga (2018) [10], the erosion rate of sandy clay stabilized with asphalt emulsion is subject 

to different influences, as observed in the tested parameters. The analysis of the results indicated that the erosion rate 

increased exponentially with the increase in rainfall intensity and linearly with the increase in slope. However, the 

erosion rate decreased exponentially with the increase in the volume of asphalt emulsion. Therefore, the application of 

asphalt emulsion may have a significant stabilizing effect on soil erosion, especially when confronted with factors such 

as rainfall intensity and slope. This conclusion could have practical implications for the management and control of 

erosion in areas where soil stabilization is a concern, such as drainage failure. 

The study by Mignini et al. (2015) [11] evaluated factors affecting the short-term and long-term performance of a 

cement-treated base with bitumen emulsion through laboratory tests to determine its unconfined compressive strength 

(UCS), flexural strength (FS), and California Bearing Ratio (CBR). The study also investigated the durability of the 

cement-treated base with bitumen emulsion subjected to wetting and drying (WD) cycles and developed significant 

models to demonstrate the relationship between mixture characteristics. Regarding the results of permanent deformation 

tests, the addition of a mixture of 4% Portland cement and 3% bitumen emulsion reduced permanent deformation by 

23.5% compared to using only cement and by 1682% compared to using only bitumen emulsion. Furthermore, the results 

showed that the Portland cement and bitumen emulsion mixture significantly improved the permanent deformation 

resistance of the mixture at different environmental temperatures. 

As emulsion is a material that is easy to handle and offers numerous advantages in its application, researchers seek 

to refine the technique for using asphalt emulsion in soil stabilization, which is an important contribution of this study 

as mentioned in the introduction. However, as seen, there is still much to be done in the quest for standardizing the 

dosage method, tests, and normative standards to be followed. 
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2.2. Multi-Stage Loading 

In Yaghoubi et al. (2023) [12], multi-stage loading was chosen to enhance the probability of extracting all three 

shakedown rating ranges discussed in the study. By conducting a series of multi-stage tests on five distinct combinations 

of confinement stress and deviator stress, it was possible to evaluate the permanent deformation of samples and classify 

them based on shakedown theory, using bituminous emulsion for the stabilization of construction and demolition waste. 

A fixed confinement stress of 40 kPa was chosen in conjunction with deviator stresses of 140, 220, 300, 380, and 460 

kPa. These stress pairs were selected to cover a wide range of deviator-to-confinement stress ratios, ranging from 3.5 to 

11.5, which represent typical stress conditions in pavement base and subbase layers. 

Additionally, according to research conducted by the aforementioned authors, aggregate samples were mixed with a 

slow-setting cationic bitumen emulsion at different percentages of 0, 1, 2, and 3% of the dry weight of the aggregates. 

The study concluded that bitumen emulsion stabilization had no noticeable effect on improving the permanent 

deformation responses of recycled concrete and crushed brick aggregate mixtures. Finally, the contribution of multi-

stage loading was the ability to classify the mixtures and assess their permanent deformation at different stress levels. 

Maghool et al. (2023) [3] used different stress pairs in the study, which were applied in combinations of confinement 

stress (σc) and deviator stress (σd). The stress pairs used were: σc = 40 kPa and σd = 140 kPa, σc = 40 kPa and σd = 

220 kPa, σc = 40 kPa and σd = 300 kPa, σc = 40 kPa and σd = 380 kPa, and σc = 40 kPa and σd = 460 kPa. These stress 

pairs were applied in each stage of the multi-stage test, involving 10,000 repetitions. The contribution of multi-stage 

loading is that it allows the evaluation of mixture behavior under different stress levels, which helps to better understand 

how mixtures perform under variable loading conditions. This is important for assessing the suitability of mixtures for 

use in pavements, where loading conditions may vary over time. 

The objective of this study, conducted by Barbieri et al. (2023) [13], was to investigate and compare the stabilization 

potential of traditional and non-traditional binders used in road pavement engineering. Multi-stage loading was 

employed in one of the laboratory tests conducted in this study to assess the resistance of rock aggregates stabilized with 

different types of binders to repeated loads. This test was conducted both before and after 10 cycles of freeze-thaw 

action. The contribution of multi-stage loading was to evaluate the resistance of stabilized aggregates to repeated loads, 

which is crucial for assessing the durability and lifespan of road pavements. Multi-stage loading was performed 

following the Multi-Stage Low Stress Level (MS LSL) procedure, consisting of thirty loading sequences as defined in 

(EN 13286-7, 2004) [14]. 

Ghorbani et al. (2023) [15] studied the potential use of geothermal energy for heating and cooling pavements to 

reduce energy consumption and greenhouse gas emissions. This test was employed to assess the load-bearing capacity 

of unbound granular materials, which are often used as base layers in pavements. The multi-stage loading test allowed 

for the evaluation of deformation and recovery of granular materials under different load levels, essential for designing 

durable and safe pavements. The multi-stage loading procedure utilized a constant confining stress of 50 kPa and 

deviatoric stresses equal to 250, 350, and 450 kPa, applied to the samples according to the Austroads AG:PT/T053 [16] 

repeated-load triaxial test method. Each stage included 10,000 cycles of cyclic loads with loading and resting periods of 

1 s and 2 s, respectively. 

The authors Wang et al. (2023) [17] investigated the permanent and resilient deformation behavior of three types of 

recycled concrete aggregates (RCA) from different sources: demolished buildings (RCAB1 and RCAB2) and concrete 

pavement (RCAP). The contribution of the multi-stage test was to assess the material's behavior under different levels 

of stress and loading cycles, allowing the analysis of permanent and resilient deformation under various loading 

conditions. This provided a better understanding of the material's performance under real traffic conditions and helped 

evaluate its suitability for use in road base and sub-base. Repeated Load Triaxial Tests (RLTT) represent a significant 

method for investigating the permanent and resilient deformation behavior of Unbound Granular Materials (UGM) under 

traffic loads. In this study, RLTTs were conducted following the procedure outlined in the European Standard (EN 

13286-7, 2004) [14]. 

The multi-stage loading technique was employed in the study by Medeiros et al. (2023) [18] to examine how moisture 

affects permanent deformation in tropical soils, using four different loading cycles. The results revealed that permanent 

deformation increases as moisture rises, with this effect being more pronounced in sandy and clayey soils compared to 

lateritic soil. In addition to providing specific insights for this research, the multi-stage method emerges as an effective 

tool for exploring the behavior of materials subjected to various loading conditions. It can be applied to investigate the 

influence of factors such as moisture, temperature, confinement, and loading history, thus contributing to advances in 

understanding the mechanical response of different materials. 

Arulrajah et al. (2022) [19] applied the multistage loading technique to study geothermal pavements in their research. 

A geothermal pavement is a type of pavement that utilizes the thermal energy from the ground to heat or cool buildings. 

This type of pavement consists of a base layer, which is installed beneath the pavement surface, and a series of tubes 

buried in this layer. Water or another fluid circulates through the tubes, absorbing heat from the ground during winter 
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and transferring it to the building for heating. The contribution of multistage loading was to provide a comprehensive 

understanding of the mechanical behavior of different materials under various stress levels. This understanding is 

considered essential for designing more sustainable pavement systems. Stresses at the ratio (σd/σc) of 2, 4, 6, and 8 were 

applied to characterize the deformation behavior of crushed brick (CB) and recycled concrete aggregate (RCA) in the 

multistage test. 

The objective of Ghorbani et al. (2021) [20] study was to investigate the deformation properties of RCA mixed with 

recycled glass (RG) for pavement base applications. The study employed experimental analysis and artificial neural 

network modeling for the dynamic characterization of RCA/RG blends. A multi-stage loading test was used to assess 

the permanent deformation behavior of RCA/RG mixtures. The contribution of the multi-stage test was that it allowed 

the evaluation of mixture behavior at different levels of deviatoric stress, which was crucial for understanding the blend's 

performance under real traffic conditions. 

The study by Lin et al. (2017) [21] used confinement and deviator or soliciting stresses based on typical field 

conditions for subgrade soils. Confinement stress was chosen to represent the vertical pressure exerted by the weight of 

the soil layer above the subgrade, while deviator or soliciting stress was chosen to represent the load applied by vehicle 

tires on the pavement surface. These stresses were chosen to simulate the realistic loading conditions that subgrade soils 

experience in the field and therefore provide more relevant information about the accumulated plastic deformation 

behavior under field conditions. 

The study used different amplitudes of dynamic stress for cyclic loading, ranging from 25 to 114 kPa, depending on 

the group of samples tested. Additionally, different levels of confinement pressure were applied, ranging from 60 kPa 

to 150 kPa, depending on the group of samples tested. The study employed multi-stage cyclic loading to characterize 

the behavior of accumulated plastic deformation at different loading phases. 

The overall objective of Salour & Erlingsson (2017) [22] was to investigate the applicability of using multi-stage 

RLT tests for modeling the permanent deformation of fine-grained subgrade soils. According to the authors, the 

contribution of the multi-stage test is that it allows a more realistic simulation of traffic loading conditions in the field, 

which typically involve load pulses with varying magnitudes. Moreover, the multi-stage test can provide a more 

comprehensive understanding of pavement behavior without the need to prepare and test multiple samples, which can 

be tedious and costly. The multi-stage loading test procedure involved conducting three loading sequences, each 

containing three stress cycles with a constant confining pressure and different deviator stresses (totaling 9 stress paths). 

In each stress path, 10,000 load cycles were applied, followed by the subsequent stress path (totaling 90,000 load 

applications). Each load pulse consisted of a 0.2-second load followed by a 0.4-second rest period. A constant contact 

stress of 5.5 kPa was always used between the load pulses.  

Various deviator stress (∆q) and confinement stress (𝜎₃) values were applied to assess the material's response under 

different loading conditions. The loading sequences were structured with different combinations of these stresses. The 

confinement stress, representing the pressure applied to the specimen, varied between 27.6 and 55.2 kPa. 

Simultaneously, the cyclic deviator stress, indicative of the fluctuating stress levels during loading cycles, ranged from 

13.8 to 124.2 kPa. 

In summary, multi-stage loading allows for a comprehensive assessment of material behavior under various loading 

conditions, which is crucial for the design, safety, and durability of structures, pavements, and subgrade soils in real-

world scenarios. Each study highlighted the importance of this approach in understanding the behavior of different types 

of materials under load variations. 

3. Material and Methods 

3.1. Soil Samples 

For the mechanical analysis, a soil sample classified as silty sand (SM) according to the Unified Soil Classification 

System (USCS) and as A-2-4 per the HRB methodology (AASHTO, 2003) [23] was used. Table 2 presents a summary 

of the average geotechnical parameters of the soil. This is a sandy soil with pebbles that completely disintegrates in the 

presence of water because it lacks cohesion, making it even more suitable to be stabilized with asphalt emulsion. 

Table 2. Geotechnical parameters of the soil 

Parameters Values 

LL - Liquid Limit NP 

LP - Plastic Limit NP 

Real Grain Density 2.87 g/cm³ 

Bulk Dry Density 2.25 g/cm³ 

Void Ratio (e) 0,274 

Optimum Moisture Content 9.42 % 
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The deposit where the material was collected, as shown in Figure 2, is located at latitude 22°34'19.416'' S and 

longitude 44°01'4.875'' W, in the municipality of Pinheiral, situated approximately 2 km away from a significant 

highway in the state of Rio de Janeiro, Brazil, known as BR-116 (President Dutra Highway). 

 

Figure 2. Location where the soil samples were extracted 

The deposit where the soil was extracted exhibits a brownish color with low ground cover. It is also noteworthy that 

the presence of gravel can be observed in a sandy substrate, easily identified both visually and tactilely, as depicted in 

Figure 3. 

     

Figure 3. Location where the soil samples were extracted  

According to studies conducted by Zaroni & Santos (2021) [24], tropical regions exhibit an accelerated pedogenetic 

process influenced by a hot and humid climate, as well as intense water action and the presence of organisms. The 

greater the water availability, the more intense the chemical weathering reactions, resulting in soils with a higher 

proportion of secondary minerals, reflecting the alteration of the original material. 

The authors conclude that, under tropical conditions, kaolinitic, lateritic, and soils rich in iron, aluminum, and 

titanium oxides predominate, characterized by being highly weathered and generally having low to very low fertility. 

This information is crucial for engineers who need to design in areas without access to laboratories, as it indicates the 

presence of soils with a significant number of oxides that can be effectively stabilized using cationic-type emulsions. 
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3.2. SEM/EDS 

The SEM/EDS is an electron microscopy system that combines the Scanning Electron Microscopy (SEM) technique 

with Energy-Dispersive X-ray Spectroscopy (EDS). This system is used to analyze the elemental composition and 

structure of materials at micro and nano scales. The SEM operates by bombarding the material with a high-energy 

electron beam. This beam interacts with the material's surface, producing secondary electrons that are detected and 

transformed into a high-resolution image. The generated image allows for a detailed visualization of the material's 

surface and topography. 

The image, Figure 4, brings to light what can be observed in the particle size distribution, indicating that the soil is 

poorly graded, featuring rounded particles and a tendency to have a high number of voids, not containing micelle-like 

structures. This observation is consistent with the results of plasticity tests and the optimum moisture content recorded 

at 9.42%. 

 

Figure 4. Image of the soil generated by the SEM 

The EDS technique, on the other hand, is employed to identify the chemical elements present in the material. When 

the electron beam from the SEM interacts with the material, it also generates characteristic X-rays of the elements within 

the sample. These X-rays are detected by the EDS detector and transformed into an energy spectrum, enabling the 

identification of elements present in the sample and their concentration, Table 3. 

Table 3. Elements present in the smoothed sample 

Element Weight (%) Weight (%) σ Atomic Compound Formula 

Sodium 0.903 0.254 0.901 1.217 Na2O 

Magnesium 4.275 0.297 4.036 7.088 MgO 

Aluminum 6.842 0.334 5.821 12.928 Al2O3 

Silicon 22.970 0.530 18.772 49.140 SiO2 

Potassium 0.675 0.189 0.396 0.813 K2O 

Calcium 2.793 0.267 1.600 3.908 CaO 

Iron 19.360 0.826 7.957 24.906 FeO 

Oxygen 42.182 0.751 60.517 - O2 

When analyzing the chemical composition of the sample, some of the authors' conclusions Zaroni & Santos (2021) 

[24] can be corroborated. For instance, a significant presence of aluminum (6.842% as Al2O3) and iron (19.360% as 

FeO) in the sample is noted, information that aligns with the characterization of soils rich in oxides of these elements. 

Similarly, the substantial presence of silicon (22.970% as SiO2) is consistent with the description of lateritic soils. 

3.3. Emulsion 

As can be seen in the emulsion classification shown in Table 4, the residual asphalt content for each emulsion 

percentage is as follows: 1% emulsion (0.62%), 2% emulsion (1.24%), and 3% emulsion (1.86%). 
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Table 3. Classification of asphalt emulsion 

Essays (SS-1C) Limits Results 

Saybolt Viscosity at 25°C (SSF) 70 max 17 

Residue by Weight after Evaporation 60 min 62.0 

Sieving at 0.84mm, % by Weight 0.1 max 0 

Sedimentation for 5 Days, % by Weight 5 max 2 

Particle Load Positive Positive 

Mixing with Cement % 2 max 0.2 

The emulsion percentage was determined based on the dry weight of the soil in an oven. For a 4000 g sample, 40 g 

of emulsion was used in the stabilization with 1% emulsion, and so on. These 40 g of emulsion, whose volume is 

approximately 43 ml at a temperature of 26°C, contain 62% of PAC. The remaining percentage of water, after deducting 

that of the emulsion, was added to reach the optimum soil moisture content. 

All the water was incorporated into the emulsion, resulting in a less viscous mixture. Then, the soil was homogenized. 

Finally, samples of the mixture (soil + emulsion + water) were collected to check the moisture content to ensure that the 

presence of water would not influence the mechanical response of the tests as an additional variable. 

In the images from Figure 5, we can observe the visual characteristics of color and grain size of the natural soil and 

the soil stabilized with asphalt emulsion. More precisely, this pertains to the grains encapsulated by the petroleum asphalt 

concrete. 

   

Figure 5. From left to right - natural soil and soil stabilized with asphalt emulsion 

3.4. Tests, Standards, and Procedures 

The physical and mechanical characterization of the material used in this study was conducted following the testing 

standards described in the norms listed in Table 4.  

Table 4. Tests and standards 

Parameter Test Title International Standard 

Granulometry Particle Size Analysis by Sieving ASTM D422 [25] 

Sedimentation Particle Size Analysis by Sedimentation ASTM D422 [25] 

LL Liquid Limit Determination ASTM D4318 [26] 

PL Plastic Limit Determination ASTM D4318 [26] 

Compaction Compaction Using Unworked Samples ASTM D698 [27] 

Moisture Content Soil - Determination of Moisture Content ASTM D2216 [28] 

TCD Determination of Tensile Strength by Diametral Compression ASTM D3967 [29] 

The test specimens underwent a 7-day air-dry curing process, as it is necessary for materials stabilized with asphalt 

emulsion or foamed asphalt to cure before testing. This curing process allows the materials to reach an equilibrium 

condition before tests are conducted. Proper curing is important to ensure that test results are accurate and representative 

of the material's actual performance, following the guidelines established in the manual for the design and construction 

of emulsion-stabilized bituminous materials from South Africa (South Africa, 2020) [1]. As a benchmark for 

comparison, the natural soil also underwent the same 7-day air-dry curing. An example of molded specimens undergoing 

curing can be observed in Figure 6. 
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Figure 6. Curing specimens 

Six different proportions of asphalt emulsion about the dry weight of the soil were tested, ranging from 1% to 6%, 

for indirect tensile or diametral compression tests. The test specimens were subjected to a multi-stage press with the 

assistance of the Lottman gantry. To perform the tests, the specimens with 10×20 cm were split in half, and the upper 

part was used (Figure 7). 

  

Figure 7. Lottman portal and 10×10 cm test specimen 

For the methodology of this study, the multi-stage loading technique was used with 10,000 loading cycles per stress 

pair. The tests were conducted at the optimum moisture content of the natural soil, which was of the drained type, 

totaling 50 thousand cycles of load application and a frequency of 2 Hz (with 0.1 s of load application and 0.4 s of rest). 

Cylindrical molds of 100×200 mm with samples passing through a 25.4 mm (1 inch) sieve were used. The tests were 

conducted on a triaxial press for drained-type tests, and their images can be seen in Figure 8. 

   

Figure 8. Triaxial dynamic testing machine 

The multi-stage loading tests were carried out following the European standard EN-13286-7 (CEN, 2004a) [14]. 

This standard presents two sets of stress levels, referred to as "high-stress level" and "low-stress level." Each set is 

divided into five sequences. Each of these sequences contains several pairs of soliciting stresses, with constant confining 

stress and 10,000 loading cycles. For the tests conducted here, the sequences were applied using the "low-stress level," 

consistent with the stresses to which the material would be subjected in the field. Table 6 provides the stresses used in 

this study as explained. 
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Table 5. Stress ratio 

Stage σ1 σ3 σd σd/ σ3 

1 105 70 35 0.5 

2 140 70 70 1 

3 210 70 140 2 

4 280 70 210 3 

5 350 70 280 4 

The selected loading values took into consideration the proportionality of typical loads due to the specificity of the 
procedure, considering additional evaluations based on current knowledge in the literature. The choice of these stress 
combinations considered the depth and typical loads found in road pavement subbases and subgrades, conforming to the 
experimental procedure of the European standard, as mentioned. Some of these loads were measured using the Multiple 
Layer Elastic Analysis modeling software [30], considering relevant increases of interest. The Multiple-Layer Elastic 
Analysis Program is a tool that can be used to calculate stresses and strains in pavement structures with up to eight 
layers. It is designed to simulate the effects of wheel loading from road vehicles. The choice was made to use 
intermediate compaction energy, considering the hypothesis that the improved soil could be employed in the sub-base 
of a low-traffic road pavement or as a stabilized subgrade. Therefore, the intention was to investigate the behavior of 
this stabilized soil under the mentioned compaction energy in these boundary conditions, as justified in the literature 
review. 

As observed in the literature review, the stress pairs used to study materials employed in the road pavement base are 
40 kPa for confining stress, and deviatoric stress varying in the ratio from three and a half to eleven times the value of 
the confining stress. Beyond this point, more resilient materials such as RAP, RCA, and CB are used, justifying the 
choice of more subdued stresses to test less noble materials used in deeper layers, where the soliciting stresses are less 
attenuated, and the confining stresses are higher. In this methodology, a confining stress of 70 kPa was used, with 
deviatoric stresses ranging from 0.5 to 4 times the value of the confining stress. To make the study methodology more 
understandable, the proposed experimental procedure can be visualized in Figure 9. 

 
Figure 9. Experimental plan 
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3.5. Plastic Region and Resilient Region 

To define the plastic and resilient regions, the sum of the trapezoidal area was used, where the height is defined by 

the loading cycle, and the average base is determined by the arithmetic average of the percentages of permanent and 

total deformation. The resilient region was defined by subtracting the total deformation area from the plastic deformation 

area. The deformation history from the previous cycle was subtracted in each cycle. This allowed for the analysis of the 

soil and stabilizations concerning each loading cycle. 

Plastic Region: An increase in the plastic region indicates that the material is undergoing permanent deformations 

and cannot recover its original shape after the application of the load. A larger plastic region signifies irreversible 

deformation. Plastic deformation is associated with wheel rutting in the pavement. 

Plastic Variation: Plastic variation reflects the increase in the plastic region between loading cycles, indicating how 

much the material is experiencing permanent deformations with an increase in deviator stress. A higher plastic variation 

is associated with less favorable mechanical performance, as it indicates more significant plastic deformation between 

cycles. 

Elastic Region: The elastic region is the part of the material that undergoes temporary deformation and can partially 

recover its original shape after the application of the load. A large elastic region may suggest a less rigid material. Elastic 

deformation is associated with fatigue cracking in the pavement. 

Resilient Variation: Resilient variation indicates the increase in the elastic region, i.e., how much the material is 

behaving elastically and recovering its original shape after an increase in deviator stress between loading cycles. 

Resilient/Plastic Ratio: A higher value of this ratio indicates that the material is accommodating and returning to its 

original shape after the application of the load. This suggests that the material retains its elasticity and recovery capacity. 

A lower value in this ratio indicates that plastic deformation is dominant, which is undesirable in many applications, as 

it indicates that the material is not accommodating even after becoming more compacted with a history of stresses. 

4. Results and Discussions 

4.1. Compaction 

The compaction was performed at intermediate energy using a tripartite mold and an electric rammer, with a total of 

27 blows per layer in 10 layers. The optimum moisture content of the soil was 9.42%, and the maximum dry density 

achieved was 2.25 g/cm³, as can be seen in Figure 10. 

 

Figure 10. Tripartite Mold Compaction Curve 

4.2. Granulometry 

The soil has a poorly graded particle size distribution, with an effective diameter (D10) of 0.074 mm, an intermediate 

diameter (D30) of 0.166 mm, and a maximum diameter (D60) of 0.641 mm. 
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Using the Ferret triangle to classify the fine fraction of the soil, the following distribution is obtained: 74.2% sand, 

2.0% silt, and 0.20% clay. The total sum of these fractions is 76.43%. The soil is considered coarse and poorly graded, 

with 18% passing through the No. 200 sieve, as shown in the graph in Figure 11. 

 

Figure 11. Granulometric Curve of the Soil under Study 

4.3. Diametral Compression Testing 

In the graph in Figure 12, values for different percentages of emulsion for both soil and soil stabilized with emulsion 

that have been air-dried for 7 days are displayed. It can be observed that, in general, the strength values reach an optimum 

level when 2% of emulsion is added to the soil. 

 

Figure 11. Indirect Tensile Strength of Natural Soil and Stabilized Soil 

4.4. Multi-stage Loading 

All materials undergo plastic deformation during loading, but natural soil stands out for its more effective recovery 

capacity, reducing plastic deformations with each new loading cycle compared to materials stabilized with slow-setting 

cationic emulsion SS, as observed in the graphs in Figure 12. 
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Figure 12. Plastic and Elastic Deformation 

The natural soil, functioning as the control in the experiment, behaves differently from materials stabilized with 

emulsion. The plastic region decreases in all loading cycles, and the elastic region exhibits a lower value in most loading 

cycles compared to other results, indicating that it is a stiffer material compared to materials stabilized with emulsion. 

However, it showed the highest ratio between the elastic and plastic regions, suggesting that the soil became more 

compact with each loading cycle, tending towards greater grain interlocking with the increase in stresses and loading 

history. The plastic regions decrease while the resilient regions increase, suggesting a more resilient behavior of the 

natural soil, which serves as a comparison parameter, as can be seen in Table 7. 

Table 6. Mechanical Performance of Natural Soil 

Cycles Elastic Region Plastic Region Resilient/Plastic Resilient Strain Plastic Strain 

1-10000 62.71 820.77 7.64% -  -  

10001-20000 112.46 659.46 17.05% 79.32% -19.65% 

20001-30000 181.74 648.13 28.04% 61.61% -1.72% 

30001-40000 244.75 545.89 44.83% 34.67% -15.77% 

40001-50000 308.51 482.18 63.98% 26.05% -11.67% 

The stabilization with slow-setting cationic emulsion SS (1.5%) exhibits interesting behavior over the loading cycles. 

As the number of cycles increases, there is a tendency for an increase of approximately 55% in the plastic region during 

the intermediate cycles, between 20,001 and 40,000. Using a thin bitumen film (0.938 μm), it is observed that  the 

material tends to diminish the plastic region while increasing the elastic response, resulting in a ratio between elastic 

and plastic regions of approximately 30% in the last loading cycle. Three distinct regions can be identified over the 

loading cycles for this stabilization percentage: one composed of the first and second cycles, where the material shows 
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higher resistance; another consisting of the third and fourth cycles, where a significant loss of resistance occurs, 

evidenced by the expansion of plastic regions and the reduction of elastic regions. Finally, in the last loading cycle, with 

the material more compacted, there was a reduction in the plastic region and an increase in the elastic response, as can 

be seen in Table 8, indicating that the thinner bitumen film did not prevent greater interlocking of grains at this stage. 

Table 7. Mechanical Performance of Soil Stabilized with 1.5% Emulsion 

Cycles Elastic Region Plastic Region Resilient/Plastic Resilient Strain Plastic Strain 

1-10000 61.01 976.59 6.25% - - 

10001-20000 108.75 788.36 13.79% 78.26% -19.27% 

20001-30000 204.18 972.83 20.99% 87.75% 23.40% 

30001-40000 274.47 1251.12 21.94% 34.43% 28.61% 

40001-50000 350.64 1115.24 31.44% 27.75% -10.86% 

The stabilization of the soil with slow-setting cationic emulsion SS (2%) and a bitumen film of (1.250 μm) exhibits 

two distinct regions: the first region from 1 to 20,000 cycles and the other from 20,001 to 50,000 loading cycles. In the 

first region, there is a decrease in plastic deformations with a significant increase in resilient variation. As the loading 

cycles progress, plastic deformations increase, not indicating accommodation and suggesting a worsening in the ability 

of the stabilized soil to maintain its properties under different loading conditions. The resilient variation follows a more 

logical pattern compared to the mechanical performance of other stabilized materials, despite the soil being an 

anisotropic material. Of all the materials, this one shows the worst performance in the last loading cycle, with the highest 

increase in the plastic region among all tested materials but with the smallest variation in plastic deformation in the 

penultimate loading cycle, indicating a possible limit for shear stress, as shown in Table 9. 

Table 8. Mechanical Performance of Soil Stabilized with 2% Emulsion 

Cycles Elastic Region Plastic Region Resilient/Plastic Resilient Strain Plastic Strain 

1-10000 58.40 1132.66 5.16%  -  - 

10001-20000 110.06 968.72 11.36% 88.46% -14.47% 

20001-30000 195.06 1142.56 17.07% 77.24% 17.94% 

30001-40000 284.23 1210.42 23.48% 45.71% 5.94% 

40001-50000 340.93 1719.33 19.83% 19.95% 42.04% 

For soil stabilization using 2.5% emulsion with a bitumen film of (1.563 μm), the ratio between the elastic and plastic 

regions remains relatively constant. Plastic variation increases with the number of cycles, while resilient variation stays 

around 20 - 30%. This material maintains the stability of the elastic/plastic ratio, with a tendency to become less plastic 

as the number of cycles increases, and resilient variation remains relatively high, indicating an increase in the recovery 

capacity and therefore reduced stiffness, as shown in Table 10. Despite a positive variation in permanent deformation 

starting from the second loading cycle, the increase in this indicator decreases. This material exhibits more proportional 

elastic and plastic responses with a more stable behavior compared to other stabilized soils. 

Table 9. Mechanical Performance of Soil Stabilized with 2.5% Emulsion 

Cycles Elastic Region Plastic Region Resilient/Plastic Resilient Strain Plastic Strain 

1-10000 69.11 943.89 7.32% - - 

10001-20000 136.22 621.08 21.93% 97.11% -34.20% 

20001-30000 248.79 939.73 26.47% 82.64% 51.31% 

30001-40000 326.09 1310.76 24.88% 31.07% 39.48% 

40001-50000 400.81 1462.93 27.40% 22.92% 11.61% 

When comparing performance, it becomes evident that the presence of a bitumen film hinders the effective 

interlocking of grains within the soil. Stabilized soils exhibit comparable performance to that of natural soil during the 

initial two loading cycles. However, as the ratio between shear stress and confinement is elevated to 2:1, the stabilized 

soils experience a significant decline in their strength. 

Considering the first two loading cycles, the stabilized soil performed well, indicating that it could be used under 

conditions of lighter loading. However, with the increase in deviatoric stress, the stabilized soil tended to increase its 

plastic region by almost 35% on average, suggesting that this soil would not perform well in upper or more critical layers 

of pavements, especially with this increase in demand. The resilient/plastic indicator only reaches a good value in the 
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soil stabilized with 1.5% emulsion, which could indicate that this could be a more suitable mixture for this soil, 

depending on its use. 

In general, the results suggest that the composition of SS emulsion and the thickness of the bitumen film have a 

significant impact on the mechanical behavior of the material during loading cycles. Each system has its advantages and 

disadvantages, highlighting the importance of selecting the appropriate material for specific applications based on its 

mechanical performance over time. 

The Pareto chart is a visualization tool that combines bars and a line, used to identify and prioritize the key factors 

contributing to a specific problem or dataset. To generate these charts, the statistical analysis software Jamovi [31] was 

used. 

Concerning plastic performance, it is observed that the soil stabilized with 2% asphalt emulsion was more affected 

by the stabilization influence, followed by the soil stabilized with 2.5% and 1.5% asphalt emulsion. The plastic 

performance result was not similar to the resilient performance, measured by the resilient region. Here, as asphalt 

emulsion was added, it suggested an increase in the resilient response of the stabilization, as can be seen in the graphs 

in in Figure 14. 

 

Figure 13. Pareto Chart, Influence of Plastic and Elastic Regions 

An interesting insight can be observed in the graph in Figure 15. It is possible to see how much the relationship 

between the resilient/plastic region influenced the material's performance, where having a higher ratio between these 

regions is indicative that the material tends to accommodate. After the soil (control), the soil stabilized with 2.5% asphalt 

emulsion performed the best according to this indicator. 

 

Figure 14. Pareto Chart, Influence of the Ratio between Elastic and Plastic Regions 

Here, in Figure 16, another interesting piece of information can be noticed. The performance of the material's resilient 

variation replicated similarly in its plastic variation. In this case, both resilient and plastic variations increased for all 

materials as emulsion was added to the stabilization. The plastic variation decreased for the natural soil and achieved 

the lowest variation for the soil stabilized with 1.5% asphalt emulsion. 
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Figure 15. Pareto Chart, Influence of Variation in Elastic and Plastic Regions 

Concerning the influence of stresses, it is observed that elastic performance is not influenced in the same way as 

plastic performance. The smallest plastic regions occurred in the second loading cycle and the largest in the fourth. On 

the other hand, elastic performance was directly influenced by the increase in shear stresses, as seen in the graph in 

Figure 17. 

 

Figure 16. Pareto Chart, Influence of Loading Cycles 

Yaghoubi  et al.'s research (2023) [12] aimed to assess the impact of adding a slow-setting anionic bitumen emulsion 

(SS), using 1, 2, and 3% of the dry weight of aggregates, in stabilizing recycled materials (RCA) and (CB), in addition 

to controls without asphalt emulsion. After compaction, the aggregates were dried to reach 70 and 90% of the optimum 

moisture content of these materials. The materials were compacted using modified energy, and based on the literature 

review, the authors chose to conduct multi-stage loading tests with 40 kPa confining stress and deviatoric stresses of 

140, 220, 300, 380, and 460 kPa. 

In the current study, samples were air-dried for 7 days, resulting in an average 60% moisture loss, making them drier 

than those in the aforementioned research. Specimens were molded at optimum moisture content and intermediate 

energy. Multi-stage loading tests were conducted at three emulsion percentages: 1.5, 2, and 2.5%. Deviatoric stresses 

were adjusted, maintaining material proportionality and objectives, with 70 kPa confining stress and deviatoric stresses 

of 35, 70, 140, 210, and 280 kPa. 

Under low deviatoric stresses, permanent deformation of emulsion-stabilized RCA decreased, increasing with higher 

stresses. The addition of asphalt emulsion to RCA and CB resulted in a decrease and increase in permanent deformation 

rate, respectively. This behavior was similar, respecting test proportions, to that observed with stabilized soils, which 

reduced permanent deformation in the first two loading cycles. 

Samples tested at 90% optimum moisture content exhibited higher permanent axial strains, permanent strain rates, 

and resilient strains compared to those at 70%. These differences were more pronounced under higher stress conditions, 

indicating that higher moisture contents led to higher permanent strains, permanent strain rates, and lower resilient 

modulus. This aligns with the importance of curing specimens subjected to asphalt emulsion stabilization. 

In conclusion, in Yaghoubi et al.'s studies (2023) [12], despite the increase in permanent deformation at all shear 

stresses due to the addition of bitumen emulsion, the majority of mixtures remained within the shakedown classification 
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Range B. This makes them suitable for use as base and sub-base layers. However, under higher shear stresses, some 

mixtures fell into Range C, suggesting they may not be suitable for use in more demanding pavement layers. Similar 

observations were made when using emulsion in soil, with a significant increase in permanent deformation for all 

stabilized soils in the last three loading cycles. This increase could contribute to rutting under loading conditions three 

times higher than the confinement stress, except for the soil stabilized with 1.5% emulsion. This phenomenon was not 

observed with natural soil, serving as a performance benchmark. With increased compaction and stress history, the 

natural soil reduced its plastic response and increased its elastic response. 

Oluyemi-Ayibiowu's study (2019) [8] assessed the stabilization of lateritic soils with slow-setting asphalt emulsion 

(SS), aiming to analyze the impact of soil physical properties in this process and determine the optimal emulsion ratio 

to enhance its characteristics. Several laboratory tests were conducted on the collected samples, including natural 

moisture content, particle size analysis, Atterberg limits, chemical composition, compaction, unconfined compressive 

strength (UCS), and California Bearing Ratio (CBR). 

The study utilized three representative lateritic soil samples collected along the Ado-Ekiti - Ikare Akoko road, 

connecting the states of Ekiti and Ondo in southwestern Nigeria. Three samples were examined: Sample A classified as 

sandy clay, Sample B as intermediate plasticity sandy clay, and Sample C as high plasticity clay. Additionally, the text 

notes that Sample A has 3.4% coarse aggregate, 62.4% sand, and 34.2% fines; Sample B contains 5.8% coarse aggregate, 

62.2% sand, and 32.0% fines; and Sample C has 0.5% coarse aggregate, 44.0% sand, and 55.5% fines. These soils differ 

significantly from the ones used in this study, which are described as non-plastic, gravelly sand with approximately 18% 

fines. 

Tests were conducted on remolded samples at 7, 14, and 28 days to assess the curing effect on strength. The results 

demonstrate a progressive increase in the strength of Sample A over the curing period, from 0.85 MN/m2 at 7 days to 

1.20 MN/m2 at 28 days. Sample B exhibited an increase from 0.50 MN/m2 at 7 days to 0.85 MN/m2 at 28 days, while 

Sample C showed an elevation from 0.41 MN/m2 at 7 days to 0.68 MN/m2 at 28 days. This underscores the importance 

of curing in the mechanical performance of materials stabilized with asphalt emulsion. In this study, a standard air-dry 

cure for 7 days was used, with moisture loss similar to a 40 °C oven cure for 3 days. 

Furthermore, the results reveal an increase in strength with a rise in emulsion content up to 6%. However, for an 8% 

emulsion content, a decrease in UCS was observed for Samples A and B. These findings emphasize the influence of 

curing on strength development and the significance of precise adjustments in emulsion ratio to optimize soil properties 

during the stabilization process. This reaffirms the proposed dosage limit of up to 6% emulsion for non-cohesive soils 

in the current study. 

5. Conclusions 

Over the loading cycles, it was observed that materials stabilized with SS emulsion (1.5%, 2%, and 2.5%) showed a 

significant increase in plastic deformation, as indicated by the indicator. This behavior suggests a loss of strength in 

these materials as they undergo repeated cycles of loading. On the other hand, natural soil exhibited a less pronounced 

transition to the plastic region, indicating a greater ability to maintain its initial strength under variable loading 

conditions. 

Regarding the relationship between the elastic and plastic regions, natural soil tends to increase the ratio between 

these two regions with each loading cycle, suggesting soil accommodation and grain interlocking, reducing plastic 

response, and increasing elastic response. This did not occur with stabilized soils, where the ratio between these regions 

decreased, demonstrating a significant increase in the plastic response of the material. Additionally, it was observed that 

elastic deformations were greater, in most cycles, in stabilized soils, indicating greater flexibility compared to natural 

soil. 

While stabilized soils showed a tendency towards increased plastic deformation, the variation in resilient 

deformation increased, indicating some recovery capacity. This suggests that even with an increase in permanent 

deformation, these materials are still capable of regaining some of their original shape after the load is removed. 

The elastic response of the stabilized soils follows a behavior pattern whereas asphalt is added to the stabilization, 

the resilient response increases. However, the plastic behavior does not follow a pattern. The lowest permanent 

deformation occurs when 1.5% emulsion is added, and then there is lower plastic deformation when 2.5% emulsion is 

added to the soil. 

It is possible to observe better resilient variation in stabilized soils after the second loading cycle, because of adding 

asphalt to the soil. However, plastic variation decreased in natural soil, which did not occur in the stabilizations, 

indicating that the bitumen film, in this case, impaired the plastic performance of the material. 

It was identified that the optimal value of indirect tensile strength was achieved by adding 2% asphalt emulsion. 

However, the bitumen film also reduced the indirect tensile strength in all percentages of asphalt emulsion used for soil 

stabilization compared to natural soil. 
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When analysing grain interlocking and stress history in the tested samples, it was observed that starting from the 

second loading cycle, all stabilized samples began to show an increase in plastic deformations, which was not observed 

in the natural soil. This indicates that the presence of the bitumen film hurt the mechanical response of the soil, except 

for soil stabilized with a thinner bitumen film. 

Bitumen emulsion stabilization proved to be satisfactory in the first two loading cycles for all stabilized soils, 

indicating that it could be a good solution for stabilizing the subgrade, especially in regions where there may be a failure 

in the drainage system. However, when shear stress is increased too much, there is a significant loss of strength in the 

stabilized soil. Therefore, its use is more restricted in pavement applications. 

Based on the present study, we can conclude that bitumen emulsion stabilization had a positive effect, especially in 

the first two loading cycles, resulting in a significant reduction in permanent deformation in all stabilized soils. However, 

there is a loss of strength when increasing the shear stress, indicating that the stabilized soil does not tend to 

accommodate.  

It is crucial to delve into the understanding of the underlying causes of these changes in mechanical response, 

especially concerning permanent deformation. Additionally, it is essential to explore optimization strategies in emulsion 

dosage to ensure sustainable improvement in soil properties. Other areas of interest include investigations into the 

environmental impact and long-term durability of these stabilized soils, which can provide valuable information for 

practical applications in civil and geotechnical engineering. 

As a suggestion for future work, it is possible to consider the use of total and permanent deformations to create 

predictive models of mechanical behavior that incorporate both resilient and plastic performance, thereby bringing 

greater fidelity to the mechanical response of materials. Additionally, it is worthwhile to analyze grain interlocking due 

to load increments, leading to the development of new shakedown prediction models using total deformations. 
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Abstract 

In the current capital of Yemen, Sana’a, a time-efficient and economical transportation system is one of the greatest 

challenges to overcome the increasing urbanization for many years. Rapid transport systems use tunnel structures to reach 

the city's most inaccessible areas. Given the Gulf's geopolitical unrest, these structures could also serve as emergency 

shelters. Consequently, this research conducted an experimental soil exploration investigation in Sana'a, Yemen, to identify 

potential tunneling sites for the city's rapid transit system. The field exploration, in-situ, and laboratory soil testing at the 

four locations were performed with the collaboration of the Ministry of Public Works & Highways, Yemen. Further, to 

calculate the geotechnical parameters for tunnel design, numerical analysis has been carried out using the finite element 

package ABAQUS, and two-dimensional plane-strain numerical models of underground tunnel structure have been 

developed to conduct the parametric study in different soil types and boundary conditions under static loading. The material 

behavior of soil strata has been incorporated into the well-known Mohr-Coulomb constitutive model. The field 

investigation found that the geotechnical properties of the soil strata in Sana’a have a lot of variation. The numerical study 

shows that the maximum deformation in the concrete liner of the tunnel was observed at the crown of the tunnel. The 

ovalling effect in tunnel concrete liner was also seen in all the tunnel models, and the maximum ground settlement at sites 

1, 2, 3, and 4 was estimated to be approximately 4, 25, 17, and 11 mm, respectively. 

Keywords: ABAQUS; Deformation; Tunnel; Field Exploration; Static Loading; Finite Element Model. 

 

1. Introduction 

As the population continues to grow, there will be a greater demand for additional housing as well as associated 

infrastructural amenities. This will require an increasing amount of surface area. In order to combat urban sprawl in 

metropolitan areas, traffic congestion and the development of public transportation have progressed over time. 

Underground space creation, in particular the construction of tunnels, has become a cost-effective and alternative 

solution to overground challenges. This is especially true when dealing with issues such as traffic congestion, the 

acquisition of land, and the disturbance of urban activities. The construction of subterranean tunnels in rock and soil has 

been accelerated as a result of recent technological advancements in excavation. These days, common excavation 

techniques for soil include "Cut and Cover," "Box Jacketing," and "Pressure Balancing Machine," while common 

excavation techniques for rocks include "Drilling and Blasting", "Sequential Excavation Technique" and "Mechanized 
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Tunneling" using a tunnel boring machine (TBM) [1]. Nunes and Meguid [2] conducted an investigation into the effects 

that topping sandy layers might have on a tunnel that was dug through softer ground. They were able to conclude that, 

when compared to the scenario with homogeneous clay, the bending stresses were reduced by nearly 70% when the stiff 

layer (sand) was found close to the tunnel. 

According to the findings of Mazek & Almannaei [3], they have shown that the volume loss in stratified soil had an 

effect on the deformation and stresses of the underground opening. This was measured as the ratio of the difference 

between the volume of excavated soil and the volume of the tunnel over the volume of excavated soil. They found out 

that a loss of volume ranging from 1.5 to 4.5% had an effect on the stress and displacement in underground openings. 

Since analytical solutions are sometimes unavailable, conformal mapping techniques are crucial for stress and 

displacement analysis of tunnels of any shape. The study introduces numerical conformal mapping methods, including 

Symm's. Numerical examples of U-shaped and rectangle tunnels show the method's accuracy and adaptability to real 

circumstances [4]. Zhang et al. [5] had also examined the effect of the multi-layered soils on the lining behavior, 

specifically looking at how the relative stiffness of the strata and the thickness of the layers affected the lining. It had 

been observed that, for two-layered soil conditions, an increase in the relative stiffness of the overlying sandy layer leads 

to approximately a 45% reduction of the bending moment and a 50% reduction of the convergence. On the other hand, 

for three-layered soil conditions, an increase in the relative thickness of the sandwiched clay layer causes a rise of 

approximately 90% of both the moment and the convergence. Both results were found to be consistent with the 

hypothesis. Zhao et al. [6] examined spalling, a stress-induced brittle fracture at tunnel entrances in hard rock masses. 

The study examines spalling strength, failure depth, excavation-damaged zones (EDZ), and cross-section morphologies 

in 29 gneissic granite examples. The results show that EDZ greatly influences tangential stress, causing deeper failures. 

EDZ increases spalling failure depth by 1.85 to 2.18 times in D- and Horse-shoe tunnels. Comparisons with in-situ 

geophysical testing reveal present approaches may overestimate. The study reveals that D-shape tunnels prevent spalling 

better than Horseshoe tunnels in hard and brittle rock masses. The interaction between the soil and the structure of the 

soil was a significant factor in the improvement of the estimated surface settlement trough for Shanghai soft clay in 

layered soil. Accurate predictions of the sectional forces, moment, and deformation of the tunnel support system are 

necessary for the system to work optimally [7]. 

Esmaeili et al. [8] examine optimal fiberglass dowel arrangements for tunnel face stability in layered soil. Horizontal 

layering has higher extrusion than vertical layering and rises with lower soil elasticity modulus. Initial stress variations 

considerably affect tunnel face extrusion, but fiberglass dowel angle adjustments have little effect. The study stresses 

the importance of soil conditions and initial stress in tunnel face stability optimization. In order to facilitate a sensible 

and economically efficient design of the support system for a soft ground tunnel, several studies have been conducted 

to investigate the impact of various parameters in static analysis [9–13]. The result for determining the horizontal and 

vertical displacement was modified due to the interaction between the soil and the structure. When compared to the 

green field condition that was analyzed by Bian et al. [14], the horizontal displacement had increased by 21% in the 

layered soil. This was due to the fact that the soil-structure interaction was taken into consideration. Numerous authors 

Azadiab [15], Abdel-Motaal et al. [16], Gomes et al. [17], have investigated the effect that seismic waves have on liners 

in stratified soil. The relative position of the stiff layer in relation to the vicinity of the aperture has a major impact on 

the stability of the tunnel liner [2, 5, 18–20]. Tang et al. [21] investigated the dynamic interaction that occurs between 

silty-clay soil and an irregular-section subway station. The findings indicated that the motion of the subway station was 

mostly affected by the characteristics of the adjacent silty-clay soil, specifically in relation to its phase and amplitude. 

The phenomenon of seismic settlement had a strong correlation with Arias intensity, resulting in non-uniform settlement 

patterns and the separation of soil and structures. The subway station experienced deformation in a shear mode, 

necessitating the implementation of stronger structural elements and the use of meticulous seismic design guidelines. 

Xin et al. [22] proposed a casing-shape tunnel lining system with internal, exterior, and buffer layers to alleviate 

constraint effects. The external lining and buffer layer minimize earthquake-induced internal forces, according to 

Timoshenko composite beam theory. Shaking table experiments confirm the model, showing that fault angle affects 

lining length, fault slippage directly shears the external lining, and the higher exterior and interior linings are adequately 

protected. To apply casing-shape tunnel lining in seismic scenarios, the work gives theoretical and experimental insights. 

The previous studies have not shown any experimental or numerical investigations of the tunnels in Yemen (Sana’a). 

Also, because of urbanization and housing growth, a tunnel transit system has become necessary. Especially when we 

consider that all of Yemen's neighbors, including Saudi Arabia, the United Arab Emirates, and Oman, have begun to 

use tunnels in considerable numbers. 

Thus, in the present research work, an experimental soil exploration study has been conducted on the four locations 

in Sana’a city, Yemen, and the suitability of the chosen sites was assessed for the construction of an underground 

concrete tunnel system. The geotechnical parameters for tunnel design were evaluated using the finite element package 

ABAQUS, and two-dimensional plane-strain numerical models of underground tunnel structure were developed to 
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conduct the parametric study in different soil types and boundary conditions under static loading. The material behavior 

of soil strata has been incorporated into the well-known Mohr-Coulomb constitutive model. At last, the suitability and 

structural performance of the RC tunnel system were compared at all four sites. 

2. Experimental Study 

The soil exploration of the four sites was conducted by performing various field and laboratory tests. The wash/rotary 

boring technique was used to drill holes to the necessary depth. Regular UDS and SPT tests were carried out, and soil 

samples were correctly identified and labeled when they were brought to the lab. The Standard Penetration Test was 

performed with a standard split spoon sampler. Once the sampler was fully inserted, it was carefully removed. Both the 

head and the cutting shoe were taken off. After being correctly labeled with the depth of the bore hole mark, reference 

number, and other details, the soil samples were sealed in polythene bags and used for visual examination and 

identification in the process of logging the bore holes. The summarized data sheet has the field "N" values that were 

recorded at different depths (see Tables 1 to 4). The sub-soil report contained distinct presentations of the test data and 

boring logs for the soil samples. Soil samples that had not been disturbed were meticulously removed, taking care to 

preserve the soil's moisture content and structure. Samples of undisturbed soil were collected using a standard open-tube 

sampler. The sampling tube's bore hole number and depth were marked on the tube for accurate identification, and each 

end was meticulously sealed with wax. 

To determine the different mechanical and physical qualities of the soil, laboratory experiments were performed on 

the soil samples. The Unconfined Compressive Strength, or "qu" test (ASTM D 2166), and the Unconsolidated, 

Undrained Triaxial Compressive Strength, or UU Test (ASTM D 2850), are the two most common types of strength 

testing. In each of these tests, the compressive strength of the soil was determined by applying an axial load to a 

cylindrical sample of undisturbed soil until failure. The "qu" test's lack of laterality confinement, which can result in an 

early failure and lower compressive strength results, was the main distinction between the two tests. The UU test is 

usually limited to the lateral stress that the in-situ soil sample was exposed to, and it is conducted laterally within a 

triaxial chamber. The soil boring log documents the compressive strength and the axial strain at failure (εf). Recorded 

was the confining tension associated with UU testing. The Atterberg's Limit tests (ASTM D 4318) were used to assess 

the soil's consistency, or "Clayeyness." The Liquid Limit (LL), Plastic Limit (PL), and Plasticity Index (PI), which is 

the difference between the LL and the PL, make up Atterberg's limit. The distribution of the soil sample's individual 

particle sizes was ascertained using the ASTM D 422 particle size analysis test. For soils with sand and gravel, the test 

was conducted using mechanical sieves; for soils with clayey and silty textures, a "hydrometer" was used. Additionally, 

the soil sample's dry density and moisture content were determined using the ASTM D 2216 standard. Tables 1 to 4 

contain tabulations of all the soil parameters for the various sites. 

Table 1. Physical and mechanical properties at Site 1 

Layer No. 1 2 3 4 5 6 7 

Average Thickness (m) 0.80 9.0 0.75 5.30 0.90 4.0 3.0 

Physical properties 

Specific Gravity (Gs) 2.60 2.63 2.51 2.49 2.60 2.70 2.63 

Bulk Density (Ɣ) kN/𝑚3 18.3 18.7 18.4 18.6 17.9 18.7 19.3 

Natural Moisture Content 

(Wc%) 
4.50 6.20 8.38 12.27 21.60 7.00 6.97 

Dry Density (Ɣd) kN/𝑚3 17.5 17.61 16.98 16.57 14.72 17.50 18.04 

Natural Void Ratio (e%) 47.9 46.52 45.04 47.44 73.54 53.4 43 

Natural Porosity (n%) 32.4 31.75 31.05 32.18 42.38 34.8 30.07 

Degree of Saturation (s%) 24.9 35.0 46.7 64.4 76.5 35.7 42.6 

Saturated Density (Ɣsat) 20.7 20.7 20 19.7 18.9 20.9 21 

Submerged Density (Ɣsub) 10.90 10.90 10.21 9.91 9.07 11.10 11.18 

Liquid Limit (LL%) ....... 27.90 27.83 27.90 27.85 27.90 ....... 

Plastic Limit (PL%) ....... 21.37 23.52 21.37 20.93 21.20 ....... 

Liquidity Index (LI %) ....... PL>W PL>W PL>W PL<=Wc<=LL P.L>Wc ....... 

Plastic Index (PI%) ....... 6.53 4.31 6.53 6.92 6.70 ....... 

Relative Consistency (Cr %) ....... 3.32 4.51 2.39 0.90 3.14 ....... 

Plasticity Non plastic low plastic Slightly plastic low plastic low plastic low plastic Non plastic 

Consistency Dense Dense Dense Dense Medium Stiff Dense Dense 
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Mechanical properties 

Angle of Internal Friction (°) 35.0 36.0 35.0 36.4 26.0 34.7 36.0 

Cohesion (C) kN/𝑚2 0.75 1.2 1.3 3.0 1.3 6.0 0.1 

Friction Coeff (σ) 0.53 0.55 0.53 0.56 0.38 0.53 0.55 

Standard Penetration 

(Blwos) (Ncorr) 
23 40 36 46 36 40 36 

Modulus of Elasticity (Es) kPa 34800 55200 50400 62400 50400 55200 50400 

Classification Properties 

Color Brown Brown to Gray Gray Reddish Brown to Gray Light Brown Brown Light Brown 

Gravel (%) 69.40 54.62 16.48 48.15 11.67 49.29 81.35 

Sand (%) 29.51 35.30 65.05 30.37 32.81 29.16 17.32 

Percentage of Fine Soil (%) 1.04 10.2 18.47 21.09 55.5 21.55 1.33 

Classification 

(GP) poorly 

graded gravel 

with sand 

(GP-GM) 

poorly graded 

gravel with silt 

and sand 

(SM-SC) silty 

clayey sand with 

gravel 

(GP-GM) poorly 

graded gravel 

with silt and sand 

(CL-ML) sandy 

silt clay 

(GM-GC) silty 

clayey gravel 

with sand 

(GP) poorly 

graded gravel 

with sand 

Table 2. Physical and mechanical properties at Site 2 

Layer No. 1 2 

Average Thickness (m) 2.0 18.0 

Physical Properties 

Specific Gravity (Gs) 2.57 2.61 

Bulk Density (Ɣ) kN/𝑚3 17.5 18 

Natural Moisture Content (Wc%) 8.3 5.2 

Dry Density (Ɣd KN/𝑚3) 16.2 17.1 

Natural Void Ratio (e%) 55.8 49.6 

Natural Porosity (n%) 35.8 33.1 

Degree Of Saturation (s%) 37.9 27.2 

Saturated Density (Ɣsat) 19.7 20.4 

Submerged Density (Ɣsub) 9.9 10.6 

Liquid Limit (LL%) 25.7 ....... 

Plastic Limit (PL%) 21 ....... 

Liquidity Index (LI %) P.L>Wc ....... 

Plastic Index (PI%) 4.7 ....... 

Relative Consistency (Cr %) 3.68 ....... 

Plasticity Slightly plastic Non plastic 

Consistency Very Loose Dense 

Mechanical Properties 

Angle Of Internal Friction (°) 27.2 33.57 

Cohesion (C kN/𝑚2) 9.129 2.448 

Friction Coeff (σ) 0.54 0.45 

Standard Penetration (Blwos) 

(Ncorr) 
21 43 

Modulus of Elasticity (Es kPa) 11520 14700 

Classification Properties 

Color Brown Yellowish Brown to Gray 

Gravel % 35.61 26.80 

Sand % 19.23 55.58 

Percentage of Fine Soil (%) 45.17 14.22 

Classification (GM‐ GC) silty clayey gravel with sand (CL-ML) sandy silt clay with some gravel 
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Table 3. Physical and mechanical properties at Site 3 

Layer No. 1 2 3 4 5 6 

Average Thickness (m) 4.8 1.6 2.3 6 2.2 5.6 

Physical Properties 

Specific Gravity (Gs) 2.65 2.86 2.74 2.76 2.7 2.66 

Bulk Density (Ɣ) kN/𝑚3 15.6 17.4 16.6 18.3 16.6 17.5 

Natural Moisture Content (Wc%) 23.8 18.4 18.9 20.1 17.4 12.1 

Dry Density (Ɣd kN/𝑚3) 12.6 14.7 14 15.2 14.1 15.6 

Natural Void Ratio (e%) 16.3 90.9 92.5 77.7 87.3 67.2 

Natural Porosity(n%) 51.5 47.6 48 43.7 46.6 40.2 

Degree Of Saturation (s%) 59.4 57.8 55.9 71.4 53.8 48 

Saturated Density (Ɣsat) 17.7 19.4 18.7 19.5 18.7 19.6 

Submerged Density (Ɣsub) 7.8 9.6 8.9 9.7 8.9 9.7 

Liquid Limit (LL%) 35.4 35.5 35.3 33.9 33.2 0 

Plastic Limit (PL%) 27 28.7 26.2 27.2 26.5 0 

Liquidity Index (LI %) P.L>Wc P.L>Wc P.L>Wc P.L>Wc P.L>Wc ....... 

Plastic Index (P.I%) 8.4 6.8 9.2 6.7 6.7 0 

Relative Consistency (Cr %) 1.38 2.51 1.8 2.06 2.35 ....... 

Plasticity low plastic low plastic low plastic low plastic low plastic Non plastic 

Consistency Stiff Dense Stiff Dense Stiff Dense 

Mechanical Properties 

Angle Of Internal Friction (°) 23.5 34.0 30.0 34.0 28.0 34.0 

Cohesion (C kN/𝑚2) 16.6 2.7 7.0 2.7 5.6 2.0 

Friction Coeff (σ) 0.34 0.51 0.44 0.51 0.41 0.51 

Standard Penetration (Blwos) 
(Ncorr) 

32 46 36 44 31 35 

Modulus Of Elasticity (Es) (kPa) 15040 19520 16320 18880 14720 16000 

Classification Properties 

Color Dark Brown Brown to Gray Brown Gray Light Brown Brown to Gray 

Gravel % 3.21 23.35 6.16 9.68 15.33 26.11 

Sand % 23.87 43.4 25.43 51.41 33.67 41.13 

Percentage Of Fine Soil (%) 72.92 33.25 68.41 38.91 51 32.76 

Classification 
fill, silty clayey 

sand with gravel 

(SM-SC) silty 

clayey sand with 

gravel 

(CL) inorganic clay 

and very fine sands 

gravel 

(SM-SC) silty 

clayey sand with 

gravel 

(CL) inorganic 

clay and very fine 

sands grave 

(SM-SC) silty 

clayey sand with 

gravel 

Table 4. Physical and mechanical properties at Site 4 

Layer No. 1 2 3 4 5 6 7 

Average Thickness (m) 1.6 1.7 2.7 4.5 2.5 3.5 5.5 

Physical Properties 

Specific Gravity (Gs) 2.60 2.68 2.66 2.66 2.68 2.65 2.69 

Bulk Density (Ɣ) kN/𝑚3 17.7 18.0 17.2 18.0 18.2 18.4 18.9 

Natural Moisture Content (wc%) 13.4 18.5 16.4 18.3 10.8 14.9 7.1 

Dry Density (Ɣd kN/𝑚2) 17.68 17.97 17.17 17.97 18.18 18.37 18.89 

Natural Void Ratio (e%) 44.1 46.4 51.9 45.2 44.7 41.8 39.8 

Natural Porosity(n%) 43.9 46.2 51.6 45,0 44.5 41.6 39.6 

Degree Of Saturation (s%) 79.0 96.0 84.0 97.0 65.0 94.3 48.0 

Saturated Density (Ɣsat) 25.4 26.2 26.0 26.0 26.2 26.0 26.3 

Submerged Density (Ɣsub) 15.6 16.4 16.2 16.2 16.4 16.2 16.5 

Liquid Limit(LL%) ....... ....... ....... 26.18 ....... ....... ....... 

Plastic Limit(PL%) ....... ....... ....... 19.52 ....... ....... ....... 

Liquidity Index(LI %) ....... ....... ....... PL >Wc ....... ....... ....... 

Plastic Index (PI%) ....... ....... ....... 6.6 ....... ....... ....... 

Relative Consistency (Cr %) ....... ....... ....... 1.18 ....... ....... ....... 

Plasticity Non plastic Non plastic Non plastic Low plastic Non plastic Non plastic Non plastic 
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Mechanical Properties 

Angle Of Internal Friction (°) 29 35 27 31 33 34 33 

Cohesion (C kN/𝑚2) 2.039 0.102 7.648 2.039 1.733 0.102 0.714 

Friction Coeff (σ) 0.554 0.692 0.501 0.6 0.656 0.671 0.656 

Modulus Of Elasticity (Es kPa) 32100 44900 33600 37100 42600 39600 39000 

Standard Penetration (Blwos) 

(Ncorr) 
21 41 23 28 37 32 31 

Classification Properties 

Color Yellowish Brown Brown Redish Brown Brown Light Brown Brown Gray 

Gravel % 0 5.11 11.99 21.65 55.15 32.14 20.5 

Sand % 41.44 11.61 32 52.46 37.05 43.43 67.59 

Percentage of Fine Soil (%) 58.56 83.28 56.01 25.89 7.8 24.43 11.91 

Classification (ML) sandy silt 
(GW) well 

graded gravel 
(ML) sandy silt 

(SC) clayey 

sand with 

gravel 

(GW-GM) well 

graded gravel 

with sand 

(SM) silty 

sand with 

gravel 

(SP -SM) poorly 

graded sand with 

silt and gravel 

3. Numerical Modeling 

In order to investigate the structural performance of the underground tunnel under a variety of soil and boundary 

conditions, a two-dimensional numerical model of the tunnel was developed in the ABAQUS/CAE module. Following 

a thorough examination of the relevant literature, a soil domain with dimensions of 45×30 m was selected with the 

objective of minimizing the impact of the boundaries and simulating the conditions found in the real field [2, 11, 19, 23, 

24]. In this study, an RC circular tunnel of 5 m overall diameter and 200 mm thick concrete liner of M30 grade was 

driven by mechanized tunneling (see Table 5). An overburden soil stratum of 15 m was assumed from the crown of the 

tunnel. The soil domain was modeled with Mohr-Coulomb's constitutive model with a non-associative flow rule, and 

the liner was discretized using the elasticity model. In this study, shield tunneling has been simulated by taking into 

consideration the appropriate stiffness of liner material at various points, as indicated in Tables 1 to 4. Reduced 

integration, hourglass control, and a bilinear plain strain quadrilateral element with four nodes (CPE4R) have been used 

to discretize the soil domain and the liner material. Several mesh sensitivity studies were run, and the optimum mesh 

size was finalized (Figure 1). The soil domain of the mesh consists of 27960 equally spaced quad-type elements (Figure 

2). The initial stresses in the soil ahead of excavation were calculated in the geostatic step module given in 

ABAQUS/Standard. By deactivating the soil components in the excavation area and activating the liner elements, the 

stiffness reduction method has been used to simulate excavation. To ensure deformation compatibility between the liner 

and the ground, it is necessary for the nodes of the ground's elements to be in contact via the general surface-to-surface 

contact algorithm. The stratification effect was simulated by incorporating various soil layers with their respective soil 

properties. 

 

Figure 1. Mesh convergence study for optimum element size of soil domain 
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Table 5. Input properties of M30 grade concrete 

Parameter Value 

Mass density (kg/m3) 2500 

Modulus of elasticity (GPa) 26.6 

Poisson’s ratio 0.2 

 

Figure 2. Mesh details of soil domain and RC concrete liner 

4. Discussion of Results 

After analyzing the soil samples from all four sites, the physical and mechanical properties were extracted and used 

in the finite element analysis of the soil and tunnel model in the ABAQUS/Standard solver. The numerical study was 

carried out in order to observe the effect of the stratification of the soil in the area around the opening. The observations 

were made on the underground RC tunnel structure and soil domain in terms of displacement and stresses. In general, 

the experimental program and methodology of the current study are presented in the following flowchart for proper 

tracking of the project process. 
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Figure 3. Flowchart of workflow 

4.1. Observations at Site 

The displacement patterns in the soil domain prior to and after the soil excavation are given in Figure 4. The 

maximum downward displacement of 136 mm was observed at the topmost layer of the soil. The displacement value 

increases by 14 cm after excavation and the placement of an RC liner made of concrete. The vertical displacement was 

found to be reduced as the depth was increased from the top surface to the crown of the tunnel, as observed at Section 

1-1, as shown in Figure 5. 

 
(a) 

 

(b) 

Figure 4. Displacement of soil in (m) at Site 1; (a) before excavation and (b) after excavation 
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(a) 

 

(b) 

Figure 5. Displacement in soil in (m) at Site 1 before excavation and after excavation; (a) at top surface and (b) along depth 

at section 1-1 

Figure 6 shows the deformation of the RC liner of the tunnel. The largest amount of displacement (112 mm) occurred 

at the crown, which was the critical point, and the smallest amount of displacement occurred at the invert, where it 

measured 67.9 mm. The values for outward displacement at the right springer and the lift springer were both 92.1 mm 

on both sides. 
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(b) 

Figure 6. Deformation in RC liner at Site 1 

Tresca stress distribution in the soil before and after excavation has been presented for gravity loads in Figure 7. It 

could be observed that the excavation process has increased the stress value from 396 kPa to 401 kPa at the base of the 

tunnel. The stress pattern in the tunnel liner has been presented in Figure 8, and the maximum Maises stress value of 

16.2 MPa was observed at the invert. 

 

(a) 

 
(b) 

Figure 7. Tresca stress distribution in the soil; (a) before and (b) after excavation at Site 1 
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Figure 8. Mises stress distribution in the tunnel liner at Site 1 

4.2. Observations at Site 2 

There were two layers of soil strata present at Site 2. The displacement pattern of soil strata subjected to gravity has 

been described in Figure 9. It could be observed that the process of excavation and placement of the tunnel liner has 

enhanced the soil displacement from 467 mm to 496 mm, exhibiting a 3.52% increase (Figure 10). Further, the vertical 

displacement was observed to be reduced with an increase in depth. 

 

(a) 

 

(b) 

Figure 9. Displacement of soil in (m) at Site 2; (a) before excavation and (b) after excavation 
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(a) 

 

(b) 

Figure 10. Displacement in soil in (m) at Site 2 before excavation and after excavation; (a) at top surface and (b) along depth 

at section 1-1 

The overall displacement in the concrete tunnel liner at various locations has been described in Figure 11. A 

significant amount of displacement of 376 mm was observed at the crown, which is the key point. Whereas, the least 

significant amount of displacement of 225 mm was found at invert. Both at the right and left springers, the displacement 

values were found to be equal to 309 mm on both sides. 
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(b) 

Figure 11. Deformation in RC liner at Site 2 

Figure 12 depicts the characteristics of the Tresca stresses in existing soil strata before excavation. According to the 

numerical findings, the maximum stress at base of the strata was observed at 378 kPa; however, this value was observed 

to be increased after excavation and the placement of the concrete liner, reaching a maximum value of 398 kPa, as shown 

in Figure 12-b. The ratio of the percentage of rise to that of displacement is probably close to 5% 

 

(a) 

 

(b) 

Figure 12. Tresca stress distribution in the soil; (a) before and (b) after excavation at Site 2 
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4.3. Observations at Site 3 

Site 3 was found to have six different strata of soil. The modeling of a tunnel with a circular shape was carried out 

at a fixed depth of 15 m below the surface using the data that was obtained from Table 3 in order to evaluate and discuss 

the various parameters, such as displacement and stress. Figure 13-a illustrates the nature of the displacement of the soil 

in the vertical part prior to the excavation. According to the results, the highest amount of surface movement that occurs 

prior to excavation takes place at the very uppermost layer of the surface, where the maximum value is 401 mm. The 

value of displacement, on the other hand, increased following the excavation and the placement of a lining made of 

concrete. As shown in Figure 13-b, the maximum amount of displacement takes place at the surface's topmost level and 

equals 418 mm. As can be seen in Figure 14-a, the percent increase in overall vertical displacement is rather close to 

being equal to 2.69%. On the other hand, as shown in Figure 14-b, the vertical displacement from the ground surface to 

the tunnel's crown rises as depth decreases. The ratio of growth to displacement is extremely close to 4.75% in both 

cases. 

 

(a) 

 

(b) 

Figure 13. Displacement of soil in (m) at Site 3; (a) before excavation and (b) after excavation 
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(a) 

 

(b) 

Figure 14. Displacement in soil in (m) at Site 3 before excavation and after excavation; (a) at top surface and (b) along depth 

at section 1-1 

The displacement of the tunnel's concrete lining has been depicted in Figure 15. The highest value of displacement 

was observed at the crown at 327 mm, while the invert experienced the least amount of displacement, which measured 

197 mm. The displacement values at the left springer and the right springer were both equal to 268 mm. 
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(b) 

Figure 15. Deformation in RC liner at Site 3 

Figure 16-a illustrates the pattern of the Tresca stress values that existed in the ground prior to excavation. The 

greatest stress that could have been measured, per the findings, was 363 kPa; nevertheless, this value increased upon 

excavation and the placement of the concrete liner, reaching a maximum of 378 kPa, as shown in Figure 16-b. The 

percentage rise to that of displacement is most likely close to 3.96%. 

 

(a) 

 
(b) 

Figure 16. Tresca stress distribution in the soil; (a) before and (b) after excavation at Site 3 

4.4. Observations at Site 4 

The strata at Site 4 were found to be made up of seven separate soil layers. Using the data from Table 4, a circular 

tunnel was modeled at a fixed depth of 15 m below the surface in order to assess and examine the various characteristics, 

such as displacement and stress. The pattern of soil displacement in the vertical area before the excavation is shown in 

Figure 17-a. The findings show that the topmost layer of the surface, where the maximum value is 181mm, experiences 

the greatest degree of surface movement prior to excavation. On the other hand, after excavation and the installation of 

a concrete lining, the value of displacement rises. The largest displacement, which is 192 mm, occurs at the uppermost 

level of the surface, as depicted in Figure 17-b. Figure 18-a shows that the proportion of increase displacement is very 

nearly equivalent to 3.2%. Contrarily, as illustrated in Figure 18-b, the vertical displacement between the tunnel's top 

surface and its crown always increases as the depth lowers. In both instances, the growth-to-displacement ratio is quite 

close to 3.72%. 
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(a) 

 

(b) 

Figure 17. Displacement of soil in (m) at Site 4; (a) before excavation and (b) after excavation 

 
(a) 

 

(b) 

Figure 18. Displacement in soil in (m) at Site 3 before excavation and after excavation; (a) at top surface and (b) along depth 

at section 1-1 
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Figure 19 illustrates the movement of the concrete lining that surrounds the tunnel. At the crown of the concrete 

liner, the highest amount of movement was observed, which was measured to be 151 mm, while the invert experienced 

the least amount of movement, which was measured as 85.6 mm. The left springer and the right springer showed the 

same amount of displacement, which was equivalent to 122 mm. 

 

(a) 

 
(b) 

Figure 19. Deformation in RC liner at Site 4 

Figure 20-a depicts the characteristics of the Tresca stress that were present in the ground before the excavation took 

place. According to the data, the highest amount of stress that could have been observed was 381 kPa; nevertheless, this 

value was increased during excavation and the placement of the concrete liner, reaching a maximum of 401 kPa, as 

shown in Figure 20-b. It is highly likely that the ratio of rise to displacement is somewhere around 4.98%. According to 

Figure 20-b, the tunnel's Mises stress after excavation was found to be 20.7 MPa. 
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(b) 

Figure 20. Tresca stress distribution in the soil; (a) before and (b) after excavation at Site 4 

5. Conclusions 

In the current capital of Yemen, Sana’a, a time-efficient and economical transportation system is one of the greatest 

challenges to overcome the increasing urbanization for many years. For rapid transport systems, tunnel structures play 

a pivotal role in reaching the most unapproachable locations within the city. This present research work has presented 

experimental soil exploration in Sana’a, Yemen, for searching out the possible locations for tunneling to develop a rapid 

transportation system in Sana’a city. The field exploration, in-situ, and laboratory soil testing were performed at the four 

locations with the collaboration of the Ministry of Public Works & Highways, Yemen. Further, to calculate the 

geotechnical parameters for tunneling, a numerical investigation was carried out using the finite element package 

ABAQUS software. The geotechnical parameters obtained from the analysis were discussed in terms of effective 

settlement, deformation in tunnel structure, and the formation of stress patterns in soil and concrete tunnel liner. The 

following conclusions have been drawn from the presented research work: 

 It has been found from the field investigation that the geotechnical properties of the soil strata in Sana’a have a lot 

of variation. 

 From the experimental program, it was observed that sites 1, 2, 3, and 4 were suitable for tunnel structure as they 

showed less variation in modulus of elasticity, cohesion, and internal angle of friction value between the layers of 

soil. 

 It has been observed that the maximum ground settlement at sites 1, 2, 3, and 4 was approximately 4 mm, 25 mm, 

17 mm, and 11 mm, respectively. 

 The maximum deformation in the concrete liner of the tunnel was observed at the crown of the tunnel. The ovalling 

effect was also seen in all the tunnel models. 

 The deformation ascertained at the crown of the tunnel was found to be 0.14%D, 0.6%D, 0.302%D, and 0.274%D 

at sites 1, 2, 3, and 4 respectively, where D is the overall diameter of the tunnel. 
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Abstract 

Seismic load is a critical load that can trigger damage or collapse of structures, especially in earthquake-prone areas. The 

susceptibility of structures to seismic loads is influenced by factors related to soil characteristics and structural behavior. 

This paper comprehensively examines the development of Indonesian seismic code design parameters and their comparison 

with the current seismic code. The results of the analysis showed that the design spectral acceleration of short-period AD 

and long-period A1 SKBI 1987 and SNI 2002 increased with increasing PGA values, with a consistent pattern of SC < SD 

< SE. Unlike the previous two codes, design spectral acceleration AD and A1 SNI 2012 and SNI 2019 experience 

fluctuations in all types of soil. The ratio design spectral acceleration of AD and A1 SNI 2019 to KBI 1987 and SNI 2002 

varies; there are up, fixed, and down for SC, SD, and SE soil conditions. The ratio of design spectral acceleration AD and 

A1 SNI 2019 to SNI 2012 designs also varies; this condition is due to changes in site coefficients. There were significant 

changes to the SKBI 1987 and SNI 2002 structural systems, especially the low and medium seismic levels. The increase 

in the seismic influence coefficient ratio of some cities varies for each type of soil and code. The increase in the 1970 PMI 

seismic coefficient was < 30% for all soil types, and the highest percentage increase occurred in SC soil types. The increase 

in seismic coefficient in SKBI 1987, SNI 2002, and SNI 2012 is more dominant in SE soil types. 

Keywords: Code; Parameter and Design Load; Seismic; Base Shear; Comparative. 

 

1. Introduction 

Indonesia is one of the most earthquake-prone countries in the world due to its geographical location on the Pacific 

Ring of Fire. Its existence on the borders of active tectonic makes Indonesia often the target of strong earthquakes. 

Earthquake shaking occurs almost every day with a magnitude of 5 or 6. Earthquake shaking also increases the frequency 

of events and their intensity. Based on USGS data from 1900–2022, Indonesia has experienced more than 150 

earthquakes with a magnitude of more than 7 magnitudes. The earthquakes caused serious damage to infrastructure 

buildings, as well as threatening the safety of the community. Therefore, the review and development of relevant 

earthquake load standards is a must to mitigate earthquake risk in Indonesia. 

The concept of earthquake-resistant building planning was pioneered by Boen & Wangsadinata (1971) [1]. In 1970, 

the government officially issued the first earthquake regulations under the name Indonesian Loading Regulations (PMI 

1970) [2]. The earthquake load uses a seismic coefficient approach following the earthquake regulations of several 

countries at that time [3, 4]. The seismic coefficient approach is relatively simple, and there is not yet an adequate 

understanding of the seismic characteristics of the Indonesian region. 
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The 1976 Bali tectonic earthquake caused many casualties, damage or collapse of infrastructure, and loss of property 

[5]. This event prompted Indonesian seismologists to revisit the seismic characteristics of the earthquake region and the 

design philosophy of earthquake-resistant structures. Four years later, in 1981, the Government of Indonesia released 

the first modern earthquake regulation entitled Indonesian Earthquake Resistant Design Regulations for Buildings 

(1981) [6], which refers to New Zealand regulations. This regulation already uses response spectra to determine 

earthquake acceleration and first introduced the concept of planning that relies on the distribution of energy through the 

occurrence of plastic joints. Many new things are also addressed in this regulation, such as (1) the concept of structural 

ductility; (2) the concept of collapse by the formation of plastic joints at the ends of the beam (beam side sway 

mechanism), which requires a strong column weak beam (strong column weak beam) and (3) the concept of capacity 

design. 

In 2002, Indonesia re-published the 2002 SNI earthquake standard [7]. This standard provides more detailed and 

specific guidance for the planning and design of earthquake-resistant buildings. However, a growing understanding of 

seismology and experience from other major earthquakes continues to motivate improvements in earthquake load 

standards. Over time, Indonesia has undergone updated earthquake load standards for buildings that reflect updated 

seismic data, more accurate mapping of earthquake zones, as well as a deeper understanding of regional earthquake 

characteristics. Newer earthquake load standards, such as SNI 2012 [8] and SNI 2019 [9], reflect a commitment to 

improving earthquake resilience and protecting infrastructure and communities from earthquake risk. 

The development of seismic standards has an important meaning in anticipating structural collapse due to future 

earthquakes and ensuring that buildings that have been built with previous codes are safe against earthquake loads 

according to the latest earthquake codes. Evaluations of developments as well as comparative studies of earthquake 

parameters and forces against standards have been carried out by several researchers. A Comparative Study of 

Indonesian Spectra Response Parameters for Buildings According to 2002 and 2012 Seismic Codes [10]. General 

assessment on earthquake resistance spectral design load criteria for buildings and infrastructure associated with the 

recent development of Indonesian seismic hazard maps [11]. Comparison of base shear forces on tall, medium, and low 

buildings in cities representing zones 1, 2, 3, 4, 5, and zone 6 according to Standards PMI 1971, SKBI 1987, SNI 2002, 

SNI 2012, and SNI 2019 [12]. A Comparative Study of Indonesian Spectra Response Parameters for Buildings 

According to 2012 and 2019 Seismic Codes [13–18] Some of the studies above evaluate all codes but are general and 

not comprehensive. The focus of his studies concerns the provisions and design criteria as well as the comparison of 

base shear forces in cities representing each zone. Others evaluate partial codes, comparing the design behavior of 

earthquake acceleration response or comparing base shear forces in one city or another. 

This paper presents the development of Indonesian earthquake loads and earthquake design parameters from 

International Codes or publications adopted and become references in the preparation of Indonesian loading standards. 

Also, exposure to the behavior of soil types with increasing PGA, changes in seismic level comprehensively related to 

seismic risk, design categories, and comparison of base shear forces can be considered in strengthening structures in 

several major cities in Indonesia. This research reflects developments in earthquake knowledge that can provide benefits 

in the context of earthquake disaster mitigation and community protection. 

2. Development of Indonesia's Seismic Code 

Indonesia has experienced five changes in the seismic code. The history of the development of seismic codes that 

have been implemented in Indonesia are: 

2.1. Indonesian Loading Code PMI 1970 

PMI 1970 is a regulation governing earthquake loading for buildings that was first officially published before the 

issuance of the 1970 PMI. Several normalization sheets on cargo were applied in Indonesia, namely translations of 

normalized sheets in Dutch such as NI 02006 "for fixed loads" and NI 02007 "for net loads". The earthquake hazard 

used is an earthquake with a 200-year return period. The earthquake map contained in PMI 1970 only divides the 

territory of Indonesia into three earthquake areas. The design of the building structure is carried out by the elastic method. 

Since the combination of earthquake loading with dead loads and reduced live loads is considered a temporary load. The 

allowable stress can be increased. 

2.2. Earthquake Resistance Design Guideline for Houses and Buildings SKBI 1987 

SKBI 1987 [19] is a change of name from the two previous codes, namely the Indonesian Earthquake Resistant 

Design Regulations for Buildings 1981 and the Indonesian Earthquake Resistant Design Provisions Code for Buildings 

1983 [20]. In Code SKBI 1987, a seismic zone is defined as an area where the expected structural risk of structural and 

non-structural damage due to an earthquake is nearly uniform [21]. The spectral response used for seismic hazards is 

based on a return period of 200 years (10% probability of occurrence in a period of approximately 20 years). This 

regulation was later renamed again to SNI 03-1726-1989 [22] without any changes. 
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2.3. Earthquake Resistance Design Standards for Building Structures SNI-1726-2002 

This regulation updates the existing earthquake map in the previous code (SKBI 1987). Indonesia is divided into six 

earthquake areas. SNI 2002 adopted the Uniform Building Codes (UBC) 1997 [23] with minor changes. In SNI 2002, 

spectral determination of the target acceleration was carried out using the 2002 earthquake-prone map of Indonesia. The 

site conditions in SNI 2002 are grouped into 3 categories, namely hard, medium, and soft sites. The spectral response 

used is the spectral response of an earthquake with a probability of occurring at 10% within 50 years, which is an 

earthquake with a repeat period of 500 years. 

2.4. Earthquake Resistance Planning Procedures for Building and Non-Building Structures SNI-1726-2012 

The SNI 2012 standard was motivated by several major earthquake events after SNI 2002 and the development of 

world design codes, especially in the United States. Major earthquakes that occurred in the range of 2002–2012 were 

Aceh in 2004 (Mw = 9.2), the Nias earthquake in 2005 (Mw = 8.7), the Yogyakarta earthquake in 2006 (Mw = 6.3), the 

Bengkulu earthquake in 2007 (Mw = 8.4), and the Padang earthquake in 2009 (Mw = 7.6) [24, 25]. Some fundamental 

changes in SNI 2012 are the renewal of earthquake hazard maps, the determination of earthquake spectrum response, 

and the earthquake return period. In addition, new analytical methods have been developed that can accommodate 3D 

earthquake source attenuation models. The seismic design criteria for the SNI 2012 follow ASCE 7–10 [26], developed 

by Luco et al. (2007) [27]. The design earthquake load is calculated as the risk-targeted maximum considered by the 

earthquake. According to FEMA P-749 [28], this earthquake is expected to cause a small probability (10% or smaller) 

that a structure with a common-use function will collapse from earthquake shaking. In SNI 2012 design, seismic events 

are defined as earthquakes with a probability of exceeding their magnitude during the life of the 50-year building 

structure by 2% or earthquakes with a 2475-year return period. The earthquake map was developed using ground 

movement predictive equations (GMPE) based on seismic zone characteristics and Next Generation Attenuation (NGA) 

by Power et al. (2008) [29], as well as a representative PSHA methodology. 

2.5. Earthquake Resistance Planning Procedures for Building and Non-Building Structures SNI-1726-2019 

SNI 2019 is an update to SNI 2012. This revision was made to adjust to the last few earthquake events and the 

American Code, which changes periodically. Some of the earthquake events between 2012 and 2019 were the Mentawai 

Earthquake in 2016 (Mw = 5.8), the Tasikmalaya Earthquake in 2017 (Mw = 5.1), and the Lombok Earthquake in 2018 

(Mw = 7.0) [30, 31]. There is no fundamental difference between SNI 2012 and 2019. The seismic design criteria follow 

ASCE 7-16 [32], where the seismic design load is the maximum risk-targeted considered earthquake. Design seismics 

are defined as earthquakes with a probability of exceeding their magnitude during the life of the 50-year building 

structure of 2% or earthquakes with a 2475-year return period. The earthquake map was updated based on attenuation 

models developed by Boore-Atkinson NGA West-2 (2013) [33], Campbell-Bozorgnia NGA West-2 (2013) [34], and 

Chiou-Youngs NGA West-2 (2014) [35]. 

3. Parameter Seismic 

3.1. Response Spectra Design 

The response spectrum is a value that describes the maximum response of a system of single degrees of freedom at 

various natural frequencies (natural periods) damped due to ground shaking. Indonesia has experienced five changes in 

seismicity codes, where the last four codes (SKBI 1987, SNI 2002, SNI 2012, and SNI 2019) use spectral response in 

calculating earthquake acceleration. The SKBI 1987 spectral response used the results of joint research with New 

Zealand; the SNI 2002 spectral response adopted the UBC 1997 spectral response model; and the SNI 2012 and SNI 

2019 spectral responses adopted the ASCE 7-10 and ASCE 7-16 spectral response forms. The shape of the SKBI 1987 

spectrum response curve consists of three linear lines, as shown in Figure 1. The shape of the SNI 2002, 2012, and 2019 

spectrum response curves in Figure 2 is identical, consisting of an ascending curve that is a flat curve and a descending 

curve in the form of a parabolic line. The response parameters of the spectrum are presented in Tables 1 and 2. 

 

Figure 1. Forms of Spectral Response SKBI 1987 code 
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Figure 2. Forms of Spectral Response SNI 2002 SNI 2012 and SNI 2019 code 

Table 1. Indonesian seismic code spectral response parameters 

Parameter SKBI 1987 SNI 2002 SNI 2012 SNI 2019 

AD Table 2 Table 2 2/3FaSs; Fa dari (Table 3) 2/3FaSs; Fa dari (Table 3) 

A1 - ADTb 2/3FvS1; Fv dari (Table 4) 2/3FvS1; Fv dari (Table 4) 

AC Table 2 - - - 

A0 AD 0.4AD 0.4AD 0.4AD 

Sa - AD(0.4+T/Ta) AD(0.4+0.6T/Ta) AD(0.4+0.6T/Ta) 

Sb AC+(AD-AC)(Td-T)/(Td-Tb) ADTb/T A1/T A1/T 

Sc - - A1Te/T
2 A1Te/T

2 

Ta T0 0.2 0.2AD/A1 0.2AD/A1 

Tb SC(0.5); SE(1) SC(0.5); SD(0.6); SE(1) AD/A1 AD/A1 

Tc - 1 1 1 

Td 2 - - - 

Te 3 3 TL TL 

Table 2. Spectrum response parameters of SKBI 1987 and SNI 2002 Code 

SKBI 1987 SNI 2002 

Zone 
AD/AC 

Zone 
AD 

SC SD SE SC SD SE 

5 0.01/0.01 - 0.03/0.02 1 0.10 0.13 0.20 

4 0.03/0.015 - 0.05/0.025 2 0.30 0.38 0.50 

3 0.05/0.025 - 0.07/0.035 3 0.45 0.55 0.75 

2 0.07/0.035 - 0.09/0.045 4 0.60 0.70 0.85 

1 0.09/0.045 - 0.13/0.065 5 0.70 0.83 0.90 

 6 0.83 0.90 0.95 

Table 3. Fa values for SNI 2012 and SNI 2019 codes 

Type of soil 
SNI-2012/2019 

Ss ≤ 0.25 Ss = 0.5 Ss = 0.75 Ss = 1 Ss = 1.25 Ss ≥ 1.5 

SC 1.2/1.3 1.2/1.3 1.1/1.2 1.0/1.2 1.0/1.2 1.0/1.2 

SD 1.6/1.6 1.4/1.4 1.2/1.2 1.1/1.1 1.0/1.0 1.0/1.0 

SE 2.5/2.4 1.7/1.7 1.2/1.3 0.9/1.1 0.9/0.9 0.9/0.8 

Table 4. Fv values for SNI 2012 and SNI 2019 codes 

Type of soil 
SNI-2012/2019 

Ss ≤ 0.1 Ss = 0.2 Ss = 0.3 Ss = 0.4 Ss = 0.5 Ss ≥ 0.6 

SC 1.7/1.5 1.6/1.5 1.5/1.5 1.4/1.5 1.3/1.5 1.3/1.4 

SD 2.4/2.4 2.0/2.2 1.8/2.0 1.6/1.9 1.5/1.8 1.5/1.7 

SE 3.5/4.2 3.2/3.3 2.8/2.8 2.4/2.4 2.4/2.2 2.4/2.0 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

66 

 

One of the parameters of the response spectrum is the type of soil. In the SKBI 1987, the soil is grouped into two 

types, namely hard soil and soft soil. The SNI 2002 divides soil types into six categories: hard rock (SA), rock (SB), 

hard soil (SC), stiff soil (SD), soft soil (SE), and special soil (SF). The SNI 2019 groups soil types into six classes as per 

the classification of soil types in UBC 1997 and ASCE 7-16, namely hard rock (SA), rock (SB), very dense soil and soft 

rock (SC), stiff soil (SD), soft clay soil (SE), and soil that requires site response analysis (SF). SA and SB soil types in 

UBC 1997, ASCE 7-10, and ASCE 7-16 are not found in Indonesia, so they are not used in SNI 2002, SNI 2012, and 

SNI 2019. 

Two important parameters in the SNI 2012 and SNI 2019 design spectral responses are spectral parameters (Ss, 

S1) and amplification parameters (Fa, Fv). Ss is the spectral parameter of maximum acceleration of MCER mapped at 

a short period of 0.2 s with 5% critical damped in bedrock, and S1 is the maximum spectral parameter of MCER 

mapped at a period of 1 s with 5% critical damped in bedrock. The values of Ss and S1 for SNI 2012 can be obtained 

from the 2012 SNI earthquake map or the Indonesian spectral design (http://puskim.pu.go.id/Aplikasi/desain_spektra 

indonesia_2011/). While the Ss and S1 values for SNI 2019 can be obtained from the 2019 SNI Earthquake map or 

the website (http://rsapuskim2019.litbang.pu.go.id). 

The amplification parameters consist of parameters Fa and Fv. The parameter Fa is the site coefficient for the short 

period (at a period of 0.2 s). And Fv is the site coefficient for a long period. The values of coefficient sites Fa and Fv 

listed in SNI 2012 adopt directly from the ASCE/SEI 07-10 code. In SNI 2019, the values of the Fa and Fv site 

coefficients were adopted from ASCE 7–16, developed by Stewart & Seyhan (2013) [36]. FEMA-749 [37] no longer 

uses site coefficients because they are less accurate, especially for soft soils. 

3.2. Level of Seismic Risk or Seismic Design Category (SDC) 

The seismic design category (SDC) is intended to define systems and detailing structures that meet the requirements 

according to the estimated earthquake intensity. SDC is concerned with earthquake hazard levels, soil type, and building 

use and function [38]. ACI-318-19 [39] describes the relationship between seismic design categories. Seismic risk and 

seismic zones, Codes or standards relevant to this paper are only mentioned in Table 5. 

Table 5. Correlation between seismic level of seismic risk, design categories, and seismic zone in model codes [39] 

Code or standard Level of seismic risk or design categories as defined in the Code 

ASCE 7-98. 7-02. 7-05. 7-10. 7-16; NEHRP 1997. 2000. 2003. 2009. 2015 SDC A. B SC C SDC D. E. F 

ACI 318-05 and previous editions Low seismic risk Moderate seismic risk High seismic risk 

Uniform Building Code 1991. 1994. 1997 Seismic zone 0. 1 Seismic zone 2 Seismic zone 3. 4 

The SNI 2002 code classifies the category or level of earthquake risk based on seismic zones as UBC 1997. 

Zone 1-2 is a low-risk category; zones 3–4 are a medium-risk category; and zones 5–6 are a strong-risk category. 

SNI 2012 and SNI 2019 as ASCE-7-10 and ASCE-7-16 specifically determine SDC based on: (1) building risk 

categories and designing spectral response acceleration at 0.2-second periods or short periods (AD) and (2) risk 

categories and designing spectral response acceleration at 1-second periods or long periods (A1). Each designed 

building should be specified with the most decisive SDC from Tables 6 and 7. SDC "A" is the lightest SDC. While 

SDC "F" is the SDC with the most stringent requirements. Structures with risk categories I, II, or III built  on sites 

with S1 ≥ 0.75(g) should be designated as SDC "E". Structures with risk category IV located in areas with S1 ≥ 0.75 

(g) should be designated as SDC "F". 

Table 6. Level of seismic risk and SDC based on AD value 

AD value 

Seismic design categories (SDC) 

Risk categories 

I or II or III IV 

AD < 0.167 A A 

0.167 ≤ AD < 0.33 B C 

0.33 ≤ AD < 0.50 C D 

AD ≥ 0.50 D D 
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Table 7. Level of seismic risk and SDC based on A1 value 

A1 value 

Seismic design categories (SDC) 

Risk categories 

I or II or III IV 

A1 < 0,067 A A 

0,067 ≤ A1 < 0,133 B C 

0,133 ≤ A1 < 0,20 C D 

A1 ≥ 0,20 D D 

3.3. Seismic Reduction Factors 

The seismic reduction factor represents a structure's ability to dissipate energy through inelastic forces [40, 41]. In 

the development of the Indonesian seismicity code, there are two terms used as seismic reduction factors: structure type 

factor (K) and response modification (R). The structure type factor (K) is used in SNI 1987, and response modification 

is used in SNI 2002, SNI 2012, and SNI 2019 codes. The structure type factor (K) is the reduction factor related to 

ductility (Rμ). Studies of the relationship between reduction factors and response modification have been carried out by 

many researchers [42–46]. The relationship between ductility reduction factor (Rμ), response modification (R), and 

overstrength factor (Ωo) is shown in Figure 3 [47]. For the special moment-resisting frame, the response modification 

value ranges from 3–8.5, UBC 1997, ASCE 7–10, and ASCE 7–16. 

 

Figure 3. Relationship of strength reduction factor and response modification [47] 

According to Elnashai & Sarmo (2008) [48], the value of the overstrength factor structure is in the range of 1.8–6.5 

for long and short periods. According to Malhotra (2005) [49], the value of the overstrength factor (Ωo) = 1.5 is generally 

acceptable. If the value of Ωo is taken as 1.5, then the value of R in SNI 1987 = 1.5×4=6. The values of the seismic 

reduction factor for the Indonesian code are shown in Table 8. 

Table 8. Seismic reduction factor values for Indonesian code 

System Structure System Structure 
Seismic Reduction 

K R 

 Elastic (E) 4 6 

SKBI 1987 Limited ductility (L) 2 3 

 Full ductility (F) 1 1.5 

 Ordinary moment-resisting frame (O)  3.5 

SNI 2002 Intermediate moment-resisting frame (I)  5.5 

 Special moment-resisting frame (S)  8.5 

 Ordinary moment-resisting frame (O)  3 

SNI 2012/SNI 2019 Intermediate moment-resisting frame (I)  5 

 Special moment-resisting frame (S)  8 
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3.4. Fundamental Period 

Until now, there have been no methods or analysis techniques that can be used to calculate the fundamental periods 

of vibration in a building structure. The building structure is known as the building plan, view, section, and cross-

sectional dimensions. Therefore, to determine the fundamental period of building structures, a simple empirical approach 

is used. These empirical estimates produce a relatively small value, thus yielding a conservative base earthquake 

coefficient (C). The fundamental period calculated by the formula has been validated with the natural vibration time 

recorded by several buildings during the 1971 San Fernando and Northridge earthquakes [50], and it turns out to show 

satisfactory natural vibration time values as estimates. 

The fundamental period approach (Te) used in SKBI 1987 and SNI 2002 adopts the NEHRP formula (1997) [51] 

and UBC 1997, which define T empirical (Te) as the average fundamental natural period. T empirical (Te) is calculated 

using the form T = Ct.H3/4, where H is the height from the ground to the highest floor and Ct is the numerical coefficient. 

The vibrating time approach used in SNI 2012 and SNI 2019 adopts the ASCE 7-10 and ASCE 7-16 formulas developed 

by Chopra and Goel in 1997 (Table 9) [50]. 

Table 9. Fundamental period (Tempirical) and limit conditions Indonesian seismic code 

Code T empirical (Te) Limit conditions 

SKBI 1987 0.06H3/4 Te ≤ 1.2TRayliegh; TRayliegh=6.3√
∑ Wi

n
i=1 di

2

g ∑ Fidi
n
i=1

 

SNI 2002 0.0731H3/4 
0.8TRayliegh ≤ (Te or T from vibration 3D) ≤ 1.2 TRayliegh. and ≤ ζ n; 
 ζ= Numerical coefficient depending on the earthquake zone. n = number of levels 

SNI 2012 0.0466H0.9 Te ≤ Vibration 3D ≤ CuTe; Cu = Coefficient dependent on design spectral parameters 1s 

SNI 2019 0.0466H0.9 Te ≤ Vibration 3D ≤ CuTe; Cu = Coefficient dependent on design spectral parameters 1s 

4. Design Base Shear and Seismic Influence Coefficients (SIC) 

The design base share is the maximum lateral force on the building during seismic activity. Base share can increase 

or decrease depending on several factors, such as site characteristics, building importance, and seismic load resistance 

systems (types of structures). The factors that affect the design of the base shear are called Seismic Influence Coefficients 

(SIC), expressed by the V/W ratio [52]. The base shears in PMI 1970, SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 

are: 

PMI 1970; The total horizontal base shear V that should be in design against seismic load, is determined by; 

𝑉 = 𝑎𝑖 . 𝑊 (1) 

where ai is the acceleration of the earthquake formulated by; 

𝑎𝑖 = 𝑘𝑖ℎ𝑘𝑑𝑘𝑡 (2) 

where, kih is the earthquake coefficient at height I, kd is the area coefficient depending on the area where the structure is 

built, and kt is the soil coefficient depending on the type of soil (hard, medium, soft, very soft) and type of construction 

(steel, reinforced concrete, wood) 

SKBI 1987; The total horizontal base shear V that should be in design against seismic load, is determined by; 

𝑉 = 𝐶. 𝐼. 𝐾. 𝑊𝑡 (3) 

where C = the base earthquake coefficient obtained from the spectral response for the fundamental natural period T, I = 

Importance factor, K = structure type factor which depends on the ductility of the type of structure used, and Wt is the 

total weight of the building. 

SNI 2002; The total horizontal base shear V that should be in design against seismic load, is determined by; 

V=
C.I

R
Wt  (4) 

where C = the base earthquake coefficient obtained from the spectral response for the fundamental natural period T, I = 

Importance factor, R = response modification factors, and Wt is the total weight of the building. 

SNI 2012; The total horizontal base shear V that should be in design against seismic load, is determined by; 

𝑉 = 𝐶𝑠. 𝑊𝑡 (5) 

where 𝐶𝑠 is seismic response coefficient calculated by; 
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Cs=
AD

(R I⁄ )
  (6) 

The value of Cs in Equation 7 above does not need to be greater than: 

Cs=
A1

T(R I⁄ )
  (7) 

The minimum Cs value is determined by the equation: 

Csmin=0.044ADI ≥0.01  (8) 

for areas with S1 ≥ 0.6g, the minimum Cs value should be taken at; 

Csmin=
0.5S1

(R I⁄ )
  (9) 

SNI 2019; The total horizontal base shear V is the same as SNI 2012. 

5. Research Method 

The research method used in this study is a literature review, which is specifically focused on the in-depth analysis 

and synthesis of literature relevant to our research topic. In this context, we will explore and evaluate various existing 

literature sources to develop a more comprehensive understanding of the problem we are researching. This literature 

review approach allows us to identify similarities and differences and compare the various earthquake load standards 

that apply. This research method is carried out in the following stages (Figure 4): 

 

Figure 4. Flowchart of the research methodology 

6. Results and Discussions 

6.1. Design Spectral Response Acceleration 

The design spectral accelerations AD and A1 of SKBI 1987 and SNI 2002, as shown in Figures 5 and 6, increase 

linearly and parabolically with increasing peak ground acceleration (PGA). The design spectral acceleration for soil 

conditions appears to be consistent and uniform, with an SC < SD < SE pattern at each level of peak ground 

acceleration. 

Fundamental Period 

Design Base Shear 

Level of Seismic Risk (LSR) or 

Seismic Design Category (SDC) 
Table 5, Table 6, and Table 7 

Figure 1, Figure 2 

Table 1, Table 2, Table 3, and Table 4 
Response Spectra Design 

 

Seismic Reduction Factors Table 8 

Data: Site/Zoning; Soil Type: Structural 

System: Structural Configuration; Structure 

Height; Codes 

 

Table 9 

Equations 1 to 9 

Determined or Calculated 

Analysis 
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Figure 5. Design acceleration spectrum AD and A1 SKBI 1987 

 

Figure 6. Design acceleration spectrum AD and A1 SNI 2002 

In SNI 2012, as shown in Figure 7, the values of AD and A1 no longer follow the same pattern as in SKBI 1987 and 
SNI 2002. The values of AD and A1 of the three soil types (SC, SD, and SE) tend to fluctuate with increasing PGA. The 
value of AD soil type changes or shifts with 4 variations, namely 1) SC < SD < SE, 2) SE < SC < SD, 3) SE < SD < SC, 
4) SE < SD = SC, while the value of condition A1 is consistent SC < SD < SE. The value of AD is in the PGA range of 
0.0g to 0.35g, or the cities of Pontianak, Palangkaraya, Banjarmasin, Makassar, Medan, Surabaya, and Jakarta have fast 
conditions, namely SC < SD < SE. In cities such as Bengkulu, Manado, Semarang, and Denpasar, spectral design 
conditions are SE<SC<SD. In Mataram and Yogyakarta regions, the condition of design acceleration is SE < SD < SC. 
The design spectral acceleration of the cities of Padang, Aceh, Bandung, Jaya Pura, and Palu is SE < SD = SC. 

 

Figure 7. Design acceleration spectrum AD and A1 SNI 2012 
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The design spectral acceleration of AD and A1 SNI 2019 is shown in Figure 8. It appears that the three types of soil 

appear to increase more consistently than SNI 2012. Fluctuations in the spectral value of acceleration occur only at PGA 

0.39, with an insignificant difference in value. The increase in AD values for SC types appears to be greater than for SD 

and SE soil types. The value of AD soil type also changes or shifts with 4 variations with different patterns with SNI 

2012, namely 1) SC < SD < SE, 2) SD < SC < SE, 3) SE = SD < SC, 4) SE < SD < SC, while the value of condition A1 

is SC < SD < SE. AD values with SC < SD < SE conditions occur at low PGA 0.03g to medium PGA 0.32g, namely in 

the cities of Palangkaraya, Banjarmasin, Pontianak, Makassar, Medan, and Surabaya. AD values with SD < SC < SE 

conditions occurred in the 0.38g transition PGA in Semarang and Jakarta. AD values with SE = SD < SC conditions 

occur in Denpasar City with PGA 0.43g. AD values with SE < SD < SC conditions occurred at PGA 0.46-0.77g in 

Mataram City, Manado, Bandung, Yogyakarta, Aceh, Jayapura Bengkulu, Palu, and Padang. 

 

Figure 8. Design acceleration spectrum AD and A1 SNI 2019 

Fluctuations in the spectral value of acceleration occur only at PGA 0.39, with an insignificant difference in value. 

The increase in AD values for SC types appears to be greater than for SD and SE soil types. The value of AD soil type 

also changes or shifts with 4 variations with different patterns with SNI 2012, namely 1) SC < SD < SE, 2) SD < SC < 

SE, 3) SE = SD < SC, 4) SE < SD < SC, while the value of condition A1 is SC < SD < SE. AD values with SC < SD < 

SE conditions occur at low PGA 0.03g to medium PGA 0.32g, namely in the cities of Palangkaraya, Banjarmasin, 

Pontianak, Makassar, Medan, and Surabaya. AD values with SD < SC < SE conditions occurred in the 0.38g transition 

PGA in Semarang and Jakarta. AD values with SE = SD < SC conditions occur in Denpasar City with PGA 0.43g. AD 

values with SE < SD < SC conditions occurred at PGA 0.46-0.77g in Mataram City, Manado, Bandung, Yogyakarta, 

Aceh, Jayapura Bengkulu, Palu, and Padang. 

The design spectral acceleration of AD and A1 that occurs in the 1987 SKBI Code and 2002 SNI Code, as shown in 

Figures 5 and 6, is caused by amplification in SD and SE soil types. Amplification of short and long periods has been 

adopted by several codes, such as UBC 1997, NZS 2004 [53], and Eurocode 8 (1998) [54]. Long-period amplification 

has also been described by several researchers [55, 56]. Pitilakis et al. (2012, 2013) [57, 58] and Kim et al. (2019) [59] 

recommend a spectrum form that is identical to SNI SKBI 1987 and SNI 2002. 

In SNI 2012 and 2019, as shown in Figures 7 and 8, there is amplification and de-amplification in the AD acceleration 

spectral. Amplification of SNI 2012 tends not to show a consistent pattern, and international codes are rarely adopted. 

In SNI 2019, the design spectral acceleration of AD amplification occurs at low PGA and de-amplification occurs at high 

PGA. Amplification at low PGA is in line with SKBI 1987 and SNI 2002. The opposite phenomenon that occurs is de-

amplification, which occurs in short periods [60, 61] and has not been accommodated by the International Code. 

6.2. Comparison of Design Spectral Acceleration AD and A1 

Comparison of design spectral acceleration AD and A1 SNI 2019 codes to the 3 previous codes for hard soil (SC), 

stiff soil (SD), and soft soil (SE) soil types is as follows: 

6.2.1. Comparison of Design Spectral Acceleration AD and A1 for Hard Soil (SC) Type 

SNI 019 provides consequences for the design spectral accelerations AD and A1 in previous codes. Some have 

increased and decreased, and some have not changed. The AD and A1 values for the 18 major cities for the SC site class 

are shown in Figure 9. It appears that the increase in spectral value of SKBI 1987 occurred in 16 cities. Average increase 

in design spectral acceleration (ADSNI 2019/ADSKBI 1987) = 2.321. The highest increase occurred in Semarang City, with a 

design acceleration ratio = 3.833. The decrease in design acceleration occurred in the cities of Palangkaraya and 

Banjarmasin with a ratio = 0.833. 
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Figure 9. The design acceleration spectrum AD and A1 soil type SC SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 

The increase in the value of AD SNI 2002 occurred in 15 cities, with an average increase in design spectral 

acceleration (ADSNI 2019/ADSNI 2002) = 1.773. The highest increase occurred in the city of Semarang, with an acceleration 

spectral design ratio = 3.450. The smallest increase occurred in the city of Denpasar, with an increased ratio = 1.129. 

The decrease in spectral value occurred in 3 cities, with an average decrease = 0.65. The largest decrease occurred in 

the cities of Palangkaraya and Banjarmasin, with a spectral ratio = 0.5. The smallest decrease in spectral design 

acceleration occurred in the city of Makassar, with a design spectral acceleration ratio = 0.9. 

The AD values of SNI 2012 against SNI 2019 are up and down, and some have not changed. The increase in design 

spectral acceleration value occurred in 12 cities, with an average increase in acceleration (ADSNI 2019/ADSNI 2012) = 2.111. 

The highest increase occurred in the city of Pontianak, with a ratio of AD = 11.029. The smallest increase occurred in 

the city of Banjarmasin, with an increase ratio = 1.008. The decrease in AD values occurred in 5 cities, with an average 

decrease = 0.706. The largest decrease occurred in the city of Makassar, with a ratio of AD = 0.748. The smallest AD 

decrease occurred in the city of Yogyakarta, with a spectral ratio = 0.927. The city that did not experience any change 

in its spectral value was Mataram. 

The increase in A1 SKBI 1987 value occurred in 13 cities, with an average spectral increase = 1.549. The highest 

increase in A1 occurred in Semarang City, with an acceleration ratio = 2.467. The smallest increase in A1 occurred in 

the city of Manado, with a ratio of 1.044. The decrease in A1 value occurred in 5 cities, with a decrease in average ratio 

= 0.791. The highest decrease in A1 occurred in the city of Palangkaraya, with a ratio of 0.667. The smallest decrease in 

A1 occurred in Denpasar city, with a ratio of 0.889. 

The increase in A1 SNI 2002 value occurred in 14 cities, with an average increase of (A1SNI 2019/A1SNI 2002) = 1.709. 

The highest A1 increase occurred in Semarang City, with a ratio of 2.467. The smallest A1 increase occurred in the city 

of Denpasar, with a ratio of 1.143. The decrease in A1 value occurred in 2 cities, with a decrease in average ratio = 0.767. 

The highest decrease in A1 occurred in the city of Makassar, with a ratio of 0.733. The smallest decrease in A1 occurred 

in Palangkaraya city, with a ratio of 0.8. Two cities have not experienced changes in A1 values, namely Pontianak and 

Banjarmasin. 

The increase in A1 SNI 2012 value occurred in 14 cities, with an average increase (ratio A1 SNI 2019/A1SNI 2012) = 1.2. 

The highest increase in A1 occurred in Palangkaraya city, with a ratio of 1.43. The smallest A1 increase occurred in 

Semarang City, with a ratio of 1.06. The decrease in A1 value occurred in 3 cities, with a decrease in average ratio = 

0.84. The highest decrease in A1 occurred in the city of Makassar, with a ratio of 0.7. The smallest decrease in A1 

occurred in Aceh City, with a ratio of 0.9. There is 1 city that has not experienced a change in A1 value, namely the city 

of Mataram. 

6.2.2. Comparison of Design Spectral Acceleration AD and A1 for Stiff Soil (SD) Type 

The AD and A1 values for 18 major cities for the SD site class are shown in Figure 10. It appears that the increase 

in the value of AD SKBI 1987 occurred in 15 cities, with an average increase (ADSNI 2019/ADSKBI 1987) = 1.763. The 

highest increase occurred in Semarang City, with a ratio of 2.792. The smallest increase occurred in Denpasar city, 

with a ratio of 1.106. The decrease in AD values occurred in 3 cities, with an average decrease of 0.792. The biggest 

decrease occurred in Palangkaraya City, with a ratio of 0.5. The lowest decrease occurred in Makassar City, with a 

ratio of 0.958. 
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Figure 10. The design spectral acceleration of AD and A1 soil type SD SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 

The increase in AD SNI 2002 value occurred in 12 cities, with an average increase of 1.326. The highest increase 

occurred in Semarang City, with a ratio of 1.763. The smallest increase occurred in Mataram City, with a ratio of 1.071. 

The decrease in AD values occurred in 5 cities, with an average decrease of 0.742. The biggest decrease occurred in 

Palangkaraya City, with a ratio of 0.462. The lowest decrease occurred in Manado City, with a ratio of 0.916. One city 

that does not experience changes in AD value is the city of Medan. 

The increase in AD SNI 2012 value occurred in 11 cities, with an average increase of 1.945. The highest increase 

occurred in Pontianak City, with a ratio of 10.478. The smallest increase occurred in Denpasar City, with a ratio of 

1.011. The decrease in AD values occurred in 5 cities, with an average decrease of 0.742. The biggest decrease occurred 

in Palu City, with a ratio of 0.689. The lowest decline occurred in Yogyakarta City, with a ratio of 0.941. The two cities 

that did not experience changes in AD values were Mataram and Jaya Pura. 

The increase in the A1 SKBI 1987 value occurred in 12 cities, with an average increase of (A1SNI 2019/A1SKBI 1987) = 

1.463. The highest increase occurred in Semarang City, with a ratio of 2.133. The smallest increase occurred in Bengkulu 

City, with a ratio of 1.106. The decrease in A1 value occurred in 3 cities, with an average decrease of 0.738. The largest 

decrease occurred in Palangkaraya City, with a ratio of 0.5. The lowest decline occurred in Manado City, with a ratio of 

0.927. 

The increase in A1 SNI 2002 value occurred in 16 cities, with an average increase of 1.433. The highest increase 

occurred in Semarang City, with a ratio of 2.105. The smallest increase occurred in Denpasar City, with a ratio of 

1.024. The decrease in A1 value occurred in 2 cities, with an average decrease of 0.757. The largest decrease 

occurred in Palangkaraya City, with a ratio of 0.769. The lowest decline occurred in Makassar City, with a ratio of 

0.746. 

The increase in A1 SNI 2012 value occurred in 14 cities, with an average increase of 1.31. The highest increase 

occurred in Palangkaraya City, with a ratio of 1.61. The smallest increase occurred in Padang City, with a ratio of 1.15. 

The decrease in A1 value occurred in 2 cities, with an average decrease of 0.96. The largest decrease occurred in 

Makassar City, with a ratio of 0.81. The lowest decline occurred in Palu City, with a ratio of 0.91. Two cities that did 

not experience changes in A1 grades were the cities of Mataram and Aceh. 

6.2.3. Comparison of Design Spectral Acceleration AD and A1 for Soft Soil (SE) Type 

The AD and A1 values for 18 major cities for the SE site class are shown in Figure 11. It appears that the increase in 

the value of AD SKBI 1987 occurred in 14 cities, with an average increase (ADSNI 2019/ADSKBI 1987) = 1.495. The highest 

increase occurred in Semarang City, with a ratio = 2.333. The lowest increase occurred in Jaya Pura and Bengkulu cities, 

with a ratio of 1.026. The decrease in AD values occurred in 4 cities, with an average decrease of 0.832. The biggest 

decrease occurred in Palangkaraya City, with a ratio of 0.5. The lowest decline occurred in Jaya Pura City, with a ratio 

of 0.949. 
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Figure 11. Design spectral acceleration AD and A1 type of soil SE SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 

Different levels of earthquake risk with different return periods have implications for earthquake acceleration in the 

design of seismic loads. The ratio of the peak acceleration of seismic ground motion with a return period of 2500 years 

to 475 years ranges from 1.5–3,  uake [62–65]. Figures 9 to 11 show that rather close amplification due to increased re-

period occurs only in SC soil types; in SD and SE soil types, de-amplification occurs. 

6.3. Level of Seismic Risk (LSR) or Seismic Design Categories (SDC) 

With the implementation of SNI 2019, the level of seismic or design categories affects several cities; some have 

increased and some have not changed. Changes in LSR or SDC occurred at the low level (zones 5 and 1-2) and middle 

level (zones 4-3 and 3-4) (SKBI 1987 and SNI 2002). Changes in LSR and SDC occur in all types of soil or certain 

types only. Pontianak and Banjarmasin cities rose from low level to medium level, or SDC "C" and only occurred in SE 

soil types. While the city of Palangkaraya remains at the same level but changes the SDC level to "B". Makassar City, 

which is at a low level (zones 4 and 2), SKBI 1987 and SNI 2002 did not change the level for the SC type; they changed 

to the middle level, or SDC "C" for the SD type, and increased two levels to the high level, SDC "D" for the SE type. 

The cities of Surabaya and Semarang, which are at low levels (zones 4 and 2), SKBI 1987, and SNI 2002 increased 2 

levels to SDC "D" for all SC, SD, and SE soil groups. Medan, Jakarta, Yogyakarta, Mataram, Bandung, Aceh, and Palu 

cities, which are at the middle level (zones 3-2 and 3-4), SKBI 1987 and SNI 2002 rose to the high level, or SDC "D" 

for all types of soil. The cities of Denpasar, Manado, Jaya Pura, Padang, and Bengkulu did not experience changes in 

the level of seismic risk, or SDC "D" for all soil types. 

Changes in SDC SNI 2012 to SNI 2019 only occurred in 3 regions, namely Pontianak, Banjarmasin, and Makassar 

cities. Pontianak City with SDC "A" type SE rose to SDC "C". Banjarmasin City with SDC "A" and "B" rose to SDC 

and SDC "B" and "C" for SD and SE soil types. Makassar City with SDC "C" and "D" for SC and SD soil types dropped 

to SDC "B" and SDC "C". 

6.4. Structure System 

The structural system in SNI 2019 tends to have stricter criteria and requirements than the previous SNI, SKBI 

1987, and SNI 2002. Changes to the system structure are shown in Table 10. It appears that many cities are 

experiencing changes in their structural systems, especially in cities with low and moderate seismic risk levels. 

Changes occur in all types of soil and in certain types of soil only. Palangkaraya City is the only city that has not 

experienced changes in its structural system. Pontianak and Banjarmasin cities experienced structural system changes 

where the elastic (E) system of SKBI 1987 and Ordinary Moment Resistance Frame (O) SNI 2002 were not allowed 

to be applied, especially to SE soil types. Makassar City experienced a structural system change where the (E) or (O) 

structure system was not allowed on SD soil types and only the S structure system was allowed on SE soil types. 

Cities that, by their standards, were previously at low seismic risk, such as Surabaya and Semarang, and cities with 

moderate seismic risk levels, such as Medan, Jakarta, Yogyakarta, Mataram, Bandung, Aceh, and Palu, can only use 

the (S) structure system. The cities of Denpasar, Manado, Jaya Pura, Padang, and Bengkulu did not experience 

structural system changes for all types of soil. 
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Table 10. Change of Structural System 

City 
SKBI 1987 SNI 2002 SNI 2012 SNI 2019 

SC= SD=SE SC= SD=SE SC SD SE SC SD SE 

Pontianak F/L/E S/I/O S/I/O S/I/O S/I/O S/I/O S/I/O S/I 

Palangkaraya F/L/E S/I/O S/I/O S/I/O S/I/O S/I/O S/I/O S/I/O 

Banjarmasin F/L/E S/I/O S/I/O S/I/O S/I/O S/I/O S/I/O S/I 

Makassar F/L/E S/I/O S/I S S S/I/O S/I S 

Surabaya, Semarang F/L/E S/I/O S S S S S S 

Medan, Jakarta, Yogyakarta F/L S/I S S S S S S 

Mataram, Bandung, Aceh, Palu F/L S/I S S S S S S 

Denpasar, Manado, Jaya Pura, Padang F S S S S S S S 

Bengkulu F S S S S S S S 

In SNI 2012, structural system changes only occurred in 3 cities, namely Pontianak, Banjarmasin, and Makassar. 

The structural system in Pontianak and Banjarmasin cities changed, especially in SE soil types where the ordinary 

moment resistance frame (O) is no longer allowed. Makassar City underwent changes in the opposite structural system, 

where the structural system (O) was allowed on the SC soil type and the (I) structure system was allowed on the SD soil 

type. 

6.5. Design Base Share (DBS) and Seismic Influence Coefficient (SIC) 

Design base shear (V) and SIC (V/W) in a reinforced concrete building were analyzed based on PMI 1970, SKBI 

1987, SNI 2002, SNI 2012, and SNI 2019. Considered a 5-story building, width X direction: 15 m, beam span: 5m. 

Width Y direction: 30 m, beam span: 6 m. Building height: 20 m with a 4m level height; beam dimension: 250 × 500 

mm; column dimension: 500 × 500 mm; floor plate thickness: 130 mm; roof plate thickness: 120 mm. Only the types of 

full ductility (F) and special moment resistance frame (S) structures are analyzed in this paper. 

6.5.1. Seismic Influence Coefficient (SIC) 

The results of the SIC analysis of soil types SC Code PMI 1970, SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 

are shown in Figures 12 to 14. It appears that the SIC of PMI 1970 ranges from 0.025–0.075, SKBI 1987 ranges from 

0.01–0.088, SNI 2002 ranges from 0.009–0.071, SNI 2012 ranges from 0.002–0.121, SNI 2019 ranges from 0.011–

0.104. 

 

Figure 12. Seismic Influence Coefficients (SIC) PMI 1970, SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 soil types SC 
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Figure 13. The SIC PMI 1970, SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 soil types SD 

 

Figure 14. The SIC PMI 1970, SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 soil types SE 

The SIC of the SD soil type is shown in Figure 13. It appears that the SIC of PMI 1970 ranges from 0.025 – 0.075, 

SKBI 1987 ranges from 0.02 – 0.109, SNI 2002 ranges from 0.013 – 0.092, SNI 2012 ranges from 0.002 – 0.136, SNI 

2019 ranges from 0.014 – 0.125. 

The SIC of the SE soil type is shown in Figure 14. It appears that the SIC of PMI 1970 ranges from 0.025 – 0.075, 

SKBI 1987 ranges from 0.03 – 0.13, SNI 2002 ranges from 0.024 – 0.112, SNI 2012 ranges from 0.004 – 0.163, SNI 

2019 ranges from 0.024 – 0.112. 

6.5.2. Ratio Analysis of Seismic Influence Coefficient (SIC) 

The results of the ratio of SIC analysis for the SC soil type are shown in Figure 15. It appears that based on the ratio 

of SICPMI 1970/SICSNI 2019, 4 cities experienced an increase or had a base shear force greater than SNI 2019, and 14 cities 

decreased. Average increases and decreases in base shear of 3.167 and 0.728. The highest increase of 5.526 and the 

lowest of 1.036 occurred in Banjarmasin and Denpasar. The highest decrease of 0.531 and the lowest of 0.891 occurred 

in the cities of Yogyakarta and Surabaya. 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14
S

IC
(V

/W
)

City

PMI 1970 SKBI-1987

SNI 2002 SNI 2012

SNI-2019

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

S
IV

 (
V

/W
)

City

PMI 1970 SKBI 1987

SNI 2002 SNI 2012

SNI 2019



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

77 

 

 

Figure 15. The ratio of the SIC PMI 1970, SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 soil types SC 

Based on the SICSKBI1987/SICSNI 2019 ratio for SC soil types, it shows that 6 cities experienced an increase and 12 cities 

experienced a decrease in base shear. The average increase and decrease in base shear were 1.256 and 0.714. The highest 

increase of 1.6 and the lowest of 1,034 occurred in Palangkaraya and Manado. The highest decrease of 0.438 and the 

lowest of 0.922 occurred in the cities of Semarang and Mataram. 

Based on the SICSNI 2002/SICSNI 2019 ratio for SC soil types, it shows that 2 cities experienced an increase and 16 cities 

experienced a decrease. Average increases and decreases in base shear of 1.322 and 0.62. The highest increase of 1,361 

and the lowest of 1,282 occurred in Palangkaraya and Makassar City. The highest decrease of 0.381 occurred in 

Semarang, and the lowest decrease of 0.94 occurred in Pontianak and Banjarmasin. 

Based on the SICSNI 2012/SICSNI 2019 ratio for SC soil types, it shows that 4 cities experienced an increase, 13 cities 

decreased, and 1 city did not change. The average increase and decrease in base shear were 1.256 and 0.759. The highest 

increase of 1,427 and the lowest of 1,049 occurred in Makassar and Aceh. The highest decrease of 0.188 and the lowest 

of 0.941 occurred in the cities of Semarang, Pontianak, and Surabaya. 

The results of the SIC analysis for SD soil types are shown in Figure 16. It appears that based on the SICPMI 1970/SICSNI 

2019 ratio, 4 cities experienced an increase and 14 cities experienced a decrease. The average increase and decrease in 

SIC ratios was 2.58 and 0.633. The highest increase of 3.636 and the lowest of 1.625 occurred in Banjarmasin and 

Makassar cities. The highest decrease of 0.488 and the lowest of 0.789 occurred in the cities of Yogyakarta and Manado.  

 

Figure 16. The ratio of the SIC PMI 1970, SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 soil types SD 

Based on the SICSKBI 1987/SICSNI 2019 ratio for SD soil types, it shows that 6 cities have increased and 12 cities have 

decreased. Average increases and decreases in SIC ratios were 1.524 and 0.737. The highest increase of 2.667 and the 

lowest of 1.30 occurred in Palangkaraya and Makassar City. The highest decrease of 0.478 and the lowest of 0.886 

occurred in the cities of Semarang and Bengkulu. 
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Based on the SICSNI 2002/SICSNI 2019 ratio for SD soil types, it shows that 2 cities have increased and 16 cities have 

decreased. Average increases and decreases in SIC ratios were 1.521 and 0.724. The highest increase of 1.77 and the 

lowest of 1.272 occurred in Palangkaraya and Makassar City. The highest decrease of 0.467 and the lowest of 0.965 

occurred in the cities of Semarang, Pontianak, and Banjarmasin. 

Based on the SICSNI 2012/SICSNI 2019 ratio for SD soil types, it shows that 3 cities have increased, 14 cities have 

decreased, and 1 city has not changed. Average increases and decreases of 1.146 and 0.764. The highest increase of 

1.241 and the lowest of 1.104 occurred in Makassar and Palu. The highest decrease of 0.157 and the lowest of 0.97 

occurred in the cities of Pontianak and Aceh. 

The results of the SIC analysis for SE soil types are shown in Figure 17. It appears that based on the SICPMI 1970/SICSNI 

2019 ratio, 3 cities experienced an increase and 15 cities experienced a decrease. Average increases and decreases of 1.906 

and 0.692. The highest increase of 2.353 and the lowest of 1.143 occurred in Banjarmasin and Makassar cities. The 

largest decrease of 0.533 occurred in Yogyakarta and Bandung, and the lowest decrease of 0.987 occurred in Pontianak. 

 

Figure 17. The ratio of the SIC PMI 1970, SKBI 1987, SNI 2002, SNI 2012, and SNI 2019 soil types SE 

Based on the SICSKBI 1987/SICSNI 2019 ratio for SE soil types, it shows that 9 cities have increased and 9 cities have 

decreased. Average increases and decreases of 1.454 and 0.822. The highest increase of 2.667 and the lowest of 1.143 

occurred in Palangkaraya and Makassar City. The largest decrease of 0.571 and the smallest decrease of 0.973 occurred 

in the cities of Semarang and Mataram. 

Based on the SICSNI 2002/SICSNI 2019 ratio for SE soil types, it shows that 13 cities have increased, 3 cities have 

decreased, and 1 city has not changed. Average increases and decreases of 1.17 and 0.817. The highest increase of 2.092 

and the lowest of 1,021 occurred in Palangkaraya and Padang City. The largest decrease of 0.672 and the smallest 

decrease of 0.941 occurred in Semarang and Yogyakarta. 

Based on the SICSNI 2012/SICSNI 2019 ratio for SE soil types, it shows that 9 cities have increased, 8 cities have 

decreased, and 1 city has not changed. Average increases and decreases of 1.205 and 0.715. The highest increase of 

1.502 and the lowest of 1,011 occurred in Bandung and Padang. The largest decrease of 0.14 and the smallest 0.917 

occurred in the cities of Pontianak and Medan. 

7. Conclusion 

The design spectral acceleration AD and A1 of SKBI 1987 and SNI 2002 for 18 major Indonesian cities increased 

with increasing PGA values, with a consistent pattern of SC < SD < SE. Unlike the previous two codes. The design 

spectral accelerations AD and A1 of SNI 2012 and SNI 2019 experienced fluctuations with inconsistent patterns on all 

types of soil. SNI 2019 has an impact on changes to the design spectral acceleration of AD and A1, the application of the 

structure system, and the design base shear to the previous 3 codes. Design spectral acceleration AD and A1 SKBI 1987, 

SNI 2002, and SNI 2012 on soil conditions SC, SD, and SE vary; there are up, fixed, and down with a pattern that is not 

uniform. Changes to the structural systems of SKBI 1987 and SNI 2002 occurred in cities, especially those with low 

and medium seismic levels. All cities that, according to SKBI 1987 and SNI 2002, are at a moderate level of seismic 

risk are becoming at a high level of seismic risk, or SDC "D". The system structure, according to SNI 2012, is relatively 

fixed; changes in the system structure occur at low seismic levels. The increase in the ratio of seismic influence 

coefficient or design base shear in some cities varies for each type of soil and code. The increase in base shear design in 

PMI 1970 occurred more in SC soil types than in SD and SE. The increase in SIC in SKBI 1987, SNI 2002, and SNI 

2012 is more dominant in SE soil types. 
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Abstract 

Cement is among the important contributors to carbon dioxide emissions in modern society. Researchers are studying 

solutions to reduce the cement content in concrete to minimize the negative impact on the environment. Among these 

solutions is replacing cement with other materials, such as waste, which also poses environmental damage and requires 

landfill areas for disposal. Among these wastes are eggshell powder ash (ESPA) and wheat straw ash (WSA), which were 

utilized as cement substitutes in green mortar production. Thirteen mixtures were cast, one as a reference without 

replacement and twelve others that included replacing ESPA and WSA (single and combined) with cement in 2%, 4%, 

6%, and 8% proportions of cement's weight. The mechanical (compressive and flexural strength), microstructural (SEM), 

and thermogravimetric analysis (TG/DTA) properties of all mixtures were examined. The results showed a remarkable 

improvement in mechanical properties, and the best improvement was recorded for the (4%ESPA+4%WSA) mixture, 

which reached 73.3% in compressive strength and 56% in flexural strength, superior to the reference mixture. Furthermore, 

SEM analyses showed a dense and compact microstructure for the ESPA and WSA-based mortars. Therefore, the WSA 

and ESPA wastes can be recycled and utilized as a substitute for cement to produce an eco-friendly binder that significantly 

improves the microstructural and mechanical characteristics of mortar. In addition, combining the two materials also 

presents a viable option for creating a sustainable ternary blended binder (with cement) that boasts superior properties 

compared to using the WSA or ESPA individually. 

Keywords: Eggshell Powder Ash; Wheat Straw Ash; Mechanical Properties; SEM; Differential Thermal Analysis. 

 

1. Introduction 

Concrete is widely used in the construction industry because of its versatility, simplicity of obtaining raw materials, 

low cost, ease of execution, high mechanical strength, impermeability to water, and excellent durability [1, 2]. However, 

the production of concrete requires a significant amount of natural resources and releases greenhouse gases that 

contribute to climate change [3]. Cement, the main binding material in concrete, is responsible for about 7% of global 

CO2 emissions. Therefore, using recycled or waste materials in the concrete industry is a means to promote alternatives 

to the current usage of concrete materials and contribute to the global objective of sustainable development [4, 5]. To 

promote sustainable development, research has focused on extending the service life of concrete structures and 

developing low-carbon concrete materials and systems [6]. Recycling or using waste materials in the concrete 
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manufacturing process is one way to accomplish this. It is therefore feasible to lessen dependency on traditional concrete 

materials while also contributing to global environmental goals. Eggshell powder is one of these wastes [7, 8], as is 

wheat straw waste [9, 10]. These wastes are continuously produced locally, and most are disposed of in landfills without 

benefit. However, integrating these wastes into other industries, such as construction, can provide an excellent solution 

to minimize their harmful effects on the environment. Additionally, using these wastes as partial substitutes for cement 

in the construction industry can help reduce the damage caused by cement production. 

Eggshells seem to have a significant chemical component in limestone, which is rich in calcium oxide, an essential 

chemical compound required for forming binder gel, namely calcium silicate hydrate, in cementitious materials. 

Introducing pulverized eggshell as a substitute cementitious ingredient can significantly decrease cement consumption 

in concrete production while also protecting natural lime and recycling solid waste products [11]. Several researchers in 

the literature have employed eggshell powder (ESP) as an alternative to cement. For instance, Pliya & Cree (2015) [12] 

explored the impact of replacing the cement with white and red eggshell powder (ESP) in proportions of 0 to 20% in a 

step of 5%. It was found that the flexural and compressive strengths of ESP-base mixtures were lower than those of the 

mixture without ESP. Tiong et al. (2020) [13] discovered that the incorporation of eggshell powder increased the 

compressive strength and ultrasonic pulse velocity (UPV) of the lightweight foamed concrete, and the optimal 

percentage of ESP was 7.5%. Nandhini & Karthikeyan (2022) [14] replaced cement with ESP in various proportions, 

namely 5%, 10%, 15%, and 20%. The findings revealed that the substitution of 10% ESP in mortar gave optimum 

compressive strength and enhanced the microstructure. Chen et al. (2022) [15] conducted a study on using ESP as cement 

filler in the percentages 0 and 15%. It was concluded that an ESP replacement level of around 5% provides the best 

performance. 

On the other hand, wheat is the most widely produced grain crop globally [16]. It is possible to produce between 1.3 

and 1.4 kilograms of wheat straw for every kilogram of wheat grain [17, 18]. Usually, the straw is utilized as animal 

feed or burned in open fields, which poses a significant environmental danger. Nevertheless, the ash was left behind 

after burning. Qudoos et al. (2018) found that wheat straw ash (WSA) enhanced the hydration reaction and improved 

the microstructure of the cement composites due to its pozzolanic and filler activity [18]. Thus, wheat straw ash (WSA) 

was utilized as a cement replacement material in many previous works. Amin et al. (2019) [19] examined how locally 

available wheat straw ash (WSA) can affect the mechanical strength and pozzolanic potential. They obtained WSA by 

burning wheat straw at a temperature of 550°C. To test its properties, the researchers replaced 15%, 20%, 25%, and 30% 

of cement in both mortar and concrete samples. The outcomes of their experiment showed that WSA can replace up to 

20% of cement in normal-strength concrete, making it a sustainable option for common household building projects. 

The effect of replacing cement with WSA in varied percentages of 10%, 20%, and 30% on the properties of concrete 

was investigated by Khan et al. (2019) [20]. The results showed that the strength of concrete diminishes as the percentage 

of WSA increases. The 10% substitution was suitable for ordinary concrete. When WSA replaced 20% and 30% of the 

cement, the strength decreased. Hameed et al. (2021) [21] investigated the impact of utilizing WSA in concrete mixtures 

as a partial substitute for cement. The cement was replaced (by weight) with 0%, 10%, 15%, and 20% of WSA. The 

study revealed that when WSA was used as a substitute for cement, compressive strength decreased, while splitting 

tensile strength and modulus of rupture increased at 10% WSA content. Bheel et al. (2021) [22] investigated the impact 

of replacing cement with WSA within the 0 to 20% range. Their findings revealed that the optimal replacement ratio 

was 10% of the cement's weight, resulting in a 12% increase in compressive strength, an 11% increase in flexural 

strength, and a 10% increase in splitting tensile strength. Comparable results were also recorded by Katman et al. (2022) 

[23], which found that the optimum substitution rate of WSA was 10% by cement weight. 

There have been limited studies in the literature that explored the possibility of using heat-treated eggshell waste as 

a substitute for cement. Moreover, there is a lack of research that has examined the potential of using eggshell powder 

ash and straw waste ash together as an alternative to cement. Furthermore, according to Paruthi et al. [24], the high 

calcium content of ESP makes it useful in various construction substances; however, there is still limited literature on 

the effects of incorporating eggshell powder in varying percentages on concrete properties. In addition, it is believed 

that this research is gaining importance locally to address problems related to these wastes due to their production locally 

in large quantities. Although produced locally in large quantities, there is no investment in reducing or reusing the waste, 

which creates a serious problem that requires appropriate solutions. Accordingly, this research aims to partially replace 

cement with percentages ranging from 0 to 8% with ESPA and WSA, individually or in combination. Thirteen mixtures 

were created, each with different replacement ratios. The experimental investigation encompassed the evaluation of 

mechanical properties, including compressive and flexural strengths, and the examination of microstructure, calcium 

hydroxide concentration, and differential thermal analysis (DTA) tests. It is thought that the results of this study are of 

environmental importance in terms of eliminating waste problems and their need for large areas for landfills on the one 

hand and, on the other hand, reducing the cement content, a primary contributor to greenhouse gas emissions. 

2. Experimental Part 

2.1. Materials 

Ordinary Portland cement (OPC), natural sand, water, and superplasticizer were the main ingredients used in the 

production of the fresh mortar. The natural sand has complied with the requirements of EN 196-1 [25]. The sieve analysis 
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of the sand is displayed in Table 1. OPC, as confirmed by the Iraqi Standard Specifications (No. 5) [26], was utilized as 

the main binding material. Table 2 shows the chemical compositions of cement, while the physical properties are 

presented in Table 3. The average particle size of cement (d50) is 17.99 µm. The cement particle size distribution is 

depicted in Figure 1. Superplasticizer type Glenium 54, which has a density of 1.08, Type F according to ASTM C494 

[27], was used with all blends. Eggshell powder ash (ESPA) and wheat straw ash (WSA) were utilized as replacements 

for the cement. Table 2 presents the chemical composition of ESPA and WSA, which were determined using the XRF 

technique. The eggshell waste (ESP) used in this research was obtained from domestic waste produced locally (in Iraq). 

This waste was first cleaned and washed with tap water to remove the extra debris and unwanted material. Then, the 

ESP was air-dried and treated in the oven at 100 °C, then ground to powder and burned in an oven at 500 °C to form 

eggshell powder ash (ESPA). This preparation method was developed based on previous studies [28–30]. 

Straw is an agricultural waste in the form of dried leaves, stalks, and plant leaves. It was prepared by burning it in 

the oven at 650 °C to produce wheat straw ash. After that, the ash was ground to a powder before being used as a cement-

replacing material. The ESPA and WSA (Figure 2) powders were passed through a 75 µm-opening sieve. Moreover, the 

particle size distribution of ESPA and WSA is displayed in Figure 1. The mean particle sizes (d50) of ESPA and WSA 

are 23.7 and 14.95, respectively. 

Table 1. Sieve analysis of sand 

Size (mm) Passing % 

2 100 

1.6 95 

1 65 

0.8 33 

0.16 8 

0.08 0.5 

 

Figure 1. Particle size distribution of the cement, WSA and ESPA 

Table 2. Chemical analysis of the cement, ESPA and WSA 

Oxide 
Content% 

Cement ESPA WSA 

CaO 63 82.9 19.8 

SiO2, 24 3.1 48.7 

Al2O3, 4 1.8 2.1 

Fe2O3, 5 0.4 8.2 

MgO 1.1 4.48 1.8 

SO3 1.64 3.2 0.5 

K2O -- 2.26 15 

MnO -- 0.75 0.112 

P2O5 -- 1.6 0.31 

L.O.I 3.38 -- -- 

C3A 3 -- -- 

C4AF 15 -- -- 
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Table 3. Physical properties of cement 

Property Value 

Compressive strength (MPa) 22 

Compressive strength (MPa) 26 

Initial setting time (hr:min) 1:20 

Final setting time (hr:min) 3:05 

 

  
(b) (a) 

Figure 2. (a) Eggshell powder ash (b) Wheat straw ash 

2.2. Mix Proportions, Mixing, Casting and Curing 

Thirteen mixtures were designed and cast for this research. One control mixture was made without replacement, 

while twelve other mixtures were made by cast replacing cement with ESPA, WSA, or both. The cement-to-sand ratio 

was fixed at 1 to 2.75, while the water/binder ratio was 0.4. The mortar mix proportions are illustrated in Table 4. A 

pan-type mixer was used for mixing the mortar ingredients. The mixing procedure was as follows: First, all the dry 

materials, including cement, sand, and ESPA and WSA (if they were present), were put into the mixer and mixed for 2 

minutes. Next, the water and superplasticizer that had been pre-mixed together were added. This mixture was then mixed 

for an additional 2 minutes. After stopping the mixer for half a minute, it was turned back on, and the wet materials were 

mixed for another minute. Once the mixing process was finished, the newly made mortar was placed in both standard 

cube and prism molds. After roughly 24 hours, the molds were taken out, and the samples were put in a basin of water 

and left to cure until it was time for examination. A summary of the experimental program is presented in Figure 3. 

Table 4. Mix proportions details in grams for each mixture 

Mix designation 
Cement 

(g) 

Sand 

(g) 

Water 

(g) 

ESPA 

(g) 

WSA 

(g) 

Superplasticizer 

(g) 

C 800 2200 320 0 0 4 

A2 784 2200 320 16 0 4 

A4 768 2200 320 32 0 4 

A6 752 2200 320 48 0 4 

A8 736 2200 320 64 0 4 

B2 784 2200 320 0 16 4 

B4 768 2200 320 0 32 4 

B6 752 2200 320 0 48 4 

B8 736 2200 320 0 64 4 

C2 784 2200 320 8 8 4 

C4 768 2200 320 16 16 4 

C6 752 2200 320 24 24 4 

C8 736 2200 320 32 32 4 
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Figure 3. Flow chart diagram of the experimental program 

2.3. Experimental Tests  

2.3.1. Compressive Strength  

The compressive strength test was performed using a cubic specimen with a dimension of 50×50×50 mm3. The 

compressive strength, expressed in MPa, was determined by dividing the load that caused the specimen to fail, measured 

in N, by the specimen's cross-sectional area (mm2). The test was conducted following ASTM C109 [31] on three 

samples, and the average value was determined. Figure 4 depicts the specimen under test. Two testing ages were 

considered: 14 and 28 days. 

 

Figure 4. Compressive strength test 

2.3.2. Flexural Strength  

The flexural strength test for the mortar samples was carried out according to the BS EN 196-1 [25] standard; see 

Figure 5. A prism having a size of 40 mm × 40 mm × 160 mm was employed to perform the flexural strength test. An 

average of three prisms has been taken to determine the flexural strength. The flexural strength examination was 

conducted at 28 days. 
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Figure 5: Flexural strength test 

2.3.3. Microstructural Analysis  

Scanning electron microscopy (SEM) was adopted to observe the microstructure of the mortar specimens with and 

without ESPA and WSA. Small mortar pieces were used for this purpose and tested at 28 days. 

2.3.4. DTA Analysis 

Eleven samples were investigated using thermogravimetric analysis (TG/DTA). The powder samples have been 

embedded in a crucible made from ceramic and heated in a thermo-analyzer TG 209 (NETZSCH) at a rate of 10 °C/min 

under static conditions with nitrogen as a medium from ambient temperature to 1000 °C. The reference material utilized 

was alumina powder. Both TG and DTG were performed concurrently. Before TG/DTA analysis, all samples had been 

dried at 105 °C and chilled to room temperature. 

3. Results and Discussion 

3.1. Compressive Strength Results  

Figures 6 to 8 illustrate the results of the mortar compressive strength of the ESPA, WSA, and (ESPA+WSA) 

mixtures, respectively, at 14 and 28 days. According to the research findings, it was discovered that after 14 days, all 

mixes incorporating waste as a cement replacement showed a considerable boost in compressive strength. The growth 

rate varied between 27.8 to 50% for ESPA-based mixes, 36.1 to 61.1% for WSA-based mixes, and 56.3 to 71.5% for 

ESPA+WSA-based combinations. It was also noted that the greater the replacement rate, the higher the increase in 

compressive strength. In other words, the mix with the highest replacement percentage (8%) recorded superior 

compressive strength compared to other mixes for each of the aforementioned replacement types. In the same context, 

the compressive strength results at 28 days old exhibited a pattern comparable to that at 7 days, but with a higher rate of 

increase due to the cement's sustained hydration and the wastes' pozzolanic reaction over time. Furthermore, the 8% 

replacement ratio yielded the highest compressive strength for all replacement types. The ESPA, WSA, and ESPA+WSA 

mixtures showed improvement rates of 57.3%, 70.7%, and 73.3%, respectively, at 8% content relative to the control 

mixture. 

The improvement in compressive strength can be attributed to the pozzolanic activity of ESPA, which has a high 

percentage of calcium oxide [32, 33]. Similar results for eggshell powder were also found in previous works [34–36]. 

Besides, WSA contains silica, calcium oxide, and iron oxide that react with calcium hydroxide during cement hydration 

to form more C-S-H gel. [19, 37]. These findings are consistent with what has been documented in the literature [38]. 

Moreover, the compressive strength of blends with WSA increased at a higher rate than that of those with ESPA. This 

may be because WSA has smaller grains than WSPA, which helps in strengthening the filling effect and densification 

of the matrix, thus increasing the compressive strength. 

Furthermore, the findings revealed that combining ESPA and WSA led to a more remarkable rise in compressive 

strength than using each material alone. This is because when both materials are present, the mortar matrix becomes 

abundant in CaO and SiO2, which leads to the formation of a supplementary CSH gel through the pozzolanic reaction. 

Ultimately, this newly formed CSH gel enhances the density of the microstructure and strengthens it, leading finally to 

an increase the compressive strength. 

Moreover, the results indicated that the compressive strength values of mixtures containing WSA are higher for a 

certain replacement ratio than those containing ESPA. This may be because WSA has a smaller particle size than ESPA 

(as presented in Section 2.1), which enhances the filling effect in WSA mixtures more than in mixtures containing ESPA, 

leading to an increase in compressive strength. 
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Figure 6. Results of compressive strength test of ESPA mixtures at 14 and 28 days 

 

Figure 7. Results of compressive strength test of WSA mixtures at 14 and 28 days 

 

Figure 8. Results of compressive strength test of ESPA+WSA mixtures at 14 and 28 days 
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3.2. Flexural Strength Results 

The flexural strength of concrete influences its deflection, shear strength, and brittleness [38]. As a result, flexural 

strength is an essential design feature. The effect of the partial substitution of ESPA and WHA by cement on the flexural 

strength of mortar after 28 days of curing is presented in Figures 9 to 11. Overall, the results revealed that substituting 

cement with waste material led to a noticeable enhancement in flexural strength, which became more significant as the 

waste content in the mixture increased. This improvement followed a similar trend to the 28-day compressive strength 

results. The enhancement rates ranged from 12.1 to 40% for ESPA mixtures, from 15.7 to 44.3% for WSA mixtures, 

and from 20 to 56% for ESPA+WSA mixtures. In other words, the highest flexural strength values were at an 8% 

replacement ratio, which were 9.8, 10.1, and 10.9 MPa for the ESPA, WSA, and ESPA+WSA mixes, respectively, 

compared to 7 MPa for the reference mix. This growth in flexural strength can be attributed to the inherent hydraulic 

effect and pozzolanic impact of the fine particles of the WSA, as well as to the densification of the microstructure [18, 

23, 39]. Additionally, the small size of WSA particles in comparison to cement aids in filling micronized voids, leading 

to greater flexural strength. Moreover, improving the matrix structure due to the addition of ESPA increased flexural 

strength [40]. These results are consistent with the findings of earlier studies [41, 42]. 

Additionally, as in compressive strength, mixtures containing WSA exhibited higher flexural strength compared to 

those containing ESPA. This is because flexural strength is more influenced by the existence of gaps within the 

microstructure than compressive strength. The smaller particles of WSA, in contrast to ESPA, contribute to closing the 

pores within the mixture due to the packing effect, resulting in a greater enhancement in flexural strength. 

 

Figure 9. Results of flexural strength of ESPA mixtures at 28 days 

 

Figure 10. Results of flexural strength of WSA mixtures at 28 days 
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Figure 11. Results of flexural strength of ESPA-WSA mixtures at 28 days 

In addition, a statistical correlation was established between the compressive and flexural strengths of ESPA, WSA, 

and ESPA-WSA mixtures. The relationships are shown in Figure 12, with a quadratic equation chosen for all of them 

based on the highest correlation factor value (R2). The results indicate a strong relationship between compressive and 

flexural strength properties, with correlation factor values of 0.9362, 0.9936, and 0.996 for ESPA, WSA, and ESPA-

WSA mixtures, respectively. 

 

Figure 12. The compressive strength-flexural strength relationships of ESPA, WSA, and ESPA-WSA mixtures 

3.3. Microstructure Analysis Results 

The morphology of plain cement mortar and samples containing (ESPA), (WSA), and (ESP+WSA) are shown in 

Figures 13, 14, 15, and 16, respectively. For the plain mortar (Figure 13), it was found that portlandite (plate-like form) 

and C-S-H (sheet-like structure) were the predominant hydration products in all samples, and a needle-like structure was 

apparent, indicating the existence of ettringite, according to Li et al. [43]. In samples containing ESPA (Figure 14), 

ettringite had a rare appearance because of the existence of CaCO3 in the sample, which made the stability of ettringite 

very low. Shiferaw et al. [44] also found the same results. Moreover, according to Shcherban et al. [34], when ESPA is 

added to cement paste, it reacts with the cement to form a large network of C-S-H. This results in a denser microstructure 

and a paste with high strength. 

7

8.4
8.96

10.2

10.92

0

2

4

6

8

10

12

Control 1%ESPA+1%WSA 2%ESPA+2%WSA 3%ESPA+3%WSA 4%ESPA+4%WSA

F
le

x
u

r
a

l 
st

r
e
n

g
th

 (
M

P
a

)

Mix designation

y = 0.0136x2 - 0.9061x + 21.924

R² = 0.9362

y = 0.0141x2 - 0.9965x + 24.187

R² = 0.9936

y = 0.0301x2 - 2.2882x + 48.532

R² = 0.996

0

2

4

6

8

10

12

20 25 30 35 40 45 50 55

F
le

x
u

r
a

l 
st

r
e
n

g
th

 (
M

P
a

)

Compressive strength (MPa)



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

92 

 

All mortar specimens exhibited abundant hydration products, including lumpy or stacked calcium hydroxide particles 

and flocculent C-S-H gels. In Figures 14 to 16, the SEM micrographs showed the distribution of C-S-H was nearly 

increased compared to plain mortar mix due to the cement replacement by ESPA and WSA. The results obtained are 

consistent with the findings reported in the literature [45, 46]. In these mixes, the range of development of CSH occurred 

due to the reaction between CH and micro-CaO from ESPA and SiO2 from WSA to form additional CSH and ettringite. 

Thus, the explanation for the rise in the strength of the mortar when utilizing ESPA and WSA as partial replacements 

for cement can be evaluated and explained using the development of hydration products within the microstructure of 

mortar mixes. By comparing all figures, the formulation of other hydration outputs such as C-S-H and ettringite can be 

revealed, but in varying amounts depending on the replacement type. 

 

Figure 13. The SEM micrograph for the control mix 

 

Figure 14. The SEM micrograph for the ESPA-based mortar 
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Figure 15. The SEM micrograph for the WSA-based mortar 

 

Figure 16. SEM Micrograph for mortar mix with (ESP+WSA) 

3.4. Differential Thermal Analysis (DTA) Results 

Despite being widely used in clay mineralogy, differential thermal analysis (DTA) has only lately been applied to 

other domains. The process involves tracking the heat changes caused by any physical or chemical changes as a 

substance is gradually heated. Thermal changes such as dehydration, crystalline transition, lattice breakdown, oxidation, 

and decomposition are frequently accompanied by a considerable temperature rise or fall and are suitable for DTA 

research. 

The results of the thermal studies of the investigated samples are shown in Figures 17 to 20. In all DTA charts, the 

four distinct regions may be seen. The first effect has to do with the evaporation of water that was absorbed on the 

surface at 25 and 100 °C. This happened as a direct result of the samples absorbing moisture from the air after the 
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cooling step to room temperature, and it happened again when the samples were dried at 104 °C. At temperatures ranging 

from 100 to 400 degrees Celsius, the second endothermic impact is brought on by the dehydration of CSH and ettringite. 

The proportion of CaO to SiO2 in the hydrated cement mixture determines the temperature at which the individual 

components in the mix begin to lose water. The maximum temperatures of the third stage range from 430 to 460 °C. 

This leads one to believe that the Ca(OH)2 created during the hydration process has been broken down, considering the 

subsequent reaction: 

Ca(OH)2 (s)→ CaO (s) + H2O (g) (1) 

The hydrated molecule is decarbonized by calcium carbonate in an endothermic reaction at around 790°C. The 

CaCO3 was computed from the weight loss by assuming the following decarbonisation process [47]. 

CaCO3 (s)→ CaO (s) + CO2 (g) (2) 

In ESPA samples, CaCO3 decomposition started at 740 °C, as shown in Figure 18, and the peaks illustrated an 

endothermic reaction compared with the control mix in Figure 17. The ESPA mix displayed higher intensity because of 

the higher levels of calcium carbonate in the mix. Figures 19 and 20 showed a higher intensity in peaks at temperatures 

between 420-450 °C, which indicates an additional reaction for consumption of CH; this impact can be related to the 

presence of additional silica and alumina from the WSA, which contributes to the occurrence of the pozzolanic reaction 

in a greater proportion in these mixtures [48]. 

 

Figure 17. The DTA curve for the control mix 

 

Figure 18. The DTA curve for the ESPA mix 
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Figure 19. The DTA curve for the WSA mix 

 

Figure 20. The DTA curve for the ESPA+WSA mix 

3.5. CH Content Results 

Determining CH levels in concrete samples helps monitor hydration over time. At a temperature range of 430-470°C, 

there is a significant endothermic reaction that causes the decomposition of CH, which was generated during the 

hydration stage. The amount of CH present can be determined by calculating the percentage of weight loss between the 

initial and final temperatures of the peak relevant to the reaction, as detected from the thermogravimetric analysis (TGA) 

curve: 

Ca(OH)2 (s),→ CaO (s) + H2O (g) (3) 

In addition, this analysis allows for estimating CH content from weight loss in paste samples. Taylor’s formula was 

used to calculate the (CH) content [49].  

CH% = WLCH% (MWCH / MWH2O)  

Where: 

 MWH2O = "molecular weight of H2O= 18 g/mol". 

 MWCH = "molecular weight of CH= 74 g/mol". 

 WLCH = "weight loss during the dehydration of CH as a percentage of the ignited weight". 
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In Figure 21, the CH content of a control mortar mix and mixes with added ESPA, WSA, and (ESP+WSA) wastes 

is displayed. The figure shows that the use of ESPA and WSA in cement paste resulted in lower CH levels in all mortar 

mixes compared to the control mix. These results are compatible with the previous work [18]. The decrease in CH levels 

can be attributed to the reactivity of both WSA and ESPA in the cement paste, which consumed CH through the 

pozzolanic reaction. These findings were confirmed by the mechanical properties and microstructure characterization 

results, which demonstrated that ESPA and WSA effectively enhanced the mechanical properties and strengthened the 

internal structure of cement mortar. These materials are thus considered environmentally friendly supplementary cement 

materials. 

 

Figure 21. The CH content for the plain mortar and ESPA, WSA and WSPA+WSA mixtures 

4. Conclusions 

This research aims to develop an environmentally friendly mortar that can be made by replacing cement with waste 

materials like ESPA, WSA, and ESPA-WSA. 13 different combinations were made, using 0 to 8% of the waste materials 

in each mixture. The study examined the mechanical properties, thermal analysis, and calcium hydroxide content, and 

also analyzed the microstructure of the hardened mortar. After analyzing the results, the following conclusions are made: 

 By replacing cement with ESPA and WSA wastes, it is possible to significantly improve the mechanical 

properties of the hardened mortar. The level of improvement increases with the amount of waste content added 

to the mixture. The best results were achieved when using a combination of ESPA and WSA. At an 8% 

replacement rate, the compressive strength values increased by 73.33% while the flexural strength increased by 

56% for ESPA+WSA blends. 

 Substituting ESPA and WSA for cement resulted in a denser and more refined mortar microstructure due to 

increased C-S-H gel production by the pozzolanic reaction, as evidenced by the SEM micrograph. 

 According to the CH and DTA examinations, the use of ESPA or WSA as a substitute for cement resulted in a 

reduction of CH content. The lowest CH content was found in the ESPA+WSA mixture. 

 In summary, it can be concluded that WSA and ESPA waste can be recycled and used as a substitute for cement 

to create an eco-friendly binder with a significant enhancement in both mechanical and microstructural properties. 

Furthermore, combining these materials is a promising solution for producing a sustainable ternary blend that 

possesses superior properties than if the wastes were utilized individually.  

5. Declarations  

5.1. Author Contributions 

Conceptualization, A.O.H. and R.J.G.; methodology, A.O.H. and F.M.R.; validation, A.O.H., R.J.G., and Z.F.J.; 

formal analysis, Z.F.J.; investigation, A.O.H. and R.J.G.; resources, Z.F.J.; data curation, F.M.R.; writing—original 

draft preparation, A.O.H.; A.S., and M.S.N.; writing—review and editing, A.O.H., R.J.G., and Z.F.J.; visualization, 

F.M.R.; supervision, R.J.G. All authors have read and agreed to the published version of the manuscript. 

5.2. Data Availability Statement 

The data presented in this study are available on request from the corresponding author.  

19.2

10.3

8.3

6.2

0

5

10

15

20

25

Control ESPA WSA ESPA+WSA

C
H

 (
%

)

Replacement Type



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

97 

 

5.3. Funding 

The authors received no financial support for the research, authorship, and/or publication of this article. 

5.4. Conflicts of Interest 

The authors declare no conflict of interest.  

6. References  

[1] Chong, B. W., Othman, R., Ramadhansyah, P. J., Doh, S. I., & Li, X. (2020). Properties of concrete with eggshell powder: A 

review. Physics and Chemistry of the Earth, 120, 102951. doi:10.1016/j.pce.2020.102951. 

[2] Nasr, M. S., Hussain, T. H., & Najim, W. N. (2018). Properties of cement mortar containing biomass bottom ASH and sanitary 

ceramic wastes as a partial replacement of cement. International Journal of Civil Engineering and Technology, 9(10), 153–165. 

[3] Gunarani, G. I., Karthikeyan, B., Priyadharshini, A., Selvaraj, S. K., Jose, S., Vincent Herald Wilson, D., & Moges Adane, T. 

Sustainable Concrete Columns with GGBS and Industrial Sand. In A Comparative Study on Destructive and Nondestructive Tests 

on Damaged Columns Strengthened with GFRP Jacketing. Advances in Civil Engineering, 6716511, 1-11. 

[4] Hamad, M. A., Nasr, M., Shubbar, A., Al-Khafaji, Z., Al Masoodi, Z., Al-Hashimi, O., Kot, P., Alkhaddar, R., & Hashim, K. 

(2021). Production of ultra-high-performance concrete with low energy consumption and carbon footprint using supplementary 

cementitious materials instead of silica fume: A review. Energies, 14(24), 8291. doi:10.3390/en14248291. 

[5] Nasr, M. S., Hasan, Z. A., Abed, M. K., Dhahir, M. K., Najim, W. N., Shubbar, A. A., & Habeeb, Z. D. (2020). Utilization of 

high volume fraction of binary combinations of supplementary cementitious materials in the production of reactive powder 

concrete. Periodica Polytechnica Civil Engineering, 65(1), 335–343. doi:10.3311/PPci.16242. 

[6] Jonsung, S., & Lee, K.H. (2015). Sustainable concrete technology. Civil Engineering Dimension, 17(3), 158–165. 

doi:10.9744/ced.17.3.158-165. 

[7] Shi, X. C., & Shui, Z. (2023). Effect of eggshell powder addition on the properties of cement pastes with early CO2 curing and 

further water curing. Construction and Building Materials, 404, 133231. doi:10.1016/j.conbuildmat.2023.133231. 

[8] Hakeem, I. Y., Amin, M., Agwa, I. S., Abd-Elrahman, M. H., Ibrahim, O. M. O., & Samy, M. (2023). Ultra-high-performance 

concrete properties containing rice straw ash and nano eggshell powder. Case Studies in Construction Materials, 19, 2291. 

doi:10.1016/j.cscm.2023.e02291. 

[9] Khan, K., Ishfaq, M., Amin, M. N., Shahzada, K., Wahab, N., & Faraz, M. I. (2022). Evaluation of Mechanical and Microstructural 

Properties and GlobalWarming Potential of Green Concrete with Wheat Straw Ash and Silica Fume. Materials, 15(9), 3177. 

doi:10.3390/ma15093177. 

[10] Althoey, F., Zaid, O., Martínez-García, R., de Prado-Gil, J., Ahmed, M., & Yosri, A. M. (2023). Ultra-high-performance fiber-

reinforced sustainable concrete modified with silica fume and wheat straw ash. Journal of Materials Research and Technology, 

24, 6118–6139. doi:10.1016/j.jmrt.2023.04.179. 

[11] Sathiparan, N. (2021). Utilization prospects of eggshell powder in sustainable construction material – A review. Construction 

and Building Materials, 293, 123465. doi:10.1016/j.conbuildmat.2021.123465. 

[12] Pliya, P., & Cree, D. (2015). Limestone derived eggshell powder as a replacement in Portland cement mortar. Construction and 

Building Materials, 95, 1–9. doi:10.1016/j.conbuildmat.2015.07.103. 

[13] Tiong, H. Y., Lim, S. K., Lee, Y. L., Ong, C. F., & Yew, M. K. (2020). Environmental impact and quality assessment of using 

eggshell powder incorporated in lightweight foamed concrete. Construction and Building Materials, 244, 118341. 

doi:10.1016/j.conbuildmat.2020.118341. 

[14] Nandhini, K., & Karthikeyan, J. (2022). Effective utilization of waste eggshell powder in cement mortar. Materials Today: 

Proceedings, 61, 428–432. doi:10.1016/j.matpr.2021.11.328. 

[15] Chen, Y. K., Sun, Y., Wang, K. Q., Kuang, W. Y., Yan, S. R., Wang, Z. H., & Lee, H. S. (2022). Utilization of bio-waste 

eggshell powder as a potential filler material for cement: Analyses of zeta potential, hydration and sustainability. Construction 

and Building Materials, 325, 126220. doi:10.1016/j.conbuildmat.2021.126220. 

[16] Giraldo, P., Benavente, E., Manzano-Agugliaro, F., & Gimenez, E. (2019). Worldwide research trends on wheat and barley: A 

bibliometric comparative analysis. Agronomy, 9(7), 352. doi:10.3390/agronomy9070352. 

[17] Pan, X., & Sano, Y. (2005). Fractionation of wheat straw by atmospheric acetic acid process. Bioresource Technology, 96(11), 

1256–1263. doi:10.1016/j.biortech.2004.10.018. 

[18] Qudoos, A., Kim, H. G., Atta-ur-Rehman, & Ryou, J. S. (2018). Effect of mechanical processing on the pozzolanic efficiency 

and the microstructure development of wheat straw ash blended cement composites. Construction and Building Materials, 193, 

481–490. doi:10.1016/j.conbuildmat.2018.10.229. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

98 

 

[19] Amin, M. N., Murtaza, T., Shahzada, K., Khan, K., & Adil, M. (2019). Pozzolanic potential and mechanical performance of 

wheat straw ash incorporated sustainable concrete. Sustainability (Switzerland), 11(2), 519. doi:10.3390/su11020519. 

[20] Khan, M. S., Ali, F., & Zaib, M. A. (2019). A Study of Properties of Wheat Straw Ash as a Partial Cement Replacement in the 

Production of Green Concrete. UW Journal of Science and Technology, 3, 2616–4396.  

[21] Al-Kadhim Hameed, M. A., Razzq Alzerjawi, A. K., & Mahdi, Z. A. (2021). Studying the behavior of the concrete mixture with 

wheat straw as part of the cement. Journal of Physics: Conference Series, 1973(1), 12174. doi:10.1088/1742-

6596/1973/1/012174. 

[22] Bheel, N., Ibrahim, M. H. W., Adesina, A., Kennedy, C., & Shar, I. A. (2021). Mechanical performance of concrete incorporating 

wheat straw ash as partial replacement of cement. Journal of Building Pathology and Rehabilitation, 6(1), 1–7. 

doi:10.1007/s41024-020-00099-7. 

[23] Katman, H. Y. B., Khai, W. J., Bheel, N., Kırgız, M. S., Kumar, A., Khatib, J., & Benjeddou, O. (2022). Workability, Strength , 

Modulus of Elasticity, and Permeability Feature of Wheat Straw Ash-Incorporated Hydraulic Cement Concrete. Buildings, 

12(9), 1363. doi:10.3390/buildings12091363. 

[24] Paruthi, S., Khan, A. H., Kumar, A., Kumar, F., Hasan, M. A., Magbool, H. M., & Manzar, M. S. (2023). Sustainable cement 

replacement using waste eggshells: A review on mechanical properties of eggshell concrete and strength prediction using 

artificial neural network. Case Studies in Construction Materials, 18, 2160. doi:10.1016/j.cscm.2023.e02160. 

[25] BS EN 196–1. (2005). Methods of testing cement. Determination of strength. British Standards Institution-BSI and CEN 

European Committee for Standardization, London, United Kingdom. 

[26] Iraqi Standard NO.5. (1984). Portland Cement. Central Organization for Standardization and Quality Control, Baghdad, Iraq. 

[27] ASTM C494/C494M. (2013). Standard Specification for Chemical Admixtures for Concrete. ASTM International, 

Pennsylvania, United States. 

[28] Hassan, R. F., Jaber, M. H., Al-Salim, N. H., & Hussein, H. H. (2020). Experimental research on torsional strength of 

synthetic/steel fiber-reinforced hollow concrete beam. Engineering Structures, 220, 110948. doi:10.1016/j.engstruct.2020.110948. 

[29] Tan, Y. Y., Doh, S. I., & Chin, S. C. (2018). Eggshell as a partial cement replacement in concrete development. Magazine of 

Concrete Research, 70(13), 662–670. doi:10.1680/jmacr.17.00003. 

[30] Vivek, S., & Sophia, M. (2019). Efficient management of egg shell and conch shell wastes by utilization as bio-fillers in eco-

friendly gypsum mortar. International Journal of Engineering and Advanced Technology, 9(2), 5590–5596. 

[31] ASTM C109/C109M. (2013). Standard Test Method for Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or 

[50-mm] Cube Specimens). ASTM International, Pennsylvania, United States. 

[32] Kamaruddin, S., Goh, W. I., Abdul Mutalib, N. A. N., Jhatial, A. A., Mohamad, N., & Rahman, A. F. (2021). Effect of Combined 

Supplementary Cementitious Materials on the Fresh and Mechanical Properties of Eco-Efficient Self-Compacting Concrete. 

Arabian Journal for Science and Engineering, 46(11), 10953–10973. doi:10.1007/s13369-021-05656-x. 

[33] Pachideh, G., Gholhaki, M., & Ketabdari, H. (2020). Effect of pozzolanic wastes on mechanical properties, durability and 

microstructure of the cementitious mortars. Journal of Building Engineering, 29, 101178. doi:10.1016/j.jobe.2020.101178. 

[34] Shcherban’, E. M., Stel’makh, S. A., Beskopylny, A. N., Mailyan, L. R., Meskhi, B., Varavka, V., Beskopylny, N., & El’shaeva, 

D. (2022). Enhanced Eco-Friendly Concrete Nano-Change with Eggshell Powder. Applied Sciences (Switzerland), 12(13), 6606. 

doi:10.3390/app12136606. 

[35] Darkun, K., Febrina, L., & Lutfansa, A. (2022). Utilization a Mixture of Eggshells and Husk Ash to Reduce Environmental 

Impact. Environmental Research, Engineering and Management, 78(3), 110–118. doi:10.5755/j01.erem.78.3.31084. 

[36] Sibin, B., & Rizalman, A. N. (2021). Study on the Preparation of Eggshell Powder as a Partial Cement Replacement in Mortar. 

International Journal of Advance Research in Engineering Innovation, 3(1), 43–52. 

[37] Zaid, O., Martínez-García, R., & Aslam, F. (2022). Influence of Wheat Straw Ash as Partial Substitute of Cement on Properties 

of High-Strength Concrete Incorporating Graphene Oxide. Journal of Materials in Civil Engineering, 34(11), 4022295. 

doi:10.1061/(asce)mt.1943-5533.0004415. 

[38] Adhikary, S. K., Ashish, D. K., & Rudžionis, Ž. (2022). A review on sustainable use of agricultural straw and husk biomass 

ashes: Transitioning towards low carbon economy. Science of the Total Environment, 838, 156407. 

doi:10.1016/j.scitotenv.2022.156407. 

[39] Farooqi, M. U., & Ali, M. (2019). Effect of pre-treatment and content of wheat straw on energy absorption capability of concrete. 

Construction and Building Materials, 224, 572–583. doi:10.1016/j.conbuildmat.2019.07.086. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

99 

 

[40] Rasid, N. N. A., Nur, N. H., Mohamed, A., Abdul, A. R., Majid, Z. A., & Huseien, G. F. (2023). Ground palm oil fuel ash and 

calcined eggshell powder as SiO2–CaO based accelerator in green concrete. Journal of Building Engineering, 65, 105617. 

doi:10.1016/j.jobe.2022.105617. 

[41] Yu, T. Y., Ing, D. S., & Choo, C. S. (2017). The effect of different curing methods on the compressive strength of eggshell 

concrete. Indian Journal of Science and Technology, 10(6), 1-4. 

[42] Kumar, P., Vijaya, R. S., & Jose, R. B. (2015). Experimental study on partial replacement of cement with egg shell powder. 

International Journal of Innovation in Engineering and Technology, 4, 334-341. 

[43] Li, J., Ren, W., Zhang, A., Li, S., Tan, J., & Liu, H. (2023). Mechanical Properties and Microstructure Analysis of Cement 

Mortar Mixed with Iron Ore Tailings. Buildings, 13(1), 149. doi:10.3390/buildings13010149. 

[44] Shiferaw, N., Habte, L., Thenepalli, T., & Ahn, J. W. (2019). Effect of eggshell powder on the hydration of cement paste. 

Materials, 12(15), 2483. doi:10.3390/ma12152483. 

[45] Nandhini, K., & Karthikeyan, J. (2022). Sustainable and greener concrete production by utilizing waste eggshell powder as 

cementitious material – A review. Construction and Building Materials, 335, 127482. doi:10.1016/j.conbuildmat.2022.127482. 

[46] Amin, M. N., Siffat, M. A., Shahzada, K., & Khan, K. (2022). Influence of Fineness of Wheat Straw Ash on Autogenous 

Shrinkage and Mechanical Properties of Green Concrete. Crystals, 12(5), 588. doi:10.3390/cryst12050588. 

[47] Vedalakshmi, R., Raj, A. S., Srinivasan, S., & Babu, K. G. (2003). Quantification of hydrated cement products of blended 

cements in low and medium strength concrete using TG and DTA technique. Thermochimica Acta, 407(1–2), 49–60. 

doi:10.1016/S0040-6031(03)00286-7. 

[48] Jawad, Z. F., & Hawas, M. N. (2023). Thermal analysis for concrete incorporated with different nano, micro and recycled 

materials. AIP Conference Proceedings, 2776. doi:10.1063/5.0135993. 

[49] Shaikh, F. U. A., & Supit, S. W. M. (2014). Mechanical and durability properties of high volume fly ash (HVFA) concrete 

containing calcium carbonate (CaCO3) nanoparticles. Construction and Building Materials, 70, 309–321. 

doi:10.1016/j.conbuildmat.2014.07.099. 



 Available online at www.CivileJournal.org 

Civil Engineering Journal 
(E-ISSN: 2476-3055; ISSN: 2676-6957) 

  Vol. 10, No. 01, January, 2024 

 

 

 

  

 

    

100 

 

 

Construction Project Delay Risk Assessment Based on 4M1E 

Framework and Afghanistan Situation 

 

Hijratullah Sharifzada 1* , Yu Deming 2 

1 School of Civil Engineering, Central South University, Changsha, Hunan, China.  

Received 31 October 2023; Revised 11 December 2023; Accepted 21 December 2023; Published 01 January 2024 

Abstract 

In the realm of construction project management, delays present a significant impediment, particularly within complex 

socio-political contexts such as Afghanistan. This study endeavors to elucidate the multifaceted nature of construction 

project delays in Afghanistan, employing the 4M1E (Man, Machine, Material, Method, and Environment) framework to 

conduct a comprehensive risk assessment. The research methodology entailed the development of a structured 

questionnaire grounded in an extensive review of pertinent literature, targeting 30 recognized causes of project delays. This 

instrument was administered to a representative sample of 144 professionals across the Afghan construction industry 

spectrum, including clients, consultants, and contractors. Analytical rigor was applied through the deployment of 

frequency, severity, and importance indices to evaluate the collected data. This analysis culminated in the distillation of 

ten paramount delay risk factors, encapsulating elements such as governmental policy stability modifications in project 

scope and design alongside delays in material testing and approval processes. A comparative dimension was incorporated 

to benchmark these findings against global standards, thereby enhancing the robustness of the study’s conclusions. 

Moreover, the research delineates the congruence and discordance among different respondent cohorts, bolstering the 

integrity of the identified delay factors through a validation of internal consistency and reliability. The strategic application 

of the 4M1E framework, contextualized within the Afghan construction landscape, furnishes pivotal insights for 

stakeholders, equipping them with a nuanced understanding necessary for the proactive mitigation of delay risks. The 

implications of this study are far-reaching, promising to augment project completion efficiency, budget adherence, and 

overall project success, with particular resonance for environments paralleling the intricacies of Afghanistan. 

Keywords: Construction Project Delay Risks; Questionnaire Survey; 4M1E Framework; Critical Delay Risk; Afghanistan Situations. 

 

1. Introduction 

The construction sector plays a pivotal role in the global economy, significantly contributing to worldwide GDP and 

employment generation [1]. Effective construction project management, as highlighted by Abdulfattah et al. [2], is 

crucial in orchestrating resources, schedules, and stakeholders, ensuring projects are completed on time, within budget, 

and to the desired quality. Despite its importance, the construction industry faces numerous challenges impeding its 

growth, with project delays being a primary concern. Delays in construction are not only common but also have far-

reaching consequences [2–4]. Characterized by their unpredictability, these delays can arise from a myriad of factors, 

including stakeholder absences or unforeseen events beyond human control [5]. They adversely impact production 

scheduling and monitoring [6] and are often intertwined with cost overruns [7, 8]. For instance, in South Africa, 

construction delays lead to time extensions, cost overruns, profit losses, and disputes [9]. These challenges are echoed 
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globally, manifesting as increased costs, profit erosion, contractual disputes, and, potentially, the termination of 

agreements [10–12]. Similar trends are observed in Nigeria, where construction delays predominantly result in cost and 

time overruns [13]. The negative impact of schedule pressure often leads to decreased productivity and quality due to 

rushed tasks or out-of-sequence work [14, 15]. 

In response to these challenges, risk management has become an increasingly vital aspect of construction project 

management globally [16]. Effective risk management can mitigate risks impacting project quality, cost, and time [16]. 

The growth and sustainability of the construction sector are heavily reliant on comprehensive risk management 

strategies, given the inherent risks and uncertainties in construction projects [17-19].  

Afghanistan’s construction sector, in particular, presents a unique case study. Persistent delays in project completion 

are a notable issue [20], reflecting broader challenges within the sector. This study aims to reassess and identify the core 

delay risks in Afghanistan’s construction projects. By unveiling the underlying factors contributing to these delays, the 

research seeks to provide insights into the specific challenges faced in high-risk geopolitical environments. The findings 

of this study are intended to inform construction project management professionals globally, offering them an 

opportunity to refine their methodologies and better address such issues in comparable contexts. 

2. Literature Review 

Construction delays in Afghanistan have been the subject of extensive study. Niazai & Gidado [19] utilized audit 

reports and field reviews to delineate these delays, categorizing the identified reasons into nine groups. Their empirical 

investigation identified ten critical delay factors as perceived by Afghan construction experts. This aligns with our 

study’s findings using the 4M1E framework, further emphasizing the multifaceted nature of these delays. 

In 2020, another study [21] focused on construction delays in geopolitically risky countries. They identified key 

factors such as economic challenges affecting both owners and contractors, consultants’ inefficiencies, and material 

storage issues. Similarly, our research highlights environment-related factors as significant contributors to delays, 

underlining the impact of geopolitical risks on construction projects. 

Jahanger’s research [22, 23] in Baghdad further categorizes delay causes, echoing our study’s approach to stratifying 

delay factors. Meanwhile, studies in different regions like Vietnam [24], Egypt [25], Palestine [26], India [27], Benin 

[28], and Uganda [29] have identified various predominant causes of delays, ranging from financial constraints to 

managerial challenges. These findings resonate with our study’s emphasis on the diversity of delay factors across 

different geopolitical and cultural contexts. 

In countries like Pakistan [30], China [31], and Norway [32], the causes of delays are uniquely attributed to factors 

such as financial constraints, competitive bidding, and ineffective planning. Our research complements these studies by 

providing a structured analysis of delay factors in Afghanistan’s construction sector using the 4M1E framework. 

The 4M1E model [33, 34] is an effective risk assessment tool in construction, emphasizing resource allocation and 

environmental aspects. Our study extends its application, offering a novel perspective on its use in developing countries 

like Afghanistan. The comprehensive understanding of delay factors within this framework provides a new lens to view 

and address construction delays in such high-risk environments. 

To examine the primary reasons for delays, the current study conducted a comprehensive literature review of 40 

selected studies, as shown in Table 1. Subsequently, they shortlisted 93 delay causes categorized under the 4M1E 

framework, such as Man (21 causes), Machine (17 causes), Material (16 causes), Method (18 causes), and Environment 

(21 causes), as shown in Tables 2 to 6. 

Table 1. Summary of the findings from prior research on the causes of construction project delays 

Countries Previous Literature 

Afghanistan Kakar et al. (2020, 2022) [35, 37], Qaytmas (2020) [36], and Niazi & Painting (2017) [20]  

India Rao (2014) [38], and Muneeswaran et al. (2020) [39] 

Pakistan Ejaz et al. (2011) [40] 

Nigeria Aibinu et al. (2006) [41], and Obodoh et al. (2016) [42] 

Saudi Arabia Alzara et al. (2016) [43] 

Uganda Muhwezi et al. (2014) [29], and Alinaitwe et al. (2013) [44] 

UAE Motaleb & Kishk (2013) [45] and Choplin & Fracnk (2010) [46], Alaghbari et al. (2007) [47] 

Malaysia Mukuka et al. (2015) [9], Khan et al. (2017) [48], and Sambasivan & Soon (2007) [49] 

Iran Samarghandi et al. (2007) [50], and Islam et al. (2017) [51] 

Jordan Odeh et al. (2002) [52], Sweis et al. (2008) [53], Al-Momani (2000) [54] 

Developing countries Islam et al. (2017) [51] 

Burkina Faso Bagaya et al. (2016) [55], and Hsu et al. (2017) [56] 
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Egypt Marzouk et al. (2014) [57] 

Thailand Toor et al. (2008) [58], and Toor et al. (2008) [59] 

Vietnam Le-Hoai et al. (2008) [24] 

United Kingdom Choong et al (2018) [60] 

Turkey Kazaz et al. (2012) [61] 

Korea Cho et al. (2021) [62] 

Hong Kong Chan et al. (1997) [63] and Chan et al. (2002) [64] 

Singapore Ling et al. (2008) [65], and Hwang et al. (2013) [66] 

Kuwait Koushki & Kartam (2004) [67] 

Table 2. The most frequently cited causes for man related factors 

No MAN-related risks that can delay the construction Projects 

1 Lack of skilled workers or inadequate training 

2 Payment delays 

3 Lack of physical quality 

4 Lack of learning ability 

5 Low morale or motivation 

6 Inadequate planning, management, and leadership 

7 Inadequate resource management 

8 Inadequate contractor and subcontractor management and performance. 

9 Inadequate problem-solving skills and slow decision-making 

10 Inadequate employee engagement and feedback mechanisms. 

11 Ineffective teamwork and collaboration 

12 Non-compliance with labor laws and regulations 

13 Low labor productivity and training 

14 Shortage of labor or high turnover rates 

15 Poor communication or misunderstandings 

16 Delay in delivering required documentation 

17 Failure to manage changes 

18 Human error 

19 Lack of technical capacity 

20 Unreasonable expectation 

21 Workplace injuries or illnesses 

Table 3. The most frequently cited causes for machine related factors 

No Machine-related risks that can delay construction Projects 

22 Equipment breakdown or failures 

23 Equipment maintenance issues 

24 Outdated equipment 

25 Delay in machine setup or changeover 

26 Poor quality output from machines 

27 Lack of backup machines 

28 Lack of machine standardization and compatibility 

29 Inadequate machine safety measures 

30 Inadequate equipment storage and handling 

31 Inadequate machine capacity or capability 

32 Improper machine utilization 

33 Inadequate maintenance scheduling and tracking systems 

34 Inadequate equipment availability 

35 Inadequate equipment upgrades and modernization plan 

36 Inefficient or improper use of equipment 

37 Insufficiently trained person to maintain the Machine 

38 Inadequate equipment monitoring and control systems 
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Table 4. The most frequently cited causes for material related factors 

No Material-related risks that can delay the construction Projects 

39 Inadequate material source 

40 Inadequate material equipment safety measures 

41 Inadequate material storage condition 

42 Inadequate material traceability and documentation 

43 Material testing and approval delays 

44 Inadequate material supervision 

45 Material quality control issues 

46 Material theft issues 

47 Material damage 

48 Lack of backup materials 

49 Improper material handling and transport 

50 Inadequate material handling waste management 

51 Changes in material specification 

52 Inaccurate material estimates 

53 Late material deliveries 

54 Poor quality materials 

Table 5. The most frequently cited causes for method related factors 

No Method-related risks that can delay the construction Projects 

55 Inadequate project monitoring and control process 

56 Inadequate construction methods and techniques 

57 Inadequate quality control (QC) and quality assurance (QA) process 

58 Inadequate plant use of resources and equipment 

59 Lack of coordination 

60 Inadequate risk identification and contingency planning 

61 Inadequate project budgeting and financial management 

62 Inadequate work instruction 

63 Inadequate communication of production process changes 

64 Inadequate process validation and verification 

65 Inadequate project documentation and record-keeping 

66 Inadequate decision-making and problem-solving processes 

67 Inefficient scheduling and sequencing 

68 Ineffective changes in project scope or design 

69 Errors in the design that result in additional work 

70 Poor coordination and collaboration among project stakeholders’ team 

71 Inadequate project planning 

72 Lack of building code and standards 
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Table 6. The most frequently cited causes of environmental factors 

No Environment-related risks that can delay construction Projects 

73 Unfavourable weather condition 

74 Community opposition (legal disputes, protests, etc.) 

75 Environmental restriction, safety, and health regulations 

76 Soil and land issues 

77 Contamination and pollution 

78 Restricted access to the site due to environmental concerns 

79 Delays in obtaining necessary permits and approvals 

80 Social and demographic factors 

81 Exchange rate fluctuation 

82 Taxation and financial regulation 

83 Corruption 

84 Cultural differences, social and demographic factors 

85 Unfavourable international relations 

86 Lack of zoning and law use regulation 

87 Lack of contractual obligation 

88 The occurrence of natural disaster 

89 Economic recession and condition 

90 Lack of material availability and market competition 

91 Bad ground condition 

92 Government instability and policies 

93 Inflation or rising prices in goods and services 

The five most frequently cited causes include low productivity (20), lack of proper planning and control (19), 

incompetent subcontractors (18), inadequate skilled labor (17), and weather conditions (17). After further meta-analysis, 

the thirty (30) most prevalent delay causes were selected as the foundation for the empirical analysis. 

To address these gaps, the present study takes a fresh approach by reassessing the delay causes, incorporating 

importance ratings that consider both severity and frequency. Furthermore, this study aims to uncover the principal 

dimensions of delays, providing a more comprehensive understanding of the underlying factors that impact delayed 

construction projects. By doing so, the study aims to contribute to a more up-to-date and insightful understanding of 

delay-related issues in Afghanistan’s construction industry. 

3. Research Methodology 

3.1. Design of Questionnaire 

The 30 most often discovered delay factors were included in a main questionnaire that was drawn from a thorough 

literature assessment. In order to find studies investigating project delays, schedule overruns, and other critical elements 

impacting project performance, researchers searched academic databases using pertinent keywords. Three sections make 

up the final questionnaire. 

In the first section, we ask respondents about themselves in terms of their organization, age, education, job 

experience, the types of projects they often work on, and how often they are involved in the procurement process. In 

sections II and III, we evaluate the 30 factors of construction delays from the perspectives of important stakeholders, 

such as clients, consultants, and contractors. In line with other delay studies (e.g., [24, 55, 68]), we ask these individuals 

to use a five-point Likert scale to rate the frequency with which each cause occurs and the severity of its effects during 

the construction phase. Respondents are asked to rate the recurrence of each scenario on a 5-point scale, where 1 

represents (never) and 5 represents (always). A numerical number between 1 (not at all) and 5 (very severe) is assigned 

to indicate the level of severity. 

The questionnaire was pilot-tested with 50 construction professionals representing a range of client, contractor, and 

consultant firms before being used as the primary study instrument. The purpose of the pilot study was to evaluate the 

questionnaire for clarity and eliminate any areas of ambiguity. All pilot participants were college graduates, and over 

60% had worked in the construction industry for more than five years. The vast majority of people took part in initiatives 

that were privately funded and acquired through conventional means of contracting. 
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Cronbach’s alpha values of 0.876 for frequency of occurrence and 0.827 for severity were calculated during the pilot 

test. These numbers are much above the cutoff of 0.70 [69], suggesting that the questionnaire has high levels of both 

internal consistency and reliability. 

3.2. Data Collection 

The Google Form technique was employed for the primary survey, which is statistically significant [15, 55]. To 

gather the data, google form links were thoughtfully distributed among the clients (property developers), consultants 

(architects, engineers, and quantity surveyors), and contractors (main and sub-contractor companies). This approach 

allowed for efficient and widespread data collection, ensuring valuable insights from key stakeholders in the construction 

projects. A total of 260 responses were collected from the participants. Out of the distributed questionnaires, 144 valid 

responses were collected, resulting in a response rate of 55.38%. While this may seem like a low response rate, it is in 

line with previous research among Malaysian construction professionals undertaken by Yong & Mustaffa [6] and Abdul-

Aziz [70]. However, a sample size of above 100 is deemed enough for statistical testing and acceptable for factor analysis 

[8], guaranteeing the dependability of the acquired data for further research. 

 

Figure 1. Technical Route 

3.3. Respondent Demographic Information 

As Table 7 shows, the survey involved 144 construction practitioners, comprising contractors (44.44%), consultants 

(36.11%), and clients (19.44%). Respondents’ age distribution was 41.0% between 20-30, 22.2% between 31-40, and 

36.8% above 40 years old. Regarding experience, 22.92% had less than 2 years, 33.33% had 3-5 years, 25% had 6-10 

years, and 18.75% had over 10 years. Familiarity with delay issues varied, with 15.97% less than 10%, 14.58% between 

11% and 30%, and 34.72% between 31% and 50% and more than 50%. Regarding the number of construction projects, 

48.61% had 1 to 5 projects, 36.81% had 6 to 10 projects, and 14.58% had more than 10 projects. The observed ratios 

portray the current state of the Afghanistan construction industry, highlighting the substantial involvement of young 

professionals in meeting the high demand for construction projects. Similarly, analogous findings are reported in 

Vietnam by Le-Hoai et al. [24] and Nguyen & Chileshe [71], as well as in Malaysia by Yap et al. [72]. Given these 

characteristics, we believe that the respondents appropriately represent Afghanistan’s construction industry. 
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Table 7. Respondent’s background 

Demographic Characteristics Frequency (N=144) Percentage (%) 

Type of organization 

Contractor 64 44.44 

Consultant 52 36.11 

Client 28 19.44 

Age 

20-30 59 41.00 

31-40 32 22.20 

> 40 53 36.80 

Working Experience 

Less than 2 years 33 22.92 

3-5 Years 48 33.33 

6-10 years 36 25.00 

>10 years 27 18.75 

Familiarity with delay issues 

Less than 10% 23 15.97 

Between 11% and 30% 21 14.58 

Between 31% and 50% 50 34.72 

> 50% 50 34.72 

Number of construction projects 

1 to 5 projects 70 48.61 

6 to 10 projects 53 36.81 

> 10 projects 21 14.58 

4. Approach for Index Analysis 

To analyze the survey data, a methodology inspired by Assaf & Al-Hejji [68], Bagaya & Song [55], Maqsoom et al. 

[73], Zarei et al. [74] and Yap et al. [72] is adopted, employing three distinct sets of indices. The delay causes are 

prioritized based on occurrence, severity, and overall importance, determined by frequency, severity, and importance 

indices shown in Table 8 to 10. 

Table 8. Frequency index analysis and ranking 

No Delay Risk factors 

Overall 

(N=144) 

Contractor 

(N=64) 

Consultant 

(N=52) 

Client 

(N=28) 

G
r
o
u

p
 Rank FI. Rank FI. Rank FI. Rank FI. 

1 Inadequate problem-solving skills and slow decision-making 7 0.700 2 0.771 20 0.653 17 0.677 

M
an

 

2 Payment delays 4 0.721 20 0.672 2 0.785 6 0.705 

3 Inadequate resource management 17 0.670 7 0.743 8 0.723 29 0.543 

4 Delay in delivering required documentation 16 0.678 11 0.728 21 0.619 12 0.688 

5 Non-compliance with labor laws and regulations 25 0.638 24 0.631 24 0.611 18 0.672 

6 Lack of technical capacity 22 0.661 25 0.591 12 0.712 15 0.679 

7 Inadequate equipment monitoring and control systems 13 0.683 19 0.675 5 0.761 25 0.614 

M
ach

in
e 

8 Equipment maintenance issues 21 0.661 6 0.744 28 0.538 7 0.701 

9 Equipment breakdown or failures 27 0.600 21 0.662 29 0.454 14 0.685 

10 Inadequate maintenance scheduling and tracking systems 26 0.635 28 0.565 16 0.696 21 0.643 

11 Inefficient or improper use of equipment 30 0.581 30 0.444 23 0.612 13 0.687 

12 Outdated equipment 10 0.693 27 0.578 3 0.773 4 0.729 

13 Inadequate material storage condition 24 0.642 10 0.731 14 0.703 30 0.492 

M
aterial 

14 Inadequate material equipment safety measures 9 0.696 13 0.706 26 0.588 1 0.793 

15 Material testing and approval delays 5 0.704 15 0.697 13 0.708 5 0.706 

16 Inadequate material handling and supervision 29 0.582 8 0.741 30 0.412 26 0.592 

17 Material theft issues 14 0.682 5 0.750 25 0.596 8 0.700 

18 Inadequate material traceability and documentation 12 0.684 23 0.644 4 0.765 22 0.642 
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Table 9. Severity index analysis and ranking 

19 
Poor coordination and collaboration among project 

stakeholders' team 
20 0.662 3 0.760 17 0.677 28 0.549 

M
eth

o
d
 

20 Inadequate project planning 18 0.667 17 0.690 18 0.669 22 0.642 

21 Lack of coordination 11 0.688 9 0.734 15 0.700 24 0.629 

22 Inadequate project budgeting and financial management 19 0.663 18 0.684 10 0.719 27 0.586 

23 Too many changes in project scope and design 8 0.698 4 0.756 19 0.658 15 0.679 

24 Inadequate decision-making and problem-solving processes 28 0.587 29 0.509 27 0.553 8 0.700 

25 Economic recession and condition 1 0.747 1 0.825 8 0.723 10 0.692 

E
n
v

iro
n

m
en

t 

26 Government instability and policies 3 0.734 12 0.719 6 0.746 3 0.736 

27 Bad ground condition 23 0.660 14 0.703 21 0.619 20 0.658 

28 Community opposition (legal disputes, protests, etc.) 6 0.703 26 0.588 7 0.735 2 0.786 

29 Inflation or rising prices in goods and services 15 0.680 22 0.650 10 0.719 19 0.671 

30 Corruption 2 0.737 15 0.697 1 0.823 11 0.690 

No Delay Risk factors 

Overall 

(N=144) 

Contractor 

(N=64) 

Consultant 

(N=52) 

Client 

(N=28) 

G
ro

u
p
 

Rank S.I. Rank S.I. Rank S.I. Rank S.I. 

1 Inadequate problem-solving skills and slow decision-making 5 0.725 8 0.734 10 0.704 6 0.736 

M
an

 

2 Payment delays 16 0.689 13 0.702 21 0.651 11 0.714 

3 Inadequate resource management 13 0.695 14 0.700 2 0.750 24 0.636 

4 Delay in delivering required documentation 9 0.702 19 0.678 6 0.712 10 0.715 

5 Non-compliance with labor laws and regulations 9 0.702 21 0.669 4 0.735 14 0.701 

6 Lack of technical capacity 20 0.658 25 0.597 16 0.669 12 0.707 

7 Inadequate equipment monitoring and control systems 19 0.663 26 0.591 8 0.711 16 0.688 

M
ach

in
e 

8 Equipment maintenance issues 25 0.628 10 0.713 28 0.515 21 0.657 

9 Equipment breakdown or failures 23 0.630 20 0.675 17 0.665 28 0.550 

10 Inadequate maintenance scheduling and tracking systems 28 0.578 22 0.668 29 0.481 27 0.586 

11 Inefficient or improper use of equipment 27 0.605 27 0.509 6 0.712 26 0.593 

12 Outdated equipment 29 0.566 30 0.388 24 0.631 19 0.678 

13 Inadequate material Storage condition 1 0.747 1 0.849 22 0.650 4 0.743 

M
aterial 

14 Inadequate material equipment safety measures 18 0.678 4 0.806 27 0.577 23 0.650 

15 Material testing and approval delays 6 0.722 10 0.713 18 0.661 3 0.793 

16 Inadequate material handling, training, and supervision 30 0.512 17 0.691 30 0.438 30 0.407 

17 Material theft issues 12 0.696 9 0.725 13 0.677 18 0.685 

18 Inadequate material traceability and documentation 11 0.700 14 0.700 19 0.658 5 0.741 

19 
Poor coordination and collaboration among project 

stakeholders' team 
7 0.719 5 0.791 11 0.696 20 0.671 

M
eth

o
d
 

20 Inadequate project planning 3 0.728 12 0.706 13 0.677 2 0.800 

21 Lack of coordination 17 0.684 18 0.688 9 0.707 21 0.657 

22 Inadequate project budgeting and financial management 14 0.695 23 0.640 3 0.738 12 0.707 

23 Too many changes in project scope and design 2 0.737 6 0.753 5 0.723 6 0.736 

24 Inadequate decision-making and problem-solving processes 26 0.615 29 0.440 15 0.670 6 0.736 

25 Economic recession and condition 24 0.629 2 0.831 26 0.592 29 0.464 

E
n
v

iro
n

m
en

t 

26 Government instability and policies 4 0.727 3 0.815 12 0.681 17 0.686 

27 Bad ground condition 15 0.692 7 0.747 25 0.608 9 0.721 

28 Community opposition (legal disputes, protests, etc.) 22 0.645 28 0.494 23 0.634 1 0.807 

29 Inflation or rising prices in goods and services 8 0.708 24 0.619 1 0.808 15 0.698 

30 Corruption 21 0.650 16 0.696 20 0.654 25 0.600 
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Table 10. Important index analysis and ranking 

No Delay Risk factors 

Overall 

(N=144) 

Contractor 

(N=64) 

Consultant 

(N=52) 

Client 

(N=28) 

G
ro

u
p
 

Rank IMPI.I. Rank IMPI.I. Rank IMPI.I. Rank IMPI.I. 

1 
Inadequate problem-solving skills and slow decision-

making 
4 0.508 7 0.566 16 0.460 9 0.498 

M
an

 

2 Payment delays 5 0.495 18 0.472 6 0.511 7 0.503 

3 Inadequate resource management 17 0.469 11 0.520 2 0.542 28 0.345 

4 Delay in delivering required documentation 14 0.475 15 0.494 20 0.441 11 0.492 

5 Non-compliance with labor laws and regulations 22 0.447 22 0.422 19 0.449 16 0.471 

6 Lack of technical capacity 23 0.436 26 0.353 11 0.476 12 0.480 

7 Inadequate equipment monitoring and control systems 21 0.454 24 0.399 3 0.541 19 0.422 

M
ach

in
e 

8 Equipment maintenance issues 24 0.423 9 0.530 29 0.277 18 0.461 

9 Equipment breakdown or failures 26 0.375 20 0.447 28 0.302 25 0.377 

10 Inadequate maintenance scheduling and tracking systems 28 0.363 25 0.377 27 0.335 24 0.377 

11 Inefficient or improper use of equipment 29 0.356 28 0.226 21 0.436 23 0.407 

12 Outdated equipment 25 0.402 29 0.224 10 0.488 10 0.494 

13 Inadequate material Storage condition 8 0.481 2 0.621 17 0.457 27 0.366 

M
aterial 

14 Inadequate material equipment safety measures 15 0.475 6 0.569 26 0.339 3 0.515 

15 Material testing and approval delays 3 0.509 14 0.497 14 0.468 2 0.560 

16 Inadequate material handling, training, and supervision 30 0.311 12 0.512 30 0.180 30 0.241 

17 Material theft issues 13 0.476 8 0.544 23 0.403 13 0.480 

18 Inadequate material traceability and documentation 12 0.477 19 0.451 8 0.503 14 0.476 

19 
Poor coordination and collaboration among project 

stakeholders' team 
9 0.480 3 0.601 13 0.471 26 0.368 

M
eth

o
d
 

20 Inadequate project planning 6 0.485 16 0.487 18 0.453 5 0.514 

21 Lack of coordination 16 0.471 13 0.505 9 0.495 22 0.413 

22 Inadequate project budgeting and financial management 19 0.461 21 0.438 5 0.531 20 0.414 

23 Too many changes in project scope and design 2 0.515 5 0.569 12 0.476 8 0.500 

24 Inadequate decision-making and problem-solving processes 27 0.370 30 0.224 25 0.371 4 0.515 

25 Economic recession and condition 11 0.478 1 0.686 22 0.428 29 0.321 

E
n
v

iro
n

m
en

t 

26 Government instability and policies 1 0.533 4 0.586 7 0.508 6 0.505 

27 Bad ground condition 20 0.459 10 0.525 24 0.376 15 0.474 

28 Community opposition (legal disputes, protests, etc.) 18 0.464 27 0.290 15 0.466 1 0.634 

29 Inflation or rising prices in goods and services 7 0.484 23 0.402 1 0.581 17 0.468 

30 Corruption 10 0.479 17 0.485 4 0.538 21 0.414 

The frequency index (F.I.), measuring the rate of recurrence for each cause, is expressed as follows [55, 74]. 

𝐹. 𝐼. =  
∑ 𝑎𝑖 𝑛𝑖

5
1

5𝑁
  (1) 

The constant “𝑎” which denotes the degree of frequency, determines the (𝐹. 𝐼.), with values ranging from 1 (never) 

to 5 (always). In this case, “𝑁” represents the total number of responses, and “𝑛” represents the frequency count for 

each response. 

 Each cause of delay can be quantified using the severity index (𝑆. 𝐼.), which is computed as follows [68, 75]. 

𝑆. 𝐼. =  
∑ 𝑏𝑖 𝑛𝑖

5
1

5𝑁
  (2) 

A constant marked “𝑏” reflects the severity level, with values ranging from 1 (indicating “not at all”) to 5 (very 

severe), which is used to calculate the severity index (𝑆. 𝐼.). 

By combining how often and how severely a delay factor occurs, the importance index (IMP.I.) provides a measure 

of the relevance of each component. The equation for this is as follows [72]. 

𝐼𝑀𝑃. 𝐼. =  𝐹. 𝐼.× 𝑆. 𝐼.  (3) 
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5. Validity and Reliability Analysis 

Factor analysis is employed to identify the main groupings among the 20 delay causes. To ensure the suitability of 

the variables for factor analysis, the Kaiser-Meyer-Olkin (KMO) test and Bartlett’s test of sphericity are conducted [6, 

76]. Table 11 presents the internal consistency and validity assessment of factors in the study. The table shows 

Cronbach’s alpha values for each factor, indicating the reliability of the measurements. Factors such as “Man related,” 

"Machine related," "Material related," "Method related," and "Environmental related" demonstrate good to excellent 

reliability, with Cronbach's alpha values ranging from 0.826 to 0.928. 

Table 11. Internal consistency and validity assessment of factors in the study 

No Factors Cronbach's alpha (Reliability) KMO and Bartlett's (Validity) 

1 Man related 0.928 Excellent 0.855 Good 

2 Machine related 0.826 Good 0.801 Good 

3 Material related 0.874 Good 0.806 Good 

4 Method related 0.884 Good 0.854 Good 

5 Environmental related 0.868 Good 0.818 Good 

 All 0.876 Good 0.827 Good 

Additionally, the Kaiser-Meyer-Olkin (KMO) and Bartlett's sphericity tests are used to evaluate the validity of the 

factors. The KMO values, ranging from 0.801 to 0.855, indicate that the variables are suitable for factor analysis. The 

study shows good internal consistency and validity, with an overall Cronbach's alpha of 0.876 and an overall KMO 

value of 0.827. 

6. Assessment and Ranking of Delay Factors 

The most common reasons for delays, as reported by contractors, consultants, and clients, are listed in descending 

order. The IMP.I., or significance index, is a numerical value between 0.311 and 0.533. By analyzing both the frequency 

with which each cause is encountered and the severity of its effects, the top 10 reasons for delays are: 

1. Government stability and policies (IMP.I. = 0.533) 

2. Too many changes in project scope and design (IMP.I. = 0.515) 

3. Material testing and approval delays (IMP.I. = 0.509) 

4. Inadequate problem-solving skills and slow decision-making (IMP.I. = 0.508) 

5. Payment delays (IMP.I. = 0.495)  

6. Inadequate project planning (IMP.I. = 0.485)  

7. Inflation or rising prices in goods and services (IMP.I. = 0.484)  

8. Inadequate material storage condition (IMP.I. = 0.481)  

9. Poor coordination and collaboration among project stakeholders' team (IMP.I. = 0.480  

10. Corruption (IMP.I. = 0.479) 

Among the causes analyzed, Environment-related factors exhibit the most substantial impact on project delays 

overall (combined IMP.I. = 1.50), followed closely by Method (IMP.I. = 1.48), Man (IMP.I. = 1.003), and Material 

(IMP.I. = 0.99). This observation aligns with similar outcomes in similar studies conducted in developing regions such 

as Ghana [77] and Saudi Arabia [68]. 

Dissimilar perspectives on delay causes are evident between clients and contractors, with both parties frequently 

attributing unfavorable incidents to each other [8, 78, 79]. For instance, the top five delay causes are attributed by clients 

to Community opposition, Material testing, and approval delays, Inadequate material equipment safety measures, 

Inadequate decision-making and problem-solving processes, and Inadequate project planning. Conversely, contractors 

express concern about Economic recession and conditions, Inadequate material storage conditions, Poor coordination 

and collaboration among project stakeholders' teams, Government instability and policies, and too many changes in 

project scope and design. On some topics, consultant and contractor viewpoints are consistent. There is a consensus 

among the three parties on the order of the 10 most essential delay risk factors, although the top ten reasons for delay 

are prioritized differently. 

Furthermore, the most significant problem causing delays in construction projects, as rated with the highest severity 

score, is contractors' inadequate material storage conditions. This finding indicates that a higher frequency of occurrence 

correlates with a significantly more severe impact on the original completion date. These findings are indicative of 

contractors' self-awareness regarding their inadequate supply of materials. Surprisingly, while the frequency of 
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contractors' payment delay is ranked fourth, it ranks only sixteenth regarding the severity of delay causes. Insufficient 

cash flow can significantly hinder work progress, as contractors may face challenges executing construction activities 

as per the schedule, leading to project delays [28, 57]. 

Notably, all parties concur on the minor significant causes of delays, which include rising costs and changes in 

political leadership. This alignment is likely attributed to Afghanistan's politically unstable environment, where these 

factors have a minimal impact on project delays. 

7. A Comparative Perspective on Delay Causes 

The purpose of comparing selected countries is to validate and strengthen the findings of this empirical study by 

establishing similarities and differences with research conducted in other developed and developing nations. 

Among the selected studies listed in Table 12 and Figure 2, it becomes apparent that issues related to "Too many 

changes in project scope and design," "Payment delays," and "Inadequate project planning" are not unique to 

Afghanistan. These challenges are also prevalent in several African and Asian countries, including Iran, Benin, Jordan, 

and Uganda, accounting for a significant occurrence percentage of 20% and 15% among the top ten delay factors (see 

Figure 2). The other prominent delay factors, including "Government instability and policies," "Corruption," and 

"Inadequate problem-solving skills and slow decision-making," are not unique to Afghanistan. These challenges are 

prevalent in several countries, constituting a substantial occurrence percentage of 10% among the top 10 delay factors. 

The remaining four factors, namely "Material testing and approval delays," "Inflation or rising prices in goods and 

services," "Inadequate material storage condition," and "Poor coordination and collaboration among project 

stakeholders' team," collectively account for a significant occurrence percentage of 5% among the top 10 delay factors. 

Table 12. Key delay factors identified in various countries/regions 

No 
Top 10 delay risk factors in  

Afghanistan (2023) 

Selected Countries 
Total 

Frequency Iran 

[80] 

Uganda 

[44] 

Egypt 

[79] 

Malaysia 

[49] 

Benin 

[28] 

Jordan 

[53] 

1 Government instability and policies       2 

2 Too many changes in project scope and design       4 

3 Material testing and approval delays       1 

4 Inadequate problem-solving skills and slow decision-making       2 

5 Payment delays       3 

6 Inadequate project planning       3 

7 Inflation or rising prices in goods and services       1 

8 Inadequate material storage condition       1 

9 Poor coordination and collaboration among project stakeholders' team       1 

10 Corruption       2 

 

Figure 2. Distribution of top ten delay factors across six countries 
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8. Agreement Analysis 

The Spearman rank correlation coefficient is employed to assess the agreement among pairs of respondent groups. 

As presented in Table 13, the results indicate a relatively good level of concordance in ranking the frequency, severity, 

and IMP.I. of each delay cause among the three respondent groupings. Although clients and contractors hold slightly 

divergent opinions, they exhibit the highest level of agreement. Conversely, the lowest level of agreement is evident 

between clients and consultants. 

Table 13. Spearman's rank correlation analysis of delay factors 

 Frequency Index  Severity Index  Importance Index  

 Correlation Coefficient ( rs) Alpha α Correlation Coefficient ( rs) Alpha α Correlation Coefficient ( rs) Alpha α 

Contractor-Client 0.792 0.001 0.832 0.001 0.802 0.001 

Contractor-Consultant 0.680 0.001 0.795 0.001 0.780 0.001 

Consultant-Client 0.616 0.001 0.812 0.001 0.742 0.001 

Note: " rs " represents Spearman's rank correlation coefficient, while "α" indicates the significance level. 

9. Summary 

This study undertook an extensive investigation into the delay risks in construction projects in Afghanistan, 

employing the comprehensive 4M1E framework (Man, Machine, Material, Method, and Environment). The research 

methodology involved a detailed questionnaire survey, which was meticulously designed to capture insights into 30 

identified causes of delay commonly recognized in the Afghan construction industry. This survey garnered responses 

from a diverse group of 144 construction industry professionals, including clients, contractors, and consultants. 

Through rigorous statistical analysis encompassing frequency, severity, and importance index calculations, the study 

successfully distilled these causes into ten critical delay risk factors. Among these, factors like government stability and 

policy fluctuations, frequent changes in project scope and design, and extended durations in material testing and approval 

processes were highlighted as particularly impactful. A notable observation was the significant variation in the 

perception of these delay causes among the different respondent groups, illustrating the complexity of stakeholder 

perspectives in the construction process. 

The study's findings underscored the predominance of Environment-related factors as the most influential in causing 

project delays, a revelation that highlights the unique challenges faced in the Afghan construction sector. These were 

closely followed by factors categorized under Method, Man, and Material. The stratification of these factors under the 

4M1E categories provided a structured understanding of the multifaceted nature of project delays in this high-risk 

environment. 

10. Conclusions 

This research has made a substantial contribution to understanding the dynamics of construction project delays in 

Afghanistan, a context deeply influenced by unique socio-political challenges. The utilization of the 4M1E framework 

not only facilitated a structured investigation into delay risks but also illuminated the multifaceted and complex nature 

of these challenges. 

The identification of key delay factors, particularly those pertaining to government policies, scope changes, and 

material handling processes, offers crucial insights for industry stakeholders. These insights are instrumental for 

strategizing effective risk mitigation and enhancing project management practices. The disparity in stakeholder 

perspectives, as revealed by the study, underscores the need for improved communication channels and collaborative 

approaches within the industry to align perceptions and expectations. 

Moreover, the study's findings are significant for their implications in high-risk geopolitical contexts. By 

highlighting specific risk factors and their impacts, the study paves the way for future research and practical interventions 

aimed at mitigating delays and enhancing efficiency in the construction sector. In essence, this research not only 

contributes to the academic discourse in construction project management but also serves as a vital guide for practitioners 

in navigating the complexities of project execution in challenging environments like Afghanistan. 

10.1. Recommendations 

Based on the research findings on construction project delays in Afghanistan, the following strong recommendations 

are proposed to address and mitigate the identified delay causes: 

 Enhance Government Stability and Policy Implementation: To reduce delays caused by changes in government 

policies and regulations, the Afghan government needs to provide a stable and predictable business environment. 

Consistency in policies and their practical implementation will create a conducive atmosphere for construction 

projects. 
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 Strengthen Project Planning and Design Management: Improving project planning and design management is 

crucial to minimizing scope changes during construction. Emphasis should be placed on thorough planning, 

feasibility studies, and engaging all stakeholders early in the project to avoid costly modifications later. 

 Foster Efficient Decision-Making Processes: Inadequate problem-solving skills and slow decision-making were 

identified as significant delay causes. Project teams must streamline decision-making processes and empower team 

members to make timely and informed decisions to overcome obstacles promptly. 

 Implement Effective Material Testing and Approval Procedures: Delays related to material testing and approval 

can be mitigated by establishing efficient and transparent material selection and evaluation processes. Regular 

quality checks and approvals should be enforced to ensure that materials meet project specifications. 

 Address Payment Delays: To tackle payment delays, clients and contractors must commit to timely and fair 

payment practices. Adherence to agreed-upon payment schedules and performance-based contracts can incentivize 

timely payments. 

 Enhance Project Coordination and Collaboration: Improving communication and collaboration among project 

stakeholders is crucial to overcoming delays caused by poor coordination. Regular meetings, clear roles and 

responsibilities, and fostering a cooperative project culture can enhance coordination. 

 Invest in Workforce Development and Technical Capacity: Training and capacity-building programs for 

construction workers and professionals can enhance their technical skills and expertise. A skilled workforce is 

more likely to execute projects efficiently, leading to reduced delays. 

 Address Material Storages: Contractors should focus on improving their material inventory management to avoid 

storages that lead to delays. Strategic sourcing, reliable suppliers, and contingency planning for materials can help 

address this issue. 

 Mitigate Environmental Risks: Conducting thorough environmental impact assessments and adopting eco-friendly 

practices can help minimize delays caused by adverse environmental conditions. 

 Tackle Corruption: Combating corruption is essential for improving project efficiency and timely delivery. 

Implementing transparent procurement processes and enforcing anti-corruption measures can help create a 

corruption-free construction industry. 

 Establish Project Monitoring and Control Mechanisms: Implementing robust project monitoring and control 

systems can help identify potential delays early in construction. Regular progress tracking and timely interventions 

can prevent further delays. 

 Encourage Research and Collaboration: Encouraging research and collaboration among academia, industry 

practitioners, and policymakers can lead to innovative solutions and best practices for addressing delay causes in 

the construction sector. 

By implementing these strong recommendations, Afghanistan's construction industry can enhance its project 

delivery capabilities, minimize delays, and contribute to its overall development and economic growth. It is essential 

for all stakeholders, including the government, clients, contractors, and consultants, to collaborate and take proactive 

measures to overcome the challenges posed by project delays and ensure successful construction projects. 
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Abstract 

This article presents a solution using an artificial neural network and a neuro-fuzzy network to predict the rate of water 

evaporation and the size of the shrinkage of a self-compacting concrete mixture based on the concrete mixture parameters 

and the environment parameters. The concrete samples were mixed and measured at four different environmental 

conditions (i.e., humid, dry, hot with high humidity, and hot with low humidity), and two curing styles for the self-

compacting concrete were measured. Data were collected for each sample at the time of mixing and pouring and every 60 

minutes for the next ten hours to help create prediction models for the required parameters. A total of 528 samples were 

collected to create the training and testing data sets. The study proposed to use the classic Multi-Layer Perceptron and the 

modified Takaga-Sugeno-Kang neuro-fuzzy network to estimate the water evaporation rate and the shrinkage size of the 

concrete sample when using four inputs: the concrete water-to-binder ratio, environment temperature, relative humidity, 

and the time after pouring the concrete into the mold. Real-field experiments and numerical computations have shown that 

both of the models are good as parameter predictors, where low errors can be achieved. Both proposed networks achieved 

for testing results R2 bigger than 0.98, the mean of squared errors for water evaporation percentage was less than 1.43%, 

and the mean of squared errors for shrinkage sizes was less than 0.105 mm/m. The computation requirements of the two 

models in testing mode are also low, which can allow their easy use in practical applications. 

Keywords: Concrete Dehydration; Plastic Shrinkage; Neuro-Fuzzy Networks; Water Evaporation; Concrete Curing. 

 

1. Introduction 

Self-Compacting Concrete (SCC) is a type of concrete with the ability to self-flow and self-compact, filling 

formwork under its own weight while still ensuring uniformity, even in cases of dense reinforcement [1, 2]. The 

composition of the concrete mix has some differences compared to ordinary concrete, such as a higher level of fine filler 

content, a higher superplasticizer admixture, a larger cement paste volume, and a lower W/B (water-to-binder) ratio. 

Therefore, the behavior of concrete in the early curing stage, specifically water evaporation and plastic shrinkage, will 

be different from that of conventional concrete, leading to a different curing process. According to Loukili [3], because 

SCC has a larger fine binder ratio, a low W/B ratio, and a larger dosage of superplasticizers, surface water drainage is 

usually lower compared with conventional concrete. Simultaneously, cracks due to plastic shrinkage in SCC are more 

serious than in conventional concrete [4, 5]. The evaporation rate is an essential parameter that directly affects the 
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concrete plastic shrinkage, causing long-lasting changes to the strength of concrete structures. Therefore, the estimation 

of the evaporation rate is important for any fresh concrete prior to entering the pouring process [6]. For SCC, the concrete 

maintenance will be carried out promptly after pouring concrete to reduce water evaporation from the concrete’s surface 

and reduce the risk of premature cracking. 

Controlling the amount of water evaporated in the early curing stage is important to ensure the quality of the concrete. 

When the rate of water evaporation is too high, the concrete will fall into a state of dehydration, affecting the hydration 

of cement, leading to a decrease in the bearing strength of the concrete [7]. According to Khoa & Vu [8], when concrete 

is in the plastic state, the loss of water facilitates the development of plastic shrinkage. If dehydration occurs rapidly, it 

will cause the plastic shrinkage to quickly reach its maximum and continuously develop in the subsequent stages of 

concrete (the solid phase). As a result, more cracks will be created in concrete structures [7]. The ACI standard states 

that precautions should be taken when water evaporation rates reach 1kg/m2/h. The Australian standard guidelines state 

that plastic shrinkage cracking occurs when the water evaporation rate reaches a value of 1 kg/m2/h [9]. For the above 

reason, there is a need to accurately predict the level of water evaporation and plastic shrinkage in the early curing stage 

to serve as a basis for effective maintenance of the concrete. Since the parameters of SCC depend nonlinearly on the 

input components [10, 11], the development of a mathematical model to predict the parameters from the input ingredients 

and environmental conditions is critical for the calculation of other conditions that were not presented in the learning 

data samples [12]. 

To date, there are various studies and resulting models to estimate the parameters of SCC in general and the water 

evaporation rate (WEP) and concreate shrinkage in particular. Many of these previous research works concentrated on 

an important factor of the concrete, its compressive strength [13–16]. However, the amount of research concentrating 

on water evaporation rate and concrete shrinkage is much less. Due to the process complexity, in practice, the 

evaporation rate assessment is often carried out by site engineers based on the Nomograph developed by ACI [7]. The 

Nomograph in ACI 305R-10 estimates the rate of evaporation of surface humidity from concrete based on inputs of air 

temperature, relative humidity, and wind velocity. Alternatively to Nomograph, the work in Khoa and Vu [8] proposed 

a polynomial function of the three inputs used in Nomograph together with the temperature of the concrete as an 

additional input. On the other hand, the studies have highlighted that dependencies on the inputs undergo changes when 

the production technique is altered or new additives are introduced, leading to the need for model updates or re-training 

with new data. 

In Almohammad-albakkar et al. [6], the authors studied the SCC containing micro-silica and/or nano-silica to 

develop a theoretical drying shrinkage model that could predict both the development trend and final values of drying 

shrinkage with a mean absolute error (MAE%) at 28 days around 8.62%. Nguyen et al. [10] investigated the development 

of a predictive model for the plastic shrinkage of SCC (B4TW-SCC) based on 1.216 sets of shrinkage data. The plastic 

shrinkage was assessed based on input factors, including variations in cement content (with changes up to 40%) and a 

W/P ratio ranging from 0.36 to 0.48. Meanwhile, Li & Li [11] developed a method for predicting the plastic shrinkage 

of SCC based on the theory of critical stress and structural voids. With various SCC samples having different 

compressive strengths prepared, the model’s predicted results were found to be in good agreement with the measured 

values. The impact of different additives on the occurrence and magnitude of plastic shrinkage in SCC was discussed in 

Turcry & Loukili [12]. The tests were initiated immediately after casting SCC samples, and deformation parameters and 

pore pressure were monitored. As a result, a mechanism to prevent cracking was identified. 

Wang et al. [17] demonstrated that the use of fibers and fly ash to increase the diameter of voids in concrete can 

reduce tensile forces within the void walls, resulting in reduced plastic shrinkage in concrete. Erten et al. [18] showed 

that cracks caused by shrinkage can diminish the corrosion resistance of high-performance concrete, and fibers can limit 

crack formation. Boshoff & Combrinck [19] proposed a model for predicting the shrinkage-induced cracking level based 

on the W/P ratio during the process from concrete pouring to setting. The model was built based on a large amount of 

experimental data. Ghoddousu et al. [20] developed an equation to estimate plastic shrinkage values based on the coarse 

aggregate ratio and W/P ratio under hot-dry climate conditions. The results showed that plastic shrinkage depends on 

time and has a linear relationship with evaporable water content. In the study of cracking and plastic shrinkage, Qi et al. 

[21] demonstrated that the higher difference between the water leaving the concrete and the evaporable water from the 

surface, as well as negative pressure within the voids, leads to an increase in the elastic deformation value of SCC.  

However, it can be observed that most of the research primarily focuses on the evaluation of concrete's plastic 

shrinkage. The estimation of both the plastic shrinkage parameters and the evaporable water content of SCC 

simultaneously based on changes in the W/P ratio, environmental factors (temperature, humidity), and time remains an 

unexplored area. 

In recent years, in the fields of technology in general and construction technology in particular, artificial neural 

networks (ANNs) have been studied and applied to model nonlinear relationships between object parameters [22–24] 

as well as the behavior of materials. According to Haykin [25], the advantage of using ANN is the capability to solve 

problems that do not have a known or given mathematical model of the object. The object to be forecasted is a function 
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that depends on many factors or a complex predictor that has a nonlinear relationship with the dependent factors. 

However, there are not yet any studies using ANN to predict the percentage of water evaporated from the concrete and 

also the deformation of the concrete structure (measured by the length shrinkage of the samples) in the early stage of 

curing in Vietnam’s climate. Another popular tool recently developed is deep learning networks. They have been 

successfully used for many signal processing problems, especially for image processing and recognition in construction 

[26]. However, the main problem with these tools is that a huge set of data samples is required to train them because the 

number of parameters is much higher compared with the classic models. 

In this paper, a new approach to predicting the WEP and the plastic shrinkage size of SCC is proposed. For the 

purpose of this article, we experimentally mixed 48 base SCC samples to create data sample sets. The computation 

models predicting the WEP and the plastic shrinkage size of SCC based only on four inputs, including the concrete 

water-to-binder ratio, environment temperature, relative humidity, and the time after pouring the concrete into the 

mold. This simple requirement will ease the implementation of the models in practical use. As nonlinear pre dictors, 

the classic Multi-Layer Perceptron (MLP) and the modified neuro-fuzzy Takaga-Sugeno-Kang (TSK) network were 

proposed. These models have been proven highly effective as predictive solutions for various technical problems 

[10, 13, 14]. 

2. Method for Determining the Water Evaporation Percentage and the Plastic Shrinkage Size of Samples SCC 

The predictive models will receive input from four variables: the W/B ratio of the mixture, the environment 

temperature and relative humidity, and the time elapsed since pouring the mixture into the mold. The models will also 

produce four outputs: two rates of the water evaporation percentage (WEP) for samples without and with curing, and 

two deformation lengths (concrete sample shrinkages) for samples without and with curing. The general methodology 

of the proposed process is shown in Figure 1. 

 

Figure 1. The process of the proposed methodology used for implementing the predictive models 
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The numerical results showed that both networks can serve effectively as robust nonlinear predictors for WEP 

and shrinkage size parameters of SCC, with a slight advantage observed in the performance of the modified TSK 

network. 

Water evaporation from concrete is the loss of water to the surrounding environment, influenced by weather factors 

such as air temperature, air relative humidity, wind speed, and solar radiation. This evaporation process spans several 

days, with a very high rate in the first 8 to 10 hours after pouring and a much slower rate for the rest of the process [10]. 

In this study, the volume of water evaporated through the open surface of the SCC was quantified by periodically 

weighing 10×10×30 cm test specimens on a precision electronic scale with an accuracy of 0.1g (see Figure 2-a). Over a 

10-hour period, with the sampling period equal to every one hour, commencing from the time of concrete pouring into 

the mold, the concrete sample weight was recorded to determine the volume of water evaporated. The concrete samples 

were tested for water loss in two curing conditions: no curing and water curing. 

  

(a) (b) 

Figure 2. Measurement of Plastic Shrinkage of SCC (a) and measuring the water loss of SCC (b) 

Plastic shrinkage is a physical process occurring during the initial stages of concrete setting and hardening, primarily 

driven by the rapid evaporation of water. Water shrinkage increases the negative pressure in the capillaries, causing 

aggregated particles to come closer together and resulting in deformation within the concrete [10]. In this study, plastic 

deformation was assessed using two strain gauges positioned at both ends of 10×10×30 cm concrete specimens. 

Continuous measurements were taken over an 8-hour period (from 10:00 to 18:00), beginning with the initial 

measurement. The variable value represents the combined output of the two gauges, which was then converted to mm/m 

based on the combined value of the variable measurement and the length of the specimen. Concrete samples were 

subjected to testing under two distinct curing conditions, including no curing and water curing (see Figure 2-b). 

The experiment was conducted in the natural environmental conditions of the Hanoi region of Vietnam. Four distinct 

weather conditions (namely C1, C2, C3, and C4) were selected based on their relative suitability with the typical weather 

regions of Vietnam's hot and humid climate, including different climate seasons and parameters. The experiment 

conditions are shown in Table 1. 

Table 1. Weather conditions used in generating samples 

Symbol Characteristics Air temperature (oC) Air humidity (%) 

C1 Wet, hot 15 to 30 70 to 95 

C2 Dry 18 to 30 40 to 65 

C3 Hot, humid 28 to 35 65 to 85 

C4 Hot 28 to 40 40 to 65 

The measurements of evaporation served to calculate the cumulative percentage of water evaporated from the sample 

at each measurement interval, relative to the total quantity of water used during the concrete sample’s mixing process. 

Table 2 shows two illustrative sets of measurement results obtained at different temperature and relative humidity 

(RH%) conditions, as well as two distinct curing conditions. 
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Table 2. Examples of Water Evaporation Percentage and Shrinkage size measurement 

Time (h) T (oC) RH (%) 
WEP (%) Plastic shrinkage size (mm/m) 

without curing with curing without curing with curing 

Sample No. 1 

0 26 50 0 0 0 0 

1 30 40 3.39 3.1 0 0 

2 32 41 7.28 6.1 0 0 

3 32 40 16.94 13.97 -1.22 -0.91 

4 32 45 22.36 19.1 -1.83 -1.51 

5 31 42 27.1 23.2 -2.1 -1.81 

6 31 50 30.91 26.5 -2.31 -2.07 

7 28 52 32.58 28.2 -2.35 -2.1 

8 28 55 32.58 28.2 -2.43 -2.13 

9 27 60 32.58 28.2 -2.43 -2.13 

10 26 63 32.58 28.2 -2.43 -2.13 

Sample No. 2 

0 30 85 0 0 0 0 

1 31 75 3.7 3.4 0 0 

2 35 65 8.9 8.1 0 0 

3 33 67 12.3 11.4 -0.74 -0.59 

4 32 68 15.1 14.1 -1.11 -0.89 

5 32 68 17.5 16.4 -1.35 -1.08 

6 31 69 19.57 18.1 -1.45 -1.17 

7 30 70 20.7 18.85 -1.47 -1.19 

8 29 72 20.91 18.9 -1.5 -1.21 

9 28 75 20.91 18.9 -1.5 -1.21 

10 28 76 20.91 18.9 -1.5 -1.21 

3. The Neural Network and Neuro-Fuzzy Network as Nonlinear Estimators 

The prediction models are represented by nonlinear transfer functions between input vectors and output vectors. 

Typically, as in this research, when the transfer function is not known in advance, the model’s parameters are determined 

based on machine learning algorithms and some data sample sets. In the classic approach of the supervised mode of 

training, there are at least two data sets required: the learning data set and the testing data set [25]. 

If we denoted the learning data samples set containing p pairs of input-output {𝑥𝑖 , 𝑑𝑖} where 𝑖 = 1, . . . , 𝑝; 𝑥𝑖 ∈ ℝ𝑁; 
𝑑𝑖 ∈ ℝ𝐾  then the parameters w of a function f() are adapted during the learning process to minimize the error function, 

also called the sum squared error (SSE) function: 

𝐸𝑙𝑒𝑎𝑟𝑛 =
1

2
∑ ‖𝑓𝒘(𝒙𝑖) − 𝒅𝑖‖

2𝑝
𝑖=1 → 𝑚𝑖𝑛  (1) 

When the learning process ends, the achieved function is tested with new set of q pairs of data {𝑥𝑖
𝑡𝑒𝑠𝑡 , 𝑑𝑖

𝑡𝑒𝑠𝑡} where 

𝑖 = 1, . . . , 𝑞. The different measures to evaluate the performance, among which we can use again SSE function: 

𝐸𝑡𝑒𝑠𝑡 =
1

2
∑ ‖𝑓𝒘(𝒙𝑖

𝑡𝑒𝑠𝑡) − 𝒅𝑖
𝑡𝑒𝑠𝑡‖2𝑝

𝑖=1   (2) 

or other measures such as the mean relative error (MRE), the correlation score, etc. [25].  

Throughout the testing process, the parameters of the function (indicated as components in 𝑤) remain unaltered. 

When multiple model candidates were available, the one with the lowest testing error was chosen as the optimal choice. 

As previously mentioned, in this research, we will use MLP and modified TSK models to assess their performance with 

the data sets we collected. 

3.1. The Multi-Layer Perceptron 

The MLP is a feedforward structure with one input layer, one output layer, and some hidden layers [25]. There is no 

limitation on the number of hidden layers, but the most popular configuration is the MLP with one hidden layer. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

122 

 

In Figure 3, an example of MLP network with 1 hidden layer is presented with N inputs, M neurons in the hidden 

layer and K outputs. It’s also recommended that each neuron should have a so-called bias input equal 1. The connections 

from the inputs to the hidden neurons are denoted by the weights 𝑊𝑖𝑗 (𝑖 = 1, … , 𝑀; 𝑗 = 0, … 𝑁) the connections from 

the hidden neurons to the outputs are denoted by 𝑉𝑖𝑗 (𝑖 = 1, … , 𝐾; 𝑗 = 0, … , 𝑀). 

The transfer function of hidden neurons is denoted as f1, and the transfer function of output neurons is f2. The popular 

selection of f1 is the 𝑡𝑎𝑛𝑠𝑖𝑔() defined as follow [22]: 

𝑓1(𝑥) = 𝑡𝑎𝑛𝑠𝑖𝑔(𝑥) =
𝑒𝑥−𝑒−𝑥

𝑒𝑥+𝑒−𝑥  (3) 

and linear function for f2 [22]. 

 

Figure 3. An example of MLP with one hidden layer 

With the above descriptions, the output of the MLP is calculated as a feedforward network for an input vector 𝒙 =
[𝑥1, 𝑥2, … , 𝑥𝑁] ∈ ℝ𝑁as follow: 

1. The aggregated inputs of hidden neurons: 

𝑢𝑖 = ∑ 𝑊𝑖𝑗 ⋅ 𝑥𝑗
𝑁
𝑗=0   (4) 

2. Outputs of hidden neurons vi for 𝑖 = 1, … , 𝑀 (let v0 = 1): 

𝑣𝑖 = 𝑓1(∑ 𝑊𝑖𝑗 ⋅ 𝑥𝑗
𝑁
𝑗=0 )  (5) 

3. Outputs of the MLP network yk for 𝑘 = 1, … , 𝐾: 

𝑦𝑘 = 𝑓2(∑ 𝑉𝑘𝑖 ⋅ 𝑣𝑖
𝑀
𝑖=0 )  (6) 

or in a simplified form as: 

𝑦𝑘 = 𝑓2(∑ [𝑉𝑘𝑖 ⋅ 𝑓1(∑ 𝑊𝑖𝑗𝑥𝑗
𝑁
𝑗=0 )]𝑀

𝑖=0 )  (7) 

When the data sample sets are provided, the number of inputs and the number of outputs of an MLP align with the 

corresponding dimensions of the input and output vectors in the sample sets. However, the appropriate number of hidden 

neurons is not straightforward and needs to be determined. 

For a given number of hidden neurons, the MLP undergoes training to fit a designated set of learning data samples, 

involving the adjustment of weights Wij and Vij. In this paper, the classic Levenberg–Marquadrt algorithm was used to 

train the MLPs [25]. The selection of the optimal number of hidden neurons was determined using a trial-and-error 

approach, similar to the method outlined in Nguyen & Tran [22] and Haykin [25]. 

3.2. The modified TSK Neuro-fuzzy Network 

The second nonlinear estimator that is used for testing in this paper is a modified version of the neuro-fuzzy TSK 

network, whose structure is presented in Figure 4, where N indicates the number of inputs and M denotes the number of 

reasoning rules. For the sake of clarity, the network in Figure 3 shows only one output, although it's important to note 

that this model can be configured for any desired number of outputs. This modified model has two significant deviations 

from the original TSK model [27]: 

 It uses the Mahalanobis distance instead of the Euclidean distance in the membership function, and 

 It abstains from computing the averages of weights in the final response. 
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For an input vector 𝑥 = [𝑥1, 𝑥2, … , 𝑥𝑁] ∈ ℝ𝑁, in the classic TSK network, the output membership value indicating 

“how close vector x is to a center point 𝑐𝑖 = [𝑐𝑖1, 𝑐𝑖2, … , 𝑐𝑖𝑁]” is as follow: 

𝜇𝑖(𝒙) = ∏ 𝜇𝑖(𝑥𝑗)𝑁
𝑗=1 = ∏

1

1+(
𝑥𝑗−𝑐𝑖𝑗

𝜎𝑖𝑗
)

2𝑏𝑖𝑗

𝑁
𝑗=1   

(8) 

where it can be clearly seen the use of Euclidean distances between each dimension of x and ci. Therefore, the number 

of so-called width parameters σij is 𝑁 × 𝑀 and the number of so-called shape parameters bij is also 𝑁 × 𝑀. 

 

Figure 4. An example of a modified TSK network with one output 

In the modified network, the Mahalanobis measure is used as the distance between x and ci with the formula: 

‖𝑥 − 𝑐𝑖‖𝑀 = √‖𝑥 − 𝑐𝑖‖𝑇 ⋅ 𝐴𝑖 ⋅ ‖𝑥 − 𝑐𝑖‖  (9) 

where Ai is the so-called scaling matrices. It can be seen that the Euclidean distance is a special case of the Mahalanobis 

distance, where the scaling matrices are identity matrices.  

With this measure, the membership function is determined as follow: 

𝜇𝑖(𝒙) =
1

1+(
‖𝒙−𝒄𝑖‖

𝑀
𝜎𝑖

)

2𝑏𝑖
  

(10) 

The introduction of scaling matrix Ai for each reasoning rule initially serves to reduce the number of width 

parameters 𝜎𝑖 to M only (one parameter for one rule) and the shape parameter 𝑏𝑖 also to M only. On the other hand, the 

scaling matrices allow a better penetration of the rules into the space of features, which, in turn, would facilitate 

improved data modelling. A demonstration of this enhanced data space penetration and representation is shown on Fig. 

5, where data samples are grouped into three areas. As depicted in Figure 5-a, that different scales in data dimensions 

have no influence on the Euclidean distance, therefore the equi-distance lines have circular shapes. In contrast, the 

Mahalanobis distance, by taking into account the correlations of the data points, leads to equidistant lines having the 

rotated elliptical shapes, as illustrated in Figure 5-b. These shapes, in turn, would generate a better data representation 

for further computation blocks in our proposed model. 

  

(a) (b) 

Figure 5. (a) A demonstration of clustering of 2-D data samples using Euclidean distance, (b) and using Mahalanobis distance 
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The modified TSK network uses the same linear TSK function 𝑓𝑖(𝑥), for 𝑖 = 1, … , 𝑀, as in the classic network, with 

the outputs are: 

𝑓𝑖(𝑥) = 𝑞𝑖0 + ∑ 𝑞𝑖𝑗𝑥𝑗
𝑁
𝑗=1   (11) 

where qij are linear parameters to be trained.  

For the classic network, the final output is a weighted response from all the reasoning rules: 

𝑦 =
∑ 𝜇𝑖(𝑥)⋅𝑓𝑖(𝑥)𝑀

𝑖=1

∑ 𝜇𝑖(𝑥)𝑀
𝑖=1

  (12) 

but the modified TSK uses just the numerator of Equation 12, i.e. the output of the modified TSK is as follow: 

𝑦 = ∑ 𝜇𝑖(𝑥) ⋅ 𝑓𝑖(𝑥)𝑀
𝑖=1   (13) 

This simplification has a significant impact on the training algorithm of the network [27]. In the classical 

approach, the denominator also includes trainable parameters, resulting in complex gradient formulas and requiring 

more computational operations. However, despite the introduction of the matrix A i, it does not significantly 

complicate the learning process, as it was shown in Linh [27] that the matrices can be determined once after the 

initialization of the data centers using fuzzy clustering method and they don’t need to be updated during the training 

of other parameters. For a data set containing p input samples xj and M data centers ci, the determination of matrix 

Ai is as follow: 

 Calculate the degrees uji (also called the membership values) that a sample vector xj belong to a centers ci (for 𝑗 =

1,2, … , 𝑝;  𝑖 = 1,2, … , 𝑀): 

𝑢𝑗𝑖 =

1

‖𝑥𝑖−𝑐𝑗‖
2

∑
1

‖𝑥𝑖−𝑐𝑘‖
2

𝑀
𝑘=1

  (14) 

 Calculate the matrices of covariation Fi for 𝑖 = 1,2, … , 𝑀: 

𝐹𝑖 = ∑ 𝑢𝑗𝑖
2 (𝑥𝑗 − 𝑐𝑖) ⋅ (𝑥𝑗 − 𝑐𝑖)

𝑇𝑝
𝑗=1   (15) 

 Calculate the scaling matrices Ai for 𝑖 = 1,2, … , 𝑀: 

𝐴𝑖 = √𝑑𝑒𝑡(𝐹𝑖)
𝑁

⋅ 𝐹𝑖
−1  (16) 

In the case of the TSK network, similar to the MLP network, the number of inputs and outputs is determined by the 

data samples. During the training process, it’s needed to find the number of rules that enable the network to achieve a 

desirable low level of testing errors. We used a similar “trial and test” approach, starting with a network containing just 

one rule and increasing the number of rules during these trials [22]. To train the TSK networks, the hybrid algorithm 

described in Linh [27] was used. 

4. Field Experiments and Numerical Results 

In this section, the experiments to mix the concrete samples and measure the evaporation rates at different time 

points will be discussed. With the collected data samples, the two networks are trained with different networks’ 

structures to experimentally determine the best candidates for the prediction tasks discussed in Section 1 and Section 

2. 

4.1. Sample Mixtures Preparation and Data Collections 

In order to create the data samples, we mixed a total of 48 samples of SCC, with 7 main components [28]: 

 Cement: from 17.3 to 18.8%; 

 Fly ash: from 5.9 to 6.2%; 

 Sand: around 34.2%; 

 Stone: around 32.6%; 

 Super ductile additive: from 0.23 to 0.25%; 

 Viscosity modifying admixtures: 0.008% to 0.0085%; 

 Water: from 7.8 to 8.3%. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

125 

 

These mixtures allow for a W/B ratio within the range of 0.3 to 0.35. Each mixture was then poured into two molds, 

one for testing with curing and the other without curing. Each test spanned a duration of 10 hours, measuring the water 

evaporation and the concrete shrinkage at every hour. Each measurement generates a row of data, as shown in Table 2. 

Then, for each mixture, half of the samples were used for measuring 11 points without curing, while the remaining half 

was used for measuring 11 points of samples with curing. As total, 11 × 48 = 528 samples were collected. With these 

48 sets, we randomly selected 32 sets (i.e., 2/3 of the total) containing 352 samples to form the learning set and the rest 

of the 176 samples to form the testing set. 

The collected WEP and shrinkage sizes are illustrated in Figure 6. It can be evidently seen that when the concrete 

samples are cured with water surfacing, both the corresponding WEP and shrinkage are reduced as expected. 

 

(a) 

 

(b) 

Figure 6. The measured of WEP (a), and shrinkage (b) for the SCC samples mixed in the experiments for cases without 

curing (blue) and with curing (red) 

With those collected data samples, the next task is to train the network models. As previously mentioned, the 

networks’ structure parameters, i.e., the number of hidden neurons in the MLP network and the number of reasoning 

rules in the TSK network, were selected based on the method of “trial and error”. To identify sub-optimal values 

for these parameters, we randomly generated multiple networks with varying configurations, then trained and tested 

them with the data sets generated above. The network with the lowest test error was selected for further 

consideration. 

In this study, we used the Mean of Squared Errors (MSE) and Square of Correlation Coefficients (R2) between the 

expected values and the actual outputs to compare the performance of the models. In Figure 7, the changes in testing 

MSE error of MLP networks and TSK networks versus the number of hidden neurons are presented. As can be seen in 

Figure 7-a for the MLP network, when the number of hidden neurons is greater than 30, practically the testing error 

stays at a similar level, and the network with 39 hidden neurons achieved the lowest testing error. Consequently, this 

network was selected for further consideration. 

 

(a) 
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(b) 

Figure 7. The changes in testing error versus structure parameter for MLP (a), and TSK (b) networks 

A similar result was achieved for the modified TSK network, as depicted in Figure 7-b. The testing errors stabilized 

after 30, and the network with 34 reasoning rules obtained the lowest testing error. With that, the TSK network with 34 

reasoning rules was selected for further consideration. 

4.2. Numerical Results 

As seen in Figure 7-a, after testing many MLP networks with different numbers of hidden neurons, the MLP network 

with 39 hidden neurons was selected as the configuration that delivered the best performance. As mentioned earlier, the 

network has four parallel outputs to estimate the following: 1. WEP for non-cured concrete; 2. WEP for concrete cured 

with water; 3. shrinkage size for non-cured concrete samples; and 4. shrinkage size for concrete samples cured with 

water. The testing results (conducted on the set of 176 samples after learning with the other 352 samples) for WEP are 

presented in Figure 8. The MSE error for no-cured samples was 1.428%, and for samples with curing, it was 1.343%. 

The corresponding R2 were 0.9843 and 0.9835. 

The results for the prediction of shrinkage sizes for both cases (samples without and with curing) using MLP are 

shown in Figure 9. The MSE error for no-cured samples was 0.0974 mm/m and for samples with curing it was 0.101 

mm/m, where the corresponding R2 were 0.9886 and 0.9851. 

 

(a) 

 

(b) 

Figure 8. The testing error of MLP network for water evaporation percentage prediction for concrete samples (a) without 

curing, and (b) with curing  
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(a) 

 

(b) 

Figure 9. The testing error of MLP network for deformation (in mm) of concrete samples (a) without curing and (b) with curing  

The results for WEP and shrinkage estimations were very satisfactory for us; the errors were at very low levels, 
which shows the great capability of the MLP network to learn nonlinear problems. With a similar process, the TSK 

models were trained on the same data sets. As seen in Figure 7-b, after testing many TSK networks with different 
numbers of reasoning rules, the TSK network with 34 reasoning rules was selected as the best configuration. The 
networks were trained to generate similar 4 outputs in parallel as the MLP network. The testing results for WEP are 
shown in Figure 10. For the TSK network, the MSE error for no cured samples was 1.009%, and for samples with curing, 
it was 1.014%. The corresponding R2 were 0.9922 and 0.9906, respectively. 

 

(a) 

 

(b) 

Figure 10. The testing error of TSK network for water evaporation percentage prediction for concrete samples (a) without 

curing and (b) with curing  
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The results for using TSK to predict the shrinkage sizes for both cases (samples without and with curing) are shown 

in Figure 11. The MSE error for no cured samples was 0.0778 mm/m and for samples with curing it was 0.0768 mm/m, 

where the corresponding R2 were 0.9926 and 0.9910. The results for WEP and shrinkage estimations were again very 

satisfactory, relatively even better than the performance of the MLP. 

 

(a) 

 

(b) 

Figure 11. The testing error of TSK network for deformation (in mm) of concrete samples (a) without curing and 

(b) with curing  

The results for both cases are collected in Tables 3 and 4 for comparison purposes. 

Table 3. Mean squared error for testing samples 

Case 
MLP  

(39 hidden neurons) 

TSK  

(34 reasoning rules) 

WEP no curing (%) 1.428 1.009 

WEP with curing (%) 1.343 1.014 

Shrinkage when no curing (mm/m) 0.0974 0.0778 

Shrinkage when with curing (mm/m) 0.101 0.0768 

Table 4. R2 coefficient for testing samples 

Case 
MLP  

(39 hidden neurons) 

TSK  

(34 reasoning rules) 

WEP no curing 0.9843 0.9922 

WEP with curing 0.9835 0.9906 

Shrinkage when no curing 0.9886 0.9926 

Shrinkage when with curing 0.9851 0.9910 
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5. Conclusion 

The paper presented the application of MLP and the modified TSK networks to estimate the water evaporation rates 

and the shrinkage size of SCC samples for different environmental conditions. The SCC samples were tested when not 

cured and when curing with water. Experimental specimens of concrete were mixed and measured to create a total of 

528 data samples for training and testing the networks. Numerical results showed that both networks can be trained from 

the data sets to make highly accurate predictions of WEP and shrinkage size for both cured and not cured concrete 

samples. Comparatively, the TSK network showed better performance than MLP for the data sets used. The networks 

required only four inputs, including the concrete water-to-binder ratio, environment temperature, relative humidity, and 

the time after pouring the concrete into the mold. These inputs are straightforward to implement, making the proposed 

solutions readily adaptable for practical uses. 

Based on the achieved results, there are various opportunities to expand the proposed solutions. First, the 

effectiveness of the models can be significantly enhanced by using additional input parameters such as solar radiation, 

wind speed, or the actual temperature of the concrete sample. These environmental factors are known to have an impact 

on the concrete’s workability and parameters. Another important factor in the behavior of the SCC is the concrete curing 

methods. Once the models are trained to predict the SCC’s parameters based on curing methods, we can use the results 

to select the method that gets the best performance from the SCC. Inversely, we are also going to use the data samples 

for inverse parameter search, where users can estimate the inputs, i.e., the parameters of the concrete or the parameters 

of the environment, in order to achieve the expected WEP or shrinkage sizes of the mixed SCC samples. 
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Abstract 

Reinforced concrete beams must meet strength and durability standards, but aggressive environmental factors are the main 

cause of corrosion, which can affect the strength and durability of building structures. Maintenance, retrofitting, and 

reinforcement of structures are important to ensure safety. It is necessary to take appropriate measures to address corrosion 

problems in building structures early on. One way to achieve this is by repairing damaged structures using more modern 

and effective technologies and materials. This study aims to determine the flexural behavior of reinforced concrete (RC) 

beams repaired with Sikagrout-215 material and reinforced with GFRP sheets with different layer configurations. The 

study used three RC beams as the control group, three RC beams coated with Sikagrout-215 mortar, and six RC beams 

reinforced with GFRP. All beams were subjected to 4-point bending tests to determine their load capacity, crack response, 

ductility, and energy absorption capacity. The results showed that repair with grouting decreased the load capacity, while 

reinforcement with a combination of mortar grouting and GFRP increased the maximum load. Reinforcement of the 

support region could restore the function of the beam by 9.3%. Among the three types of reinforcement, BGRST 

significantly improved the first crack response, yield response, and ultimate performance of the RC beams. Beam fracture 

occurred more frequently with Sikagrout-215 mortar reinforcement, while reinforcement with GFRP composites partially 

protected the load capacity after fracture. 

Keywords: Reinforced Concrete; Spalling; Grouting; GFRP. 

 

1. Introduction 

Reinforced concrete beams are one of the important parts of building structures that must meet strength and durability 

standards to ensure the wearer's safety. However, environmental factors such as corrosion and damage from heavy loads 

can affect the strength and durability of reinforced concrete beams [1]. Durability, maintenance, and retrofitting of 

structures are some of the issues that are of growing concern to the international construction scene. Nowadays, it is not 

uncommon to find buildings operating at the limits of stability and safety (such as some bridges or residential buildings, 

for example). The fragile condition of civil structures will further endanger the public by ignoring simple procedures 

such as periodic inspections and preventive maintenance, eventually leading to solutions for retrofitting and sometimes 

total demolition of the structure [2]. 

Extensive research over the past few decades led to the development and use of cement as a cost-effective solution 

for repair [3, 4]. Several new types of advanced repair materials and techniques have been successfully developed to 

restore the chipped cover of RC structures. One such method is patch repair with grouting [4]. Patching is usually done 
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by applying mortar or concrete by hand, recasting with mortar or concrete, spraying concrete, or ferrocement with mortar 

or concrete. Gergess et al. [4] and Chalioris et al. [5] focused on the repair of RC beams damaged to the point of yielding 

longitudinal reinforcing steel bars simulating RC structural elements in existing structures subjected to increased service 

loads. Alwash et al. [6] rehabilitated reinforced concrete column-beam (RC) specimens that corroded when subjected to 

bending moments and axial forces. Corrosion reinforcement damage can be addressed by patching repair techniques and 

replacing the corroded steel reinforcement. Machmud et al. (2019) [7] conducted an innovative reinforcement system 

by combining cement mortar with the same benefits (lightweight, easy to install, and non-rusting) as the FRP system, 

increasing the bond between concrete and reinforcement and thus increasing the ultimate capacity of RC beams. 

Strengthening and repairing damaged structural elements is considered necessary to restore structural performance 

and avoid the demolition and reconstruction of new structural elements [8]. Efficiency will be even better if these 

materials are combined with the use of fiber-reinforced polymer (FRP) because it can increase the stiffness of structural 

elements, residual flexural strength, and load capacity of reinforced concrete [9]. They are currently using cementitious 

materials for repairs, and FRP as structural reinforcement has proven to have great benefits in restoring the service life 

of old building structures. FRP is also used for new structures, where it is used as reinforcement and as prestressing for 

concrete structures. Since FRP composites are also easy to apply in structural reinforcement, they have become quite 

effective as an alternative reinforcement element. Compared to steel reinforcement, FRP has several advantages, such 

as higher tensile strength, a lower modulus of elasticity, bonding characteristics, and being lightweight and non-corrosive 

[10]. 

Structural rehabilitation is mandatory for RC conditions that are porous due to corrosion and have experienced 

separation between concrete blankets and reinforcement. Gergess et al. (2020) [4] found that the repair of severely 

damaged RC beams with high-strength cement grout can increase 1.4 to 1.5 times the flexural load-bearing capacity of 

RC beams from the level of damage. Using high-grade cement in combination with CFRP reinforcement is very effective 

for increasing the flexural capacity of RC. An experimental study by Ortega et al. [11] on damaged reinforced concrete 

columns treated with mortar patches and then subjected to axial loads until failure can provide better results even though 

they are made with low-grade concrete. Pineda et al. (2017) [12] CFRP grid treatment in a mortar (CGM) and Carbon 

Fabric Reinforced Cementitious Mortar (CFRCM) showed better results for increased shear capacity compared to 

epoxy-based systems (CFRP sheets). Ferrari et al. (2013) [3] RC reinforcement method using a combination of High-

Performance Fiber Reinforcement Cement-Based Composite (HPFRCC) and Carbon Fiber Reinforced Polymers 

(CFRP) obtained RC with pseudo-strain-hardening behavior, high strength, and fracture toughness. 

The use of FRP in decades related to handling brittle RC concrete proved to increase the strength and stiffness of 

concrete structures so that they could withstand greater loads and reduce deformation [13, 14]. Glass Fiber Reinforced 

Polymer (GFRP) has high strength and modulus, good compatibility with concrete, dimensional stability, and corrosion 

resistance [8, 15]. GFRP is becoming more economical and suitable for various projects [9, 16]. Almusallam (2006) 

conducted a study of concrete with a compressive strength of 36.4 MPa reinforced with GFRP and showed that general 

GFRP sheets significantly improved the flexural strength and ductility of beams. 

In this study, RC beam specimens were produced in a critical condition and therefore needed to be treated to increase 

their service life and flexural capacity. Compared to the real condition of RC treatment, if replaced with a new condition, 

it will require a high cost and a long time, so experimental research is carried out to restore the structure's service life. 

Treating critical beams starts with restoring the beam dimensions to make them perfect again using Sikagrout-215, then 

reinforcing the RC with GFRP installation. The impact of the strengthening of the beams has been investigated on 

flexural strength, ductility, and energy absorption capacity. This study aims to investigate the effectiveness of 

rehabilitation using the grouting method and reinforcement of RC with GFRP sheets. 

2. Material and Methods 

2.1. Concrete and Steel 

The concrete used in all RC beams was sourced from a ready-mix company. Slump tests were taken for cylindrical 

specimens and concrete cubes at the time of production and arrival at the laboratory area. The average compressive 

strength for 28 days was found to be 21 MPa, the strain capacity was found to be 0.0026, and the elasticity module was 

found to be 28360 MPa. As a result of the standard tests conducted, the yield strength of steel reinforcement with Ø 8 

has been calculated as 375 and the tensile strength as 496 MPa; the yield strength of steel reinforcement with Ø 13 has 

been calculated as 420 and the tensile strength as 520 MPa. The modulus of elasticity (Es) of the reinforcement is 200 

GPa. 

2.2. Cement mortar (Sikagrout-215) 

Sikagrout-215 is a ready-to-use grouting cement with non-shrink characteristics, used to fill gaps or spaces between 

concrete structural elements, such as columns, beams, and retaining walls, and other structural elements, such as steel, 
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iron, or prestressed concrete. Sikagrout-215 has non-shrink properties that enable its use in conditions that require 

resistance to deformation, as well as special formulations that can extend service life and reduce the risk of cracking due 

to shrinkage. In addition, Sikagrout-215 can also be applied easily and quickly, with mixes requiring only the addition 

of water. The mechanical properties of the mortar are shown in Table 1. 

Table 1. Mechanical properties of cement mortar 

Sample test 

(days) 

Compressive strength 

(MPa) 

Flexural strength 

(MPa) 

7 28 4 

28 34 10.6 

2.3. Glass Fiber Reinforced Polymer (GFRP) 

As an externally bonded reinforcing material to the structure, the unidirectionally knitted glass fiber composite GFRP 

is both all-weather and saltwater-resistant [17, 16]. To apply GFRP webbing as a reinforcing element in RC specimens, 

the bonded surface must be cleaned of all kinds of impurities, such as dust or the like. The adhesion strength of GFRP 

and the RC beam surface is greatly influenced by the way the epoxy glue is applied; the glass fiber matting attached to 

the RC surface is attached using a special roller and then pressed as much as possible so as not to form air bubbles 

outside [15, 18]. Table 2 illustrates the specifications of the GFRP sheets manufactured by Fyfe Co., LLC. The adhesive 

used in this study was sourced similarly to GFRP production, consisting of two epoxies. Both are combined and mixed 

quickly to ensure their uniformity before use. The mechanical characteristics of the adhesives used are shown in Table 

3. 

Table 2. State of GFRP composites 

Material Properties Test Score 

Ultimate Tensile Stress  575 MPa  

Tensile Modulus 26.1 GPa 

Strain 2,20% 

Thickness of Composite 1.3 mm 

Table 3. Material characteristics of epoxy resin 

Material Properties ASTM Method Test Score 

Tensile Strength ASTM D-638 72.4 MPa 

Tensile Modulus - 3.18 GPa 

Percent Strain ASTM D-638 5% 

Flexural Strength ASTM D-790 123.4 MPa 

Flexural Modulus ASTM D-790 3.12 GPa 

2.4. Detail of Specimens 

Twelve reinforced concrete (RC) beams have been fabricated with cross-sectional dimensions of 150×250 mm 

and an overall length of 3300 mm, with an effective span of 3000 mm. Two variations of RC beams were produced: 

control beams and RC beams that underwent repair and reinforcement (Table 4). For the RC beam serving as the 

control beam, 3D13 and 2F8 steel reinforcements were used for the tensile and compressive sides, respectively 

(Figure 1). This was done to ensure the strength and durability of the beams in withstanding the loads acting on the 

tensile and compressive sides. To prevent failure due to shear during testing, the tested beams were provided with 

transverse reinforcements (stirrups) f8 spaced at 80 mm intervals in each shear zone (from the suppor t to the centered 

load). The transverse reinforcement in the flexural zone (between the two centered loads) was spaced at 200 mm. 

The purpose of using transverse reinforcement was to enhance the strength and reliability of the beams against shear 

forces that occur during testing. Nine variation beams used 3f8 and 2f8 steel reinforcement for the tensile and 

compressive sides (Figure 2). The change in the use of reinforcement in the variation of RC beams is assumed to be 

a change in the extremity of the RC beams that requires immediate and appropriate treatment. This indicates that the 

beam extremities significantly influence the need for repair and reinforcement. Meticulous and precise steps are 

crucial throughout the manufacturing and testing of these RC beams to ensure strength, reliability, and good 

structural performance. By using control beams and RC beams that underwent repair and reinforcement, this study 

aims to identify the effectiveness of the applied repair measures and provide appropriate recommendations for further 

treatment of RC beams experiencing similar conditions. 
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Table 4. Details of test specimens 

Type Beam code Item Action Materials Treatment of RC Beams 

1.  BK 3 Control - No 

2. BGR 3 Grouting Sikagrout-215. 5 cm patch 

3. BGRS 3 
Grouting and reinforcement 

GFRP Sheet 
Sikagrout-215, GFRP 5 cm patch, GFRP sheet layer on the bottom side 

4. BGRST 3 
Grouting, reinforcement 
GFRP Sheet and U-Wrap 

Sikagrout-215, GFRP 
5 cm patch, GFRP sheet layer on the bottom side 

and U-Wrap on the support area 

 

Figure 1. Details and dimensions of control beams 

 

BGR variation type 

 

BGRS variation type 

 

BGRST variation type 

Figure 2. Details and dimensions of variation beams 

2.5. Fabrication and Set Up Specimen 

In RC beam specimens made in the laboratory are assumed to experience spalling at the bottom of the RC beam so 

that the reinforcement is also reduced. The RC beam test specimen variation is the result of reinforcement reduction 

from the control RC beam by 38.5%, namely the change in the use of iron reinforcement diameter 13 to reinforcement 

diameter 8. The procedure for making test specimens generally consists of three parts: making RC beam test specimens, 

grouting RC beams and utilizing GFRP in RC beams as reinforcement material. As an initial step for the manufacture 

of RC beams, of course, it begins with preparation, assembly of steel reinforcement, casting and then the use of 

Sikagrout-215 mortar, preparation of epoxy and installation of GFRP sheets. When casting, the concrete surface is not 

fully cast but leaves a limit of 5 cm with a length of 3000 mm as an assumption that the RC beam has experienced 

peeling of the concrete blanket up to the steel reinforcement area. Figure 3 illustrates the flowchart of the research 

methodology employed to accomplish the objectives of this study. 
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Figure 3. Research procedure flowchart 

To facilitate casting work and achieve the research concept, the position of the RC beam variation at the bottom is 

assumed to have experienced spalling, so the RC beam is changed to an upward position to facilitate casting and make 

it easier to continue further work. The second procedure is grouting work using Sikagrout-215 mortar mixed in the old 

concrete, with a maintenance period of 14 days. It is necessary to ensure that the condition of the old concrete is clean 

from dirt or dust, and then use Sika adhesive as a bonding agent to help make it homogeneous between the old and new 

concrete joints. Utilization of Sikagrout-215 as a new joint to restore the dimensions of RC concrete and corrective 

measures for RC concrete, which was in a critical condition due to the peeling of concrete skin 5 cm deep. BGR is the 

code name for RC beam specimens repaired using Sikagrout-215, with three RC beams ready to be tested for flexural 

strength. 

The last procedure for making test objects is reinforcing RC beams using GFRP composites. a) leveling the surface 
of the beam to be reinforced with GFRP and U-wrap layers and cleaning it from any dirt that might reduce concrete 

adhesion; b) preparing a mixture of epoxy resin adhesive components A and component B with a weight ratio of 2:1. 
The stirring process should not be excessive to produce foam and bubbles that can be trapped as air voids in the adhesive; 
c) Attach the reinforcement material that has been cut and treated with adhesive in the longitudinal direction of the beam 
and gently press against the adhesive that is still wet. Air voids trapped between the reinforcement layer and the concrete 
surface will be released by roller pressure in the direction of the reinforcement fibers so that the adhesive blends with 
the fibers and the concrete surface. Roller pressure perpendicular to the fiber direction is not allowed, as it may change 

the fiber direction or damage the fiber. Apply the second-stage adhesive over the fully adhered Tyfo SEH-51 GFRP 
surface to ensure fiber adhesion to the concrete surface. There are two variations of GFRP composite sheet installation 
on RC beams: reinforcement at the bottom position of RC beams that have been patched (BGRS) and installation of 
GFRP U-Wrap on both support areas of RC beams (BGRST). The main materials used in this research are shown in 
Figure 4, and some photos of the procedure for making RC beam specimens are shown in Figure 5. 

 
                                              (a)                (b)                     (c)                   (d) 

Figure 4. (a) D 13 iron reinforcement and  8 (b) Sikagrout-215 mortar and Sika bonding adhesive (c) GFRP Woven sheet 

(d) epoxy resin FRP components A and B 

 
(a)                               (b)                                        (c) 

Start Literature Study Research Design Material Preparation 

Mix Design Specimens 

12 specimens of RC f’c 21 MPa beams RC 

(15×20×3300 mm) 

Beam RC, Sikagrout-215, GFRP Sheet, 

Epoxy 

Repair and Reinforcement of Specimens 

Repair of 9 specimens with grouting and GFRP 

sheet reinforcement 

Data Analysis Conclusion 

Flexural Test of Reinforced Concrete 

Beams 
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                                                 (d)                                                    (e) 

 
                              (f)                                                        (g) 

Figure 5. (a) Casting of specimens assuming spalling (b) specimens aged 14 days ready for grouting (c) Production of 

Sikagrout-215 mortar (d) Repair of RC beams with grouting mortar after coating with bonding agent (e) Application of epoxy 

resin on GFRP sheet (f) Test specimens that have been grouted and cleaned of all kinds of dirt (g) RC beam specimens that 

have been coated with GFRP sheet (BGR) and U-Wrap at the support area (BGRST). 

Three test specimens of each BGRS and BGRST RC beam were tested for their ability to bear structural loads under 

the conditions of repair grouting and reinforcement with GFRP composites. Load cell readings for beam tests were taken 

at every 1 kN loading. To record the deflection that occurs in the beam, three LVDTs (Linear Variable Displacement 

Transducers) are placed at the bottom of the beam. As shown in Figure 6, testing of reinforced concrete beams was 

carried out to determine the ability of the beams to carry loads. Load cell readings for beam testing were taken every 1 

kN loading. The load was applied by a 1000 kN capacity hydraulic jack attached to a computer-controlled electric pump. 

The bending test was carried out using a bending load frame with a capacity of 100 tons with a four-point bending test, 

as presented in Figure 6. 

 

Figure 6. Setup of test specimens on the UTM device 

Three LVDTs with a capacity of 100 mm with an accuracy of 0.01 mm were installed on the test beam to determine 

the deflection that occurred. One was placed at the center of the span, and two under each load connected to a data 

logger to record the amount of load and deflection on the beam. The tests were carried out on a frame made of steel 

profiles designed with simple joints to test the flexural strength of a beam with a span length of 3300 mm and a 

rectangular cross-section with dimensions of 150 mm × 200 mm. The beam is supported with a clear span of 3000 mm 

with a distance of 1200 mm between two loading points, and a shear span of 600 mm. According to Figure 1, the beam 

is separated into three zones: zones 1 and 3 have low bending moments and high shear loads at a distance of 1200 mm 

from the right and left supports; zone 2 is a zone that only has efficient bending moments. Load distribution beams are 

placed on top of the experimental beams, and loads are then placed on the load distribution beams. This way, the load 

is evenly distributed on the experimental beam, making the deflection measurement results more accurate. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

137 

 

3. Results and Discussion 

3.1. Load and Deflection Relationship 

Table 5 presents the average values of the RC concrete bale test results. The average value of the load on the three 

control beams at the initial crack reached 2.61 kN; a deflection of 1.29 mm occurred at the center of the beam; and the 

first flexural crack occurred at the 2nd zone of the bottom of the beam. When the applied load reached the yield of 25.87 

kN, a deflection of 17.67 mm occurred, and as the loading continued, the load increase remained limited, but the 

deflection continued to increase. When the applied load peaked at 29.74 kN, the experimental beam experienced a 

deflection of 53.59 mm (Figure 7). Three RC beams in critical condition, coded BGR, were repaired by mortar grouting 

of the bottom surface. When the average load reached 2.38 kN in beam BGR, a deflection of 2.18 mm occurred at the 

center of the beam. The reinforcement began to yield an average load of 12.17 kN, and the deflection corresponding to 

this load was measured to be 19.06 mm. When it reached the peak load, the beam lost bearing capacity and collapsed at 

a load of 14.39 kN, deflected by 28.17, lost its bearing capacity, and collapsed (Figure 8 and Table 5). There was a 

significant loss in the load-bearing capacity of the BGR beam of up to 51.58% when compared to the control beam. 

Table 5. Average value of RC beam test results 

Beams 
Concrete Cracking Steel Yielding Ultimate Stage 

Load (kN) Deflection (mm) Load (kN) Deflection (mm) Load (kN) Deflection (mm) 

Control beam 2.61 1.29 25.87 17.67 29.74 53.59 

BGR 2.38 2.18 12.17 19.06 14.39 28.17 

BGRS 7.22 4.85 20.35 24.97 27.81 50.24 

BGRST 17.46 17.49 28.07 46.11 32.50 46.15 

 

Figure 7. Load-deflection relationship for control beams 

 

Figure 8. Load-deflection relationship for BGR beams 
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In contrast to the work done by Ortega et al. [11], the quality of the mortar was able to increase the load capacity up 

to 65% of the control beam as well. According to Ferrari et al. (2013) [3] and Gergess et al. (2020) [4], the grouting 

mortar used successfully increased the load-carrying capacity by 72% and 120%, respectively. 

Therefore, it is necessary to make more thorough repairs to the BGR-type beams, for example, by using additional 

materials such as GFRP sheets to provide stronger mechanical support. With proper repairs, the beams are expected to 

regain adequate bearing capacity to withstand loads safely and meet the desired design requirements. The advantage of 

repairing with Sikagrout-215 mortar is that it can help fill the gaps in the concrete and make it denser, thus restoring the 

beam to its original dimensions and reducing the risk of damage to the beam in the future. However, this repair is only 

suitable if the damage to the beam is mild and the load-carrying capacity is still high enough. If the load-carrying capacity 

of the beam is already very low, then repair with mortar grouting will not be effective enough, and a more thorough 

repair method should be considered. Cracks in mortar grouting in RC concrete indicate that the homogeneity between 

old and new concrete affects the quality of the concrete; the joint area can become a weak point in the concrete structure, 

which can cause cracks or damage to the area [12]. If the joint area is continuously subjected to loads, such as repeated 

or heavy static loads, the area can become susceptible to cracks or damage. 

Three RC beams coded BGRS were rehabilitated using Sikagrout-215 mortar and then reinforced by coating the 

bottom surface of the beams with GFRP composite sheets. When the average load was 7.22 kN at the initial crack in the 

BGRS beam, a deflection of 4.85 mm occurred at the center of the beam, and the first flexural crack occurred at the 2nd 

zone of the beam bottom. When the applied load reached 20.35 kN, the reinforcement started to yield, and the deflection 

corresponding to this load was measured to be about 18.50 mm. When the applied load reached 27.81 kN, the beam 

experienced a deflection of 50.24, lost its bearing capacity, and collapsed (Figure 9-Table 5). After grouting, 

reinforcement was performed on the three RC beams (BGRS). Then the GFRP sheet reinforcement of the composite 

BGRS specimens experienced a difference in ultimate bearing capacity of 6.47% from the control beam. Previous 

research [8, 15, 16] reinforced the beam at the bottom surface of the beam, successfully maintaining the quality of the 

beam structure from repetitive loads and extreme conditions. 

 

Figure 9. Load-deflection relationship for BGRS beams 

The use of composite GFRP sheets on the underside of the concrete has yet to fully restore the beam's functionality, 

as in the case of the control beam. However, it can withstand loads during its service life compared to the need for new 

concrete. The indication of the lower ultimate bearing capacity of the repaired reinforced concrete beam is influenced 

by the material strength of the reinforced concrete and the quality of the reinforcement used in the test specimens, which 

is lower than that used in the control beam [18]. The reinforcement process may have needed to have been more optimal, 

thereby failing to provide a maximum increase in bearing capacity. The achieved load strength value of the repaired 

reinforced concrete beam may sometimes differ from that of the control beam [19]. The objective of repairing the BGRS 

beams is to strengthen damaged or weak structures to meet the necessary safety requirements. Therefore, as long as the 

attained load strength values comply with the safety and reliability requirements of the structure, the repair can be 

considered successful. 
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Three RC beams coded BGRST were reinforced by grouting and then reinforced with one transverse glass fiber wrap 

on the bottom and side surfaces at the support area, or zones 1 and 3, to investigate the effect of the amount of glass 

fiber wrap on the load-bearing capacity and were tested. When the load reached an average of 10.06 kN on the BGRST 

beam, a deflection of 6.94 mm occurred at the center of the beam, and the first flexural crack occurred at the 2nd bottom 

zone of the beam. When the applied load reached 20.37 kN, the reinforcement started to yield, and the deflection 

corresponding to this load was measured to be about 36.11 mm. When the applied load reached 32.50 kN, the beam 

experienced a deflection of 46.15 mm, lost its bearing capacity, and collapsed (Figure 10 and Table 5). There was an 

effect on the BGRST beams with the use of GFRP in zones 1 and 3; the capacity of the beams in critical condition under 

reinforcement proved to be able to exceed the load capacity of the control beam by 6.25%. Attari et al. (2012) and 

Saribiyik et al. (2016) performed different strengthening configurations using FRP, while GFRP was made similar to 

the BGRS model, and the results showed an increase in strength of 118% and 90% compared to the control beam 

specimen. 

 

Figure 10. Load-deflection relationship for BGRST beams 

Beams reinforced with 1200 mm wide and 200 mm high strips in zones 1 and 3 with GFRP fibers at 90° to the 

longitudinal axis of the beam; when the fiber direction is perpendicular to the crack line, the reinforcement effect 

increases the bearing capacity of the beam. The high deflection values of the BGRS beams were influenced by loads 

exceeding the bearing capacity, and the critical condition of the beams had been grouted so that the old and new 

concrete bonds were easily detached. Beams that were repaired with GFRP fibers at the support region had greater 

stiffness than those repaired only at the bottom surface, indicating that the BGRST repair approach resulted in a 

more ductile failure. The BGRST repair approach showed better durability when compared to the BGRS repair 

approach. 

3.2. Performance of Beams Ductility 

Ductility in reinforced concrete beams can be defined as the ability of a structure to exhibit plastic behavior before 

experiencing failure [20]. In the context of reinforced concrete beams, ductility refers to the beam's capacity to 

demonstrate good flexural behavior and absorb energy before fracture or ultimate failure [5]. The higher the ductility 

value of reinforced concrete beams, the better the performance and reliability of the structure in resisting external loads 

[21]. This is crucial to ensuring the safety and reliability of buildings or structures that utilize reinforced concrete beams 

as structural elements. The use of GFRP layers has a positive impact on RC beams in terms of increased strength and 

stiffness and contributes to enhancing ductility [22]. In this study, ductility is described using an index in the form of 

deflection. It is quantitatively defined as the ratio between the deflection at peak load (δmax) and the deflection at yield 

load (δy). Figure 11 illustrates that the ductility of the BGR beam decreased by 37% compared to the CB, indicating that 

the BGR has not been able to restore its serviceability when deteriorated concrete is rehabilitated with Sikagrout-215 

mortar; it only restores the original cross-section. BGRS still exhibits a marginal 7% decrease in ductility relative to the 

control beam. 
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Figure 11. Comparison of ductility performance of test specimens 

Figure 11 shows that the BGR and BGRS beams are insufficient to significantly decrease the neutral axis, which 

leads to immediate compressive concrete failure after the tensile reinforcement of the beam is fractured. The deflection 

response of BGRST compared to the control beam indicates that its ductility index has a higher value, as shown in 

Figure 11. The rehabilitation of the beam with 50 mm thick Sikagrout-215 mortar reinforced with GFRP sheets (BGRST) 

results in an 11.12% increase in ductility compared to BGR, BGRS, and the control specimen. Compared to BGR, the 

reinforcement enhancement with GFRP on the bottom of the beam (BGRS) tends to raise the effective stress, ultimately 

shifting the neutral axis closer to the extreme concrete compression zone. It is suspected that the BGRST beam, 

influenced by the use of GFRP in Zone 2, can enhance the strength and ductility of the reinforced concrete structure. 

GFRP contributes positively to the increased ductility of reinforced concrete beams due to its ability to form a strong 

bond with concrete and steel reinforcement. With a strong bond, the steel reinforcement can develop full plastic 

deformation before the concrete in the compression zone experiences ruptures. This allows the reinforced concrete beam 

to exhibit better plastic behavior and absorb more energy before failure occurs [23]. 

Overall, beams rehabilitated using these three approaches show promising results, not only in terms of significant 

ultimate capacity improvement but also without compromising structural ductility significantly. The results obtained in 

this study appear to be consistent with the findings of Alwash et al. [6] on RC beams reinforced with mortar, which 

provided less ductile performance, and the use of GFRP [24] as reinforcement material in critical beams, which had a 

greater impact on ductility compared to mortar. 

3.3. Crack Pattern Analysis 

Table 6 and Figures 12 to 15 show the characteristics and crack patterns at the failure of the control, repaired, and 

strengthened beams. In Figure 12, a normal cracking pattern is observed starting at the flexural span between the test 

supports, with cracks mainly vertical and concentrated at the mid-span, indicating that the beam was subjected to pure 

buckling. The beam also experienced combined flexural-shear failure, especially in the middle third of the beam, 

characterized by vertical to diagonal cracking, as shown in Figure 12. The control beam experienced the classic concrete 

crushing failure in the compressive zone. The cracks in the control beam started at the mid-span flexure between the 

two test pedestals. They developed into additional flexural cracks propagating away from mid-span with increasing 

slope as they approached the two test pedestals. Combined flexural-shear cracking also occurred, mainly in the middle 

third of the beam. At the failure of the control beam, most of the cracks extended across the entire beam surface, with 

crack lengths of 60–162 mm. There were 26 and 6 main cracks in the buckling region at mid-span. The crack pattern of 

the control beam indicated pure mid-span buckling, as the cracks were concentrated at the center. Shear cracks appear 

due to shear stress, so the cracks become increasingly skewed and move toward the two concentrated load points [25]. 

Table 6. Details of cracks in test specimens 

Test Item Code 
Crack length (mm) Max crack width 

 (mm) 

Total cracks in 

the beam 
Crack type 

Min Max 

BK 60 162 2,35 26 Flexural 

BGR 73 182 85,8 38 Flexural- the concrete was peeled off 

BGRS 75 173 35,7 32 Bending-debonding 

BGRST 55 153 8,9 19 Bending-debonding 
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Figure 12. The crack pattern of the control beam (CB) 

 

Figure 13. The crack pattern of the BGR beam 

 

Figure 14. The crack pattern of the BGRS beam 

 

Figure 15. The crack pattern of the BGRST beam 

Likewise, the failure modes of all the repaired BGR beams (shown in Figure 13) were mostly cracking and cold 

jointing at the joint bond between the old concrete and Sikagrout-215 mortar. Based on the visual observation of the 

specimens and the progressive load-deflection curves displayed on the monitor during the actual tests, in general, the 

failure of all the mortar-repaired (BGR) beams was caused by vertical cracking at the joint region at mid-span, after the 

yielding of the bottom steel reinforcement and before the crushing of the concrete during compression. The initial failure 

cracks appeared at the joint area, beginning with hairline cracks that propagated slowly vertically until they broke apart. 

The minimum and maximum crack lengths of 73–182 mm with a vertical direction tendency caused a crack width of 
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85.8 mm already at the crushing stage, so the test was stopped with the number of cracks occurring up to 38 points. 

Flexural fracture occurs in BGR when the load applied to the beam or structure exceeds the strength limit that the 

structural material can withstand. BGR beams are damaged or broken in the bending section or around the point of the 

applied load. BGR beams that have experienced flexural fractures can no longer be trusted to withstand the loads applied 

to the structure. 

Based on observations during the test, Figure 14 shows that in the failure mode in the BGRS beam, a vertical crack 

extends from the tensile side and leads upwards to the neutral axis area at the initial loading. The reinforcement melts, 

which causes the crack to increase in length and width. The detachment of the attachment between the GFRP and the 

concrete surface (debonding) starts in the middle of the span and is then followed by cracks in the grouting connection. 

When the GFRP sheet debonding occurred, the load decreased drastically; shortly after, the concrete collapsed on the 

compressive side. During loading capacity testing, a loud sound was heard on the BGRS beam like a punch, indicating 

the release of the GFRP sheet bond and cracks in the concrete joints—material fatigue caused by the continuous load 

applied to the beam. With a crack length of 75–173 mm in the test beam and a maximum width of 35.7 mm, it is enough 

to endanger the structure that continues to be loaded until it is destroyed. If the beam is continuously loaded and there 

is no strong bond between concrete and GFRP, the GFRP material and concrete can fatigue and weaken so that 

debonding can occur [15]. 

In the case of BGRST, the crack properties resembled RC control and BGRS beams with vertical hairline cracks 

(shown in Figure 15) but splice cracks at midspan. BGRST showed 19 visible cracks until failure, a value generally 

lower than the two repaired RC beams. Regarding the crack length of the BGRST beams, Table 6 shows that the 

corresponding values range between 55 and 153 mm and are in the middle of the values of the control specimens. The 

effectiveness of using GFRP sheets to protect the damaged beams from possible re-damage can be seen from the reduced 

number of cracks in the concrete layer, as shown in Table 6. It can be seen that the number of concrete cracks occurring 

in the other variation beams is higher than that of the BGRST beams, with a 40% reduction in the number of cracks with 

beam reinforcement at the support area, indicating the effectiveness of GFRP sheets in suppressing crack development 

at critical beam conditions. The crack direction also appears to propagate smoothly in the GFRP layer from the bottom 

to the top concrete section, as shown in Figure 15. In general, all specimens' repair and reinforcement configurations 

showed weaknesses in the bond between the Sikagrout-215 mortar reinforcement layer and the old concrete surface, 

which all developed cracks. Still, the GFRP reinforcement minimized the number of cracks and crack widths [26, 27]. 

4. Conclusions 

This study investigated the flexural behavior of RC beams repaired using Sikagrout-215 and reinforced with GFRP 

sheets using different coating configurations. All beams subjected to flexural failure, consisting of three RC beams 

coated with Sikagrout-215 mortar, six RC beams reinforced with GFRP, and three control beams, underwent four-point 

flexural tests to determine loading performance, crack response, ductility, and energy absorption capacity. The following 

are the conclusions obtained from the experimental and analytical results. 

The 38.5% reduction in reinforcement due to corrosion significantly reduces the beam's capacity to carry loads. 

Repair grouting (BGR) decreased by 48.5% against the control beam; reinforcement with mortar grouting and GFRP 

sheet (BGRS) as repair and reinforcement material was able to increase the maximum load of reinforced concrete beams 

by 6.5%; and reinforcement at the support area (BGRST) was able to restore the maximum service function of the beam 

by 9.3% even though the beam was in critical condition. Although 50-mm-thick grouting of the RC beam was performed, 

it did not show ductility and toughness comparable to the control beam. Still, treatment with BGRST caused the ductility 

to increase by 0.8% and increased the energy absorption value of the initial RC beam by 31%. 

The three reinforcement systems used, the BGRST type is more significant in improving the first crack, yield, and 

ultimate response performance of the initial RC beam. In addition, the BGRST type is also more effective in reducing 

the number of cracks by 27% than the number of cracks in the control beam. Fracture of beams was more common in 

reinforcements made with Sikagrout-215 mortar mix. Most of the beams did not bear any load after the fracture. 

However, the fracture was softer in the reinforcement made with GFRP composites, and it was seen that the beams had 

partially protected the load capacity after the fracture. 
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Abstract 

In this research, flume experiments were conducted on stepped weirs to investigate the effect of step shape on the energy 

dissipation of flow. Four configurations with a constant number of steps were considered, namely, horizontal steps, 

inclined steps, horizontal steps with rounded sills, and inclined steps with rounded sills. The slopes of inclined steps were 

13% and 23%, and the diameters of the rounded sills of the step ends were 10 and 15 cm. The majority of previous 

studies focused on energy dissipation in stepped weirs in horizontal and inclined steps. In this research, new step 

geometries were used, such as horizontal steps with rounded sills and inclined steps with rounded sills. Dimensional 

analysis was applied to correlate the different variables affecting the flow hydraulics. Flow rates in the range of 0.61-9.12 

lit/sec were used with each step shape. Results showed that the inclined steps with rounded sills had the highest flow 

energy dissipation in comparison to the other types. Rounded sills at the end of steps had more effective energy 

dissipation than did the horizontal step. However, the 23% inclination slope with rounded sills of a 7.5 cm radius was the 

most effective in dissipating flow energy. 

Keywords: Inclined Step; Stepped Weirs; Hydraulic; Rounded Sill; Energy Dissipation; Flow. 

 

1. Introduction 

Spillways are structures widely used to evacuate excess flow from dam reservoirs. High flow velocity is one of the 

most important hydraulic problems in spillways, as it leads to cavitation and scouring downstream of the channel. 

Hence, flow energy dissipation is the main issue with spillways. Stepped spillways are widely used in hydraulic 

engineering as water energy dissipation facilities and show great potential for achieving better rates of water energy 

dissipation with the release of excess floodwater [1–3]. They can reduce the size of the stilling basin, the number of 

downstream protection works, and the extent of river erosion downstream, thereby obtaining excellent economic and 

technical performance indicators [4, 5]. 

Many studies have been conducted to improve these properties and thus enhance the effects of water energy 

dissipation and the hydraulic properties of spillways. Christodoulou (1993) [6] carried out an economical study of 

three options, including a stilling basin, a flip bucket, and a stepped spillway, for the design of energy dissipation in 

large dams. He found that using a stepped spillway is an economic decision. Frizell et al. (2012) [7] found that the 

benefit of the stepped spillway compared with other energy dissipation structures reduces the possibility of cavitation 

on the spillway. Guenther et al. (2013) [8] performed a measure of energy dissipation on stepped chutes with a 26.6° 

slope. The results showed that among the studied configurations (i.e., pooled stepped spillway and two-stepped 

spillway with in-line and staggered configurations of flat and pooled steps), flat steps had the lowest residual energy. 
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Chinnarasri et al. (2006) [9] found that the energy dissipation of the flat stepped chute is comparatively lower than that 

in stepped chutes with an end sill slope of 45°. Barani et al. (2005) [10] investigated the dissipation of flow energy 

over spillways of different step shapes. Results showed that the dissipation of flow energy on the end sill and inclined 

stepped spillways is greater than that on the plain shape because it increases with the increase in height of the end sill 

or the adverse slope shape. Chaturabul (2002) [11] conducted a laboratory study of the energy loss and measurement 

of the outlet velocity on stepped channels with end sills. Different channel slopes and sill end heights (i.e., 5, 10, and 

15 mm) were used. A relationship was found between relative energy loss and the number of drops. Moreover, the 

presence of an end sill increased the relative energy loss by 8%. 

Chinnarasri et al. (2004) [12] investigated the flow regimes and energy loss on chutes with inclined steps. They 

presented that the slope of the inclined steps increased the relative energy loss and reduced the outlet velocity by 10%. 

Chamani et al. (1999) [13] and Chanson et al. (2002) [14] conducted experiments on the skimming flow regime and 

developed empirical formulas to determine the rate of energy loss in this system. Gandhi et al. (2016) [15] presented a 

review of stepped spillways and the effect of baffle blocks on energy dissipation and concluded that the use of baffles 

can reduce the length of the stilling basin. Rezapour Tabari et al. (2016) [16] numerically investigated three types of 

geometric models with 10, 15, and 20 steps and step heights of 0.1, 0.06, and 0.05 m, respectively, where the total 

heights of all spillways were adjusted to 1 m. A 45-degree slope was considered for all the models as well. Each 

model featuring the above geometric types was tested at three levels of water discharge (i.e., 0.025, 0.039, and 0.057 

cubic meters per unit width). The results revealed that as the flow discharge increases, energy dissipation decreases, 

and as the number of steps increases and their height decreases, energy dissipation decreases. The obtained findings 

were compared with those of other researchers and empirical and mathematical studies, and an acceptable coincidence 

was finally obtained. 

Using the concept of weir flow formula to characterize flow energy dissipation in a small weir equipped with 

steppes of different geometries, Dust & Wohl (2012) [17] investigated the flow characteristics of overstepped broad 

crested weirs. The results indicated that the C coefficient of the weir increases with the upstream head. Moreover, the 

shallow flow over the steps using the concepts of broad crested weirs is valid for such flows over stepped weirs. 

Hamedi et al. (2014) [18] experimentally investigated the effect of step slope with end sill height on flow energy 

dissipation. Their results showed average increases of 15% in the dissipation energy rate (for various vertical end sills) 

for nappe flow and 2% for skimming flow. Mero et al. (2016) [19] investigated energy dissipation and flow regimes 

over the stepped spillways of several step configurations, including horizontal, inclined, and horizontal with curved 

steps. The energy losses highlighted those inclined and horizontally curved steps dissipated significantly more energy 

compared to horizontal steps. Abdel Aal et al. (2018) [20] investigated the impact of breakers on energy dissipation in 

two types of stepped spillways. The results showed that the stepped spillway with breakers dissipated more energy 

than the traditional stepped spillway. Hekmatzadeh et al. (2017) [21] numerically investigated the energy dissipation 

of flow over stepped spillways with different configurations, such as flat steps and inclined slopes of 26.6° and 8.9°. 

They observed that the flat spillway has the highest rate of energy dissipation in comparison to the inclined slopes. 

Salmasi et al. (2022) [22] investigated the effect of step slopes (15°, 25°, and 45°) and step numbers (5–50) on the 

energy dissipation of flow. They found that for a constant flow rate passing over a stepped spillway, an increase in 

energy dissipation occurs as the spillway slope and number of steps increase. In a numerical investigation, Ma et al. 

(2022) [5] found that the energy dissipation performance of the interval-pooled stepped spillway was generally better 

than that of the pooled stepped spillways and the horizontal stepped spillway. Peng et al. (2019) [23] numerically 

investigated energy dissipation in stepped spillways with different inclined slopes in skimming flow regions and found 

that the energy dissipation rate increases with an increase in horizontal face angles. Azmeri et al. (2021) [24] 

investigated a number of stepped weir models to evaluate the energy dissipation and hydraulic jumps downstream the 

stepped weirs. The results showed that energy dissipation increases during hydraulic jumps formed downstream of the 

weir as the Froude number and length of hydraulic jumps rise. Meanwhile, energy dissipation declines when the flow 

depth ratio in the hydraulic jump rises. 

Ghaderi et al. (2021) [25] experimentally and numerically investigated the effect of roughness elements on the 

steps and their impact on energy dissipation. The results showed that the presence of appendage elements on the steps 

increased the turbulent kinetic energy (TKE) values and Darcy-Weisbach friction, resulting in a significant increase in 

energy dissipation. Reducing the height of the elements can significantly increase energy dissipation and the TKE 

value. Ghaderi et al. (2021) [26] numerically investigated the effect of the geometric characteristics of pooled steps on 

energy dissipation performance. Three different step geometries were considered: flat steps, pooled steps, and notched 

pooled steps. The numerical findings showed that the flat step configuration has the best energy dissipation 

performance among the three configurations. Meanwhile, the pooled steps enhanced energy dissipation by 5.84% in 

comparison to the simple pooled steps. 

Most of the previous studies focused on energy dissipation in stepped weirs with horizontal and inclined steps. In 

the present research, new step geometries were used, such as horizontal with rounded sill steps and inclined steps with 
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rounded sills. The present study is an experimental work that uses four configurations, namely, horizontal steps, 

inclined steps, flat steps with rounded sills, and inclined steps with rounded sills, to examine their effect on flow 

energy dissipation. The results indicated an increase in relative energy losses at a high rate of 90.85%. 

2. Theoretical Approach 

To provide a better explanation of the flow and energy characteristics between the inlet section of the approach 

channel and any interesting step section in the spillway, the following sections discuss these aspects in detail. 

2.1. Computation Domain of the Stepped Spillway 

Flow energy dissipation between the inlet section of the spillway, 𝐸𝑜, and any section of the spillway outlet, 𝐸𝑖, is 

estimated as shown in Figure 1. 

 

Figure 1. Parameters of energy dissipation 

The total energy 𝐸𝑜 consists of dam height, 𝑃, critical depth, 𝑦𝑐 and velocity head, 
𝑣𝑜

2

2𝑔
: 

𝐸𝑜 = 𝑃 + 𝑦𝑐 +
𝑣𝑐

2

2𝑔
  (1) 

where 𝑣𝑐 is the velocity of the flow at the critical section, and 𝑔 is the acceleration of gravity. The critical depth, 𝑦𝑐 is 

expressed as follows: 

𝑦𝑐
3 =

𝑞2

𝑔
  (2) 

The velocity head is written as follows: 

𝑣𝑐
2

2𝑔
=

𝑄2

2𝑔𝐴2 =
𝑞2𝐵2

2𝑔𝑦𝑐
2𝐵2 =

𝑞2

2𝑔𝑦𝑐
2  (3) 

Substituting 𝑞2 from Equation 2 into Equation 3, results in the following 

𝑣𝑐
2

2𝑔
=

𝑔𝑦𝑐
3

2𝑔𝑦𝑐
2 =

𝑦𝑐

2
  (4) 

Then Equation 1 becomes as follows: 

𝐸𝑜 = 𝑃 + 𝑦𝑐 +
𝑦𝑐

2
= 𝑃 +

3

2
𝑦𝑐  (5) 

Energy loss, ∆𝐸1, is the difference between the energy at the upstream of the spillway and that at the section of 

interesting step 1, 𝐸1 , as follows: 

∆𝐸1 = 𝐸𝑜 − 𝐸1  (6) 

Equation 6 used to calculate the value of the energy loss through the stepped spillway. Energy dissipation, 
∆𝐸1

𝐸𝑜
, is 

one of the dimensionless parameters widely used to study the energy dissipation property [27]. Flow discharge 

calculated using the formula derived by Rehbock [28-30]. This discharge value is verified through the measured value 

reading obtained from the gauge attached to the inlet pipe. Weir discharge equation is as follows: 

𝑄 =
2

3
 𝐶𝑑  √2𝑔 𝐵 𝐻

3

2  (7) 

B is the crested width of the spillway, and H is the head over the crest of the weir. International standard ISO 1438 

[30, 31] adopted the 1929 Rehbock formula for the flow calculation, in which the discharge coefficient Cd is obtained 

as follows: 
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𝐶𝑑 = 0.602 + 0.083
𝐻

𝑃
  (8) 

2.2. Dimensional Analysis 

In this research, dimensional analysis was applied to correlate the different physical quantities that affect the 

phenomenon to determine a number of variables. The variables affecting flow energy dissipation, ∆𝐸1 , and obtaining 

simple mathematical relationships are total energy loss, 𝐸𝑜 , discharge per unit width, q, step height, hs increment 

height above the horizontal step at the adverse slope, hv, and the acceleration of gravity, g. These parameters are 

written as follows: 

∆𝐸1 = 𝑓(𝐸𝑜 , 𝑞, ℎ𝑠, ℎ𝑣 , 𝑔)  (9) 

Using Buckingham 𝜋 − 𝑡ℎ𝑒𝑜𝑟𝑒𝑚 [32], the parameters in Equation 9 can be expressed in dimensionless form, as 

follows: 

∆𝐸1

𝐸𝑜
= 𝐹 (

𝑞2

𝐸𝑜
3𝑔

,
ℎ𝑠

𝐸𝑜
,

ℎ𝑣

𝐸𝑜
)  (10) 

The critical depth, 𝑦𝑐
3 =

𝑞2

𝑔
 , with the term 

𝑞2

𝐸𝑜
3𝑔

 may be written as 
𝑦𝑐

ℎ𝑠
 . Therefore, Equation (10) can be written as 

follows: 

∆𝐸1

𝐸𝑜
= 𝐹 (

𝑦𝑐

𝐸𝑜
,

ℎ𝑠

𝐸𝑜
,

ℎ𝑣

𝐸𝑜
)  (11) 

The dimensionless term 
∆𝐸1

𝐸𝑜
 is widely used in previous studies and refers to relative energy loss characteristics. In 

addition, the term 
𝑦𝑐

𝐸𝑜
 is called the critical flow depth relative to the total energy loss. Rajaratnam (1990) [33] and 

Chanson (1994) [2] suggested that the term 
𝑦𝑐

𝐸𝑜
 is an important parameter in the occurrence of skimming flow. All 

dimensionless terms described in Equation 11 are used as parameters in the present study. 

3. Experimental Setup 

The experiments were conducted in a laboratory channel in the Hydraulic Laboratory of the Water Resources 

Engineering Department, University of Mustansiriyah, Iraq. The experiments were carried out in a hydraulic channel 

3.5 m long and 0.3 m wide. The stepped channel was made of plastic with a thickness of 0.05 m and sidewalls with a 

height of 0.45 m. The dimensions of each step were 23×39.5 cm, and the step height was 9 cm. A broad-crested weir 

followed by five steps was considered for the test. The overall slope of the step spillway was 23% with five steps. The 

experiments were conducted for a range of flow rates (0.61–9.12 L/s). resulted in a Froude number ranging from 1.2 to 

9.4. Figure 2 shows the schematic of the experimental apparatus device. Water pumped from the reservoir to the 

upstream tank flowed over the stepped weir. The water level over the spillway was measured using a point gauge with 

an accuracy of 1 mm (Figure 2). A schematic of the step configurations is shown in Figure 3. 

 

Figure 2. Schematic of experimental device 
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Four types of steps were used: horizontal, horizontal with rounded sill, inclined, and inclined with rounded sill 

steps using two slopes of 13% and 23%. Two bending radii were used for the rounded sill types of 10 and 15 cm. The 

experimental data are listed in Tables 1 to 5. These Tables include measurements of the height above crest of spillway 

H, calculation of the factor 𝐶𝑑 from Equation 8, measurement of various discharges and Froude number calculations. 

The tables also show the change of 
∆𝐸1

𝐸𝑜
 with different values of flow, and the significant effect of the circular part on 

dissipating energy is evident. The two dimensionless terms of ℎ𝑠 𝐸𝑜⁄ , and ℎ𝑣 𝐸𝑜⁄ represent the effect of the step shape 

on the loss of flow energy through the stepped spillway. 

 

Figure 3. Types of steps used in experimental work 

Table 1. Experimental data for horizontal step type 

H, cm 𝑪𝒅 Q, L/s 𝒚𝒄, cm 𝑭𝒓 ∆𝑬𝟏/𝑬𝒐 

7.5 0.615 8.591 5.22 2.828 0.753 

6.8 0.614 7.401 4.726 2.679 0.784 

6.0 0.613 6.120 4.163 2.621 0.810 

5.4 0.612 5.216 3.743 2.249 0.848 

5.0 0.611 4.641 3.462 1.935 0.872 

4.5 0.610 3.957 3.113 1.871 0.886 

4.0 0.609 3.311 2.764 1.935 0.896 

3.6 0.608 2.824 2.486 2.031 0.903 

3.3 0.608 2.476 2.277 2.031 0.910 

2.7 0.607 1.829 1.861 2.539 0.912 

Table 2. Experimental data for horizontal step with rounded sill of R = 5 cm 

H, cm 𝑪𝒅 Q, L/s 𝒚𝒄 , 𝒄𝒎 𝑭𝒓 ∆𝑬𝟏/𝑬𝒐 

7.9 0.616 9.298 5.503 2.006 0.804 

7.0 0.614 7.735 4.867 2.066 0.820 

6.6 0.614 7.073 4.585 2.096 0.828 

6.0 0.613 6.120 4.163 2.098 0.841 

5.5 0.612 5.363 3.813 2.206 0.848 

5.0 0.611 4.641 3.462 1.988 0.870 

4.5 0.610 3.957 3.113 2.097 0.878 

4.0 0.609 3.311 2.764 2.188 0.887 

3.5 0.608 2.706 2.416 2.045 0.905 

2.3 0.606 1.436 1.584 1.462 0.946 
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Table 3. Experimental data for inclined type of S = 13% 

H, cm 𝑪𝒅 Q, L/s 𝒚𝒄, cm 𝑭𝒓 ∆𝑬𝟏/𝑬𝒐 

7.8 0.616 9.120 5.432 2.563 0.766 

7.2 0.615 8.073 5.008 2.526 0.785 

6.8 0.614 7.401 4.726 2.451 0.800 

6.5 0.614 6.911 4.515 2.502 0.805 

5.7 0.612 5.661 3.953 2.408 0.832 

5.4 0.612 5.216 3.742 2.743 0.820 

5.0 0.611 4.641 3.462 3.068 0.814 

4.6 0.610 4.091 3.183 4.163 0.761 

4.3 0.609 3.694 2.974 3.343 0.823 

4.0 0.609 3.311 2.764 3.984 0.800 

3.6 0.608 2.824 2.486 4.233 0.806 

3.4 0.608 2.590 2.347 4.211 0.817 

3.2 0.607 2.363 2.208 4.418 0.817 

2.7 0.607 1.829 1.861 5.463 0.800 

2.4 0.606 1.531 1.653 6.013 0.799 

2.0 0.605 1.164 1.377 5.177 0.859 

1.8 0.605 0.993 1.238 5.659 0.858 

1.5 0.604 0.755 1.031 8.38 0.806 

1.3 0.604 0.608 0.894 9.443 0.803 

Table 4. Experimental data for inclined type of S = 23% with rounded sill of R=7.5 cm 

H, cm 𝑪𝒅 Q, L/s 𝒚𝒄, cm 𝑭𝒓 ∆𝑬𝟏/𝑬𝒐 

8.3 0.617 10.025 5.786 1.508 0.825 

7.2 0.615 8.073 5.008 1.350 0.851 

6.8 0.614 7.401 4.726 1.334 0.859 

6.0 0.613 6.120 4.163 1.244 0.875 

5.5 0.612 5.363 3.813 1.271 0.884 

5.0 0.611 4.641 3.462 1.147 0.896 

4.6 0.610 4.091 3.183 1.121 0.904 

4.4 0.610 3.825 3.043 1.210 0.906 

3.8 0.609 3.064 2.625 1.277 0.917 

3.5 0.608 2.706 2.416 1.167 0.925 

3.2 0.607 2.363 2.208 1.304 0.929 

2.6 0.606 1.728 1.792 1.306 0.942 

2.3 0.606 1.436 1.584 1.345 0.948 

2.0 0.605 1.164 1.377 1.400 0.954 

1.6 0.605 0.832 1.100 1.154 0.964 

1.3 0.604 0.608 0.894 2.389 0.958 

Table 5. Experimental data for the inclined type of S = 23% with rounded sill of R=5 cm 

H, cm 𝑪𝒅 Q, L/s 𝒚𝒄, cm 𝑭𝒓 ∆𝑬𝟏/𝑬𝒐 

7.7 0.616 8.942 5.361 1.669 0.828 

7.4 0.615 8.417 5.149 1.784 0.828 

6.8 0.614 7.401 4.726 1.639 0.847 

6.3 0.613 6.590 4.374 1.668 0.856 

5.7 0.612 5.661 3.953 1.454 0.876 

5.3 0.611 5.070 3.672 1.510 0.882 

4.8 0.610 4.363 3.323 1.445 0.894 

4.3 0.609 3.694 2.974 1.209 0.908 

3.7 0.608 2.943 2.556 1.106 0.921 

3.0 0.607 2.144 2.069 1.308 0.933 

2.6 0.606 1.728 1.792 1.581 0.938 

2.1 0.605 1.252 1.446 1.356 0.952 

1.6 0.605 0.832 1.100 1.473 0.962 

1.4 0.604 0.680 0.962 1.514 0.966 
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The size of the hydraulic channel used is of the small type, with a length of 3.5 meters and a small width of 30 cm 

to demonstrate the longitudinal effect of the flow. It gave reasonable results and was easy to control and work on. The 

larger the hydraulic channel, the better the results. 

The flowchart of the research methodology that was used to achieve the study's aims is shown in Figure 4. 

 

Figure 4. Flowchart of experimental work 

4. Results and Discussions 

In this section, the effect of step configuration on flow energy loss is discussed in detail. 

4.1. Effect of Step Configuration on Energy Loss 

Experiments were carried out for a wide range of discharge (0.61-9.12 L/s) for horizontal flat steps, inclined steps, 

and steps with rounded ends. This section describes the effect of step geometry on energy loss in terms of relative 

energy loss, ∆𝐸1 𝐸𝑜⁄ , versus relative critical flow, 𝑦𝑐 𝐸𝑜⁄  (see Figure 5). Figure 5-a presents the relative energy loss of 

steps with rounded ends of 5 cm radius which has a value of 86.27% in comparison to 85.75% for horizontal flat steps. 

The presence of the rounded sill (curvature radius is 5 cm) formed a vertical sill height of 2.5 cm. This condition 

impeded the movement of the flow and raised it in the direction of rotation without free fall thereby increasing the loss 

of flow energy. Figure 5-b shows that the inclined step type of the 23% slope has a greater average relative energy loss 

of 89.1% than that of the flat step with a rounded sill of R=5 cm. These findings indicate that the inclined step type of 

23% provides greater energy loss than the flat type with a rounded sill over 𝑦𝑐 𝐸𝑜⁄  values ranging within 0.04-0.1. 

 

Figure 5. Effect of the step shape on the energy loss of flow for term 
𝒚𝒄

𝑬𝒐
 

(a) (b) 
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4.2. Effect of Step Slope on Energy Loss 

Two inclined steps (13% and 23%) were examined and compared to horizontal flat steps. The results showed that 

the 23% inclined steps had the highest values of dissipating flow energy in comparison to the other types (inclined 

slope of 13% and horizontal flat steps). This finding coincides with those of many previous studies, e.g., Hamedi et al. 

(2014) [18], Mero et al. (2016) [19], Peng et al. (2019) [23], and Salmasi et al. (2022) [22]. Figure 6 shows the effect 

of the inclined steps (13% and 23%) on flow energy dissipation in comparison to horizontal flat steps. The 23° 

inclined step dissipates 89.07% more relative energy losses than that of the horizontal step, which posted an 85.75% 

relative energy loss (see Figure 6-a). Figure 6-b indicates that the 23% step slope shows smooth curve behavior. 

Energy dissipation for the 23% step slope is higher than that of the 13% step slope, and the points of the last curve are 

randomly distributed. However, the use of the rounded sill at the end of the step avoided the random distribution of 

curve points, as shown in Figure 6-c. 

 

 

Figure 6. Effect of step slope on the energy loss of flow 

In Figure 6-c, despite the use of two different slopes, no effect of the slope on the stepped spillway was observed 

due to the presence of the rounded sill placed at the end of the step. Accordingly, the effect of the rounded sill on the 

energy dissipation of flow was found. 

4.3. Effect of Rounded Sill Type on Energy Loss 

Figure 6 shows that a rounded sill increases the dissipation of flow energy. In addition, it reduces the 

momentum force of flow due to the dissipation of flow energy thus controlling the expected damage at the 

downstream of the spillway. Figure 7 presents the relationship between relative energy loss and relative critical 

depth for different flow rates and end sill geometries. The presence of the rounded sill at the end of the step results 

in linear relationships between relative energy loss and relative critical depth with a correlation coefficient R2 

greater than 95%. Figure 7-a shows the comparison between relative energy loss and relative critical depth for two 

(a) (b) 

(c) 
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models of the rounded sills (5 and 7.5 cm) with an upward inclined step of 23%. The figure shows that the 

inclined type with a slope of 23% and rounded sill radius of 7.5 cm has a 90.85% average relative energy loss, 

which is larger than that of the same slope with 5 cm radius and an average relative energy loss of 89.93%. This 

outcome is due to the occurrence of the vertical sill with 7.5 cm radius.  

Figure 7-b shows the comparison between relative energy loss and relative critical depth for an inclined step of 

23% without a rounded sill and with a rounded sill of 5 cm radius at the end of the steps. Results showed an average 

relative energy loss of 89.93% for the rounded sills and 89.07% for the inclined steps. This finding indicates that the 

slight increase in flow energy loss is due to the increase in vertical sills resulting from the presence of rounded ends. 

Similar to Figures. 7-a and 7-b, Figure 7-c presents the comparison for different step inclinations (23% and 13%) with 

a constant rounded end sill of 5 cm radius. The results showed that the step model with a 23% slope had an average 

relative energy loss of 87.91%. For a constant step inclination of 23% without rounded sills and with a rounded end 

sill of 7.5 cm radius, a comparison was made between relative energy loss and relative critical depth (see Figure 7-d). 

The results revealed that the rounded sill with a radius of 7.5 cm and a step inclination of 23% has a 90.85% average 

relative energy loss, which is greater than that of the same step inclination, which reached 89.1% relative energy loss. 

The following equations indicate the relations between relative energy loss and relative critical depth for high values 

through the stepped spillway (see Figure 7): 

∆𝐸1

𝐸𝑜
= 1 − 1.644

𝑦𝑐

𝐸𝑜
 ,                  R2 = 0.951 , for inclined type S = 23% (12) 

∆𝐸1

𝐸𝑜
= 0.999 − 1.544

𝑦𝑐

𝐸𝑜
 ,       R2 = 0.992 , for inclined S = 23% with rounded sill R = 7.5 cm (13) 

  

  

Figure 7. Effect of the rounded sill on the loss of energy flow 

Table 6 summarizes the values of loss ratios for the types of step forms used in the experiments. 

(a) (b) 

(d) (c) 
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Table 6. Values of the average relative energy loss for different types of steps 

Type of step Average relative energy loss 

Flat  85.75% 

Inclined S= 23% 89.1% 

Inclined S= 23% with rounded sill R= 5 cm 89.93% 

Inclined S= 23% with rounded sill R= 7.5 cm 90.85% 

Inclined S= 13% 80.9% 

Inclined S= 13% with rounded sill R= 5 cm 87.91% 

Flat with rounded sill R= 5 cm 86.27% 

Table 6 summarizes that the highest flow energy dissipation through the stepped weir is 90.85% for the inclined 
type with an inclination of 23% and a rounded sill with a radius of 7.5 cm. The lowest value of flow energy dissipation 

is 80.9% for the inclined type, with a slope of 13%. Table 6 also shows the effect of step roundness on flow energy 
dissipation for the horizontal steps. The results of the present study are compared to the previous studies [34, 35]. 
Accordingly, the roundness of steps or the use of rounded step edges and rounded sills produces more energy 
dissipation in comparison to the traditional stepped weirs. 

4.4. Effect of Step Height on Energy Loss for the Horizontal Type 

In this section, the effect of step height on energy dissipation was studied. The flow state at the inclined slope of 
23% increases flow energy dissipation more than that when the step is horizontal, as shown in Figure 8-a. However, 
the energy loss points become randomly distributed (see Figure 8-b) when the step slope changes from 23% to 13% 
and is compared with the flow for the horizontal step. This finding indicates that the effect of changing the step slope 

on energy loss is the same as that shown in Figure 6-b, which resulted in the random distribution of the points. The 
random distribution of points in Figure 8-b was changed by placing a rounded sill with a radius of 5 cm on the 13% 
step slope and comparing it with the flow on the horizontal slope. Figure 8-c shows this change and indicates an 
increase in flow energy dissipation. Figure 8-d provides another illustration of the importance and effectiveness of a 
rounded sill in dissipating flow energy. It compares two cases with a horizontal step, one of which has a rounded sill. 
The results show that the step shape with a rounded sill causes more flow energy dissipation than the other type of 
horizontal shape. 

 

 

Figure 8. Effect of step height on the loss of energy flow 

(a) (b) 

(c) (d) 
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4.5. Effect of Step Height with Rounded Sill on Energy Loss 

Figure 9 presents the relationship between relative step height ℎ𝑠 𝐸𝑜⁄  and relative energy loss, ∆𝐸1 𝐸𝑜⁄ . The value 

of ∆𝐸1 𝐸𝑜⁄  increases as the value of ℎ𝑠 𝐸𝑜⁄  increased. Thus, all the curves on the right of the figure have higher values 

of step height ratio, with the highest relative energy losses. The figure also shows the effect of the rounded sill on the 

dissipation of flow energy at the relative step height. The dissipation of flow energy at the inclined step slope of 23% 

is much greater than that of the inclined step slope of 13% (see Figure 9-a). The results of the comparison between the 

two cases indicate that the steps with rounded sill provide more flow energy dissipation, as shown in Figure 9-b. In 

addition, if the diameter of the rounded sills were changed by 7.5 cm and the step slope was 23%, the rounded sills 

would attract more flow energy dissipations than just the inclined sills (see Figure 9-c). Figure 9-d indicates that the 

dissipation of flow energy of the inclined step slope of 23% with a rounded sill of 7.5 cm radius is greater than that of 

the same inclined slope with a rounded sill of 5 cm. This result indicates that the value of ℎ𝑠 𝐸𝑜⁄  for the rounded sill 

R= 7.5 cm is greater than that for the rounded sill R = 5.0 cm. 

 

         (a)                                                                                                          (b) 

 

         (c)                                                                                                          (d) 

Figure 9. Effect of rounded sill on energy loss of flow for term 
𝒉𝒔

𝑬𝒐
 

4.6. Effect of Increment Height above the Horizontal Step on Energy Loss 

The effect of the third dimensionless term ℎ𝑣 𝐸𝑜⁄  represents the relative increment height above the horizontal step, 

as shown in Figure 10. The figure shows changes in flow energy dissipation similar to those in Figure 9. Therefore, 

the effect of increment height is the same as the effect of step height. Generally, the flow energy dissipation is 

effective when using a rounded sill at the end of the step with inclination. 
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Figure 10. Effect of rounded sill on the energy loss of flow for the term 
𝒉𝒗

𝑬𝒐
  

5. Conclusions 

In this study, the relationship between stepped weir configurations and energy dissipation is presented. The effect 

of stepped weir configurations on flow energy dissipation was experimentally examined for four types of step shapes, 

namely horizontal, horizontal with a rounded sill, inclined, and inclined with a rounded sill of 5 and 7.5 cm radii. In 

the inclined type, the two slopes were 13% and 23%. The conclusions drawn from the present study are as follows: 

 The use of rounded sills produces more energy dissipation than that of traditional stepped weirs. 

 Flow energy dissipation was greater than that of flat stepped weirs as follows: 

 0.6% in horizontal stepped weirs with rounded sills (R=5cm) on the step edges. 

 2.5% in inclined steps slopes of 13% with rounded sills (R=5 cm) on the step edges. 

 4.9% in inclined steps slopes of 23% with rounded sills (R=5 cm) on the step edges. 

 6.0% in inclined steps slopes of 23% with rounded sills (R=7.5 cm) on the step edges. 

 The presence of the rounded sill at the end of the step results in linear relationships between relative energy loss 

and the relative critical depth. 

 The relationship between ∆𝐸1 𝐸𝑜⁄  and 𝑦𝑐 𝐸𝑜 ⁄ showed a homogeneous distribution of points for the rounded sill 

configuration in comparison to the inclined type of 13% slope. 

 The two dimensionless terms of relative step height ℎ𝑠 𝐸𝑜⁄  and relative increment height ℎ𝑣 𝐸𝑜⁄  have a similar 

effect on energy loss on the stepped weirs. 

From a structural viewpoint, it is considered difficult to create the rounded part at the end of the step, but from a 

hydraulic standpoint, it results in an increase in the dissipation of flow energy when using the rounded part in the 

stepped spillway. Therefore, the risk of flow falling behind the spillway is reduced due to the dissipation of excess 

flow energy. 

Our research findings encourage us to continue carrying out laboratory work with a wide channel with varying 

spillway steps in length and height for a range of flow rates to pass over the rounded sill geometry. 

(d) (c) 

(b) (a) 
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Abstract 

The scarcity of waste in some regions has led to the contemplation of other approaches to providing potable water for human 

use. In the present research, it is proposed that a portion of the brine wastewater be recycled for potable water purposes 

through its incorporation into concrete and reinforced concrete compositions. The researchers performed an extensive 

empirical investigation to examine the impact of incorporating brine wastewater into the concrete mixture on the shear 

strength, bending stress, and compressive strength of the material. A total of seventy-two beams, each measuring 500 mm 

in length, 100 mm in width, and 100 mm in depth, were observed. A total of twelve beams were designated as control 

specimens, while an additional sixty beams were subjected to immersion in brine wastewater at varying concentrations of 

2.5, 5, 7.5, 10, and 15%. The beams were reinforced using two longitudinal steel bars with a diameter of 8 millimeters in 

the tension zone and 6 millimeters in the compression zone. The stirrups included in the study were also measured to have 

a diameter of 4 mm. The samples were examined at intervals of seven, fourteen, twenty-one, and twenty-eight days. Based 

on the findings of this study and other relevant studies, it was determined that the use of 10% fresh water as a substitute for 

brine wastewater yielded the most optimal outcomes. The results obtained after a duration of 28 days indicate a notable 

increase in both the compressive and bending strengths of the concrete samples, with improvements of around 22% and 

2.6% seen in comparison to the reference specimens. The impact of brine wastewater on the corrosion of reinforcing steel 

in reinforced concrete was investigated. The empirical findings indicated that the introduction of brine wastewater at a 

concentration of 10% to the concrete constituents did not provide any discernible repercussions over a period of 65 days. 

Keywords: Bending Strength; Brine Wastewater; Reinforced Concrete Beams; Compressive Strength. 

 

1. Introduction 

After experimenting with a wide variety of materials, manufacturers of concrete and reinforced concrete were able 

to refine their processes and product offerings to meet a wide variety of needs [1–3]. From an economic and 

environmental standpoint, waste creation and disposal is an issue of fundamental relevance for growth at the present 

moment, with direct consequences for sustainability [4–6]. To ensure that the concrete's resistance strength is not 

compromised, it is important to pay close attention to the ratios of its components while recycling materials into the 

material [7–9]. Previous research has shown this [10–12]. Until today, the most significant reinforcing element in 

reinforced concrete is rebar, which remains an addition to glass and polymer, although in a smaller amount [13–15]. 

Despite several trials using plastics and the byproducts of agricultural processes, this remains the case [16, 17]. About a 

billion tons of water are used in the production and curing of concrete and reinforced concrete, which is a major threat 

to the world's freshwater supplies and particularly to the Hashemite Kingdom of Jordan, which is one of the world's 

poorest nations in this regard. Brine wastewater was recommended as an option as a result [18–20]. 
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Tensile reinforcements, such as rebar or mineral fibers, are utilized in bending-prone areas of a structure to avoid 

collapse and boost resistance strength [21]. Corrosion of the rebar in bending-prone reinforced concrete elements is a 

constant source of concern as structures age [22, 23]. Based on responses, it has been determined that erosion increases 

at first, and the strength of the resistance to flexion increases and then decreases, and here it depends on the concrete 

coating layer for the rebar. Erosion of rebar increases the resistance to bending in reinforced concrete by a factor of two 

[24, 25]. Since brine wastewater contains components that can affect the bonding strength and erosion of iron, this topic 

was carefully studied, and it was found that brine wastewaters have little effect on the shortage. The corrosion of rebar 

and bonding strength play a key role in the decrease in the strength of the resistance of reinforced concrete in general 

and the strength of bending. [8, 10]. 

When placed in a saline and natural environment, where they were exposed to sunlight and salt water, it was 

discovered that the bearing capacity of reinforced concrete beams reinforced with polymer sheets reinforced with carbon 

fibers is 67% greater than the normal samples. It is challenging to build optimum reinforced concrete beams using the 

conventional technique due to constraints imposed by the reinforced ratio and dimensions of beams produced with the 

same strength [26–28]. This also pushes us to employ brine water in the manufacturing of reinforced concrete. 

The aim of this research is of great economic and environmental importance to understand the impact of using brine 

wastewater in the production of concrete and reinforced concrete, as well as the important properties of the concrete and 

reinforced concrete that are affected by the substitution of brine wastewater for regular water in the production process, 

such as bending strength, compressive strength, the weight of concrete, and other properties. Using the apparatus 

presented in the result and a well-established equation, we were able to determine the flexural strength: 

Strength of Flexural = PL / BD2 (1) 

where, 𝑃 is Failure load (KN), 𝐿 is Effective span length (mm), 𝐵 is Beamwidth (mm), 𝐷 is height (mm). 

2. Methods and Materials 

2.1. Wastewater of Brine, Cement, and Silica Sand 

Specifications, Chemical, and physical parameters can be found in the previous studies [6-9]. 

2.2. Reinforcement of Steel 

The process of the sample’s reinforcement is as follows: In the tension zone, steel diameter 8 was used, and in the 

compressive zone diameter 6, and the stirrups diameter 4 (Figures 1 and 2). 

 

 

Figure 1. Test Beams Designs of Bending 
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Figure 2. The Shape of the Reinforcement of Bending 

2.3. Reinforced Concrete Beams Test Investigations 

To precisely determine the compressive strength of every ratio and the used reference mixture, three measurement 

cubes with dimensions of 150×150×150 mm were obtained from the same mixture for each set of beams, for a total of 

seventy-two beams. Twelve reference samples were made without brine wastewater, and sixty samples of brine 

wastewater included three samples from each added percentage of 2.5, 5.0, 7.5, 10.0, and 15.0% (Figure 3). The findings 

of the tests performed on all samples at 7, 14, 21, and 28 days are shown in Tables 1 and 2. 

 

Figure 3. The Program of the Reinforced Concrete Beams Test Investigations 

Table 1. Strength of Compressive of Concrete with Wastewater of Brine 

Age (days) Series Cubes 
Cubes of (cm) 

 15×15×15 

Average loads (stress in MPa) 

Control samples 
Cubes with brine wastewater 

2.5% 5.0% 7.5% 10.0% 15.0 % 

7 I 

1 C.c.-1 / C.b.-1 

21.75 23.13 23.75 24.33 25.02 20.31 2 C.c.-2 / C.b.-2 

3 C.c.-3 / C.b.-3 

14 II 

1 C.c.-1 / C.b.-1 

25.38 25.95 26.38 27.15 28.01 23.38 2 C.c.-2 / C.b.-2 

3 C.c.-3 / C.b.-3 

21 III 

1 C.c.-1 / C.b.-1 

28.27 29.55 30.28 31.45 33.82 26.55 2 C.c.-2 / C.b.-2 

3 C.c.-3 / C.b.-3 

28 IV 

1 C.c.-1 / C.b.-1 

29.32 32.02 33.37 33.72 35.85 28.34 2 C.c.-2 / C.b.-2 

3 C.c.-3 / C.b.-3 

C.c. - Cubes without brine wastewaters (control samples). 

C.b.- Cubes with brine wastewater. 
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Table 2. The Reinforced Concrete Bending Strength with Wastewater Containing Brine 

The Age (days) Series Beams 
Beams (cm) 

 10×10×50 

Average loads (stress in MPa) 

Control samples 
Beams with brine wastewater 

2.5% 5.0% 7.5% 10.0% 15.0 % 

7 I 

1 Bc-1 / Bb-1 

5.53 5.43 5.6 5.74 5.93 5.02 2 Bc-2 / Bb-2 

3 Bc-3 / Bb-3 

14 II 

1 Bc-1 / Bb-1 

6.17 5.99 6.27 6.40 6.50 5.50 2 Bc-2 / Bb-2 

3 Bc-3 / Bb-3 

21 III 

1 Bc-1 / Bb-1 

6.45 6.26 6.67 6.80 6.91 5.77 2 Bc-2 / Bb-2 

3 Bc-3 / Bb-3 

28 IV 

1 Bc-1 / Bb-1 

7.26 6.51 7.20 7.28 7.45 6.09 2 Bc-2 / Bb-2 

3 Bc-3 / Bb-3 

Bc – Beams without brine wastewater (control samples). 

Bb - Beams with brine wastewater. 

2.4. Work of Laboratory 

This study included the following four laboratory experiments: The first step is to cast a concrete mixture over the 

reinforcement to completely cover it. In the second step, the model is molded, the surface is polished, and it is cured. 

Third, when using reinforcement concrete reference mixes, fortify the bond between the reinforcement and concrete. 

Fourth, the concentration of the brine wastewater is changed by adding varied quantities of regular water. The goal of 

this procedure is to replace part of the regular water supply. The building lab at Ajloun National University served as 

the site for all the tests. Laboratory procedures are shown in Figures 2 and 4 to 7. 

    

Figure 4. The Shape of the Beams and Cubes Figure 5. Nylon was used to cover the specimens in this study 

 

Figure 6. Curing Process 
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Figure 7. Sample Screening Device of Concrete and Reinforcement Concrete in Compression and Bending 

2.5. Bending and Compressive Strength Test 

cubes with dimensions of 15×15×15 cm, and beams with dimensions 100×100×500 mm were used to check 

compressive and flexural strength According to British specifications (BS.1981.PART (118): 1983), And by using 

device used scan capacity 2000 KN/450000 lbs., ADR Touch 2000 Semi-Automatic Compression Machine with Digital 

Readout the code: 363090/01 (Figure7). 

Table 1 to 7 shows the average results obtained from laboratory work for all mixtures and ages. 

Table 3. Steel Reinforcement Test Results Studied for This Research 

Diameter, D 

(mm) 

Number of 

samples 

Length, 

mm 

Tensile Force, 

(KN) 

Average tensile 

Force, (KN) 

6 

1 488 16.25 

16.22 2 487 16.20 

3 490 16.22 

8 

1 489 23.7 

23.90 2 491 24.1 

3 495 23.9 

10 

1 489 44.62 

44.50 2 488 44.48 

3 480 44.39 

Table 4. The Tensile Strength of Steel Reinforcement after Immersion in Normal Water With 10 % Brine 

Wastewater Added 

Diameter Φ 

(mm) 

Number of 

samples 
Grade 

Length 

(mm) 
Weight (g) 

Average tension Force (KN) 

Before After 

10 

1 

40 

493.50 308.61 

44.56 42.18 2 505.10 309.60 

3 502.00 315.30 

8 

1 

40 

478.00 159.10 

20.98 20.29 2 489.00 162.70 

3 490.00 165.20 

6 

1 

40 

478.00 87.20 

16.20 15.71 2 475.00 86.50 

3 480.00 88.10 
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Table 5. Presents the data on the tensile strength of the steel reinforcement after its utilization in reinforced concrete 

structures exposed to 10% brine wastewater 

Diameter 

(mm) 

Number of 

samples 
Grade 

Length 

(mm) 
Weight (g) 

Average tension Force (KN) 

Before After 

Φ10 

1 

40 

480.00 308.62 

44.23 43.75 2 480.20 309.64 

3 480.10 308.61 

Φ14 

1 

60 

606.20 105.10 

105.4 104.67 2 605.60 104.30 

3 608.74 105.6 

Φ16 

1 

60 

505.00 780.9 

109.8 108.42 2 505.00 780.9 

3 500.00 774.80 

Table 6. Concrete Weight with Brine Wastewaters 

No. 
Percentage 

Continent (%) 

Weight in 

(grams) 
Density (γ) ×10-4 

1 0 % (control) 8550 2,533 

2 2.5% 8580 2,542 

3 5% 8610 2,551 

4 7.5% 8645 2,561 

5 10% 8675 2,570 

6 15% 8745 2,591 

Table 7. Workability Concrete with Brine Wastewater 

No 
Percentage 

continent 

The slump in 

(cm) 
Failure mode 

1 0% (control) 5.2 The mixture is normally sold 

2 2.5 % 3.8 The mixture is sold 

3 5 % 2.8 The mixture is very sold 

4 7.5 % 1.7 The mixture is very, very sold 

5 10 % 1.6 The mixture is extremely sold 

6 15 % 0.9 The mixture is extremely sold 

3. Results and Discussion 

Following the completion of the laboratory work and the acquisition of test results from Tables 1 to 7, an analysis 

and discussion of the obtained data is presented below: 

3.1. The Effect of Brine Wastewater on Reinforced Steel and Concrete 

According to the findings of the laboratory and prior research [6–10], it has been determined that the optimal 

proportion of brine wastewater that may be included in concrete and reinforced concrete to achieve optimal outcomes 

is 10%. Therefore, an investigation was conducted to examine the impact of brine wastewater on reinforcing steel in the 

context of a scarcity. 

3.1.1. Reinforcement Steel 

Diameters 6, 8, and 10 were immersed in normal water, to which 10% wastewater was added, for 65 days, and a test 

for tensile strength was performed. Note that we tested the same steel before the experiment, and the results were 

recorded in Table 4. According to the test results, reinforced steel has lost about 3% of its tensile strength. When testing 

the strength of bonding between reinforcements of steel and concrete, where a diameter of 10, 14, and 16 was used [8], 

the steel was examined before the experiment. After the end of the experiment, we tested the steel on tensile strength to 

see the effect of concrete added to its brine wastewater on the steel, and all the results were recorded in Table 5. Note 

that the tests were carried out after 35 days. 
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From Table 4, it was found that there is no short-term effect of brine wastewater added to concrete on reinforcing 

steel. The simple difference between the tensile strength of steel before and after use is due to the steel tensile strength 

of concrete before and after second testing, which, to its weakening a little, equals about 1%. 

3.1.2. Concrete 

To find out the effect of brine wastewaters on concrete, the weight of regular concrete was found and added to it in 

different proportions of brine wastewater, as indicated in Table 6. Table 6 and Figure 8 show that the weight of concrete 

is affected directly by the proportion of wastewater of brine added; when this proportion is increased by 10%, the result 

is a weight greater than the reference value of 1.46%. Table 7 and Figure 9 show that the addition of brine wastewater 

had a negative impact on the workability of concrete. This was true regardless of the amount of brine wastewater used. 

Therefore, additives are required to enhance the concrete production procedure. 

 

Figure 8. Concrete Weight with Brine Wastewaters 

 

Figure 9. Workability of Concrete with Brine Wastewater 

3.2. Strength of Compressive 

Compressive concrete's strength may be affected by a number of factors, including cement quantity, age, water-to-

cement ratio, brine wastewater-to-cement ratio, additives, and curing procedure. Surface hardness was improved in 

concrete samples that were combined with brine wastewater as compared to those that were not. It has been shown, 

without the use of additives to improve the qualities of the concrete mixes, that specimens containing brine wastewater 

showed reduced workability compared to other mixtures. The breakdown modes shown by the Cube when exposed to 

saline wastewater (Figure 10) are quite different from those displayed by their more recognized concrete analogues 

(Figure 11). There was a little swelling after using the cube with brine wastewater, which might be because of the salt. 

Testing was performed on all samples at 7, 14, 21, and 28-day intervals. Maximum compressive strength from brine 

wastewater was achieved at a concentration of 10%. After curing for 28 days, the compressive strength reached 35.85 

MPa at this concentration. Notably, this value represents a 22% improvement compared to standard concrete (Figure 12 

and Table 1). 
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Figure 10. Illustrates the various failure modes seen in the cubes subjected to brine wastewater 

 

Figure 11. The failure modes of the cubes without brine wastewater, as seen in Figure 11, are presented herein 

 

Figure 12. Illustrates the concrete's compressive strength after 7, 14, 21, and 28 days of curing, depending on the percentage 

of wastewater and brine used 

The results showed that the compressive strength of concrete made with brine wastewater ranged from about 

9.0% to 22.0% greater than that of concrete made without brine wastewater, depending on the ratio of brine 

wastewater used. This impact is especially prominent during the first seven-day period, due to the crystallization 

process assisted by the presence of brine wastewater. However, the observed percentage boost in compressive 

strength drops below that of conventional concrete by around 3% once the brine wastewater addition rate exceeds 

15%. Several studies [6–9] have confirmed the accuracy of this claim. Figure 12 and Table 8 show that the 

compressive stress curves for concrete aged with the addition of brine wastewater follow the same general pattern as 

those for conventionally aged concrete. 
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While there are no historical records of using brine wastewater in concrete mixes to create reinforced concrete, 

there are a number of comparative studies, including the use of saltwater. The compressive strength of concrete may 

be improved by using seawater, which is known to have a high proportion of salts [29]. Previous studies' 

compressive strength indicators are consistent with our own, even if their physical and chemical characteristics are 

not comparable. 

Comparing the results of this study with those of others [6–10] on the topic of compressive strength, we find that 

they are essentially identical, leading us to the conclusion that concrete to which brine wastewater has been added at a 

rate of up to 10% has a higher compressive strength than regular concrete. 

3.3. Strength of Bending Reinforced Concrete 

Several factors affect the bending strength of reinforced concrete. These include the concrete's age, the cement's 

content and ratio, the brine wastewater to cement ratio, the curing process, the presence of additives, the construction 

method, the type of reinforcement used, and so on. Despite their superficial resemblance to conventional concrete, the 

failure mechanisms found in beams exposed to brine wastewater are distinct from those in regular concrete. The angle 

of the cracks at the point of loading is less of a factor in the brine-exposed samples. The fissures vary in breadth and 

height but otherwise measure similarly. Figures 13 and 14 show this clearly. It's also important to note that the exposed 

samples to brine seem lighter in color than the regular samples. 

 

Figure 13. Failure Modes of the Beams with Brine Wastewater 

 

Figure 14. Failure Modes of the Beams without Brine Wastewater 

The highest flexural strength of reinforced concrete made using brine wastewater was 7.23 MPa, which is somewhat 

less than the 7.26 MPa observed in conventional reinforced concrete. The bending strength of reinforced concrete is 

improved by 2.5% when brine wastewater (at a concentration of 10%) is added to the mix. When compared to regular 

reinforced concrete, the bending strength drops by 10% and 16% when the ratio is 2.5% or 15.0%. However, when brine 

wastewater is added at concentrations of 5% and 7.5%, the bending strength approaches that of the standard samples. 

At the 28-day point, these results become apparent. The bending strength of the material was also shown to diminish 

after 7-28 days of age when a 2.5% ratio was used. The lack of accessible material for crystallization, which is required 

to increase bending strength, is to blame for the decline. During the same aging time, the bending strengths of the 

remaining ratios of 5%, 7.5%, and 10% are either higher than or equivalent to the reference samples. The bending stress 

curves for reinforced concrete with the introduction of brine wastewater shows a similarity to the curves observed in 

conventional concrete and reinforced concrete, as illustrated in Figure 15, and Table 2. 
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Figure 15. Bending Strength (MPa) of Reinforced Concrete Mixes of Different Percentages of Wastewater of Brine for       

(7, 14, 21, and 28 Curing Days) 

Many studies have been undertaken on the use of treated wastewater, but as we noted before, brine wastewater is 

not utilized in the construction of reinforced concrete or its flexural testing. There was no decrease in bending strength, 

and the bending strength increased by 2-5% after adding the aforementioned materials to both piles, even though this 

water is not identical to brine wastewater in terms of physical and chemical properties. 

The strength reduction factor, denoted by (Φ), is regarded as a crucial factor in determining safety. It is multiplied 

by nominal strength to obtain design bending strength (𝑀𝑛), design shear strength (𝑉𝑛), design axial load (𝑃𝑛), and so 

on for the rest of the strongest types. Coefficient values vary in accordance with code requirements for strength and 

failure mechanisms (ACI Table 21.2.1). From the Table, it is known that the elements exposed to an axial force or a 

bending moment or both are regulated by the tensile failure it is (𝛷 = 0.9), which relates to the tests that we have done 

in this study. In most cases, the design strength should be greater than or equal to the design forces. 

𝑀𝑢 ≤ 𝛷 𝑀𝑛 (2) 

This means that the nominal strength must be greater than the required strength by an amount equal (1/Φ) to at least 

that: 

Mn ≥ Mu/ Φ (3) 

From here, the parameter Φ is important when designing. Based on the modest studies that have been carried out so 

far in this research and research [8, 10] in principle, we can suggest a coefficient of (η) to replace the coefficient of (Φ), 

this is due to the consideration of the bonding strength between rebar and concrete, to which saline wastewaters are 

introduced, in addition to the necessary safety. For example, when using reinforced concrete for diameters 6, 8, 10, 12, 

14, and 16, it can be taken from [10]. 

4. Conclusion 

The laboratory experiments included the production of concrete and reinforced concrete, including Brine 

wastewaters. The subsequent analysis focused on evaluating various features of the concrete and comparing the results 

with reference mixes. Based on these investigations, the following conclusions were drawn: The utilization of brine 

wastewater as a substitute for a portion of conventional water in the manufacturing process of reinforced concrete 

presents a viable alternative. In comparison to the reference mixes, the combinations incorporating brine wastewater 

exhibited higher compressive strength. Moreover, the inclusion of 5.0% to 10% of brine wastewater resulted in increased 

bending strength of reinforced concrete when compared to standard reinforced concrete. These studies provide evidence 

that the optimal addition of brine wastewater to the reinforced concrete mixture is 10%. However, it should be noted 

that the impact of brine wastewater on steel reinforcement is minimal when added up to 10%. It is important to 

acknowledge that the addition of wastewater to concrete does have an effect, as it increases the weight of the mixture 

while simultaneously reducing its workability. Based on the findings derived from the laboratory investigation, we 
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propose that more exploration be conducted on the following aspects. It is suggested that a study be conducted to 

examine the enduring impact of brine wastewater on steel reinforcement. The inclusion of Brine Wastewater has the 

potential to alter the characteristics of reinforced concrete. Therefore, it is crucial to analyze samples at intervals of 90, 

180, 360, and 720 days to assess their influence on the material. Drawing upon the findings of this investigation and 

previous scholarly works, it is recommended that concrete containing brine wastewater be employed in the construction 

of road pavements, water fountains, and similar infrastructure projects. 
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Abstract 

This paper deals with the establishment of a solid waste-to-energy plant that significantly reduces the volume of solid 

waste and produces electricity at the same time. Thirteen criteria have been identified to locate the station based on 

environmental, economic, and social factors to avoid its negative impacts. These criteria were addressed by combining a 

Multi Criterion Decision Making (MCDM) method based on the GIS software. This study aims to establish a MCDM 

system based on the classical AHP and validated by the fuzzy AHP method. The findings revealed that using the classical 

AHP and fuzzy AHP methods, there was no significant difference in decision-making between the two methods. The 

importance of the criteria under study has been identified based on the judgments of experts; a questionnaire was designed 

and conducted electronically, which was collected with the help of a weighted overlay GIS model. This technique combines 

multiple reclassified data in ArcGIS 10.8 software to overlay criteria layers with different weights to create a composite 

map of suitability categories across the study area. The outcomes revealed that 96.76% of the study area is unsuitable for 

establishing the station, 1.36% is moderately suitable, and 0.04% is only very suitable for station site selection. 

Keywords: Waste to Energy; GIS; MCDM; Classical AHP Method; Fuzzy AHP Method; Kafrelsheikh; Solid Waste. 

 

1. Introduction 

Population expansion, globalization, and technological advancement have sped up the dynamics of urbanization 

processes in emerging nations, which has increased the amount of Solid Waste (SW) produced. As a result, issues with 

Solid Waste Management (SWM) remain an important focus of international environmental policy for long-term 

development [1, 2]. Due to that and limited space, local governments and planners face significant difficulty managing 

solid waste [3]. Spreading rubbish is a recurring environmental concern in the Arab Republic of Egypt, with an estimated 

40% of the total garbage produced not being collected; only a small part of the collected waste is treated and disposed 

of in places with a generally acceptable level of environmental management. Without applying environmental 

safeguards, the remainder is dumped on public lands alongside waterways, roads, railways, etc. Unintentional trash 

disposal aids in the spread of illness, the deterioration of the environment, and the contamination of surface and ground 

waters [4]. According to a prior study, the trash generation rate in Egypt's Kafrelsheikh Governorate was 0.82 kg per 

person daily at a rate of 950,000 tons of garbage every year [5]. 

The construction and the SW power plant's functioning is one of the recommended methods for waste disposal, rising 

energy demand, and restricts on landfilling [6, 7]. Several nations in Europe, Asia, and America have recently changed 
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their primary method of garbage disposal from landfilling to converting waste into energy [8, 9]. Waste to Energy (WTE) 

is more effective at managing waste than landfills and composting because it has advantages such as requiring less 

space, reducing waste volume, and producing power [10]. 

Numerous social and environmental problems are associated with positioning facilities for waste conversion in 

appropriate locations and at maximum capacity. For instance, one of the major environmental difficulties is societal 

opposition and refusal to set up the station because of the smells, noise, and litter in the surrounding area [11]. Choosing 

a site for a particular activity necessitates a suitability analysis, considering various factors depending on the activity 

type. The primary goal of suitability analysis is to determine the best spatial layout for future land uses by categorizing 

different areas under study according to their appropriateness for a particular activity [12]. The MCDM techniques 

provide a powerful vehicle to facilitate and hasten any siting process and provide a workable planning and policy-making 

solution when integrated with GIS. They become stronger because of the facilities they provide for obtaining satellite 

images, maps, and aerial images, analyzing them, and displaying them in the form of graphs, maps, and reports [13–15]. 

After consultation and discussions with regional experts and reviewing the relevant literature, this research identified 

13 criteria covering environmental, economic, and social concerns commensurate with the nature of the study area. 

Numerous factors are taken into account and given values in MCDM analysis in order to determine the corresponding 

relative weighted values. The fuzzy AHP approach has been validated by the AHP, a typical MCDA technique that 

determines the relative importance of each criterion by pairwise comparison of many criteria and a multilevel 

hierarchical structure.  

Many previous studies have used different techniques and approaches to determine the location of WTE plants; for 

example, Abushammala et al. [16] used the MCDM method and GIS software to process the criteria and the Weighted 

Overlay method to calculate the weights of the criteria. In another study, Chullamon & Skolpap [17] used geographic 

information systems and weighted average (WA) technology. In another study, Yalcinkaya & Kirtiloglu [18], the authors 

used fuzzy AHP and GIS to determine the station’s location. Others, Meng et al. [19], used the single-valued nutrosophic 

sets and combined them with decision-making and trial evaluation laboratory-analytical network processes (DANP) and 

GIS to determine the impact of the criteria and calculate their weights. In many of the studies conducted on determining 

the location of a landfill relevant to our research topic, the authors used techniques of MCDM, GIS, AHP, and remote 

sensing [20–25]. Which indicates the widespread use of the MCDM method and its integration with GIS in determining 

locations due to its ability to simplify and facilitate the case, provide information, and not take a longer time. 

This study aims to develop guidelines for constructing a new WTE plant and suggest a model by considering the 

environmental, economic, and social suitability using the decision-making technique based on GIS software. Since there 

is not a functioning SW power plant in Egypt, Kafrelsheikh Governorate was chosen as a case study.  

1.1. Study Area  

The current study focuses on Kafrelsheikh Governorate as a representative region of Egypt's populated rural and 

urban sectors, the most densely populated country in the Middle East and North Africa region. Kafrelsheikh Governorate 

is located in the north of Egypt, between the two branches of the Nile River in the north-western part of the Nile Delta, 

with an extension of 85 km (Figure 1). It is bounded to the north of the Mediterranean Sea with an extension of 100 km, 

between latitudes 31° 37 ̀ N and 31° 20 ̀ E with an elevation ranging from -26 to 138 m (Figure 3a). It is administratively 

divided into ten cities (Figure 1). According to the Central Agency for Public Mobilization and Statistics, Kafrelsheikh 

Governorate has a population of 3,362,185 and an area of 3,738.48 km² [25] (Table 1; Figure 2). The governorate 

experiences a Mediterranean climate, Annual rainfall is between 140 and 250 mm, and the predominant winds are from 

the west and northwest. The governorate produces 30% of the rice crop in Egypt. It has the largest fish farm in the 

Middle East, in the Ghalioun pond. It enjoys various tourist activities, recreational, religious, and archaeological. The 

governorate has a diverse representation of socioeconomic strata. 

Table 1. The general authority for urban planning classifies the Kafrelsheikh Governorate's lands using Support Vector 

Machine learning (SVM) (https://earthexplorer.usgs.gov/) 

Classification  Area )km  (²  Percentage (%)   

Agricultural lands 2642.89 70.69 

Land availability (bare land) 119.79 3.21 

Fish farm 312.83 8.37 

Natural vegetation 181.01 4.84 

Urban (sensitive land) 249.95 6.69 

Surface water (Water bodies) 231.83 6.20 

Total  3738.48 100 

https://earthexplorer.usgs.gov/
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Figure 1. Location of Kafrelsheikh Governorate (the red lines show the division of towns/cities in Kafrelsheikh Governorate) [26] 

 

Figure 2. Land cover map using Support Vector Machine learning (SVM) classification algorithm of Kafrelsheikh 

Governorate (https://earthexplorer.usgs.gov/) 

2. Production of Solid Waste 

Solid waste is the unwanted or worthless solid materials created by a combination of commercial, industrial, and 

residential activity in a specific location. It can be divided into groups based on its origin (home, industrial, commercial, 

agricultural, etc.) and its contents according to their hazardous potential (toxic, non-toxic, flammable, radioactive, 

infectious, etc.). Typically, all garbage produced in a community is referred to as solid waste [27]. 

A previous study conducted a field experiment to identify and characterize solid waste and the percentage of waste 

components in the governorate. The proportions were as follows: Paper 6.24%, Plastic 11.76%, Glass 1.23%, Metals 

3.97%, Textiles 2.30%, Food 66.01%, Wood 0.14%, and Others 8.35% [5]. This allows more than one method to operate 

the station, such as burning and Anaerobic Digestion (AD). 

Waste-to-energy (WTE) is one of the most effective ways to dispose of waste [28]. The fundamental benefit of WTE 

is that it not only benefits the waste management industry by providing an effective means of final disposal but also 

https://earthexplorer.usgs.gov/
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benefits the energy industry by heating or providing electricity. WTE processes result in products like transportation 

fuels, synthetic natural gas, chemicals, ferrous and non-ferrous metals, and energy. In addition, it emits less carbon 

dioxide (CO2) and greenhouse gases (like methane) than landfills. 

The production of solid waste is one of the main factors endangering environmental quality worldwide. Accordingly, 

integrated waste management systems must be considered to achieve sustainable development. The Kafrelsheikh 

Governorate produces 2625 tons/day of waste (SWM in Kafrelsheikh Governorate 2023) distributed over cities 

according to Table 3. The cities with the highest waste production are the city of Desuq, followed by the city of 

Kafrelsheikh, the capital of the governorate. There is currently no landfill for the governorate, but plans are underway 

to establish a sanitary landfill in the city of Burullus. Waste collected from cities is sent to the controlled landfill in 

Metubas City, the Tal al-Mutair landfill in Desuq City, and the Qellin landfill. The volume of trash in the controlled 

Metubas landfill was 1750 tons/day, the Tal Al-Mutair landfill had 676 tons/day, and Qellin had 199 tons/day. There 

are two factories for solid waste recycling in the governorate, Biyala and Sidi Salem, for producing fertilizers with a 

production capacity of 800 tons/day (Table 2). 

Table 2. The amount of waste that is recycled in Kafrelsheikh Governorate (SWM, Kafrelsheikh Governorate 2023) 

Amount of 

waste recycled 
Recycling Entity 

Quantity directed 

to landfills 
Amount of waste 

left after recycling 
Recycling Methods 

382 (ton/day) 

Biyala Solid Waste Plant 

76 (ton/day) 

2042 (ton/day) 

 Use of organic material for the 
production of organic fertilizer. 

 Separate any components with high 
heat content to be used as coal 

replacement fuel in cement plants. 

 Separating and reusing iron and 

sorting other ingredients that have 
economic importance such as plastic, 

cartoon, glass and residual materials 

refuse and are transported to landfills. 

Design Power: 420 ton/day 

Operating Capacity: 400 ton/day 

amount of fertilizer: 114 ton/day 

RDF: 57 ton/day 

346 (ton/day) 

Sidi Salem Solid Waste Plant 

69 (ton/day) 

Design Power: 420 ton/day 

Operating Capacity: 400 ton/day 

Amount of Fertilizer: 104 ton/day 

RDF: 52 ton/day 

All population forecasting techniques indicate that the population will certainly increase in the coming decades with 

a population growth rate of 1.62%. The population of Kafrelsheikh governorate reached 3,695,336 people in 2023 and 

the population will increase to 4,339,563 by 2033 according to the Equation 1 [29]. 

PN = PO (1+R)N (1) 

where: PN = predicted population, PO = the current population, R = population growth rate, N = Interval between the 

two censuses. Consequently, the rate of waste generation will increase to 3,559 tons/day by 2033 according to Table 3. 

This is a major reason for this study and work on the installation of such plants to reduce the risk of increasing waste 

and for sustainable development. 

Table 3. The latest Population 2017 [30], Projected Population on 2023. Quantity of SW there is generated in urban areas 

2023 (SWM, Kafrelsheikh Governorate 2023), Projected SW in 2033 and the distance to the landfills 

City 
Population         

2017 

Population  

2023 

Population 

2033 

Quantity of waste 

(ton/day( 2023 

Expected Quantity of 

waste (ton/day( 2033 

Distance to 

landfills (km) 

Kafrelsheikh 623510 686488 806167 417 661 125 

Al hamoul 289375 317687 373071 243 306 125 

El Ryad 186159 204100 239682 130 197 60 

Burullus 235051 259358 304573 200 250 67 

Biyala 297455 327146 384179 235 315 125 

Desuq 546671 600945 705711 527 579 20 

Sidi Salem 437667 479594 563204 303 462 60 

Fuwa 179002 197682 232145 149 190 15 

Qellin 265054 290876 341586 199 280 40 

Metubas 302241 331460 389245 222 319 40 

Total 3362185 3695336 4339563 2625 3559 1082 
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The amount of waste left after recycling is 2042 tons/day. Waste reduction is vital because it will reduce waste 

volume and disposal while addressing energy needs. Because significant levels of solid waste severely threaten pollution 

and environmental degradation, waste reduction is essential. 

3. Research Methodology 

3.1. Choosing Decision Levels (Objectives, Standards) and Practical Considerations 

All research on the positioning of WTE plants shows that different countries' standards for decision-making follow 

common objectives, including environmental, economic, and social desirability. These standards differ from one country 

to the next, or even from region to region within the same country [31]. 

The aim of site selection is to find the best location with the least detrimental effects on the environment and other 

natural resources, minimize financial expenditures, and have the best qualities from an engineering standpoint. As a 

result, focused regional studies are required to determine the local potential and confirm the energy required to build a 

WTE plant. The Egyptian laws or regulations do not govern the site selection criteria and environmental effect 

assessment of trash WTE plants. This study chose a sub-criterion after reviewing previous studies and the conditions of 

the study area and speaking with experts. Thirteen sub-criteria were classified to choose the location of the WTE plant. 

Each of these criteria includes different aspects. 

Relevant in this study to detect the location of the WTE station in Kafrelsheikh Governorate, a questionnaire was 

prepared to determine the importance of these criteria, measured by a particular scale [32]. It ranges from 1 to 9 according 

to the AHP method. Many experts from academia, including the Ministry of Housing, Utilities, Urban Communities and 

Planning, Environment, Electricity, and Energy, participated. In order to determine the importance of the following 

criteria. 

3.1.1. Distance to Sensitive Land Uses 

It is difficult to avoid the noise, odor, and emissions of a WTE plant when operating. The plant's emissions are 

detrimental to human health; consequently, the plant location should be located far from populated areas and popular 

tourist destinations [10, 33]. As a result, the greater the distance between sensitive land uses (such as homes, hospitals, 

schools, tourist attractions, shops, mosques, military areas, etc.) and the location of the facility, the better to reduce 

harmful effects. Finding ideal locations for the plant also considers the regions and plots set aside for future development. 

The percentage of sensitive areas in the study is 6.69% (Table 1). Based on the previous literature review, a buffer zone 

of at least 500 meters should be imposed on sensitive land in the lands of the governorate [10, 16, 33]. 

3.1.2. Distance from Agricultural Land 

The site of the plant should be isolated from the agricultural area to prevent pollution of edible plants and crops. The 

larger the space between the plant site and agricultural land, the more suitable the area becomes. A suitable distance 

must be maintained between the agricultural areas and the location of the station, especially since Kafrelsheikh 

Governorate is covered by 70.69% of the vegetation lands of the governorate. Based on the previous literature review, 

a buffer zone of at least 500 meters should be imposed around agricultural land [16]. 

3.1.3. Distance to Surface Water 

This criterion is crucial from the standpoint of environmental concerns because it excludes places that are fewer than 

1,000 meters from surface water. The percentage of water bodies on the governorate's lands is 6.20%. 

3.1.4. Distance to Landfills 

An integral part of the economic and environmental issues of its integrated solid waste management system, such as 

fuel consumption and pollution when transporting solid waste [33]. The transportation of solid waste considerably 

affects the operating costs of the facility, directly affecting its economic viability. To cut transportation costs, it is 

essential to locate the plant close to a potential supply of solid waste [10]. Therefore, to save on transportation costs and 

pollution, it is important to construct a plant adjacent to landfills that receives large quantities of solid waste regularly. 

The shorter the distance between the station and the waste dumps, the greater the suitability. 

3.1.5. Distance to the Electricity Grid 

To make it simple to feed the grid with the generated electricity, the facility should be located close to the existing 

electrical system [33, 34]. 

3.1.6. Distance to the Road Network 

To provide simple access and efficient solid waste transportation to the plant, it is necessary to choose a plant site 

near major roadways [33–35]. Transportation of solid waste accounts for a sizable amount of the power plant's 
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operational costs, which may impact the plant's economic viability [33, 36]. This proposed method will avoid developing 

station-specific routes. Therefore, the precise location must be close to the current highways and main roads. It is also 

considered necessary to move away from the roads by at least 300 meters as a buffer zone to avoid the visual impact of 

the building and unpleasant odors. A distance closer to the current roads is given more weight. The governorate is linked 

by a road network of 875 km, according to the Egyptian Ministry of Transport (General Authority for Roads, Bridges, 

and Land Transport). 

3.1.7. Elevation 

Elevation directly affects the trucks' fuel efficiency; hence, the site should be in a low elevation area. Access is more 

challenging as the altitude increases and transportation costs increase. As a result, expected, site locations that have 

higher elevations are given less weight. Based on the study of the area, it was found that the height ranges between -38 

m to 133 m (Figure 3-a) above sea level. 

 

Figure 3. (a) Elevation; (b) Slope; (c) Electricity grid, main canals, and the river; (d) Surface water, road network, railway, 

and landfills in the study area of Kafrelsheikh Governorate 

3.1.8. Terrain Slope 

Flatter places are more appropriate for creating the plant because the technical viability of a region for establishing 

an industrial facility declines with rising slopes [33, 35]. The slope of the terrain is an economic factor in building a 

plant. Sloping lands are more challenging to access. 
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3.1.9. Railway Line 

Despite the city's tiny railway line length, both sides of the centerline must have a 300 m buffer zone. To mitigate 

the harmful effects of odors and emissions and to maintain the aesthetic appearance, the longer the distance between the 

railways and the location of the station, the better. The length of the railways in the governorate reached 125 km, 

according to the Ministry of Transport (the National Authority for Egyptian Railways). 

3.1.10. River and Main Channels 

It is necessary to exclude distances of less than 1,000 meters from the Nile River, represented by the Rashid branch 

and canals, to reduce the risk of water pollution that these plants can cause, as Egypt relies entirely on the Nile River 

water for drinking and irrigation of crops. 

3.1.11. Landfill 

An engineered landfill is a location where solid waste is treated scientifically. Therefore, having a suitable site for 

the disposal of residual waste after processing operations is crucial [33]. Transporting solid waste accounts for a 

significant amount of the plant's operating costs, which has an immediate impact on the viability of the facility [10]. 

Therefore, in order to reduce transportation costs and pollution, it is desirable to construct a plant close to landfills that 

regularly collects large amounts of solid trash [16]. 

3.1.12. Wind Direction 

The direction of the wind is one of the essential criteria in choosing the location of the plant. The smell from the 

station can disturb residents who live downwind. According to National Meteorological Agency reports, the 

predominant winds are from the west and northwest. 

3.1.13. Land Availability 

The location of the facility should be close to new or abandoned regions or unused land in the study area and away 

from areas earmarked for future development or land currently occupied. This criterion was not classified, as the main 

objective of the research was limited to obtaining plots of land that were not developed or available for construction [16, 

34], as shown in Figure 2. 

3.2. Limitations of Standards 

Determining the permissible distance from the station site requires consideration of government regulations, 

potential environmental hazards, public health, and economic assessment of each criterion, restrictive criteria, and 

suggested insulating values for the study area, as depicted in Table 4 [10, 11, 33, 38–40]. After reviewing the literature 

and consulting with experts, the evaluation criteria were set on a scale of 0 to 10, with 0 being the limited area (not 

subject to investigation), 1 being the least preferable, and 10 being the most preferred area [33, 37]. In ArcGIS 10.8, this 

scale is utilized to evaluate low and medium, prior to them being combined with the MCDM approach used for all other 

criteria. Highly acceptable locations for each criterion are identified. In addition to the criteria's buffer zones and 

appropriateness levels. 

Table 4. Details and grade values for the ultimate criterions 

Criteria 
The Restricted 

dimensions 
1 2 3 4 5 6 7 8 9 10 

Distance to sensitive land uses < 500 m > 500 200-meter intervals spaced equally > 2300 

Distance from agricultural land < 500 m 500–700 200-meter intervals spaced equally > 2300 

Distance to surface water < 1000 m > 1000 100-meter intervals spaced equally > 1900 

Distance to landfills > 25,000 m 25,000–22,500 Spans of 2500 m spaced evenly < 2500 

Distance to the electricity grid > 200 m > 9000 Spans of 1000 m spaced evenly 1000–200 

Distance to the road network < 300 m > 2700 Spans of 300 m spaced evenly <300 

Elevation >360 m 360 Spans of 40 m spaced evenly -40 - 40 

Terrain slope > 45 > 30–45 25– 20– 18– 15– 13– 10– 5–10 < 5° 

Railway Line < 300 m >300 Spans of 100 m spaced evenly > 1200 

River  and main channels < 1000 m > 500 Spans of 200 m spaced evenly > 2800 

Landfill 
Non-combustible elements found in municipal solid trash do not break down during incineration. 

Therefore, having an appropriate location to dispose of materials in the waste process is essential. 

Wind direction The predominant wind direction in the region is primarily to blame for this. 

Land availability Inhabited Land   
Abandoned 

Land 
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3.3. Data Preparation 

Data from several sources was used in this study. Maps showing sensitive land uses, standard current buildings (such 

as homes, businesses, hotels, factories, medical facilities, and schools), agricultural lands, water bodies, unoccupied 

lands, rivers, and water channels were obtained from free cloud coverage. Landsat-8, OLI with 11 spectral bands, Path 

177, Row 38; (https://earthexplorer.usgs.gov/) satellite data on June 6, 2022. These data were freely available on the 

United States Geological Survey (USGS) website and projected to the Universal Transverse Mercator (UTM) with the 

WGS84 datum and projections system zone of 36N. The atmospheric correction was performed during pre-processing 

using ENVI-5.3 and Erdas Imagine 2022 software’s packages before applying the machine learning supervised 

classification technique. The slope layer in degree measuring units was retrieved from the 12.5 spatial resolution Digital 

Elevation Model (DEM) using ArcMap 10.8 software (Figure 3-a). This DEM is downloaded using the USGS website. 

The Ministry of Environment (Governorate Solid Waste Management) provided waste dump sites. While the roads 

and railways were provided by the Ministry of Housing, Utilities, and Urban Communities. The Egyptian Electricity 

Holding Company (Northern Delta Electricity Distribution Company) provided the electricity transmission lines and 

network data for the study area (Figure 3-c). The ArcMap 10.8 Euclidean distance tool was used to create raster surfaces 

for the vector parameters that reveal the radial distance from the element under analysis, such as sensitive areas, 

elevation, electricity networks, rivers/canals, road networks, etc. (Figure 3) Kafrelsheikh Governorate study degrees of 

suitability and buffer zones were determined for the standards (Table 4) to be reclassified from zero to ten values (Figure 

4). 

 

Figure 4. Displays the appropriateness rankings for each criterion in the following order: red (0) indicates a restricted 

region, 1-4 indicates low suitability, 5-7 indicates moderate suitability and 8–10 indicates high suitability 
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3.4. MCDA Approach using (AHP) and Fuzzy-AHP Method 

Two different approaches AHP and fuzzy-AHP analytical techniques were used in this study (Figure 5) to predict 

the best site selection for the facility in the study area. By comparing the analysis results, the AHP and fuzzy AHP 

techniques were used to boost the validity and dependability of their research findings. To determine and calculate the 

importance of the criteria under study, a questionnaire was designed and conducted electronically based on the 

judgments of experts, in which 34 experts from the Ministry of Environment participated, represented by the solid waste 

department in the governorate, urban planning, the housing directorate in the governorate, the Ministry of Electricity, 

and academic circles. The questionnaire was completed according to Table 5 and Figure 6. 

 

Figure 5. Flowchart of the methodology 

Table 5. Questionnaire responses (https://forms.gle/y5SMm8UUyRWnfkvC6) 

Importance measure Values AHP 
The number of responses 

SL LF RN EG RC SW AL E TS RL 

Equally significant 1 0 0 0 0 1 1 5 14 20 8 

Slightly significant 3 0 1 1 3 0 10 16 14 11 14 

Strongly important 5 5 11 5 20 26 18 11 6 3 10 

Very strongly important 7 14 15 23 11 5 3 1 0 0 2 

Extremely important 9 15 7 5 0 2 2 1 0 0 0 

Total 34 34 34 34 34 34 34 34 34 34 

The weighted average of the responses on the significance value 4.6 6.6 6.9 5.5 5.4 4.7 3.6 2.53 2 3.4 

Correction 7.5 6.5 7 5.5 5.5 4.5 3.5 2.5 2 3.5 

SL=sensitive land; LF=landfills; RN=road network; EG=electricity grid; RC=River and channels; SW= Surface water AL=agricultural land; E=Elevation;   

TS=Terrain slope; RL=Railway Line. 

https://forms.gle/y5SMm8UUyRWnfkvC6
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Figure 6. Questionnaire responses (https://forms.gle/y5SMm8UUyRWnfkvC6): SL=sensitive land; LF=landfills;   RN=road 

network; EG=electricity grid; RC=River and channels; SW= surface water AL=agricultural land; E=Elevation; TS=Terrain 

slope; RL=Railway L. 

3.4.1. Analytical Hierarchical Process (AHP) 

The AHP is based on the n x n-dimensional criterion pairwise comparison matrix “A” [41]. To put this technique 

into practice, we must first describe the problem to be studied, then study the problem in terms of its variables, then rank 

options by making pairwise comparison matrices, and then get the findings of the sensitivity or feasibility analysis [42]. 

For the pairwise comparison of the criteria in Table 6, a scale from one to nine is employed, with one signifying equality 

of importance between the compared criteria and nine signifying the strong importance of one criterion over another 

[43]. The values must be added above the leading diagonal since Equation 2's reciprocity axiom will fill in the blanks in 

the cells below. 

𝑀𝑎𝑡𝑟𝑖𝑥 𝐴 =

[
 
 
 
 

1 𝐴12 𝐴13 …   𝐴1𝑛
1/𝐴12 1 𝐴23 …   𝐴2𝑛
1/𝐴13 1/𝐴23 1 …   𝐴3𝑛

: : : :       ∶  
1/𝐴1𝑛 1/𝐴2𝑛 1/𝐴3𝑛 1/𝐴𝑛  1      ]

 
 
 
 

  (2) 

Table 6. AHP scale by Saaty 

Amount of 

Importance 
Definition Description 

1 Equally significant compared to other things Two factors that equally contribute to the goal 

3 A little more significant than others One criterion is moderately supported by assessment more so than the other. 

5 Significantly more significant than others In actuality, evaluation prefers one criterion in contrast to the other. 

7 Really significantly more significant than others In comparison, evaluation substantially favours one criterion over the other. 

9 Significantly more significant than others The most valid evidence favours one criterion above another. 

2,4,6,8 Value separating neighbouring numbers When to make a compromise 

Opposite Value for the comparison to the opposite 
If one of the aforementioned integers exists between criterion i and criterion 
j, then j has a different value than i. 

Equation 3 uses matrix A to construct the normalized matrix N, which averages each row to provide the weighted 

vector (W). This method's examination of the experts' opinions using the Consistency Ratio (CR) via Equation 4 is a 

crucial component [44]. For matrix A to be suggested as consistent, CR must be lower than 0.10 (10%). Matrix A should 

be re-evaluated if this ratio has a greater value. Prior to determining CR, the Consistency Index (CI), the Random Index 

(RI), and max must first be determined using Equations 5, 6, and 7, respectively. 
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𝑀𝑎𝑡𝑟𝑖𝑥 𝑁 =

[
 
 
 
 
 

𝐴11

∑ 𝐴𝑘1𝐾=𝑛
𝑘=1

𝐴12
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…
𝐴1𝑛
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: : : :
𝐴𝑛1

∑ 𝐴𝑘1𝐾=𝑛
𝑘=1

𝐴𝑛2

∑ 𝐴𝑘1𝐾=𝑛
𝑘=1

…
𝐴𝑛𝑛

∑ 𝐴𝑘1𝐾=𝑛
𝑘=1 ]

 
 
 
 
 

[
 
 
 
 
 
 
 
𝑊1

𝑊2

:

𝑊𝑛]
 
 
 
 
 
 
 

 Vectored Pesos W (3) 

𝐶𝑅 =
CI

RI
  (4) 

𝐶𝐼 =
𝜆𝑚𝑎𝑥−𝑛

𝑛−1
  (5) 

𝑅𝐼 =
1.98×(𝑛−2)

𝑛
  (6) 

λmax = (A) × (W) (7) 

It can also be calculated RI value from Table 7. 

Table 7. The used Random Index (RI) values 

N 1 2 3 4 5 6 7 8 9 10 

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 

3.4.2. Fuzzy-AHP Method 

Multiple authors have widely utilized the fuzzy AHP method, which has proven to be among the most effective 

assessment methods [45]. To rank the criteria and alternatives, fuzzy AHP determines the weight of the pairwise 

comparison matrix using the Triangular Fuzzy Number (TFN) scale. As shown in Table 8, the previously collected AHP 

scale is transformed into a fuzzification scale. In order to create the following pairwise comparison matrix, the scale of 

AHP transformed into that of TFN must be first [46, 47]. Lower, medium, and upper (L, m, u) are representations of the 

number of TFN, where l m u. It is regarded as non-fuzzy when l = m = u [48]. 

𝐴 = (𝑎𝑖𝑗)𝑛 ∗ 𝑛 (

(1,1,1) (𝐿12,𝑀12, 𝑈12) . .  (𝐿1𝑛,𝑀1𝑛, 𝑈1𝑛)

(𝐿21,𝑀21, 𝑈21) (1,1,1) . .  (𝐿2𝑛,𝑀2𝑛, 𝑈2𝑛)
: :   . .                  ;                  

(𝐿𝑛1,𝑀𝑛1, 𝑈𝑛1) (𝐿𝑛2,𝑀𝑛2, 𝑈𝑛2) . .          (1,1,1)          

)  

In which aij = (Lij,Mij,Uij) = aij-1 = (
1

uij
 ,

1

mij
 ,

1

lij
) 

Where i,j  = 1, ……,n and i ≠ j 

(8) 

Table 8. Triangular Fuzzy Number (TFN) and AHP scale 

Scale of AHP Language-Related Factors Scale of TEN Opposite 

1 Equally significant (1,1,1) (1,1,1) 

2 Between equal and slightly more significant on the scale (1,2,3) (
1

3
,
1

2
, 1) 

3 A little more significant (2,3,4) (
1

4
,
1

3
,
1

2
) 

4 Between slightly more significant and much more significant (3,4,5) (
1

5
,
1

4
,
1

3
) 

5 More important (4,5,6) (
1

6
,
1

5
,
1

4
) 

6 Between more important and actually more important is the scale. (5,6,7) (
1

7
,
1

6
,
1

5
) 

7 Really more important (6,7,8) (
1

8
,
1

7
,
1

6
) 

8 Between actually more important and definitely more important is the scale. (7,8,9) (
1

9
,
1

8
,
1

7
) 

9 Absolutely more important (8,9,9) (
1

9
,
1

9
,
1

8
) 

The final weights for applying the AHP and F-AHP criteria to determine the best locations for the plant in the 

research region are shown in Tables 9 and 10. As a result, the criteria's weights have been adjusted using ArcGIS 

software. The final digital map demonstrates the choice of three different ideal levels (high, moderate, and low 

suitability) for the plant in the study area, which appear in Figure 7. 
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Table 9. Pairwise comparison matrix AHP scale by Saaty 

Criteria SL RN LF EG RC SW AL RL E TS 

SL 1 1.2 1 2 2 3 4 4 5 11.2 

RN 2 1 1.2 3.2 3.2 5.2 7.2 7.2 9.2 5 

LF 1 2 1 1 1 2 3 3 4 9.2 

EG 1.2 2.3 1 1 1 1 2 2 3 7.2 

RC 1.2 2.3 1 1 1 1 2 2 3 7.2 

SW 1.3 2.5 1.2 1 1 1 1 1 2 5.2 

AL 1.4 2.7 1.3 1.2 1.2 1 1 1 1 3.2 

RL 1.4 2.7 1.3 1.2 1.2 1 1 1 1 3.2 

E 1.5 2.9 1.4 1.3 1.3 1.2 1 1 1 1 

TS 2.11 1.5 2.9 2.7 2.7 2.5 2.3 2.3 1 1 

SL=sensitive land; RN=road network; LF=landfills; EG=electricity grid; RC=River and channels; SW= surface 

water AL=agricultural land; RL=Railway Line; E=Elevation; TS=Terrain slope. 

Table 10. Triangular Fuzzy Number (TFN) and AHP pairwise comparison matrix scale 

Criteria SL RN LF LF RC SW AL RL E TS 

SL (1,1,1) (1/3,1/2,1/1) (1,1,1) (1,2,3) (1,2,3) (2,3,4) (3,4,5) (3,4,5) (4,5,6) (9/2,11/2,13/2) 

RN (1,2,3) (1,1,1) (1/3,1/2,1/1) (1,3/2,3) (1,3/2,3) (3/2,5/2,2/7) (5/2,7/2,9/2) (5/2,7/2,9/2) (7/2,9/2,11/2) (4,5,6) 

LF (1,1,1) (1,2,3) (1,1,1) (1,1,1) (1,1,1) (1,2,3) (2,3,4) (2,3,4) (3,4,5) (7/2,9/2,11/2) 

EG (1/3,1/2,1/1) (1/3,3/2,1/1) (1,1,1) (1,1,1) (1,1,1) (1,1,1) (1,2,3) (1,2,3) (2,3,4) (5/2,7/2,9/2) 

RC (1/3,1/2,1/1) (1/3,3/2,1/1) (1,1,1) (1,1,1) (1,1,1) (1,1,1) (1,2,3) (1,2,3) (2,3,4) (5/2,7/2,9/2) 

SW (1/4,1/3,1/2) (2/7,2/5,2/3) (1/3,1/2,1/1) (1,1,1) (1,1,1) (1,1,1) (1,1,1) (1,1,1) (1,2,3) (3/2,5/2,2/7) 

AL (1/5,1/4,1/3) (2/9,2/7,2/7) (1/4,1/3,1/2) (1/3,1/2,1/1) (1/3,1/2,1/1) (1,1,1) (1,1,1) (5/2,7/2,9/2) (1,1,1) (1,3/2,3) 

RL (1/5,1/4,1/3) (2/9,2/7,2/7) (1/4,1/3,1/2) (1/3,1/2,1/1) (1/3,1/2,1/1) (1,1,1) (1,1,1) (1,1,1) (1,1,1) (1,3/2,3) 

E (1/6,1/5,1/4) (2/11,2/9,2/7) (1/5,1/4,1/3) (1/4,1/3,1/2) (1/4,1/3,1/2) (1/3,1/2,1/1) (1,1,1) (1,1,1) (1,1,1) (1,1,1) 

TS (2/13,2/11,2/9) (1/6,1/5,1/4) (2/11,2/9,2/7) (2/9,2/7,2/7) (2/9,2/7,2/7) (2/7,2/5,2/3) (1/3,2/3,1/1) (1/3,2/3,1/1) (1,1,1) (1,1,1) 

SL=sensitive land; RN=road network; LF=landfills; EG=electricity grid; RC=River and channels; SW= surface water AL=agricultural land; RL=Railway Line; E=Elevation; TS=Terrain 

slope. 

 

Figure 7. Integrated suitability map 

4. Results and Discussion 

4.1. Analysis of the Appropriateness of Each Criterion 

Figures 4 and 8 show the outcomes of each criterion's classification (0–10) using ArcGIS 10.8 [33, 37]. The 

Kafrelsheikh Governorate has a widespread road system, which directly influences the economic viability of installing 
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a station by lowering the cost of waste transportation. The percentage of the governorate’s land area was 25% as a 

prohibited area for these criteria, 12% was very suitable, and the rest of the areas were of low to medium suitability. The 

Kafrelsheikh Governorate almost entirely has moderately to acceptable connectivity to the electrical grid. It has been 

noted that a sizable number of medium- to highly appropriate areas are restricted to agriculture, and the percentage 

prohibited for building according to the agricultural land standard was 89%. This indicates the large extent of the 

agricultural area in the governorate, but it is possible to build on this area in the event that unoccupied lands are not 

available. The height of the terrain in the Kafrelsheikh Governorate, which ranges from -28m to 133m (Figure 3-a), is 

seen to be particularly ideal for building a WTE plant. Most of the governorate's lands have slopes between medium and 

highly suitable, ranging from 0 to 66 degrees (Figure 3-b). 86% of the governorate’s land was prohibited from being 

built on due to the sensitive land standard to avoid pollution resulting from those stations, and 7% was very appropriate. 

The prohibited area was 18% for surface water, 23% for rivers and canals, and 2% for railways, which indicates the 

small area of railways in the governorate. According to the criteria ranking, layers were created for each criterion 

according to this classification using ArcGIS 10.8. 

 

Figure 8. Displays the appropriateness rankings for each criterion in the following order: red (0) indicates a restricted 

region, 1-4 indicates low suitability, 5-7 indicates moderate suitability and 8–10 indicates high suitability 

4.2. Analyses of Integrated Suitability 

The appropriateness study of individual criteria does not offer a thorough evaluation and may be deceptive when 

numerous criteria yield contradicting conclusions. A weighted overlay in this case provides the opportunity to undertake 

an integrated suitability analysis and avoid inconsistent findings. After applying the weighted overlay tool using ArcGIS 

10.8, the final map appears to have different appropriate categories within the Kafrelsheikh area. This investigation 

determined three categories: low, medium, and high suitability. According to Table 11, only 1.62% of the research area 

is suitable for a plant to be built; the remaining 96.76% cannot accommodate one. Only 0.04% of the land in the suitable 

zones falls into the highly suitable category that is highlighted with a blue color (Figure 7). 
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Table 11. The proposed criteria weights using AHP and Fuzzy AHP methods that have been applied 

Criteria 
Weights by AHP 

method 

Weights by Fuzzy 

AHP method 

Fuzzy AHP 

% 

Distance to sensitive land uses 0.187 0.185 18.45 

Distance to road network 0.179 0.182 18.25 

Distance to landfills 0.164 0.156 15.65 

Distance to electricity grid 0.109 0.109 10.86 

River and main channels 0.109 0.109 10.86 

Distance to surface water 0.076 0.075 7.55 

Distance from agricultural land 0.052 0.054 5.44 

Railway Line 0.052 0.055 5.45 

Elevation 0.040 0.041 4.06 

Terrain slope 0.033 0.034 3.43 

According to the investigation, just one location has a suitable area with a total surface area of 1.3 km2, while the 

remaining areas are all less than 100 m2, which is not suitable to build a plant. Figure 7 shows this location at 30°33 ̀ N 

and 31°27 ̀ W, and at a distance of 1.8 km from the Metubas controlled landfill, which is a perfect distance to get rid of 

remaining residues. It receives an average of 1750 tons of waste per day, which is 67% of the total waste generated in 

Kafrelsheikh Governorate. Processes and their proximity to the road network reduce the cost of transporting waste. 

When evaluating the viability of the location for the facility, the wind direction must also be taken into account, given 

that the wind in the study area primarily blows from the northwest, according to the National Meteorological Agency 

reports. This will protect farming and populated areas from any potential annoyance effects from the new proposed 

plant, given that the specified site is located in the desert hinterland of the governorate. 

This study adopted the standard method of using MCDM technology in ArcGIS 10.8 for decision-making. The ranks 

of each criterion were assigned by a questionnaire in which 34 people with experience in the research topic participated, 

which were used to calculate the relative weights in two different ways: AHP and fuzzy AHP (Table 11). In the paired 

comparison, the decisions' Consistency Ratio (CR) was also calculated. For consistency, CR metrics must equal or be 

less than 0.1 (10%) of the matrix, which is 0.01867 (1.867%). The results revealed little difference between the two 

applied methods and that keeping a safe distance between the facility and restricted or sensitive land was crucial and 

had the highest effect percentage (18.45%; Table 11). This aspect is crucial for choosing the location of the facility in 

order to preserve public health and avoid inconveniences like noise, emissions, and aromas. 

Distance to the road network has the second-highest impact (18.25%), followed by the distance to landfills (15.65%) 

and the distance to the electricity network (10.86%) on the decision of where to locate the plant (Table 11). These factors 

directly affect the cost of operation and construction, accessibility to the site, and the supply of waste to the plant. Large 

amounts of solid waste must be transported to the site every day to enable the correct and effective operation of the 

plant. In order to ensure a continuous supply of waste at the station site, the accessibility of the waste source and the 

provision of infrastructure to connect the generated electricity to the national electrical grid are all essential. 

The river and main canals (10.86%; Table 11) are equally important to the electricity grid due to the pollution caused 

by those stations. Relative weights of distance to surface water (7.55%), distance from agricultural lands (5.44%), and 

railway tracks (5.45%) reflect intermediate importance, while elevation (4.06%) and terrain slope (3.43%) have the most 

negligible impact on plant site selection (Table 11). 

In a study conducted in the Lzmir metropolitan municipality [18], 97% of the study area was restricted and unsuitable 

for establishing the station. The criteria of proximity to transfer stations and MSW availability were the most important; 

elevation and slope were the least important, which indicates the importance of criteria related to the economy and their 

role in reducing operating costs. The station. In another study conducted in Pathumthani [17], the criteria of distance 

from urban areas, distance from main water resources, and distance from power stations were the most important; 

railways and airports were the least important. Other Abushammala et al. [16] found that distance to sensitive land uses 

and distance to landfills had the highest weight, while terrain slope and distance to the airport had the least weight. The 

standards and their importance differ from one region to another according to the nature of the study area. After 

reviewing previous literature, the economic and environmental criteria had the highest value, and this confirms the 

importance of operating the station. At the lowest cost while preserving the surrounding environment due to the pollution 

these buildings cause. 
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5. Conclusions 

 For the sake of sustainable development, Kafrelsheikh Governorate must establish a station to convert solid waste 

into energy to address the problem of the increasing amounts of solid waste generated due to the expected 

population increase and the increase in electricity supplies. To choose the appropriate location for these buildings, 

many standards and classifications are required because a wrong choice would be harmful to the environment, 

natural resources, and health. Human resources and increases construction and operating costs. 

 The study proposes the use of AHP and fuzzy AHP models, which were developed by integrating them with 

MCDM methods and a GIS, to determine the location of a waste-to-energy station in Kafrelsheikh Governorate. 

It has proven to be one of the best techniques and a powerful tool for selecting sites. 

 Due to its ample space and proximity to the controlled landfill Metubas in the Kafrelsheikh Governorate of Egypt, 

the integrated suitability analysis only identified one site as appropriate for constructing a WTE facility. In contrast, 

the total area of the governorate is 3738.48 km2; only 60 km2 of the governorate land was suitable for establishing 

a power plant from waste, and only 1.3 km2 is the best suitable. 

 The current study can apply its methodology and use its findings in many other fields of study to help decision-

makers choose suitable buildings for many buildings, not just for waste-to-energy plants. In conclusion, the 

integration of MCDM and GIS is a powerful and promising tool in the field of solid waste management. 

6. Nomenclature 

GIS Geographic Information Systems DEM Digital Elevation Model 

MCDM Multi Criterion Decision Making AD Anaerobic Digestion 

AHP Analytical Hierarchical Process UTM Universal Transverse Mercator 

SW Solid Waste DEM Digital Elevation Model 

SWM Solid Waste Management USGS United States Geological Survey 

SVM Support Vector Machine CR Consistency Ratio 

WTE Waste To Energy CI Consistency Index 

TFN Triangular Fuzzy Number RI Random Index 

GOPP General Organization for Physical Planning WA Weighted Average 

CO2 Carbon dioxide W Weighted vector 

DANP Decision-making and trial evaluation laboratory-analytical network process 
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Abstract 

High temperatures during a fire can significantly degrade the structural capacity of concrete. However, in many cases, it is 

possible to restore and strengthen fire-damaged concrete rather than completely rebuild damaged structures. The study 

considered two types of concrete (normal 25 MPa and high-strength 65 MPa) with two types of strengthening techniques: 

carbon-fiber-reinforced polymers (CFRP) sheets with different thicknesses of 1.5 and 2.5 mm and slurry-infiltrated fibrous 

concrete (SIFCON) jacketing with different fiber sizes of 20 and 30 mm. The numerical simulations and analyses were 

conducted to capture the complex behavior of fire-damaged concrete members (beams). A fire-damaged concrete beam 

subjected to an extreme or critical fire Exposure time (2 hours) was evaluated and modified using a finite element 

simulation approach. The simulation process included three stages: the first, subjecting the concrete beam to thermal 

loading; the second, reflecting the fire distribution map to another model of applying mechanical loading; and the third, 

involving the application of strengthening to the damaged model. The results showed that the strengthening using CFRP 

with a thickness of 2.5 improved the load-carrying capacity compared with SIFCON in both types of concrete. 200% 

improvement for the normal-strength concrete beam and a 136% improvement for the high-strength concrete beam, 

compared to the damaged beams. 

Keywords: RC Beam; CFRP; SIFCON; Fire. 

 

1. Introduction 

After a fire, it is important to conduct a thorough assessment of the damaged structural organs to determine the extent 

of the damage. Such an assessment may include visual inspections, non-destructive tests, and material sampling to assess 

the residual strength and integrity of structural elements. In most cases, repair versus replacement is an optimal option, 

as the decision on the repair or replacement of the affected structural members is made depending on the severity of the 

damage. In less severe cases, such repair methods as patching, strengthening with the use of additional materials, or 

applying protective coatings may be sufficient. However, if the damage is extensive, a complete replacement of the 

damaged organ may be necessary [1]. 

High temperatures can cause profound changes in the properties of concrete, leading to a potential loss of strength, 

stiffness, and durability. Understanding the post-fire behavior of concrete is essential for evaluating the residual 

structural capacity and implementing effective repair and strengthening strategies. The behavior of steel reinforcement 

in a fire depends on several factors, including the temperature reached, the duration of exposure, and the size and 

condition of the concrete element, which can lead to deformation, loss of bond with the surrounding concrete, and even 
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complete failure. The weakened or damaged reinforcement can result in a loss of structural integrity and increase the 

risk of collapse [2]. 

Fire exposure to concrete structures can lead to significant residual capacity loss, affecting future re-use. To evaluate 

the residual capacity of fire-damaged concrete members, an experimental approach was conducted at three stages: pre-

fire exposure, during fire exposure, and post-fire exposure [3]. Results showed that the fire-damaged concrete beams 

retained residual capacity even after prolonged heating. The decay rate of fire exposure impacted post-fire residual 

capacity retention. Increased load levels and large post-fire deflections negatively impacted the serviceability limit state. 

Concrete's fire resistance varies by type. High-performance concrete (HPC), characterized by advanced mix design 

and high-quality constituent materials, can deliver superior strength, durability, and resistance to various environmental 

and mechanical stresses. HPC demonstrated unique behaviors compared to normal concrete when subjected to high 

temperatures [1, 4]. Its denser microstructure, reduced permeability, and improved thermal stability contributed to its 

enhanced performance under fire conditions. Normal concrete, on the other hand, has a more typical composition and 

may exhibit different behaviors when exposed to high temperatures. It is generally more susceptible to thermal cracking, 

spalling, and overall degradation compared to HPC [1, 4]. Investigating various repair and rehabilitation techniques for 

fire-damaged RC structures, such as external bonding of fiber-reinforced polymers (FRP), concrete jacketing, and steel 

plate bonding, can help identify the most effective methods for restoring the structural performance and durability of 

damaged members. By addressing these and other aspects of repairing fire-damaged RC structures, it can contribute to 

the development of robust and reliable repair strategies that enhance the safety, resilience, and longevity of reinforced 

concrete construction in the face of fire-related challenges. 

Using carbon fiber-reinforced polymer (CFRP) sheets to enhance the behavior of fire-damaged concrete elements is 

an innovative approach in the field of structural rehabilitation and repair. The application of CFRP sheets offers a viable 

solution for restoring the structural integrity and load-carrying capacity of fire-damaged concrete members, including 

beams, columns, and slabs. By providing external confinement and strengthening, CFRP sheets can effectively mitigate 

the detrimental effects of fire-induced damage and contribute to the overall resilience of the structure. 

Elevated temperatures, especially beyond 500°C, could have severe detrimental effects on concrete structures [2]. 

These effects are primarily caused by the vapor pressure, decomposition of cement hydration products, and 

inhomogeneous volume changes of concrete's ingredients. When concrete is exposed to high temperatures, the water 

trapped within the concrete pores begins to vaporize [2]. As the water vaporizes, pressure is created within the concrete. 

This increase in vapor pressure causes the spalling of concrete, where surface layers of the concrete break off due to the 

rapid expansion of the water vapor. 

The ability of CFRP to recover shear strength, ductility, bending, and load capacity has been investigated by 

Zhou and Wang [5]. The results approved the efficiency of using CFRP sheets in enhancing the behavior of fire-

damaged concrete elements. A new type of CFRP called pre-saturated CFRP (PS-CFRP) has been introduced by 

Naqvi [6]. PS-CFRP was pre-impregnated with epoxy resin, which enhanced its bonding capability and improved 

its performance. The results of using PS-CFRP for strengthening beams and columns in reinforced concrete 

structures showed improvements compared to regular CFRP. The behavior of ultra-high-performance fiber-

reinforced concrete (UHPFC) deep beams was investigated, focusing on their strength and resistance to elevated 

temperatures [7]. An analytical model was developed to predict the load-carrying capacity of UHPFC deep beams 

strengthened after exposure to elevated temperatures. The beams were tested at ambient and 450 °C temperatures, 

with CFRP sheets and CFRP U-wrap strips used for strengthening. Results showed a significant impact on post-

peak behavior and excellent performance in improving post-cracking behavior, shear strength, energy-based 

ductility index, and deflection ductility index. 

Integrating CFRP sheets as internal reinforcement within the maximum bending zone of thermally damaged beams 

has been proposed by Al-Rousan [8]. Experimental tests have shown that this internal strengthening approach 

outperforms traditional external reinforcement methods. This internal CFRP reinforcement significantly enhanced the 

mechanical characteristics and overall behavior of RC beams, providing a promising strategy for improving their 

performance and durability. 

The bond behavior of cement-based adhesives and CFRP strips with innovative surface treatments has been studied 

by Mohammadi-Firouz et al. [9]. The CFRP strips were manufactured with sand-treated surfaces to improve bonding 

performance. Pull-out tests showed that applying sand treatment to the CFRP strips increased the maximum pull-out 

force up to 12 times. The average bond strength was 9 MPa and 11 MPa, respectively, with the proposed strengthening 

system able to withstand up to 30 minutes of heat exposure before bond failure. 

On the other hand, the use of Slurry-Infiltrated Fibrous Concrete (SIFCON) as a strengthening material after fire 

damage represents an innovative and promising approach in the field of structural rehabilitation and repair. In the 

aftermath of a fire event, concrete elements often suffer from a significant reduction in strength and durability, 

necessitating effective restoration and strengthening techniques [10, 11]. 
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SIFCON offers a viable solution for enhancing the mechanical properties and load-carrying capacity of fire-damaged 

concrete members [12]. The slurry infiltration process effectively reinforces the fibrous matrix, resulting in improved 

structural integrity and enhanced resistance to post-fire distress, such as cracking and spalling. This innovative 

application of SIFCON as a strengthening material after fire damage holds great potential for the development of resilient 

and durable infrastructure [13]. Ongoing research and advancements in this area continue to contribute to the evolution 

of fire-damaged concrete repair and rehabilitation methodologies. 

SIFCON shell strengthening with a 3 cm thickness and hybrid fiber composition can significantly enhance the 

performance of NSC columns in terms of load-carrying capacity and energy absorption, albeit at the expense of reduced 

stiffness [14]. The flexural capacity of strengthened beams with SIFCON has been investigated by Marid and Vahidi 

[10]. Different failure modes were observed based on the beam strengthening method and steel reinforcement ratio. The 

study underscored the potential of SIFCON as a viable solution for improving the performance and longevity of 

reinforced concrete structures. 

The behavior of solid and hollow slurry-infiltrated fiber concrete (SIFCON) columns considering the fiber shape, 

hollow ratio, and cross-sectional shape was studied by Khamees et al. [15]. Two sets of columns were tested: ones with 

hybrid fiber reinforcement and ones with 6% hooked end fiber reinforcement. The findings demonstrated that SIFCON 

columns perform well in terms of load carrying ability, ductility, and energy absorption capacity despite having a small 

cross-sectional area and longitudinal holes, particularly for hybrid fiber-reinforced columns. 

Various types of fiber were used to study the effect of SIFCON laminates on frame structural strength [16]. 

SIFCON laminates decreased deflection values as thickness and fiber content increased. The results indicated that 

the failure of the structure can be delayed by using SIFCON laminates. In addition to the studies mentioned above, 

there are many other studies in which researchers used various types of strengthening materials. The studies are listed 

in Table 1. 

Table 1. Types of strengthening materials used by the researchers in their studies 

References Type of strengthening 

Vritesh & Asish [17] 
Reinforced Concrete Jacketing (RCJ), Reinforced Concrete 
Wire Mesh Jacketing (RCWJ), and Steel Jacketing (SJ) 

Suntharalingam et al. [18] Use of Rockwool 

Abdulghani & Jaafer [19] Steel fibers and SIFCON 

Salehi et al. [20] Combining steel-BFRP bars and different BFRP sheet angles 

Mohammed et al. [21] Fiber-reinforced polymers (FRPS) 

Yoo et al. [22] Fiber-reinforced-polymer (FRP) sheet 

Hashad et al. [23] Epoxy-bonded steel plates 

Warwar & Said [24] Gypsum and plaster layers 

Addressing the impact of different fiber sizes of SIFCON on the ultimate load capacity, stiffness, ductility, and 

absorption energy of the concrete elements could provide valuable insights into the potential for improving the 

performance of structural elements. Furthermore, evaluating the effectiveness of SIFCON and its comparative effects 

with CFRP technology on different concrete strength types is essential for understanding the versatility and applicability 

of these strengthening methods across varying concrete properties. 

This research aims to explore the comparative effectiveness of these two strengthening materials by considering two 

parameters: two thicknesses for SIFCON (20 mm, 30 mm) and two thicknesses for CFRP (1.5 mm, 2.5mm). It covers 

two types of concrete (normal 25 MPa and high-strength 65 MPa) to evaluate the performance of these strengthening 

methods across different concrete compositions and strengths. Additionally, it delves into the performance 

characteristics of toughness, ductility, and stiffness associated with these strengthening methods, aiming to 

comprehensively evaluate their mechanical properties and behavior under varying loading conditions. 

By addressing these parameters, the study seeks to contribute significantly to the body of knowledge related to 

structural rehabilitation and strengthening, ultimately illuminating robust and effective techniques for enhancing the 

performance of reinforced concrete structures. 

2. Research Methodology 

Figure 1, shows the flowchart of the research methodology through which the objectives of this study were 

achieved. 
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Figure 1. Flowchart of the methodology 

3. Material and Methods 

It is common to define both elastic and plastic phases to accurately capture the material behavior. The elastic phase 

of concrete, as with other isotropic materials, is typically characterized by two fundamental parameters: the modulus of 

elasticity and Poisson's ratio [25]. The modulus of elasticity reflects the material's stiffness, defining the relationship 

between stress and strain within the elastic range. It indicates how much a material will deform under a given amount 

of force. The Poisson's ratio, on the other hand, represents the material's response to lateral strain when it is under axial 

loading. It is a dimensionless parameter that describes the material's tendency to contract in the directions perpendicular 

to the applied force [24]. 

There are two models used to characterize the concrete plastic phase: the damaged plasticity model CDP and the 

concrete smeared cracks model. It is recommended to use the CDP model to characterize the plastic phase of quasi-

brittle materials such as concrete because of its efficiency in predicting concrete response under various conditions, such 

as monolithic and repeated loadings, plain and reinforced concrete, and its application, which depends on the material 

loading rate [26-28]. The most important aspect of such a model is its ability to predict isotropic elasticity and also the 

isotropic tensile and compressive damaged plasticity to represent the inelastic part [29]. 

It's essential to accurately define the concrete damaged plasticity model parameters (CDP) in ABAQUS to capture 

the behavior of concrete under various loading conditions [30]. The five main parameters—angle of dilation, 

eccentricity, surface plasticity flow number, viscosity, and the ratio of biaxial compressive strength to the uniaxial 

compressive strength—play a critical role in shaping the failure surface envelope. These parameters are fundamental to 

capturing the complex behavior of concrete, particularly in the plastic phase [11]. Table 2 illustrates the parameters of 

the CDP failure surface. 

Table 2. CDP material parameter for unfired concrete 

Parameter Selected value 

Material model CDP model 

E, MPa 23500 MPa for C25 and 38000 MPa for C65 

Possion’s ratio Varied according to the temperature 

Dilation angel 30 for C25 MPa and 40 for C65 

*Ecc 0.1 

*Fb0/fc0 1.16 

*K 2/3 

*Viscosity parameter 0.001 

*As recommended by ABAQUS manual 

Additionally, it should define the compressive and tensile behavior, including the inelastic compressive strength with 

the plastic strain curve and the inelastic stress with the cracking strain curve, beyond the cracking strength. These 

parameters are crucial for accurately modeling the behavior of concrete under both compression and tension [31]. 

Another two important curves required to be input to the CDP model are the uniaxial unconfined stress-strain 

behaviour under both compressive and tensile loading at ambient temperature (20 °C). Figure 2 clarifies the unconfined 

The First Part: The Numerical 

Validation 

The Second Part: The Results of the Numerical 

Simulation after Verification 

Phase 1: Under Ambient Temperatures  

Phase 2: Under Elevated Temperatures  

Phase 3: After Strengthening of the Fire Damaged Beam  
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compressive stress-strain behavior of concrete in both normal and high-strength classes, providing valuable input for 

the model. The elastic part, characterized by the modulus of elasticity and Poisson's ratio, delineates the initial response 

of concrete to loading. Meanwhile, the plastic part, defined by the CDP model, captures the inelastic behavior of concrete 

under higher loads, encompassing both tensile and compressive responses. 

 

Figure 2. Uniaxial concrete compressive stress- strain at ambient temperature (20 oC) for normal (25 MPa) and high 

(65 MPa) strength concrete class 

For steel material, generally, there are four stress strain models that are used to characterize its behavior: engineering 

stress strain, true or logarithmic stress-strain relation, elastic perfect plastic behavior, or bilinear elastic-plastic with 

hardening [32]. The built-in bilinear kinematic reinforcement model of ABAQUS was used to simulate reinforcement 

steel and the elastic modulus. For steel reinforcement rebar's, the elastic-perfect plastic behavior has been adopted in 

this study. Such behavior requires defining the elastic and plastic models with a minimum point at yielding, which 

corresponds to a zero-plastic strain. On the other side, the linear hardening of the plastic phase requires two points as a 

minimum: the yield point and the rapture point [33]. Other relations mentioned require defining more than two points 

in plastic behavior. 

Finite Element Analysis and Modeling using ABAQUS was applied in this study. In general, the process includes 

three main phases, which are: 

 Phase 1: modeling and simulating the reference samples (unfired concrete elements, without enhancement) 

 Phase 2: simulating the concrete beam samples subjected to high temperatures without enhancement 

 Phase 3: modeling and simulating the fired concrete beam after enhancement 

While using ABAQUS, the following primary steps should be followed: 

1- Modeling parts: use the appropriate modeling tools in ABAQUS, create a comprehensive 3D geometric model of 

the concrete elements. 

2- Material properties: describe and define the characteristics of the concrete as well as any materials used as 

reinforcement, such as CFRP, SIFCON, steel, etc. These characteristics include elasticity, strength, failure criteria, 

and material behavior. 

3- Assembly: assemble all the concrete structure's individual elements or components, including any reinforcements. 

4- Step definition: specify the length of the simulation process, the kind of analysis (static, dynamic, or thermal), and 

the solver settings. 

5- Constraints and interactions: describe the assembly's boundary conditions, limitations, and interactions between 

the various concrete element components. 

6- Loading and boundary conditions: apply the proper loads, boundary conditions, and environmental influences 

(such as temperature variations) to simulate realistic operating conditions. 

7- Predefined fields: specify any starting points that should be included in the model, such as temperature distribution, 

stress, and strain. 

8- Job submission: use the specified settings and inputs, prepare and submit the simulation job for analysis. 
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4. FEM Results: Numerical Simulation Results of Concrete Elements under Different Conditions 

4.1. Numerical Validation 

Before starting any parametric investigation using the finite element simulation that validation with the previous 

experimental work be done. Therefore, a previous study by Cai et al. [34] has been adopted for the validation process, 

with geometrical configuration and material properties as clarified in Figures 3 and 4. 

 

 

Figure 3. Geometric layout of the validated beam [34] 

  

Figure 4. Properties of concrete and steel reinforcement of the validated research 

In brief, the previously mentioned study was to investigate the effect of firing on the performance of the concrete 

beam after one hour of exposure to bringing [34]. All the data were geometrically modelled, and materials were defined, 

assembled, and loaded in ABAQUS. 

The similarity between the numerical validation curves and the experimental test curves, as shown in Figures 5 and 

6, suggests a strong correlation between the model and the real-world behavior of the concrete beams under both normal 

and fire-damaged conditions. 
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Figure 5. Experimental vs. numerical load-displacement curves at ambient temperatures 

 

Figure 6. Experimental vs. numerical load-displacement curves after 1-hour firing 

The fact that the ultimate load-carrying capacity and the corresponding displacement values displayed an error 

percentage of less than 5% is indeed a significant validation outcome, indicating a high level of accuracy in the numerical 

simulations. The consistency of the curves' behaviors in both the elastic and plastic phases further strengthens the 

validation, especially in highlighting the similarities between the undamaged validated beam in the elastic phase and the 

plastic phase of the damaged beam. 

These results provide confidence in the accuracy of the adopted concrete properties under various temperature 

degrees and the steel reinforcement properties, which are essential for initiating the parametric study of the concrete 

element (beam). With these properties established as accurate, they can serve as a solid foundation for investigating 

further damage cases, such as prolonged exposure to higher temperatures (more than 1-hour firing, or 2 hours). 

Validation against this prior study helps ensure that the finite element model accurately represents the real-world 

behavior of the concrete beam under fire exposure. Through this validation process, any discrepancies between the 

simulated results and the experimental data can be identified and addressed, guaranteeing the reliability of subsequent 

parametric investigations. By aligning the simulation results with the experimental data from the previous study, the 

current research can build confidence in the finite element model's ability to capture the complex behavior of concrete 

beams under fire conditions. This rigorous validation process provides a solid foundation for the upcoming parametric 

study, enabling a deeper understanding of the effects of various parameters on the performance of fire-damaged concrete 

structures. 
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Levels of degradation and improvement in the elements' performance in terms of different flexural indices will be 

demonstrated, along with the behavior of the beam under various temperature conditions and repair processes. These 

details will be given and analyzed in detail. Table 3 shows that the beam was assigned a number based on the kind of 

concrete strength (high strength concrete (H), normal strength concrete (N), and type of strengthening (SIFCON (SX) 

and CFRP (CFx), where X is the layer thickness). 

Table 3. Adopted Concrete members’ designation 

Beam dimension Type of concrete Beam designation Type of strengthens Configuration of strengthen 

 Beam with appreciate dimension 

(5.5×0.3×0.55) m 

Normal concrete B-R-N - - 

25 MPa (NSC) 

B-F-N - - 

B-S20-N SIFCON 20 mm 

B-S30-N SIFCON 30 mm 

B-CF1.5-N CFRP one layer 

B-CF2.5-N CFRP two layer 

High concrete B-R-H - - 

65 MPa (HSC) 

B-F-H - - 

B-S20-H SIFCON 20 mm 

B-S30-H SIFCON 30 mm 

B-CF1.5-H CFRP one layer 

B-CF2.5-H CFRP two layer 

4.2. Thermal Distribution Map on The Concrete Beam and Steel Reinforcement 

As shown in Figure 7, isothermal curves have been created for the concrete beam to the ISO stranded fire curve 

during the thermal and heat transfer analysis in some essential specified areas. These places set at different depths along 

the cross-section midline: at the bottom surface, at the steel reinforcement, at the mid-depth and third quarter depth of 

beam. Observations revealed that following an hour of firing, the temperatures at the indicated points—from the bottom 

face to the top beam—were 42 °C, 310 °C, and 495 °C, respectively. 

  

Figure 7. Isothermal curves at specified location in the beam cross section 

The temperature readings for the aforementioned locations were 140 °C, 502 °C, and 686 °C after two hours in the 

same way. Furthermore, Figure 8 shows the temperature distribution of the beam cross section at the intervals of 30 

minutes, 60 minutes, 1.5 hours, and 2 hours (a, b, c, and d). It should be mentioned that the thermal concentration at the 

corners of the beams was the highest, reaching 895 °C. In addition, the bottom longitudinal bars reached 528 °C after 

two hours, according to the three-dimensional representation of the temperature distribution on the steel reinforcement. 

The initial residual stress before to the mechanical load and strengthening phase was reflected in all of the temperature 

changes that were described. 
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(a) (b) 

  

(c) (d) 

 

 

Figure 8. Temperature distribution on the beam cross section after a). Half of an hour, b). One hour, c). One and half of 

hour, d). 2 hours. In addition to a 3D view of temperature distribution on the beam and steel reinforcement 
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4.3. Behavior of the Concrete Beam under Ambient and Elevated Temperatures 

Figures 9 and 10 show the load-midspan behavior for the mentioned concrete beam with typical concrete strength. 

The beam curves that are displayed are both before and after a two-hour firing. The undamaged model has thresholds in 

the form of elastic and service limits. The ABAQUS output feature of the plastic dispassion curve for the entire model 

yielded the obtained elastic limit. The initial cracking point is when the plastic dispassion energy begins to leak out. The 

temperature and flame begin to increase from the bottom face to the top one when fire incidents cause the temperature 

to rise [35]. 

 

Figure 9. Load-displacement curves at ambient and elevated temperatures for the normal concrete strength class concrete 

 

Figure 10. Load-displacement curves at ambient and elevated temperatures for the high concrete strength class concrete 

The temperature and flame begin to increase from the bottom face to the top one when fire incidents cause the 

temperature to rise. On one side, the thermal gradient changes with time, and on the other, it varies with beam depth. 

The nature of the substance (thermal properties) of the concrete is the cause of this temperature variance. For example, 

the concrete cover may show 650 °C while the ambient temperature exceeds 950 °C, while the core remains below the 

limit of less than 100 °C. Even at a consistent rate, the temperature of the concrete core is still rising. While the 

compression zones—which are found at the base of the midspan and at the bottom of the span—represent the largest 

portion of the concrete load. 

Even at a consistent rate, the temperature of the concrete core is still rising. The steel reinforcement is still subject 

to the most significant temperature-raising effect, which is causing a noticeable reduction in the overall behavior of the 

beam, even though the compression zones—located at the top of the support in the case of fixed support and at the 

bottom of the midspan—represent the most significant portion of the concrete load. 

Figure 11 shows the load capacity results for the reference and fired normal and high-strength concrete beams. It is 

clear that the normal concrete's load carrying capacity was significantly lower than the high-class concrete's, which is 

estimated to be around 50% and 30% for each type of concrete, respectively. Put another way, raising the concrete's 

compressive strength to 250% will result in a roughly 237% increase in the beam's resistance to load carrying capacity. 
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Figure 11. Ultimate load capacity of the reference and fire damaged concrete beam 

The impact of elevated temperatures on flexural indices, such as stiffness, ductility, and toughness (absorption 

energy), is clearly depicted in Figures 12 to 14. The observed deterioration in stiffness for both normal and high-strength 

concrete classes, at around 48% and 62% respectively, indicates a significant reduction due to the effects of elevated 

temperatures. Similarly, in terms of ductility, reductions of 34% and 75.75% were noted, further underlining the impact 

of high temperatures on the mechanical properties of the concrete beams. 

 

Figure 12. Effect of high temperatures on stiffness of the normal and high strength class concrete beam 

 

Figure 13. Effect of high temperatures on the ductility of the normal and high strength class concrete beam 
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Figure 14. Effect of high temperatures on toughness performance of normal and high strength concrete beam 

In other words, if the concrete compressive strength of the beam were increased, the fire resistance would increase 

by roughly 181% based on the stiffness index. Conversely, raising the compressive strength of concrete by 250% would 

result in an approximately 111% increase in fire resistance according to the ductility index. It should be mentioned that 

when fire was applied to concrete, its ductility increased. 

Figure 14 illustrates how high temperatures affect the beam's toughness, or its ability to absorb energy until it fails. 

The Figure shows that the absorption energy values for the normal and high strength classes were lowered by 

approximately 42.8% and 29.1%, respectively, following two hours of firing on the concrete beam. This means that the 

fire resistance in terms of the absorption energy index would increase by roughly 278% if the concrete compressive 

strength of the beam increased by 250% 

4.4. Behavior of the Fire-damaged Concrete Beam after Strengthening with CFRP Layer 

Figure 15 shows the load-mid-span deflection behavior of normal strength-class concrete that was strengthened using 

two different CFRP wrapping sheet thicknesses. When compared to fire-damaged beams, it is evident that wrapping 

normal concrete beams with 1.5 mm and 2.5 mm CFRP thicknesses successfully recovers the maximum load carrying 

capacity. 

 

Figure 15. Effect of beam’s strengthening with two various CFRP jacket thickness on the load- mid span displacement 

behavior of normal strength concrete 

The reference undamaged beam and the 1.5 mm CFRP-strengthened beam are still incomparable. as opposed to the 

2.5 mm CFRP strengthening, which has effectively restored the load-carrying capacity. 

1
8

9
,0

0
1

1
3

3
,9

9
4

8
4

,3
5

2

4
8

,1
8

8

0

20000

40000

60000

80000

100000

120000

140000

160000

180000

200000

B-R B-F

T
o

u
g

h
n

e
ss

, 
K

N
.m

m

65 MPa (HSC)

25 MPa (NSC)

0

500

1000

1500

2000

2500

3000

0 50 100 150 200 250

L
o

a
d

, 
K

N

Mid-span deflection, mm

B-R-N B-F-N

B-CF2.5-N B-CF1.5-N



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

201 

 

Furthermore, the reference beam's value and the fire-damaged beam model were both comparable to the initial 

stiffness of the strengthened beam with CFRP. In addition, the reinforced beams' ductility was greater than that of the 

reference and fire-damaged beams. 

Figure 16 shows the load-mid-span deflection behavior for the high-strength concrete after it was strengthened with 

two different CFRP wrapping sheet thicknesses. When comparing the maximum load-carrying capacity of the concrete 

beam with that of a fire-damaged beam, it is evident that the CFRP jacket (for both thicknesses) improved the beam's 

maximum capacity. The reference, undamaged beam, cannot be compared to any of the enhanced beams. Additionally, 

the reference and the fire-damaged beam were at different points in the initial stiffening of the CFRP-strengthened 

beams. Furthermore, the strengthened beams had a higher degree of ductility than the reference and fire-damaged beams. 

 

Figure 16. Effect of beam’s strengthening with two various CFRP jacket thickness on the load- mid span displacement 

behavior of high strength concrete 

For normal-strength concrete and in terms of the load carrying capacity as clarified in Figure 17, compared with the 

fire-damaged beam model, the load carrying capacities were enhanced by about 200% and 160% for 2.5 mm and 1.5 

mm CFRP-strengthened beams, respectively. While comparing the results with the reference normal-strength beam, 

only the 2.5 mm CFRP-strengthened beam successfully achieved the same capacity. 

 

Figure 17. Load carrying capacity comparison between the CFRP strengthened beams and the reference and fire 

damaged beams 

On the other side, the 1.5 mm and 2.5 mm CFRP-strengthened beams have reflected load capacities higher than the 

fire-damaged beam by about 123% and 136%, respectively. While only the 2.5 mm CFRP-strength beam was 

comparable to the reference high-strength beam. 
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The initial stiffness values of various beam types are illustrated in Figure 18. It is clearly observed that increasing 

CFRP sheet thickness resulted in a noticeable improvement estimated at about 201% and 125% for 1.5 mm and 2.5 mm 

for normal CFRP-strengthened beams, respectively, when compared with fire-damaged beams. While an enhancement 

in the stiffness was found to be approximately the same and higher than the fire-damaged beam by about 150%, it was 

still insufficient to capture the value of the reference high-strength beam. 

 

Figure 18. Stiffness performance of CFRP wrapped beams 

Figure 19 shows the results, which indicate that the use of CFRP as a strengthening material can be highly effective 

in enhancing the ductility index of fire-damaged concrete beams. The thicker the CFRP layer, the greater the 

improvement in ductility. This demonstrates the potential of CFRP strengthening techniques for restoring or even 

surpassing the original ductility of fire-damaged beams. 

 

Figure 19. Ductility performance of CFRP strengthened beams 

However, for high-strength concrete beams, the same as previously discussed for normal concrete beams, although 

with reduced enhancement percentages, for CFRP layer thicknesses of 1.5 mm and 2.5 mm, the ductility values have 

generally increased by roughly 105% and 165%, respectively. 

In concrete beams with normal strength, CFRP generally has a bigger effect on the beam's ductility performance 

than it does in beams with high strength. 

Figure 20 illustrates and compares the fracture energy of the CFRP-strengthened beams for both concrete classes 

with that of the reference and fire-damaged beams. 
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Figure 20. Toughness performance of CFRP strengthened beams 

These findings highlight the effectiveness of CFRP as a strengthening material for increasing the toughness and 

overall structural performance of fire-damaged concrete beams. The thicker CFRP layer (2.5 mm) showed a greater 

improvement in fracture energy compared to the thinner layer (1.5 mm), indicating that the thickness of the CFRP 

significantly influences the level of enhancement. 

Overall, the results suggest that CFRP-strengthened beams have exhibited substantial improvements in fracture 

energy when compared to both fire-damaged beams and the reference (undamaged) beams. This indicates the potential 

of CFRP strengthening to restore and enhance the structural integrity of fire-damaged concrete members. The 1.5 mm 

and 2.5 mm CFRP-strengthened beams had reflected toughness abilities higher than the fire-damaged beam by 

approximately 195% and 165%, respectively, in the same previously indicated data and for high-strength concrete 

classes. In addition, the strengthened beam's toughness was roughly 138% and 117% higher, respectively, than that of 

the reference undamaged beam. 

Overall, in terms of toughness and ductility indices, the results indicated that the impact of the CFRP wrapping 

contribution is greater in the normal-strength concrete than the high-strength concrete. 

4.5. Behavior of Fire-damaged Concrete Beams Strengthened with the SIFCON Layer 

Figure 21 illustrates the load-displacement behavior of normal-strength, SIFCON-treated beams with two different 

jacket thicknesses (20 mm and 30 mm) along the side and bottom faces of the beam. When comparing the SIFCON-

treated beams to the fire-damaged beam, it is evident that noticeable enhancement has occurred; however, the reference 

beam behavior is still unachievable. The outcome has sufficiently improved load capacity, stiffness, and toughness when 

compared to the fire-damaged beam. In contrast to the reference beam, there was less ductility. 

 

Figure 21. Effect of beam’s strengthening with SIFCON jacket on the load- mid span displacement behavior of normal 

strength concrete beams 
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Compared to normal-strength beams, high-strength concrete beams treated with SIFCON exhibited different 

behavior. Overall, as shown in Figure 22, the ascending portion of high-strength, SIFCON-treated members was stiffer 

than fire-damaged beams in terms of the load displacement behavior; nonetheless, among the other beams, the reference 

high-strength beams remained the governing ones. 

 

Figure 22. Effect of beam’s strengthening with SIFCON jacket on the load- mid span displacement behavior of high 

strength concrete beams 

It is also evident that increasing the thickness of the SIFCON jacket does not significantly affect stiffness or load-

carrying capacity, as will be covered in more detail in the following subsections. As a result, the reinforced beam's 

ductility was reduced, but its toughness was increased. 

For high-strength concrete in terms of the load carrying capacity, as clarified in Figure 23, and compared with the 

fire-damaged beam model, the load carrying capacities were improved by about 122% and 132% for 20 mm and 30 mm 

SIFCON-treated beams, respectively. While comparing the results with the reference normal strength beam, both of the 

previously mentioned beams decreased, but they were comparable. On the other side, the normal-strength concrete 

beams treated with SIFCON layers behaved in the same manner, with percentages of 156% and 174% for 20 mm and 

30 mm layer thickness, respectively. 

 

Figure 23. Load capacity performance of SIFCON jacket treated beams 

Overall, increasing the SIFCON layer thickness by about 150% (from 20 mm to 30 mm) and treating the concrete 

beams with the SIFCON jacket layer have improved the load-carrying capacity by about 122%–174%. 
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In Figure 24, the stiffness values of beams treated with SIFCON are shown. The results indicate that there was a 

discernible increase in stiffness values for both concrete strength classes with increasing SIFCON layer thickness. 

Because both the 20 mm and 30 mm jacket thicknesses raised the reflected value of enhancement by around 150% when 

compared with a fire-damaged beam, the results demonstrated that increasing SIFCON layer thickness had no effect on 

stiffness for concrete beams of normal strength. For 20 mm and 30 mm SIFCON thicknesses for high-strength concrete 

beams, an approximate 110% and 133% increase in stiffness was reported; nevertheless, this improvement was not 

enough to match the value of the reference high-strength beam. 

 

Figure 24. Stiffness performance of SIFCON jacket treated beams 

Figure 25 shows the ductility results of the beams treated with SIFCON. For both concrete strength classes, there 

was often a slight decrease in ductility value with increasing SIFCON layer thickness. Additionally, for both concrete 

strength classes, the reference and fire-damaged beams had lower ductility values than the treated beams with SIFCON. 

 

Figure 25. Ductility performance of SIFCON jacket treated beams 

Generally speaking, a small variation in the ductility value was observed in the ranges of 2.78–3.52 and 3.12–3.28 

for normal and high-strength concrete beams, respectively. 

The fracture energy of the SIFCON-treated beams for both concrete classes is shown in Figure 26 and compared 

with that of the reference and fire-damaged beams. When normal-strength concrete was compared to the fire-damaged 

beam model, the toughness values increased by approximately 273% and 323%, respectively, for thicknesses of 20 mm 

and 30 mm SIFCON. The 20 and 30 mm SIFCON-strengthened beams had reflected toughness capabilities higher than 
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the fire-damaged beam by approximately 135% and 146%, respectively, in the same previously indicated statistics and 

for high-strength concrete classes. Furthermore, the reference undamaged beam's toughness was lower than that of the 

augmented beam. 

 

Figure 26. Toughness performance of SIFCON jacket treated beams 

Table 4 provides a summary of how CFRP and SIFCON are used as efficient reinforcement and repair techniques 

to enhance the properties of different reinforced concrete members both before and after exposure to high temperatures. 

For the structural element and both types of concrete (NSC and HSC), the indicators (stiffness, ductility, and toughness) 

were investigated at each of the three stages of work. 

Table 4. The effect of high temperature on Stiffness, Ductility and Toughness indicators 

 Stiffness index Ductility index Toughness index 

 NSC HSC NSC HSC NSC HSC 

R 143.10 188.74 2.63 2.79 84.352 189.001 

F 54.85 98.39 2.79 3.12 48.188 133.99 

CFRP 1.5 56.36 155.61 3.69 3.02 166.444 261.718 

CFRP 2.5 69.08 140.94 6.02 3.77 413.190 221.522 

SFCON 20 82.93 108.73 3.52 3.28 131.915 181.544 

SIFCON 30 83.66 131.08 2.87 2.94 155.793 196.339 

In the case of reference, the concrete member denoted by (R) is considered undamaged, whereas (F) denotes the 

concrete member following exposure to fire. 

Accordingly, after a comprehensive and deep study of this case, the following results can be drawn for beam: 

 By increasing the thickness of the SIFCON layer from 20 mm to 30 mm by approximately 150%, the NSC beam's 

ability to carry loads was enhanced by approximately 122%–174%. By applying 20 mm and 30 mm SIFCON layer 

thicknesses to the fire-damaged HSC beam, the load capacity is increased by approximately 122% and 132%, 

respectively, in comparison to the fire-damaged beam. As for the 2.5 mm and 1.5 mm CFRP-strengthened NSC 

beams, respectively, the increase in load-carrying capabilities was almost 200% and 160%.  

 Around 123% and 136%, respectively, more load capacity was reflected by the 1.5 mm and 2.5 mm CFRP-

strengthened HSC beams than by the fire-damaged beam. 

 The stiffness values of both normal and high-strength concrete beams showed a discernible improvement with 

increasing SIFCON layer thickness, and the strengthening CFRP in HSC beams resulted in an enhancement in 

stiffness that is approximately 150% greater than the fire-damaged beam. On the other hand, an increase in stiffness 

for NSC beams was found to be roughly equal. 

 In both concrete strength classes, the treated beams with SIFCON exhibited greater ductility values than the 

reference and fire-damaged beams. Although CFRP affects the ductility performance of the concrete beam in the 

normal-strength class more so than in the high-strength class. 
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 The findings showed that increasing the thickness of the SIFCON layer by roughly 150% improved the toughness 

of the beam; the NSC beam had a larger SIFCON contribution than the HSC beam. Compared to the fire-damaged 

beam type, the CFRP-strengthened members have appropriate improvements for normal-strength concrete. 

Additionally, the strengthened beams' toughness in high-strength concrete was roughly 138% and 117% higher, 

respectively, than that of the reference, undamaged beam. 

5. Conclusions 

The behavior of fire-damaged RC beams before and after strengthening has been modeled and studied. Normal C25 

MPa and high-strength C65 MPa concrete were considered. The modeled parts were subjected to the standard ISO fire 

curve with the aid of finite element simulation using ABAQUS software. Two types of post-fire strengthening were 

used after exposing the concrete elements to the fire effect: SIFCON with different fiber sizes and CFRP sheets with 

different thicknesses. All the adopted material properties and failure theories were adopted from previous studies after 

validation. In summary, the key conclusions are: 

 For the normal-strength concrete beam, the CFRP repair with a 2.5-mm thickness improved the load-carrying 

capacities by 200% compared to the damaged beam. This was the highest improvement of all the repair techniques 

studied. 

 For the high-strength concrete beam, the 2.5-mm-thick CFRP repair improved load-carrying capacities by 136% 

compared to the damaged beam; this was the highest improvement achieved. 

This means that the CFRP strengthening technique was better than the SIFCON strengthening technique in terms of 

the load-carrying capacities of both types of concrete. 

6. Declarations  

6.1. Author Contributions 

Conceptualization, A.E. and H.A.; methodology, A.E. and H.A.; software, H.A.; validation, A.E. and H.A.; formal 

analysis, H.A.; investigation, H.A.; resources, H.A.; data curation, H.A.; writing—original draft preparation, H.A.; 

writing—review and editing, A.E.; supervision, A.E. All authors have read and agreed to the published version of the 

manuscript. 

6.2. Data Availability Statement 

The data presented in this study are available in the article. 

6.3. Funding 

This study has been supported by the RUDN University Strategic Academic Leadership Program. 

6.4. Conflicts of Interest 

The authors declare no conflict of interest.  

7. References  

[1] Liu, T., Wang, H., Zou, D., Long, X., Miah, M. J., & Li, Y. (2023). Strength recovery of thermally damaged high-performance 

concrete subjected to post-fire carbonation curing. Cement and Concrete Composites, 143, 105273. 

doi:10.1016/j.cemconcomp.2023.105273. 

[2] Abdalla, A. A., & Karim, D. F. R. (2022). Repairing Materials for Different Post Fire - Damaged Structural Concrete Members: 

A Critical Review. Construction, 2(2), 56–64. doi:10.15282/construction.v2i2.8660. 

[3] Agrawal, A., & Kodur, V. K. R. (2020). A Novel Experimental Approach for Evaluating Residual Capacity of Fire Damaged 

Concrete Members. Fire Technology, 56(2), 715–735. doi:10.1007/s10694-019-00900-1. 

[4] Alzamili, H. H., & Elsheikh, A. M. (2023). Performance of reinforced concrete elements retrofitted with SIFCON under elevated 

temperatures. Al-Qadisiyah Journal for Engineering Sciences, 16(1), 53–57. doi:10.30772/qjes.v16i1.969. 

[5] Zhou, J., & Wang, L. (2019). Repair of Fire-Damaged Reinforced Concrete Members with Axial Load: A Review. Sustainability 

(Switzerland), 11(4), 963. doi:10.3390/su11040963. 

[6] Naqvi, S. A. (2021). Flexural Strengthening of Two-Way Slabs Using CFRP External Laminates. Master Thesis, University of 

Texas, Arlington, United States. 

[7] Abadel, A. A., Abbas, H., Alshaikh, I. M. H., sennah, K., Tuladhar, R., Altheeb, A., & Alamri, M. (2023). Experimental study on 

the effects of external strengthening and elevated temperature on the shear behavior of ultra-high-performance fiber-reinforced 

concrete deep beams. In Structures (Vol. 49, pp. 943–957). Elsevier. doi:10.1016/j.istruc.2023.02.004. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

208 

 

[8] Al-Rousan, R. Z. (2023). Impact of Internal CFRP strips on the flexural behavior of heat-damaged reinforced concrete beams. 

Heliyon, 9(6). doi:10.1016/j.heliyon.2023.e17145. 

[9] Mohammadi-Firouz, R., Pereira, E. N. B., & Barros, J. A. O. (2023). Experimental assessment of the thermo-mechanical bond 

behavior of NSM CFRP with cement-based adhesives. Construction and Building Materials, 364, 129980. 

doi:10.1016/j.conbuildmat.2022.129980. 

[10] Marid, H., & Vahidi, E. K. (2023). Experimental study on flexural behavior of reinforced lightweight concrete beams 

strengthening with a slurry infiltrated fiber concrete (SIFCON). Asian Journal of Civil Engineering, 1–13. doi:10.1007/s42107-

023-00879-9. 

[11] Carrillo, J., Ramirez, J., & Lizarazo-Marriaga, J. (2019). Modulus of elasticity and Poisson’s ratio of fiber-reinforced concrete 

in Colombia from ultrasonic pulse velocities. Journal of Building Engineering, 23, 18–26. doi:10.1016/j.jobe.2019.01.016. 

[12] Abd-Ali, M. S., & Essa, A. A. A. (2019). Mechanical properties of slurry infiltrated fibrous concrete (SIFCON) with variation 

steel fiber ratios and silica fume. Journal of Advanced Research in Dynamical and Control Systems, 11, 1863–1872. 

[13] Servadei, F., Zoli, L., Galizia, P., Piancastelli, A., & Sciti, D. (2023). Processing and characterization of ultra-high temperature 

ceramic matrix composites via water based slurry impregnation and polymer infiltration and pyrolysis. Ceramics International, 

49(1), 1220–1229. doi:10.1016/j.ceramint.2022.09.100. 

[14] Adnan, N., Alwash, N. A., & Kadhum, M. M. (2023). Experimental Study on the Behavior of Axially Loaded Reinforced 

Concrete Square Columns Strengthened with SIFCON Shell. E3S Web of Conferences, 427, 2019. 

doi:10.1051/e3sconf/202342702019. 

[15] Khamees, S. S., Kadhum, M. M., & Alwash, N. A. (2020). Experimental and numerical investigation on the axial behavior of 

solid and hollow SIFCON columns. SN Applied Sciences, 2(6), 1–15. doi:10.1007/s42452-020-2907-9. 

[16] Tiwary, A. K., & Bhatia, S. (2020). Retrofitting techniques for reinforced and sustainable concrete column. Journal of Green 

Engineering, 10(9), 6858–6870. 

[17] Vritesh, M. V., & Asish, S. (2021). A Comparative Analysis on the Methods of Strengthening Isolated Reinforced Concrete 

Columns. IOP Conference Series: Materials Science and Engineering, 1203(2), 022037. doi:10.1088/1757-899x/1203/2/022037. 

[18] Suntharalingam, T., Gatheeshgar, P., Upasiri, I., Poologanathan, K., Nagaratnam, B., Rajanayagam, H., & Navaratnam, S. 

(2021). Numerical study of fire and energy performance of innovative light-weight 3d printed concrete wall configurations in 

modular building system. Sustainability (Switzerland), 13(4). doi:10.3390/su13042314. 

[19] Abdulghani, A. W., & Jaafer, A. A. (2021). Comparative Numerical Study between /Steel Fiber Reinforced Concrete and 

SIFCON on Beam-Column Joint Behavior. Materials Science Forum, 1021, 138–149. doi:10.4028/www.scientific.net/msf.1021.138. 

[20] Salehi, R., Akbarpour, A., & Shalbaftabar, A. (2020). Fire Evaluation of RC Frames Strengthened with FRPs Using Finite 

Element Method. American Journal of Engineering and Applied Sciences, 13(4), 610–626. doi:10.3844/ajeassp.2020.610.626. 

[21] Mohammed, A. S. A., Abdullah, A. S. A., & Zayed, A. N. A. (2021). Strengthening of Reinforced Concrete Two-Way Slabs 

Using FRP. Reinforced Concrete Research Group, Menoufia University, Al Minufiyah, Egypt. 

[22] Yoo, S. J., Yuan, T. F., Hong, S. H., & Yoon, Y. S. (2020). Effect of strengthening methods on two-way slab under low-velocity 

impact loading. Materials, 13(24), 1–16. doi:10.3390/ma13245603. 

[23] Hashad, M., Elgendy, M., & Essam, M. Rehabilitation of reinforced concrete slabs using steel. Reinforced Concrete Research 

Group, Menoufia University, Al Minufiyah, Egypt. 

[24] Warwar, R. S., & Said, A. I. (2021). Flexural Behavior of Reinforced Concrete Beams Covered by Gypsum Layers and Exposed 

to Elevated Temperatures. E3S Web of Conferences, 318, 03005. doi:10.1051/e3sconf/202131803005. 

[25] Alzamili, H. H., & Elsheikh, A. M. (2023). Numerical Study of the Behavior of RC Beam At High Temperatures. Building and 

Reconstruction, 110(6), 58–72. doi:10.33979/2073-7416-2023-110-6-58-72. 

[26] Panahi, H., & Genikomsou, A. S. (2022). Comparative Investigation of Concrete Plasticity Models for Nonlinear Finite-Element 

Analysis of Reinforced Concrete Specimens. Practice Periodical on Structural Design and Construction, 27(2), 4021083. 

doi:10.1061/(asce)sc.1943-5576.0000670. 

[27] Raza, A., Khan, Q. U. Z., & Ahmad, A. (2019). Numerical investigation of load-carrying capacity of GFRP-reinforced 

rectangular concrete members using CDP model in Abaqus. Advances in Civil Engineering, 2019. doi:10.1155/2019/1745341. 

[28] Michał, S., & Andrzej, W. (2015). Calibration of the CDP model parameters in Abaqus. Advances in Structural Engineering and 

Mechanics (ASEM15), 25-29 August, 2015, Incheon, Korea. 

[29] Le Minh, H., Khatir, S., Abdel Wahab, M., & Cuong-Le, T. (2021). A concrete damage plasticity model for predicting the effects 

of compressive high-strength concrete under static and dynamic loads. Journal of Building Engineering, 44, 103239. 

doi:10.1016/j.jobe.2021.103239. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

209 

 

[30] Bakhti, R., Benahmed, B., Laib, A., & Alfach, M. T. (2022). New approach for computing damage parameters evolution in 

plastic damage model for concrete. Case Studies in Construction Materials, 16, 834. doi:10.1016/j.cscm.2021.e00834. 

[31] Nastri, E., & Todisco, P. (2022). Macromechanical Failure Criteria: Elasticity, Plasticity and Numerical Applications for the 

Non-Linear Masonry Modelling. Buildings, 12(8), 1245. doi:10.3390/buildings12081245. 

[32] Anas, S. M., Alam, M., & Shariq, M. (2023). Behavior of two-way RC slab with different reinforcement orientation layouts of 

tension steel under drop load impact. Materials Today: Proceedings, 87, 30–42. doi:10.1016/j.matpr.2022.08.509. 

[33] Habeeb Albo Sabar, A., & Mansour Kadhum, M. (2022). Numerical modeling of the experimental test for shear strengthened of 

fire damaged high strength lightweight RC beams with SIFCON jacket. Periodicals of Engineering and Natural Sciences (PEN), 

10(2), 512. doi:10.21533/pen.v10i2.2984. 

[34] Cai, B., Li, B., & Fu, F. (2020). Finite Element Analysis and Calculation Method of Residual Flexural Capacity of Post-fire RC 

Beams. International Journal of Concrete Structures and Materials, 14(1), 58. doi:10.1186/s40069-020-00428-7. 

[35] Elsheikh, A., & Alzamili, H. H. (2023). Post Fire Behavior of Structural Reinforced Concrete Member (Slab) Repairing with 

Various Materials. Civil Engineering Journal (Iran), 9(8), 2012–2031. doi:10.28991/CEJ-2023-09-08-013. 



 Available online at www.CivileJournal.org 

Civil Engineering Journal 
(E-ISSN: 2476-3055; ISSN: 2676-6957) 

  Vol. 10, No. 01, January, 2024 

 

 

 

  

    

210 

 

The behavior of Shear Connectors in Steel-Normal Concrete 

Composite Structure under Repeated Loads 

 

Abdulamir A. Karim 1 , Jawad Abd Matooq 1* , Oday A. Abdulrazzaq 1 ,          

Fareed Hameed Majeed 1, Samoel Mahdi Saleh 1  

1 Department of Civil Engineering, College of Engineering, University of Basrah, Iraq. 

Received 30 September 2023; Revised 15 December 2023; Accepted 21 December 2023; Published 01 January 2024 

Abstract 

In today's construction industry, the use of composite beams is becoming more and more important, particularly for long-

span bridges that must withstand repeated loads from moving automobiles. This work investigates the behavior of 

composite beams through experimentation. Six push-out steel-concrete specimens are made and tested with various levels 

of static and repetitive loading applied. The specimens are made of rolled steel sections that are joined to concrete decks 

on both sides by stud shear connectors. Two approaches—one static and the other repeating—applied a push-out load to 

two sets of samples. One has a stud shear connector measuring 16 mm, and the other measures 25 mm. Three specimens 

were made for each group. To determine the final load, one specimen from each group underwent a static push-out test in 

the first stage. In the subsequent phase, repeated loads of 0-80% and 25-80% of the maximum static load were applied to 

the remaining ones. The analysis process measured the variation in slip between the concrete decks and the steel section 

over several load cycles. It was found that the recorded slip values at the ultimate load increased about four times just 

before the failure. The recorded values of the residual slip at the end of each load cycle decreased with the increase in load 

cycle numbers. Also, it was found that the values of the residual slip depend on the values of the lower and upper limits of 

the load level. 

Keywords: Composite Beams; Push-Out Test; Repeated Load; Residual Strength; Load Slip Relation; Composite Construction. 

 

1. Introduction 

Composite construction constitutes one of the most cost-efficient structural systems by using the desired properties 

of various materials in an optimal manner. Concrete decks or slabs connected to rolled steel sections are widely used in 

the applications of long-span bridges and floors. The rolled steel sections are connected to concrete slabs using 

mechanical devices called shear connectors to transfer the horizontal axial forces between the two components to ensure 

their integrity. The use of shear connectors between steel beams and concrete slabs appeared in the 1950s rather than 

the design of each component to behave separately, keeping in mind the design of steelwork to carry the whole weight 

of the concrete [1]. 

Many types of shear connectors were developed, such as steel bars and tees with hoops, channels, angles, and stud 

shear. The stud shear is proven to behave as a ductile member, so it is most widely used with a practical length of 65 to 

150 mm and a diameter of 13 to 25 mm, although larger dimensions are also found [1]. So most experimental and 

theoretical research was focused on composite beams with headed stud shear connectors. 
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Jayas & Hosain [2] tested composite beams of full-size and push-out specimens to investigate the mode of failure. 

They found that pull-out was the dominant mode of failure. They also developed an empirical formula to estimate the 

ultimate shear strength and bending moment. Ellobody & Young [3] used the finite element method to create a nonlinear 

model that represents a composite system consisting of a concrete slab with profiled steel sheeting connected by headed 

studs orthogonal to a steel beam. They found that the shear capacity calculated based on the design criteria in the British 

and American codes was higher, while that calculated based on the European Code was lower compared to that found 

by their nonlinear analysis. Similar findings were obtained by the finite element analysis conducted by Bonilla et al. [4] 

and the experimental work of Hicks & Smith [5] on a composite system consisting of a steel beam, a concrete slab, and 

profiled steel sheeting. Albarram [6] used ABAQUS to conduct a 3-D finite element analysis of a composite beam with 

a very deep-profiled steel deck. He found that the shear strength of headed stud connectors for 100 to 146 mm decks 

was about 65% of that for beams with ordinary decks. Shim et al. (2010) [7] investigated by experimental tests and finite 

element analysis using ANSYS the shear strength and the load-slip relationship of stud connectors embedded in fiber-

reinforced concrete and high-strength concrete slabs. They found that the equations given for normal concrete need to 

be modified to be applied to high-strength concrete. A numerical model for the push-out tests was proposed by Bouchair 

et al. [8] using the available experimental works to verify its validity. 

Qureshi et al. [9] examined the validity of various three-dimensional finite element models using static and dynamic 

analysis procedures that appropriately estimate the shear strength and the post-failure behavior of composite beams with 

stud shear connectors and profiled steel sheeting. The results were compared with the available experimental work. They 

found that the Concrete-Damaged Plasticity model can reasonably predict the shear capacity and the post-failure 

behavior. Jayanthi & Umarani [10] conducted a series of push-out tests on fifteen composite beams of steel and concrete 

using five types of shear connectors: stud connector, channel connector, I-connector, S-connector, and Z-connector. The 

work aimed to evaluate the load-slip relationship and failure mechanisms for the various types. The results revealed that 

no pull-off failure was noticed for all types of connectors, and the channel connectors had a higher capacity compared 

to the other types.  

Choi & Kim [11] performed push-out tests on thirteen specimens to investigate the effect of beam geometry and the 

steel anchor types on the behavior of the specimens. They found that the types of steel anchors have more effect 

compared to the geometry of the steel beams. Arévalo et al. [12] studied the behavior of fourteen specimens of composite 

steel-concrete beams using two sets of 45˚ and 90˚ angled steel shear connectors under the effects of the push-out test, 

monotonic loads, and repeated loads. They found that specimens of the 45˚angled group had better results compared to 

those of the 90˚ angled group. Saleh & Majeed [13] carried out the push-out test on 36 specimens of composite beams 

consisting of steel sections connected to self-compacting concrete slabs made of recycled aggregate using stud 

connectors. They found that the presence of recycled aggregate decreases the shear capacity of stud connectors, shear 

stiffness, and the ultimate slip. The effect of repeated loading on the ductility of reinforced concrete beams with 

embedded I-sections has been explored by Ibrahim & Allawi [14]. Two materials for the embedded I-section were 

examined using steel and GFRP. Five cycles of loading and unloading of up to 75% of the static ultimate load were 

applied to the composite beams with and without shear connectors. Zhao et. al. [15] proposed a one-dimensional finite 

element model to explore the slip and shear lag of composite box girders under the action of time-dependent loading. 

Zhao et. al. [16] used ABAQUS software to model the behavior of composite beams of various types under the action 

of impact loads. 

2. Fatigue Strength 

The effect of fatigue loading on the performance of composite beams was explored in several previous works to 

determine the effect of repeated loads on shear capacity and load slip relations. Bro & Westberg [17] conducted static 

and fatigue push-out tests to investigate the influence of the fatigue load on the shear capacity of the stud connectors. 

They found that the shear capacity decreases as the loading cycles increase. 

Lee et al. [18] investigated, using static and fatigue push-out tests, the behavior of composite beams using shear 

studs of up to 30 mm diameter, which were greater than allowed by design codes. It was found that the experimental 

fatigue strength is slightly lower than that specified by Eurocode-4 and AASHTO LRFD. Hanswille et al. [19] used 

cycles of unidirectional push-out tests with different loading sequences to explore the fatigue life and the drop in static 

strength of 71 specimens of composite beams. They found that the static capacity of the specimens was reduced because 

of the cracks at the root of the studs, which started to appear in about 15% of the fatigue life. In their companion work 

[20], they developed an analytical procedure for predicting the fatigue life of shear connectors by using the static 

strength, peak loading, and range of loading cycles. 

Azad et al. [21] proposed a procedure to extend the method of determining the fatigue life load of composite beams 

with full interaction to be used to predict the fatigue life load of composite beams with partial interaction. It was 

concluded that using slips gave more accurate results than using stresses. Also, the required number of shear connectors 

could be decreased if connectors with better fatigue properties were implemented. The slip between the steel section and 

concrete deck of composite beams subjected to fatigue loading was explored by Liang et al. [22]. Push-out specimens 

were tested under the action of static and repeated loads, and the cumulative and residual slips were measured. 
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The present work will explore the fatigue life load and load slip relation for composite beams made of a rolled steel 

section and two reinforced concrete slabs, all connected using headed stud shear connectors. The main parameters 

considered are the concrete strength, the diameter of shear connectors, and the loading sequence. 

3. Fabrication of Test Specimens 

Six specimens are composed of steel beams connected at both flanges to concrete slabs via headed stud shear 

connectors, as shown in Figure 1. In three specimens, 25-mm-headed studs were used as shear connectors, while in the 

remaining three specimens, 16-mm-headed studs were used. All other properties are identical in all test specimens. The 

dimensions and material properties of specimens are listed in Table 1. The dimensions of stud shear connectors conform 

to the requirements of Eurocode 4 [23], in which the height is greater than three times the shank diameter and the head 

diameter and depth are not less than 1.5 and 0.4 of the shank diameters, respectively. 

 

Figure 1. Form and reinforcement of a push-out test specimen 

Table 1. Dimensions and properties of steel section and concrete deck 

Group ID 

Steel Beam Concrete Decks Stud Shear Connectors 

Rolled 

section 
Grade 

Width 

(mm) 

Thickness 

(mm) 

Compression 

strength (MPa) 

Diameter (mm) 
Height 

(mm) 
Grade 

shank head 

S1-D25 
HE200B 375 500 150 32.4 

25 35 100 500 

S2-D16 16 25 100 500 

4. Materials Used 

Concrete and steel are obtained by selecting suitable and under good quality control materials. Figure 2 represents 

the granulation diagram for the used materials. 
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Figure 2. The granulation diagram for the used materials 

4.1. Cement 

Ordinary Portland cement available in local markets was used in this work. Table 2 lists the compound and chemical 

properties of the cement used in the present study. The physical properties of cement are listed in Table 3. As shown 

from the test results, the cement used conforms with the requirements of the ASTM C150-15 specification [24]. 

Table 2. Chemical composition and main compounds of cement 

Oxide Composition % by weight 
Requirements of 

ASTM C150-15 

MgO 2.15 Not more than 6.0 

CaO 63.17 -------- 

Fe2O3 4.3 -------- 

C3A 2.85 Not more than 3.0 

SO3 2.13 -------- 

C4AF 13.86 Not more than 25.0 

Residue of insoluble 0.58 Not more than 0.75 

Loss on ignition 2.31 Not more than 3.0 

Table 3. Physical properties of the used cement 

Physical properties Test result 
Requirements of 

ASTM C150-15 

Initial setting time (Using Vicat method) (min) 130 More than 45 

Final setting time (Using Vicat method) (min) 290 Less than 375 

Specific surface area (Using Blaine Method) (m2/kg) 310 not less than 280 

Compressive strength at 3-days (MPa) 15.6 More than 12 

Compressive strength at 7-days (MPa) 23.4 More than 19 

4.2. Fine Aggregate 

Natural sand from the Jabal Sanam region in the south of Iraq was used, which has a fineness modulus (F.M.) of 

2.87. Table 4 shows the sieve analysis for the sand and the requirements of ASTM C33-13 [25]. The properties of the 

fine aggregate are listed in Table 5. 

Table 4. Grading of fine aggregate 

Sieve size (mm) Passing (%) 
ASTM C33-13 

Limits (%) 

9.5 100 100 

4.75 98 95-100 

2.36 88 80-100 

1.18 68 50-85 

0.600 48 25-60 

0.300 18 5-30 

0.150 0 0-10 
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Table 5. Properties of fine aggregate 

Property Test result 

Specific gravity 2.63 

Absorption 0.97% 

Sulfate content 0.10% 

4.3. Coarse Aggregate 

Natural crushed gravel of maximum size (12.5 mm) from the Jabal Sanam region was used. Table 6 shows the 

grading of this aggregate, which conforms to ASTM C33-13 [25]. The properties of the coarse aggregate are listed in 

Table 7. 

Table 6. Grading of coarse aggregate 

Sieve Size 

(mm) 

Passing by weight 

(%) 

ASTM C33-03 

LIMITS (%) 

19 100 100 

12.5 95 90-100 

9.5 60 40-70 

4.75 6 0-15 

2.36 2 0-5 

Table 7. Properties of coarse aggregate 

Property Test result 

Specific gravity 2.61 

Absorption 1.10% 

Sulfate content 0.062% 

The weights of materials used in producing the concrete mix per one cubic meter are listed in Table 8, where potable 

water was used for both mixing and curing of concrete. 

Table 8. Contents of the concrete mix 

Cement (kg/m3) Fine aggregate (kg/m3) Coarse aggregate (kg/m3) Water (kg/m3) W/C ratio 

420 672 1176 189 0.45 

4.4. Steel Reinforcement 

Deformed reinforcing steel bars were used in this study with a nominal diameter of 10.0 mm. The properties of the 

rebars used are listed in Table 9. 

Table 9. Properties of the rebars 

Diameter (mm) Yield stress (MPa) Ultimate strength (MPa) Elongation (%) 

10 440 630 11 

5. Testing of Hard Concrete 

5.1. Compressive Strength (f ć) 

Three cylindrical specimens with a diameter of 150 mm and a height of 300 mm were cast according to ASTM C 

873-10a [26]. The average compressive strength for the three specimens is 32.5 MPa. 

5.2. Static Modulus of Elasticity (E) 

The static-elastic modulus for concrete was found according to ASTM C469-14 [27]. Three cylindrical specimens 

with a diameter of 150 mm and a height of 300 mm were tested to find the average value of the modulus of elasticity, 

which was equal to 30.1 GPa. 

5.3. Splitting Tensile Strength (ft) 

Three cylindrical specimens of 150 mm and a height of 300 mm were tested according to ASTM C496-11 [28] to 

find splitting tensile strength, where the average tensile splitting strength for those specimens was 3.6 MPa. 
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6. Push-out Test of Composite Beam Specimens 

6.1. Methodology 

The sequence of testing specimens can be briefly described by the flow chart shown in Figure 3. 

 

Figure 3. Testing sequence 

6.2. Ultimate Strength Test 

As mentioned above, test specimens were categorized into two groups deferred to each other by the size of the shear 
connectors implemented to maintain the composite action between a steel beam lying in the middle of two concrete 
decks. One sample of each group (S2-D16 and S1-D25) was used to find the ultimate load capacity of the pertaining 
group. This was done by implementing the ordinary push-out test, in which a gradually increasing load is applied to the 
steel beam, which transfers the load through shear connectors to the concrete decks on both sides, which transfers the 
load to the supports. The average slip that occurred between the beam and decks was measured and recorded for each 
loading step, as shown in Figure 4. A comparison of the relation between the applied load and the slip between steel and 
concrete for the two specimens is shown in Figure 5. From this figure, it can be shown that the relation for each specimen 
is linear up to a certain value of the applied load. For specimen (S1-D25), the linear relation was noted to be an applied 
load of about 360 kN, while for specimen (S2-D16), this load was about 320 kN. The load slip relation then changed to 
ascending rapid curvature until a maximum capacity of 503.3 kN and 366.2 kN for S1-D25 and S2-D16, respectively, 
was reached, after which the relation turned to a descending curve. Figure 5 shows the linear relations of the ultimate 
load were maintained at about 71.5% for S1-D25 and 87.4% for S2-D16, respectively. The slip at the ultimate capacity 
was found to be 4.38 mm for S1-D25 and 3.32 mm for S2-D16. After the ultimate loads, the studs exhibit considerable 
ductility with increasing slip until failure, where the maximum recorded slip at the failure loads was 17.67 mm and 14.14 
mm for S1-D25 and S2-D16, respectively. The slip values recorded at failure loads compared to ultimate loads increased 
by about 4.03 times for S1-D25 and 4.26 times for S2-D16 specimens. 

 

Figure 4. Push-out test specimen setup 

 

Figure 5. Load slip relations for push-out specimens 

0

100

200

300

400

500

600

0 2 4 6 8 10 12 14 16 18 20

L
o

a
d

 (
k

N
)

Slip (mm)

S1-D25

S2-D16



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

216 

 

6.3. Residual Strength 

To determine the deterioration of strength due to fatigue, a unidirectional repeated loading was applied to two 

specimens from each group. The loading procedure was performed by two approaches; the first was to subject the 

samples to repeated loads with an amplitude ranging from 0 to 75% of the ultimate strength, whereas the loading 

amplitude in the second approach ranged from 25 to 75% of the ultimate strength. The ultimate strength was already 

found for each group by the traditional static push-out test, as previously mentioned. The repeated load was applied by 

using a digital actuator connected to a universal hydraulic testing machine. A repeated load was applied by exerting a 

displacement rate of about 0.005 mm/min. The load applied at any instant, together with the slip displacement of the 

steel beam relative to concrete decks measured by a digital transducer, were recorded instantaneously, as shown in 

Figure 4. 

The variation of slip displacement with the applied load for the various loading cycles from the repeated loading test 

is shown in Figures 6 to 9. Figures 6 and 7 show the test output for specimens of groups S1-D25 and S2-D16, 

respectively, subjected to loading amplitudes varying from 0 to 75% of the ultimate load. The relevant results for the 

case of 25 to 75% amplitude of repeated loading are shown in Figures 8 and 9. 

 

Figure 6. Repeated loading test for S1-D25, for 0-75% amplitude 

 

Figure 7. Repeated loading test for S2-D16, for 0-75% amplitude 
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Figure 8. Repeated loading test for S1-D25, for 25-75% amplitude 

 

Figure 9. Repeated loading test for S2-D16, for 25-75% amplitude 

From these variations, it could be observed that the slope of the load-slip curve increases with the increase in loading 

cycle numbers; this indicates that the stiffness of the composite beams increases with each loading cycle. It is noticeable 

that the slope of the load-slip curve is lower for specimens of group S1-D25 as compared to specimens of group S2-D16 

during the two cases of loading cycles of 0 to 57% and 25 to 75%. Figures 6 to 9 illustrate that the increasing rate of slip 

values for group S1-D25 is less compared to that of group S2-D16 as the number of loading cycles increases. When the 

applied load completely vanishes or reduces to 25% of the ultimate load, a certain value of slip permanently remains 

between the steel beam and the contact concrete slabs. 

6.4. Residual Slip 

The relations between slip values that lag after each loading cycle and the number of loading cycles for the two cases 

of loading cycles (0 to 75%) and (25 to 75%) of the ultimate loads are shown in Figures 10 to 13 for specimens of groups 

(S1-D25) and (S2-D16). From these figures, it could be noted that the residual slip after the first loading cycle for each 

case is significantly greater than the residual slip remaining after any of the later cycles. For both groups of tested 

specimens, the residual slip for the loading case amplitude of 25 to 75% of the ultimate load is greater than that of the 

loading case of 0 to 75%. This indicates that the residual slip increases as the value of the lower limit of the loading 

amplitude increases, in addition to its dependence on the upper limit of that amplitude. For specimens of group S1-D25, 

the recorded residual slip values after each loading cycle were less compared to the recorded values of group S2-D16 

for both cases of the loading cycles, whether it was 0 to 75% or 25 to 75% of the ultimate load. 
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Figure 10. Repeated loading test for S1-D25, for 0-75% Amplitude 

 

Figure 11. Repeated loading test for S2-D16 for 0-75% Amplitude 

 

Figure 12. Repeated loading test for S1-D25, for 25-75% Amplitude 
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Figure 13. Repeated loading test for S2-D16 for 25-75% Amplitude 

7. Conclusions 

To explore the behavior of composite beams under repeated loads, six push-out steel-concrete specimens composed 

of a rolled steel section connected to concrete slabs on both sides by stud shear connectors are fabricated and tested 

under the action of static and repeated loads of varying amplitudes. 

Under the effect of static load, it was found that using 25 mm headed studs to connect the rolled steel section to 

concrete slabs resulted in a 37.4% increase in the ultimate load capacity compared to the specimens in which 16 mm 

headed studs were used. The relationship between the applied load and its corresponding slip is linear up to 71.5% of 

the ultimate load for specimens with 25mm stud shear connectors. On the other hand, for specimens with 16-mm studs, 

this relationship remains linear up to 87.4% of the ultimate load. In the case of using 25mm shear connectors in the 

explored specimens, the slip values recorded at failure loads increased about 4.03 times compared to ultimate loads, 

while they increased about 4.26 times in the case of using 16mm shear connectors. 

Under the effect of repeated loading, the increasing rate of slip values with increasing numbers of loading cycles is 

less for specimens with 25mm stud shear connectors compared to specimens with 16mm studs. It was found that the 

residual slip depends on both the lower and upper limits of the loading amplitude. For specimens in which 25mm studs 

were used, the recorded residual slip values after each loading cycle were lower than the recorded values in specimens 

in which 16mm studs were used. Therefore, specimens with 25 mm shear connectors exhibit better behavior compared 

to those with 16 mm studs. 
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Abstract 

One of the common causes of damage to the concrete structures close to the sea line is corrosion on the steel reinforcement 

in the concrete, which may cause spalling on the concrete cover. This paper presents the results of the simulation of the 

corroded reinforced concrete beams, which were repaired using the grouting method and FRP strengthening. The concrete 

cover of the beam specimens on the tensile side was filled with grouted concrete instead of filled with normal concrete to 

simulate the repair of concrete spalling. Three types of beam specimens were prepared and tested under a monotonic 

loading. BG and BPF were the specimens for beams with grouting only and beams with grouting and flexural strengthening 

using FRP sheets, respectively. Flexural strengthening using FRP sheets was carried out to restore the flexural capacity. 

As a comparison, control beams were also prepared in the form of normal reinforced concrete (BN). The results showed 

that the BG beam had a capacity of only about 50% compared to the control beam (BN). However, applying flexural 

strengthening using FRP sheet as on the type BGF beams showed that it had approximately the same capacity as BN 

specimens. This indicated that the repair method using grouting on damaged concrete covers and strengthening using FRP 

sheets was an effective alternative to repairing the corroded reinforced concrete beams. 

Keywords: Steel Reinforced Concrete; Repairing; Corrosion; Grouting; FRP. 

 

1. Introduction 

The development progress of a country is mainly determined by the development of its infrastructure. One type of 

construction that is widely used in infrastructure development is reinforced concrete (RC) structures because it has 

economic advantages and durability. However, the massive development of infrastructure, especially RC structures, has 

the potential to cause environmental impacts if the infrastructure has to be demolished. Concrete materials generally 

produce highly alkaline leachates [1]. In some developed countries, such as America, it was estimated that 15 to 30% of 

solid waste disposed of in landfills was construction waste; even in European countries, more than half of solid waste 

was construction waste [1–3]. Figure 1 shows the demolition waste of RC structures that have no longer been able to 

continue their service lives. To minimize the impact on the environment, the service life of the structure needs to be 

optimized, for example, by strengthening weakened structures or repairing damaged structures, either due to disasters 

or aggressive environmental attack. 
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Figure 1. Solid waste from construction demolishing 

Reinforced concrete structures in coastal areas have a very high risk of damage due to the aggressive marine 

environment. Although concrete is a relatively durable construction material, it is not enough to guarantee the durability 

of the construction as a system if the steel reinforcement as a structural component experiences corrosion. The marine 

environment, which contains elements of salt, can seep through the pores of the concrete and penetrate the concrete 

reinforcement [4]. As a result, the steel reinforcement in the concrete may experience corrosion and loss due to the 

infiltration of chloride ions in the seawater environment. The chloride ion is corrosive and can attack the calcium silicate 

binding system [5–7]. Figure 2 shows a photo of a steel-reinforced concrete beam experiencing corrosion on the 

reinforcement. The corroded reinforcement may expand and cause longitudinal cracks and spalling in the reinforced 

concrete cover, which results in a decrease in the strength and service life of the structures. Beams that have been 

corroded on the steel reinforcement due to the influence of chloride attacks from the marine environment or due to the 

carbonation process will expand and cause longitudinal cracks around the concrete cover, resulting in spalling, as 

illustrated in Figure 3. This causes a decrease in the nominal moment capacity of reinforced concrete beams [8–11]. 

  

(a) Longitudinal crack (b) Corrosion of steel rebars 

Figure 2. Deterioration of Reinforced Concrete beams due to corrosion of steel rebars 

 

Figure 3. Corrosion propagation due to Carbonation and Chloride attack 
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In some construction projects in coastal areas, it is difficult to avoid the corrosion of steel reinforcement. However, 

with consideration of the environmental impact and the high cost of new construction, structures that have been corroded 

should not always end in demolition. The deteriorated structures should be considered to be repaired to extend the service 

life of the structure. Alternative solutions are needed to minimize construction waste by developing a repair concept for 

existing structures that have experienced premature deterioration so that demolition can be avoided. Grouting concrete 

material is a material that is often used for repairs to concrete structures, such as crack repairs and porous concrete 

repairs. 

Repairing or strengthening the reinforced concrete beams has been proposed by some researchers to extend the 

service life of the structures. Wrapping grout with metallic connectors was developed to increase the flexural capacity 

of concrete beams [12–15]. A repair alternative to rehabilitate corrosion-defected reinforced concrete (RC) beam-

column members has been developed using new mortar on damaged concrete covers [8]. The jacketing method in 

repairing the damaged RC beams resulted in an increase in the flexural strength of the repaired beams [16]. A research 

focus on repairing spalled reinforced concrete structures using a polymer-modified cementitious mortar has also been 

developed [17]. Patching using grouting has also been applied to repair corrosion-defected reinforced concrete beam-

column members [10]. Following the introduction of advanced materials, several strengthening techniques have been 

developed, in particular by utilizing advanced fiber-reinforced plastic (FRP) materials [18–20]. Masoud & Soudki [19] 

conducted an experimental study on the corrosion activity of reinforced concrete beams repaired with fiber-reinforced 

polymer (FRP) sheets. The corroded beams were repaired with FRP sheets. Results indicated that mass loss of the main 

reinforcing bars due to corrosion was reduced by up to 16% because of the effect of the existing FRP sheet as a protector 

as well as the strengthening materials. The field of structure repair is growing with the presence of advanced FRP 

materials. The use of FRP, often also referred to as a composite material, is an advanced material that is currently 

increasingly popular for use in various applications, especially in the field of construction improvement [20–23]. 

FRP has the advantage of being a material that is more resistant to extreme environmental conditions and has good 

mechanical properties [24–26]. Research related to repair techniques using FRP materials is growing more widely. 

Figure 4 shows a photo example of repairs with grouting and structural repairs using FRP sheet material. Research in 

the repair of corroded concrete structures has been studied. Most research was conducted on repairing with grouting 

mortar or strengthening with FRP separately. Canaval et al. [13] have conducted an investigation on reinforced concrete 

beams strengthened by wrapping grouting mortar with metallic connectors. Alwash et al. [15] studied the efficiency of 

patch repair to rehabilitate corrosion-defected reinforced concrete (RC) beam-column members when exposed to 

bending moments and axial forces. He concluded that the corroded reinforced concrete beams showed a significant 

deterioration in their structural performance and integrity. This may reduce the ultimate capacity, stiffness, 

serviceability, and ductility of the beams. The results indicated that the flexural capacity of the strengthened beams 

increased by about 44%, and the failure was due to shear. Do-Dai et al. applied CFRP laminate to strengthen corroded 

concrete beams [27]. The research focuses on the repair of corroded reinforced concrete beam structures using grouting 

concrete combined with FRP strengthening. Research in this field has not been carried out comprehensively. There are 

still very limited discussions about the repair of corroded concrete beams in combination with grouting and FRP 

strengthening. This paper introduces an alternative method for repairing corroded reinforced concrete beam structures 

using grouting concrete combined with FRP strengthening. 

  

(a) Repairing using concrete grouting (b) Strengthening using CFRP Sheet 

Figure 4. Repairing and Strengthening of Reinforced concrete beams 

The concept of this method is that the spalling or cracking concrete cover is repaired by the grouting method, whereas 

the reduced moment capacity due to mass loss of the steel reinforcement area is recovered using external strengthening 

with FRP sheet material attached to the outer side of the tensile section (outer surface of grouting). It is noted here that 

the shear forces that arise at the joints (cold joints) between the existing concrete and the grouted concrete are an 

important factor in ensuring good integrity (full-bonded). The integrity of the bonding surface has an influence on the 

bending mechanism's ability to produce optimal flexural capacity. In order to ensure the bonding capacity, it was done 

by using an adhesive (bonding agent) on the cold joint, followed by surface roughening to produce a wider bonding 

area. Figure 5 presents a flow chart to briefly show the process of the repair methodology. 
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Figure 5. Process of the Repairing methodology 

2. Experimental Program 

2.1. Specimens 

The dimensions of reinforced concrete beams for laboratory testing were 150 × 200 mm with a length (L) of 3300 

mm. Two types of beam specimens were prepared, which are BG and BGF. The BG was a repaired beam without FRP 

reinforcement (only grouting concrete), and the BGF was a repaired beam with FRP sheet strengthening, respectively. 

In addition, BN specimens were also prepared as a control beam. Table 1 shows the variations of the specimens, and 

Figure 6 shows the details of the beam specimens. The specimens for control beams (BN) were designed to use 3D13 

mm (three bars of 13 mm diameter) as tensile reinforcement with a concrete strength of f'c = 25 MPa. The control beams 

were designed to have a theoretical moment capacity of 15 kNm. For beam specimens of BG and BGF, steel 

reinforcements of 3D10 were used as tensile reinforcement with the same arrangement and configuration as the BN 

beams. A smaller diameter of tensile reinforcement on BG and BGF was used to simulate a mass loss due to the corrosion 

of tensile reinforcement. In this case, it was assumed that the initial cross-section of steel reinforcement with a diameter 

of 13 mm (D13) decreased to 10 mm (D10), or 40% of its original cross-section. Details of the specimens are shown in 

Figure 6. 

Table 1. Type of specimens 

No. Type of Specimen Specimen Name Number of Specimen Purposes 

1 BN Control Specimen 3 Control specimens 

2 BG Beam with grouting 3 Investigate the effectiveness of repairing using only grouting. 

3 BGF 
Beam with grouting and 

FPR strengthening 
3 

Investigate the effectiveness of repairing using grouting and 
strengthened by FRP sheet 

 

Figure 6. Detail of Specimens 
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Prior to casting, several strain gauges were installed on the steel reinforcement to measure the strain. The casting of 

concrete was carried out in the opposite direction, where the bottom of the beams was on the upper side, for convenience 

in grouting the concrete cover. BN specimens were cast as on the regular reinforced concrete beam. On repaired beams 

(BG and BGF), the casting process was divided into two steps. Firstly, the normal concrete material was casted up to 

the tension reinforcement level (as a simulation of the concrete cover spalling), and it was cured in wet conditions for 

two weeks at room temperature and humidity conditions. When the first step of concrete casting had hardened, the 

second step was conducted by casting grouting concrete as thick as the concrete cover (a simulation of repairing the 

spalled concrete cover). Prior to grouting, the concrete surface was cleaned with a wire brush. A bonding agent was used 

to increase the bonding interaction between normal concrete and grouted concrete. The grouting process was carried out 

on the entire length of the beam. The grouted concrete was cured for 7 days to harden the grout. Figure 7 shows the 

sequences of the grouting process for beam specimens. 

 

Figure 7. Grouting Process of the Beams 

Only the beam specimen of BGF (repair and strengthening) was attached to the FRP sheet according to the 

attachment standards recommended by the manufacturer. Glass fiber-reinforced polymer sheet (GFRP sheet) was used 

for flexural strengthening of beams. The specimens were cured for 3 days until the FRP adhesive had hardened and 

bonded perfectly with the concrete surface. Table 2 shows the properties of the materials used in this study. 

Table 2. Mechanical Properties of Materials 

Material Name Tensile Strength (MPa) Compressive Strength (MPa) Modulus of Elasticity (GPa) 

Normal Concrete - 23.51 - 

Grout Concrete - 31.75 - 

Steel bar D10 417 - 200 

Steel bar D13 430 - 200 

GFRP* 983 - 57 

* Based on data sheet of manufacturer. 

2.2. Test Setup 

Figure 8 shows the test setup for beam specimens. The specimens were loaded under flexural loading with a four-

point loading system monotonically using static test equipment with a capacity of 150 tons. Prior to testing, the 

horizontal and vertical lines with a spacing of 50 mm were drawn at one side of the beam specimens for cracking 

observation. 

 

Figure 8. Test Setup 
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Strain gauges were attached on the outer side of the compression section (upper side of the beam) and also on the 

side of the beam section to measure the strain that occurs during the loading process. The strain gauges on the sides of 

beams were attached to evaluate the distribution of strain that occurs on the compressive section of the beam. The beam 

specimens were placed on the support as a simple beam. The Linear Variable Displacement Transducer (LVDT) 

deflection gauge with an accuracy of 0.01 mm was placed under the beam at the mid-span point and at the point of 

loading. The load was applied gradually under displacement control at a rate of 0.2 mm/sec. The applied load was 

monitored through a load cell with a capacity of 200 kN and an accuracy of 0.1 kN. All the instruments were connected 

to a data logger. A computer connected to a data logger was used to show the measured value at each load step. During 

the loading simulation process, observations were made on the increase in load and strain that occurred, including the 

deflection of the beam. During the loading, the appearance of cracks was observed as well as the failure mode. 

3. Results and Discussions 

3.1. Flexural Capacity 

Table 3 shows a summary of the flexural capacity of the specimens. For the control beam (BN), the average load 

causing initial cracking occurred when the load reached 4.15 kN, or Mcr equal to 3.28 kNm. The tensile reinforcement 

reached the yield stress when the load reached 25.93 kN, or My equal to 16.35 kNm. The ultimate beam capacity was 

achieved when the load reached 28.98 kN, or Mu equal to 18.18 kNm. It should be noted here that the estimated moment 

capacity of the test beam (Mu-est) was 15.00 kN. The ultimate moment capacity Mu of the beam was relatively higher 

than the estimated ultimate moment (Mu-est) with a ratio of 1.26. 

Table 3. Summary of Flexural Capacity of Specimens 

Specimen Name Pu(kN) Mu(kN.m) Py(kN) My(kN.m) Pu(kN) Mu(kN.m) Muest(kN.m) Mu/Muest 

BN#1 5.21 3.92 26.51 16.70 27.86 17.51 15.00 1.17 

BN#2 5.38 4.02 27.63 17.37 28.44 17.86 15.00 1.19 

BN#3 1.86 1.91 23.66 14.99 30.64 19.18 15.00 1.28 

Average 4.15 3.28 25.93 16.35 28.98 18.18 15.00 1.21 

BG#1 3.46 2.87 11.98 7.98 14.72 9.63 11.56 0.83 

BG#2 1.08 1.44 12.61 8.36 14.38 9.42 11.56 0.83 

BG#3 2.61 2.36 11.92 7.95 14.05 9.22 11.56 0.84 

Average 2.38 2.22 12.17 8.10 14.38 9.42 11.56 0.82 

BGF#1 6.05 4.42 21.95 13.98 28.51 17.90 20.18 0.89 

BGF#2 6.07 4.44 22.51 14.30 32.24 21.34 20.18 1.06 

BGF#3 7.05 5.02 20.25 12.94 27.58 17.34 20.18 0.86 

Average 6.39 4.63 21.58 13.74 30.11 18.86 20.18 0.93 

On BG specimens (repaired by grouting concrete), the average load causing initial cracking occurred when the load 

reached 2.38 kN, or Mcr equal to 2.22 kNm. The tensile reinforcement reached the yield stress when the load reached 

12.17 kN, or My equal to 8.10 kNm. The ultimate beam capacity was achieved when the load reached 14.38 kN, or Mu 

equal to 9.42 kNm. It should be noted here that the estimated moment capacity of the test beam (Mu-est) was 11.56 kN. 

The ultimate moment capacity Mu of the beam was relatively lower than the estimated ultimate moment (Mu-est) with a 

ratio of 0.82. This was caused by premature damage to the interface between the existing concrete and the grouted 

concrete in the form of horizontal cracks. This horizontal crack indicated that the interface bond capacity was relatively 

smaller than the shear bond stress that occurred at the interface. Interface damage caused a decrease in the ultimate 

flexural capacity. 

On BGF specimens (repaired by grouting concrete combined with FRP strengthening), the average load causing 

initial cracking occurred when the load reached 6.39 kN, or Mcr equal to 4.63 kNm. The tensile reinforcement reached 

the yield stress when the load reached 21.58 kN, or My equal to 13.74 kNm. The ultimate beam capacity was achieved 

when the load reached 30.11 kN, or Mu equal to 18.86 kNm. It should be noted here that the estimated moment capacity 

of the test beam (Mu-est) was 20.18 kN. The ultimate moment capacity Mu of the beam was relatively lower than the 

estimated ultimate moment (Mu-est) with a ratio of 0.93. Similar to the BG specimens, this was caused by premature 

damage to the interface between the existing concrete and the grouted concrete in the form of horizontal cracks. 

However, the interface failure occurred at a relatively higher load than the BG specimens due to the existing FRP 

strengthening. However, if the interface failure does not occur, then the beam capacity will be closer to the predicted 

value. The bonding interaction between the existing concrete and the grouting concrete also affected the strengthening 

effectiveness of FRP. The interaction between grouting and concrete was also affected by the surface treatment [9]. It 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

228 

 

should be noted here that the surface treatment was only the removal of the cement dust and the application of a bonding 

agent before filling the concrete grout. The premature failure of bonding interaction due to shear stress caused the 

grouting layer to fail, and existing concrete was no longer in the form of composite interaction. Canaval et al. [13] have 

reported that an investigation of the reinforced concrete beams strengthened by wrapped grouting mortar with metallic 

connectors indicated shear failure. 

Further observation, the BGF specimen showed that the flexural capacity of repaired beams (grooving and 

strengthening with GFRP) was still not significantly increased compared to the control specimen (BN). In estimating 

the flexural capacity of each type, it was designed that the specimens of BGF type had a flexural capacity of 35% above 

the control specimens. However, the flexural capacity between BGF and BN was relatively the same, or there was only 

a relatively small increase of 4%. Figure 9 shows the flexural capacity ratio compared to the BN-type specimens. Due 

to the longitudinal cracks that occurred on the interface between existing concrete and grouting concrete, the flexural 

action tended to behave as a non-bond. This may be illustrated in Figure 10. The failure of bonding interaction caused 

a decrease in the performance of the FRP sheet to strengthen the beam. The separation of the grouting layer and existing 

concrete, which was indicated by horizontal cracks, caused the FRP sheet to not fully interact with the compression 

concrete. 

 

Figure 9. Ratio of Flexural Capacity Compared to Control Beam (BN) 

 

Figure 10. Full-bonded and Un-Bonded Flexural Action 

The maximum flexural capacity may be achieved if grouted concrete and existing concrete have perfect bonding 

between each other, as illustrated in Figure 10. In the un-bonded condition, the layers of grouted concrete move each 

other in the area of contact. The full bond could be developed if the contact surface has enough shear capacity to resist 

shear stress. The shear stress at the contact surface may be obtained as follows: 

𝜏 =
𝑉𝑆

𝐼𝑏
  (1) 

where V is shear force, S is first moment of area of the grouted concrete, I is moment of inertia of the entire cross section 

and b is the width of beam cross section. 

It should be noted here that Equation 1 applies to uncracked elastic beams and is only an approximation for cracked 

concrete beams. The ACI Code gives an alternative of calculating the horizontal shear stress, as follows: 
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𝜈𝑢 =
𝑉𝑢

𝑏𝑑
  (2) 

where Vu is the shear force acting on the cross section of the beam as obtained from a shear-force diagram for the beam, 

b is width of the beam cross section, d is effective depth of cross section. 

3.2. Load-Deflection Relationship 

Figure 11 shows the load and deflection relationship at the mid-span of beams. Typical of the behavior of reinforced 

concrete beams, cracks occurred at relatively low applied loads when the ultimate stress of concrete had been reached. 

On the BG beam, the initial cracks occurred earlier than in the BN and BGF specimens. This occurred because the steel 

strain in the BG beam was relatively higher than that in the BN and BGF beams. It should be noted that the cross-section 

of the reinforcement in BG type was smaller to simulate a reduction of the steel reinforcement cross-section due to 

corrosion. In the BGF beam, although it used the same cross section of tensile reinforcement as the BG type, this 

specimen was strengthened with GFRP sheet, which contributed to delaying the achievement of the rupture stress in the 

concrete. The occurrence of initial cracks in the beam caused a decrease in beam stiffness. The BN beam experienced a 

change in initial stiffness from 3.88 kN/mm to 1.54 kN/mm. The BG beam experienced a change in initial stiffness from 

1.77 kN/mm to 0.64 kN/mm, and the BGF beam experienced a change in initial stiffness from 4.65 kN/mm to 1.10 

kN/mm. The biggest change in stiffness occurred in the BGF-type beam. This was due to the smaller GFRP modulus of 

elasticity (95 GPa) compared to steel reinforcement (200 GPa). After the steel strain reached the yield strain and entered 

the plastic phase, a change in the stiffness of the beam occurred again. The BN beam experienced a change in stiffness 

to 0.099 kN/mm. 

 

Figure 11. Load-Deflection Curve 

The BG beam experienced a change in stiffness to 0.047 kN/mm, and the BGF beam experienced a change in 

stiffness to 0.282 kN/mm. As it can be observed, after the steel reinforcement was yielded, the change in stiffness of the 

BGF beam was relatively smaller compared to the other beams. This is because the BGF beam was still strengthened 

using the GFRP sheet. 

3.3. Cracks Pattern and Failure Mode 

Figure 12 shows the crack pattern of all specimens. In general, the first cracks occurred on the tension side of the 

beam (the bottom side of the beam) when the stress exceeded the concrete rupture strength. Cracks propagated from the 

tension side to the compression side as the applied load increased. For BN beams, the crack propagated to the 

compression section as on regular reinforced concrete beams. However, for BG and BGF beams, a layer of grouted 

concrete on the bottom side of the beam with a thickness of about 50mm showed a different crack pattern. At the 

beginning of loading, the vertical cracks appeared in a similar case with regular reinforced concrete beams. As the load 

increased, the vertical cracks continued to propagate, but they were also followed by the appearance of horizontal cracks. 

These horizontal cracks occurred at the interface between normal concrete and grouted concrete. The occurrence of 

horizontal cracks disrupted the bending interaction between the reinforcement on the tension side and the concrete on 

the compression side. This caused a reduction in the moment capacity. For BGF beams, a similar phenomenon also 

occurred. With the appearance of horizontal cracks, the GFRP sheets as reinforcement cannot interact effectively 
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anymore in resisting moments. This caused a decrease in momentary capacity. It can also be observed from Figure 12 

that the repaired concrete beams (BG and BGF beams) had a smaller crack density in the span of the loading point (zero 

shear span) compared to the BN specimens. The crack density (number of cracks per unit length) of the BN type is 1.2 

per meter. Meanwhile, the BG and BGF beams were 0.83 per meter and 0.65 per meter, respectively. 

 

Figure 12. Crack Pattern of all beams 

Figure 13 shows the modes of failure that occur on specimens. For the BN specimen, the mode of failure that occurred 

was similar to the general failure mode of regular reinforced concrete beams. The ultimate load was determined by the 

crushing of the concrete on the compression side after yielding the steel reinforcement on the tension side. Following 

the elongation of the tensile reinforcement due to the increased tensile force as an interaction with the compressive force, 

the number and length of cracks also increased. This mechanism continued until the concrete reached its crushing 

strength. 

  

(a) Failure of BN Type (b) Failure of BG Type 

 

(c) Failure of BGF Type 

Figure 13. Failure Mode of Beam Specimens 
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For BG and BGF type beams, a 50-mm grouted concrete layer on the tension side showed a different failure 

mechanism. For BG-type beams, cracks begin to occur in the grouted concrete when the stress exceeds the rupture stress 

of the grouted concrete. As the load increased, the cracks increased in both number and length. When the cracks reached 

the interface between grouted concrete and normal concrete, the horizontal cracks appeared. The appearance of 

longitudinal cracks indicates that the bonding stress or shear stress between the grouted concrete and the normal concrete 

was unable to maintain the monolith integration for longer. This caused the beam to tend to behave as a non-bonded 

sandwich beam. This phenomenon was indicated by the appearance of non-continued cracks in the beam, as may be 

observed in Figure 13.  

The cracks propagated independently on grouted concrete and on normal concrete. The cracks in the normal concrete 

section moved towards the compression beam section. The BG beam reached its ultimate load when the concrete had 

reached its compressive strength. On BGF beams, crack propagation could be delayed due to the presence of GFRP 

sheet reinforcement on the bottom of the beams (the side of the grouted concrete surface). The GFRP sheet, together 

with steel reinforcement, resisted tensile forces due to the flexural action of the beam. After further loading, the bonding 

stress between the GFRP sheet and the grouted concrete surface reached its limit, and then debonding of the GFRP sheet 

occurred, followed by spalling of the grouted concrete. This caused a sudden decrease in the bending capacity of the 

beam. 

4. Conclusion 

Repairs of corroded steel-reinforced concrete beams using concrete grouting required strengthening using FRP 

sheets to restore the bending capacity of the beams. Strengthening the GFRP sheet on the simulated beams increased 

the flexural capacity close to that of the control beams. The failure mode on beams with grouting concrete was 

initiated with longitudinal cracks at the interface between existing concrete and the grouting concrete. This indicated 

that the interaction between the existing concrete and the grouting concrete was still relatively weak. The 

effectiveness of FRP sheet strengthening may be optimized when the occurrence of longitudinal cracks can be 

postponed or avoided. The premature failure of bonding interaction caused the grouting layer, and existing concrete 

was no longer in the form of composite interaction. The separation of the grouting layer and existing concrete, which 

was indicated by horizontal cracks, caused the FRP sheet to not fully interact with the compression concrete. 

Applying a special treatment to the surface and/or applying a mechanical anchor may be necessary to increa se the 

bonding capacity of the grouting layer. However, this study has shown that the repairing method using concrete 

grouting on damaged concrete covers combined with strengthening using FRP sheets was an effective combination 

in repairing the corroded reinforced concrete beams. 
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Abstract 

University campuses provide a variety of ecosystem services (ES) that play an important role in both physical and mental 

benefits for students. However, the importance and actual service performance of ES in universities were not clearly 

perceived in Vietnam. This study was conducted to fill these gaps with the objectives of (1) assessing students' perceptions 

of the importance of ecosystem services on their university campus and (2) assessing students' satisfaction with these 

ecosystem services. Using the interview method, the study collected research data from 210 students at Can Tho University 

(CTU), a large university in Vietnam. The results of the study have confirmed the importance of ecosystem services such as 

trees, lawns, water bodies, and buildings on CTU's campus. With modern design, buildings play an important role in creating 

space to organize formal classes, self-study, and group work for students. Green spaces not only improve air temperature and 

bring high aesthetic value, but they are also habitats for many species of animals and plants. Most students were very satisfied 

with the ES provided by the CTU's campus. However, the functions of the grass and water bodies ecosystem need to be 

improved, as the student satisfaction with these ES was significantly lower than the value they expected. The results of 

analyzing the importance and satisfaction of ES will be a useful basis for making decisions on planning and developing 

ecosystems. This is a new research direction in Vietnam that needs continued research and application. 

Keywords: Ecosystem Services; Importance; Satisfaction; University Campus. 

 

1. Introduction 

Ecosystem services (ES) are benefits that humans can receive from ecosystems, including both direct and indirect 

benefits [1, 2]. The value of ecosystem services has a strong impact on human health and well-being [3–5]. Natural 

ecosystems play an important role in regulating air temperature, regulating soil erosion, regulating floods, regulating 

water, and retaining water [6–8]. Forest and river basin ecosystems were sources of food and provided water for domestic 

and irrigation purposes [6, 7]. These natural ecosystems also help preserve biodiversity. At the same time, it brings high 

aesthetic value, helping to develop ecotourism as well as maintain traditional cultural values. 

In recent years, the values of natural ecosystem services have also been researched and applied in urban spaces, 

where the priority for green spaces is less than for buildings such as houses, shops, roads, etc. [9, 10]. A typical example 

was the planning of urban greenery systems and urban parks [10–12]. In addition, research ideas on ecosystem services 

have also been implemented on university campuses [13, 14]. This research area not only had educational value but also 

provided a variety of ecosystem services (for example, water regulation, CO2 storage, climate regulation, aesthetic value, 

etc.) [13–15]. University campus management can bring material benefits to the environment and mental health to 

students, as well as raise students' awareness of environmental and ecological protection [15]. According to Sedlacek 

(2013), universities are considered a particularly important socio-cultural context with the mission of training and 

educating people who will participate in the governance system in the future [16]. Therefore, universities were also 
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suitable places to implement effective environmental education initiatives based on students' awareness of the landscape 

and its ecological functions [17]. Analyzing human perceptions of the importance of landscapes and the satisfaction of 

ecosystem services was essential to evaluating the relationship between ecology and society [7, 18]. This was the basis 

for planning and developing the landscape [19]. 

Although ecosystem services in Vietnam have been commonly studied with natural ecosystems such as forests [20], 

wetland [21, 22], and rivers [23], there were almost no studies evaluating the importance of landscapes and human 

satisfaction with ES. Therefore, planning and developing ecosystems has faced many difficulties due to a lack of basis 

to identify ecosystem services that need to be prioritized for improvement. Also, to the knowledge of this study, previous 

studies for ecosystem services in Vietnam have not evaluated any university campuses. To fill this gap, this study was 

carried out with the goals of (1) assessing students' awareness of the importance of ES and (2) assessing their satisfaction 

with ES on the Can Tho University campus. Can Tho University (CTU) be one of the major universities in Vietnam. 

The CTU campus has a diverse landscape that can meet the learning, entertainment, and health needs of students. By 

using field survey methods, document reviews, and interviews with students' perceptions, the research was able to 

identify the ecosystem services provided by the landscape of CTU. From there, evaluate its importance and service 

performance. Based on that basis, plan and design appropriate environmental education programs as well as solutions 

to enhance the value of these ecosystem services. 

2. Research Methodology 

2.1. Research Area 

Can Tho University be an institution that trains highly qualified human resources to serve the socio-economic 

development of the Mekong Delta in particular and Vietnam in general. The university has 8 subdivisions with a total 

land area of 224.98 hectares [24]. The area where this study was carried out was in subdivision II. This is the headquarters 

and main school building of CTU, with an area of 71.42 hectares. This research area is located in Can Tho city, which 

is the center of the economic, cultural, and social life of the Mekong Delta (Figure 1). 

 

Figure 1. Location of the study area 

CTU's campus is modernly designed with many lectures, halls, classrooms, libraries, laboratories, dormitories, sports 

fields, and green spaces such as trees, lawns, lakes, etc. According to Gonzalez-Garcia et al. (2023), the university 

campus not only brings value to education but is also a place for cultural activities such as festivals and sports, giving 

students the opportunity to exercise physically and engage together [13]. In particular, systems of trees and lakes can 

help store carbon, regulate microclimate, and regulate and store water [13, 25]. 
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2.2. Collect and Process Data 

Workflow of this study is presented in Figure 2. 

 

Figure 2. The process of the methodology 

Based on the research objectives, a field survey was conducted to identify the main landscapes present on CTU's 

campus. As a result, the study has identified four main types of landscapes on the campus of Can Tho University, 

including (1) trees, (2) lawns, (3) water bodies, and (4) buildings. At the same time, the study conducts a literature 

review to determine the ecosystem services of each landscape. A total of 23 ecosystem services were identified (Figure 

3), including provisioning services (n = 3), regulating services (n = 12), cultural services (n = 5), and supporting services 

(n = 3). 

An interview with CTU students was conducted using a pre-designed questionnaire to collect information for an 

assessment of awareness about the importance of ecosystem services and student satisfaction with these ES. The 

questionnaire was designed with four main parts, including (i) the importance of ecosystem services, (ii) satisfaction 

with ecosystem services, (iii) understanding of ecosystem services, and (iv) general information about students. In 

particular, importance and satisfaction were assessed based on a Likert scale (1= totally unimportant/completely 

unsatisfied, 2= less important/less satisfied, 3= moderately important/normal, 4 = important/satisfied, and 5= very 

important/very satisfied). The results of the survey collected information from 210 students, including 37.1% male 

students and 62.9% female students. The majority of these students were freshmen, sophomores, and juniors, with 

32.4%, 31.0%, and 33.3%, respectively. The remaining 2.4% were seniors, and 1.0% had graduated. The study used 

IBM SPSS Statistic 26 software to calculate and test the differences in awareness of the importance and satisfaction of 

ES. The testing methods used were pair sample t-tests, independent sample t-tests, and one-way ANOVA. The 

characteristics of student groups are presented in Table 1. 
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Figure 3. Ecosystem services on CTU's campus 
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Table 1. Characteristics of the sample (N = 210) 

 Group Sample (n) Percentage (%) 

Gender 
Male 78 37.1 

Female 132 62.9 

Course 

Freshman 68 32.4 

Sophomore 65 31.0 

Junior 70 33.3 

Senior 5 2.4 

Graduate student 2 1.0 

Time spent on CTU 

<2 hours/day 5 2.4 

2-5 hours/day 120 57.1 

5-8 hours/day 69 32.9 

>8 hours/day 16 7.6 

Time spent on green space 

<0.5 hours/day 73 34.8 

0.5-1 hours/day 94 44.8 

1-2 hours/day 35 16.7 

>2 hours/day 8 3.8 

Awareness of ES 
Known 113 53.8 

Unknown 97 46.2 

3. Results and Discussion 

3.1. Perception of Importance and Satisfaction with Ecosystem Services 

The importance and satisfaction of the ecosystem services on CTU's campus are presented in Figure 4. The results 

of the study show that while the importance of trees and lawn ecosystems was rated the same, the values of ES decreased 

in the order of supporting > regulating > cultural > provisioning. Similar to green tree and lawn ecosystems, water bodies 

also had high importance in supporting and regulating functions, but their cultural value was considered less important 

than provisioning services. For building ecosystems, cultural services were considered more important than provisioning 

services, with average values of 4.16 and 4.09, respectively. Generally, CTU students rated supporting services as the 

most important function of green spaces such as trees, lawns, and water bodies, with average values of 4.13, 4.01, and 

3.95, respectively. This was consistent with the previous study on ecosystems of parks [8], where provisioning services 

(food) were considered less of a priority than other ecosystem services such as regulating (maintaining air quality and 

water regulation), cultural (health, aesthetics, physical, and mental), and supporting (habitats). In contrast, some other 

studies have shown that supporting services have been rated lower than provisioning, regulating, and cultural services 

[26, 27]. 

 

Figure 4. Importance and satisfaction for Ess 
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The results of this study also show that most of the ecosystem services were evaluated with a high level of satisfaction 

(Figure 4). This proves that these services have good service performance and meet the needs of students. Satisfaction 

was higher than the importance recorded for the regulating services of the green tree ecosystem, the cultural services of 

the green tree and lawn ecosystem, and the provisioning services of all four ecosystems. The regulating, provisioning, 

and cultural services of green ecosystems have good service performance, as satisfaction was significantly higher than 

the expected value of importance. Meanwhile, the remaining ecosystem services need to be prioritized for improvement, 

as satisfaction was recorded to be lower than perceived importance. Specifically, the lawn ecosystem (provisioning, 

regulating, and supporting services), the water body ecosystem (regulating and supporting services), and the cultural 

services of buildings. The significant difference between the importance and performance of ESs was also found in the 

study of Gai et al. (2022). A higher importance score than the performance score indicates that the level of citizen 

satisfaction was lower than the expected value of that ecosystem service [28]. 

Of the four ecosystems assessed, buildings had the highest importance (Figure 4). Some previous studies suggest 

that people often appreciate the importance of an ecosystem service when they directly benefit from or strongly depend 

on it [27, 29]. The results of a previous study have shown that mountain communities perceive the value of provisioning 

and cultural services (fresh water supply, food, fodder, and ecotourism) more easily than regulating and supporting 

services (climate control, disease regulation, soil formation, and nutrient cycling). For them, regulating and supporting 

services only bring indirect benefits and are less familiar [7]. Another study conducted with rural parks also showed that 

the distance from residence to the park had a great influence on people's perception of its importance for the park's 

ecosystem services [8]. The results of this study were completely consistent with previous studies. Evidence was that 

CTU students rated buildings as most important as they spent more time in buildings than other green spaces. 

Specifically, students often spend 2–5 hours/day (57.1%) or even 5–8 hours/day (32.9%) at CTU. However, they only 

spend about 0.5–1 hour/day (44.8%) or less than 0.5 hours/day (34.8%) on green spaces such as trees, lawns, and water 

bodies. 

3.1.1.The Green Tree Ecosystem 

Green space at universities is an important part of urban green space [14]. Many studies have appreciated the 

importance of regulating service in the tree system. Typically, it has the functions of CO2 sequestration, O2 generation, 

air temperature amelioration, removing SO2 and NOx, dust interception, regulating air quality, regulating climate, 

reducing rainfall overflow, noise reduction, etc. [10, 14, 26]. In this study, the majority of CTU students also confirmed 

that the green tree system on campus plays an important and very important role in forming O2, improving air 

temperature, absorbing CO2, and preventing dust (57.1–85.2%). In which, the functions of O2 generation (R2) and air 

temperature amelioration (R3) were evaluated as the most important (Figure 5). 

 

Figure 5. The importance of the tree ecosystem 
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Regulating runoff and reducing noise were considered less important than other regulating functions. The services 

provided by green ecosystems were highly valued for their function of providing jobs (P1) and providing economic 

value through carbon storage and sequestration (P2). This was not only a favorite self-study and group work space for 

students but also a space to relax with high aesthetic value. Previous studies have also shown that green ecosystems are 

suitable spaces for recreational activities such as playing sports, meeting friends, and relaxing [10, 26]. Another study 

also confirmed that green ecosystems help create jobs for people by taking care of trees [30]. Supporting services were 

often less recognized than provisioning, regulating, and cultural services [26, 27], as these services were less familiar 

and only brought indirect benefits to society [7]. However, CTU students said that the green ecosystem was an important 

habitat for plants and animals. This result was consistent with previous studies in Africa, where the supporting services 

of green ecosystems were also assessed as suitable habitats for biological species [31–33]. 

In general, green tree ecosystems had high value in all services, including provisioning, regulating, cultural, and 

supporting. However, the importance of ecological functions was assessed differently in each research context. In this 

study, the most important assessed functions of the green tree ecosystem were air temperature regulation and O2 

generation. This result was consistent with a previous study in Africa, as students and staff of universities assumed that 

air quality, temperature improvement, and creating shade were the most important aspects of green tree ecosystem 

services [31]. Meanwhile, another study has shown that the most important function of the green tree ecosystem on a 

university campus in Turkey was carbon storage and sequestration [14]. 

3.1.2. The Lawn Ecosystem 

Besides the green tree system, lawns were also a common element in urban green space. This was a special type of 

ground cover that brings many benefits to humans and the surrounding environment [34]. On the campus of Can Tho 

University, all 15 services provided by the lawns were rated as mainly important (42.4–51.9%). Perceptions of the 

importance of lawn ecosystem services are presented in Figure 6. For the regulating services, regulating stormwater 

runoff (R9) and reducing soil erosion (R11) were considered more important than absorbing CO2 (R1) and SO2 (R4). 

Another study has also suggested that CO2 absorption is a very important function of urban lawns [35]. The lawn on 

CTU's campus also placed a high value on cultural services. The lawn was considered a suitable space for recreation 

activities (C4), with the percentage of students rating it as important or very important as 51.9% and 27.1%, respectively. 

Aesthetic value was also considered important, with a total of 76.6% of students considering it important and very 

important. Similar results were also observed for an urban lawn, where recreational and aesthetic functions play a very 

important role [34]. Regarding supporting services, all functions surveyed, including animal and plant habitat and 

supporting the decomposition process, were rated as important or very important by more than 74% of students. Besides 

these functions, the research by Yang et al. [34] also suggests that lawns in parks were shelters in emergencies such as 

earthquakes. 

 

Figure 6. The importance of lawn ecosystems 
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3.1.3. Water Bodies Ecosystem 

The functions of water body ecosystems were found to be less than those of tree and lawn ecosystems. Students' 

perceptions of the importance of water bodies ecosystem services are presented in Figure 7. Water storage was rated as 

the most important function, with the percentage of students rating it as important or very important being 45.71% and 

34.76%, respectively. It is considered more important than improving air temperature, forming O2, and absorbing CO2. 

In aquatic ecosystems, the amount of CO2 absorbed and O2 produced was estimated based on the photosynthesis process 

of aquatic plants. The value of the regulating service of an urban lake was confirmed by absorbing 0.22 tons of CO2/hm2 

and generating 0.17 tons of O2/hm2 [36]. In addition, water bodies also help regulate the air temperature. A previous 

study showed that air temperature in areas with lakes was significantly improved compared to places without lakes [11]. 

River basins, ponds, and lakes also play an important role in regulating floods [25] and providing water for daily life 

and irrigation [6]. The water bodies on CTU's campus were also considered important habitats for biological species. 

Similar to tree and lawn ecosystems, aesthetic value (C5) was also assessed as very important in cultural services. 

However, it was not highly appreciated for its suitable space to organize classes (C1). 

 

Figure 7. The importance of the water bodies ecosystem 
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results of the study also showed that knowledge about ES also made a difference in assessing the importance of ES. 

Students with an understanding of ES rated the importance of regulating, cultural, and supporting services more highly 

than students who did not know about ES (Table A-2). Previous studies suggested that education level was an important 

factor influencing ES awareness [7, 8, 18]. The importance and performance of ES were more appreciated among highly 

educated people, especially in regulating services such as soil erosion, water regulation, climate control, etc. [7]. 

 

Figure 8. Importance of the building ecosystem 
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The water bodies ecosystem 

Provisioning 0.380 0.100 0.892 0.502 0.063 

Regulating 0.245 0.095 0.143 0.966 0.039 

Cultural 0.038 0.169 0.962 0.637 0.021 

Supporting 0.040 0.008 0.334 0.821 0.222 
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Provisioning 0.763 0.566 0.422 0.446 0.706 

Cultural 0.131 0.291 0.051 0.954 0.036 
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Table 3. Statistical significance level of mean difference in ecosystem service satisfaction between classifying group 

The satisfaction of 

ecosystem services 

Independent Samples  

T-Test (sig) 
One-way ANOVA (sig) 

Gender Knowledge Course 
Time spent on CTU 

(hours per day) 
Time spent on green space 

(hours per day) 

The green tree ecosystem 

Provisioning 0.300 0.416 0.097 0.170 0.209 

Regulating 0.094 0.486 0.103 0.886 0.203 

Cultural 0.081 0.194 0.161 0.588 0.037 

Supporting 0.137 0.136 0.070 0.860 0.015 

The lawn ecosystem 

Provisioning 0.209 0.223 0.290 0.918 0.115 

Regulating 0.052 0.299 0.328 0.735 0.018 

Cultural 0.039 0.345 0.300 0.772 0.067 

Supporting 0.217 0.331 0.129 0.751 0.015 

The water bodies ecosystem 

Provisioning 0.311 0.303 0.419 0.320 0.103 

Regulating 0.208 0.250 0.602 0.735 0.160 

Cultural 0.208 0.235 0.379 0.435 0.056 

Supporting 0.208 0.308 0.409 0.497 0.042 

The built-up ecosystem 

Provisioning 0.306 0.514 0.308 0.855 0.374 

Cultural 0.213 0.981 0.017 0.975 0.293 

The results of the study did not find differences in the perception of the importance of ES and satisfaction between 

students of different courses, except for the cultural services of the building ecosystem. The service performance of this 

service was better for senior students than for junior students. The difference in time that students spent on CTU also 

did not affect their perception of ES (Table A-3). An important finding of this study was that students' awareness of the 

importance and satisfaction of green trees, lawns, and water bodies ecosystems increased proportionally to the time they 

spent in the green spaces, especially regulating, cultural, and supporting services (Table A-4). For example, students 

who spend less than 0.5 hours/day in green spaces have a perception of importance and satisfaction with support services 

of 3.87±0.76 and 3.86±0.89, respectively, which are significantly lower compared to the values of 4.41±0.57 and 

4.63±0.52 assessed by students who spend more than 02 hours/day in green spaces. It shows that students' perceptions 

of importance and satisfaction depend largely on their attachment to the ecosystem. The results of this study were 

completely consistent with the previous studies [7, 28]. In a study of parks' ecosystems, it was shown that people who 

regularly experience parks have high satisfaction with the services provided, especially cultural services [28]. The 

distance from the accommodation to the ecosystem space was also a factor that affected their perception of ES [8]. While 

local people prioritize provisioning and cultural services, out-of-town visitors give higher priority to educational value. 

4. Conclusion 

The ecosystem services provided by CTU's campus play an important role for students. Although green spaces (trees, 

lawns, and water bodies) were less important than buildings, their roles were undeniable. The green spaces in CTU were 

not only a suitable habitat for many animals and plants but also played an important role in regulating the environment. 

Each ecosystem has different priority regulatory functions. For example, the most important function of the greenery 

ecosystem was air conditioning and O2 formation, while the lawn ecosystem was regulating the amount of rainwater 

runoff and reducing soil erosion. Overall, the functions of the greenery ecosystem have good performance, as most 

students were satisfied with these ecological functions. Meanwhile, the services of the remaining ecosystems need to be 

improved, as they did not meet the expected value for students. Assessing the relationship between importance and 

satisfaction for ecosystem services was a fresh finding in the field of research on ecosystems in Vietnam. This result 

allows the identification of ecosystem services that need to be given priority to improve the value of the ecosystem 

service and meet the expectations of people about the function of the ecosystem. For the scope of this study, the 

enhancement of information dissemination to improve understanding for students about ecosystem services is the most 

practical solution, as the results of the study have shown that the perceptions about the importance of ecosystem services 

of students who had knowledge about ecosystems were significantly higher than those of students who did not know 

about them. 
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Appendix I 

Table A-1. Average difference of importance and satisfaction with ecosystem services by gender  

ES 

Gender Understanding of ecosystem services 

Male (n=78) Female (n=132) sig Don’t know (n=97) Known (n=113) sig 

Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction 

Trees 

Provisioning 3.66 ± 0.84 4.03 ± 0.81 3.83 ± 0.74 4.14 ± 0.79 0.120 0.300 3.71 ± 0.79 4.05 ± 0.82 3.81 ± 0.77 4.14 ± 0.78 0.367 0.416 

Regulating 4.06 ± 0.71 4.09 ± 0.81 4.15 ± 0.65 4.27 ± 0.73 0.342 0.094 3.96 ± 0.71 4.17 ± 0.83 4.25 ± 0.61 4.24 ± 0.71 0.002 0.486 

Cultural 3.77 ± 0.72 3.97 ± 0.83 4.08 ± 0.68 4.17 ± 0.72 0.002 0.081 3.82 ± 0.75 4.02 ± 0.82 4.08 ± 0.65 4.16 ± 0.73 0.008 0.194 

Supporting 3.88 ± 0.75 3.96 ± 0.85 4.14 ± 0.61 4.13 ± 0.74 0.006 0.137 3.92 ± 0.75 3.98 ± 0.84 4.16 ± 0.58 4.14 ± 0.73 0.010 0.136 

Lawns 

Provisioning 3.65 ± 0.92 3.86 ± 0.85 3.79 ± 0.85 4.00 ± 0.74 0.258 0.209 3.69 ± 0.92 3.86 ± 0.85 3.79 ± 0.84 4.00 ± 0.74 0.425 0.223 

Regulating 3.91 ± 0.82 3.83 ± 0.84 4.04 ± 0.63 4.05 ± 0.71 0.224 0.052 3.83 ± 0.76 3.83 ± 0.84 4.13 ± 0.63 4.05 ± 0.71 0.002 0.299 

Cultural 3.87 ± 0.77 3.80 ± 0.84 4.04 ± 0.64 4.03 ± 0.76 0.087 0.039 3.89 ± 0.76 3.80 ± 0.84 4.05 ± 0.63 4.03 ± 0.76 0.102 0.345 

Supporting 3.89 ± 0.79 3.85 ± 0.87 4.07 ± 0.69 3.99 ± 0.73 0.807 0.217 3.90 ± 0.83 3.85 ± 0.87 4.10 ± 0.60 3.99 ± 0.73 0.046 0.331 

Water bodies 

Provisioning 3.74 ± 0.91 3.78 ± 086 3.84 ± 0.77 3.90 ± 0.80 0.380 0.311 3.70 ± 0.86 3.79 ± 0.82 3.89 ± 0.79 3.91 ± 0.83 0.100 0.303 

Regulating 3.79 ± 0.85 3.82 ± 0.88 3.92 ± 0.71 3.85 ± 0.78 0.245 0.208 3.78 ± 0.83 3.76 ± 0.86 3.96 ± 0.71 3.90 ± 0.88 0.095 0.250 

Cultural 3.58 ± 0.88 3.82 ± 0.89 3.82 ± 0.66 3.95 ± 0.82 0.038 0.208 3.65 ± 0.76 3.82 ± 0.85 3.80 ± 0.75 3.97 ± 0.84 0.169 0.235 

Supporting 3.79 ± 0.91 3.79 ± 0.87 4.03 ± 0.76 3.81 ± 0.81 0.040 0.208 3.78 ± 0.87 3.73 ± 0.82 4.09 ± 0.77 3.84 ± 0.84 0.008 0.308 

Buildings 

Provisioning 4.06 ± 0.81 4.09 ± 0.86 4.10 ± 0.79 4.21 ± 0.74 0.763 0.306 4.05 ± 0.85 4.12 ± 0.81 4.12 ± 0.75 4.19 ± 0.77 0.566 0.514 

Cultural 4.07 ± 0.76 4.05 ± 0.91 4.22 ± 0.66 4.20 ± 0.76 0.131 0.213 4.11 ± 0.76 4.14 ± 0.83 4.21 ± 0.65 4.14 ± 0.81 0.291 0.981 

Table A-2. Average difference of importance and satisfaction level for ecosystem services by course 

ES 
Freshman (n=68) Sophomore (n=65) Junior (n=70) Senior (n=5) Graduate (n=2) sig 

Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction 

Trees 

Provisioning 3.69  0.82 4.07 0.70 3.84 0.68 4.2 0.74 3.77 0.83 4.03 0.90 3.80 0.76 3.80 0.84 3.75 1.06 3.00 1.41 0.860 0.097 

Regulating 3.99 0.66 4.21 0.68 4.24 0.59 4.31 0.73 4.12 0.75 4.17 0.85 4.2 0.63 3.80 0.47 3.7 0.42 3.00 1.41 0.336 0.103 

Cultural 3.92 0.61 4.13 0.64 3.92 0.77 4.20 0.73 4.04 0.75 4.00 0.89 4.16 0.56 4.00 0.71 3.70.99 3.00 1.41 0.753 0.161 

Supporting 3.96 0.63 4.09 0.69 4.09 0.69 4.12 0.74 4.07 0.70 4.03 0.88 4.23 0.63 3.40 0.88 3.85 1.20 3.00 1.41 0.727 0.070 

Lawns 

Provisioning 3.71 0.81 3.94 0.71 3.84 0.79 4.07 0.77 3.70 1.03 3.87 0.85 3.60 0.55 4.00 0.71 3.5 0.71 3.00 1.41 0.833 0.290 

Regulating 4.00 0.67 3.99 0.72 4.03 0.69 4.01 0.74 4.00 0.79 3.96 0.82 3.70 0.42 3.60 0.55 3.42 0.59 3.00 1.41 0.674 0.328 

Cultural 3.93 0.66 3.99 0.74 4.03 0.66 4.03 0.79 3.98 0.76 3.84 0.85 3.84 0.71 4.00 0.71 3.70 0.99 3.00 1.41 0.891 0.300 

Supporting 3.96 0.71 3.93 0.74 4.06 0.69 4.06 0.77 3.99 0.82 3.89 0.83 4.13 0.61 3.40 0.55 4.00 1.41 3.00 1.41 0.940 0.129 

Water bodies 

Provisioning 3.80 0.75 3.85 0.80 3.85 0.75 3.97 0.81 3.79  0.98 3.79 0.85 3.50 0.71 3.80 0.84 3.50 0.71 3.00 1.41 0.892 0.419 

Regulating 3.90 0.72 3.85 0.87 3.85 0.67 3.91 0.88 3.94 0.88 3.80 0.89 3.05 0.62 3.60 0.55 3.50 0.71 3.00 1.41 0.143 0.602 

Cultural 3.75 0.72 3.96 0.87 3.70 0.84 3.98 0.82 3.75 0.73 3.80 0.85 3.90 0.58 3.80 0.84 3.50 0.71 3.00 1.41 0.962 0.379 

Supporting 3.97 0.81 3.79 0.87 4.07 0.75 3.89 0.77 3.86 0.90 3.75 0.84 3.60 1.08 3.40 0.55 3.25 0.35 3.00 1.41 0.334 0.409 

Buildings 

Provisioning 4.03  0.73 4.16 0.68 4.20 0.77 4.26 0.76 4.03 0.87 4.09 0.90 4.40 0.89 4.40 0.55 3.50 0.71 3.00 0.00 0.422 0.160 

Cultural 4.17 0.59 4.19 0.68 4.28 0.64 4.28 0.76 4.08 0.82 4..01 0.94 4.24 0.72 4.20 0.84 2.9 0.99 2.50 0.71 0.051 0.017 

Table A-3. Average difference of importance and satisfaction level for ecosystem services by time spent on CTU 

ES 
<2 hours/day (n=5) 2-5 hours/day (n=120) 5-8 hours/day (n=69) > 8 hours/day (n=16) sig 

Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction 

Trees 

Provisioning 3.70  0.67 4.20  0.84 3,82  0.71 4.00  0.85 3.75  0.81 4.20  0.72 3.53  1.16 4.38  0.62 0.568 0.170 

Regulating 4.00  0.71 4.40  0.89 4.12  0.67 4.18  0.80 4.14  0.69 4.23  0.73 3.93  0.66 4.25  0.68 0.659 0.886 

Cultural 3.44  0.71 3.80  0.84 3.96  0.72 4.06  0.77 4.01  0.68 4.15  0.79 3.96  0.71 4.25  0.68 0.389 0.588 

Supporting 3.52  0.58 4.00   0.71 4.08  0.67 4.03  0.82 4.14  0.60 4.10  0.77 4.05  0.67 4.19  0.66 0.296 0.860 

Lawns 

Provisioning 3.80  1.30 3.80  0.84 3.73 0.87 3.93  0.76 3.76  0.85 3.99  0.80 3.81  0.98 4.00  0.97 0.981 0.918 

Regulating 3.83  0.85 3.80  0.84 3.98  0.69 3.94  0.77 4.07  0.72 4.04  0.74 3.88  0.77 3.88  0.89 0.715 0.735 

Cultural 3.48  1.12 3.60  0.89 3.94  0.68 3.95  0.80 4.04  0.72 3.97  0.77 4.10  0.47 3.88  0.96 0.271 0.772 

Supporting 3.73  0.83 3.80  0.84 4.04  0.76 3.89  0.79 3.99  0.72 4.01  0.76 3.94  0.67 3.94  0.93 0.793 0.751 
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Water bodies 

Provisioning 3.90  0.74 4.00  0.71 3.86  0.79 3.81  0.83 3.75  0.84 3.99  0.76 3.56 1.01 3.63  1.09 0.502 0.320 

Regulating 3.80  0.78 3.80  0.89 3.87  0.76 3.83  0.89 3.91  0.76 3.90  0.81 3.83  0.89 3.63  1.09 0.966 0.735 

Cultural 3.50  1.00 3.80  0.84 3.74  0.74 3.89  0.86 3.69  0.80 4.00  0.77 3.92  0.62 3.63  1.09 0.637 0.435 

Supporting 4.10  0.74 4.00  0.71 3.99  0.77 3.75  0.84 3.88  0.81 3.90  0.77 3.88  1.27 3.63  1.09 0.821 0.497 

Buildings 

Provisioning 4.40  0.89 4.20  0.84 4.13  0.80 4.18  0.78 3.97  0.79 4.16  0.78 4.13  0.81 4.00  0.89 0.446 0.855 

Cultural 4.00  0.71 4.00   1.00 4.18  0.73 4.16  0.80 4.15  0.69 4.13  0.78 4.19  0.63 4.13  1.09 0.954 0.975 

Table A-4- Average difference of importance and satisfaction for ecosystem services by time spent on green space in CTU 

ES 
< 0.5 hours/day (n=73) 0.5 - 1 hours/day (n=94) 1 - 2 hours/day (n=35) > 2 hours/day (n=8) sig 

Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction Importance Satisfaction 

Trees 

Provisioning 3.62  0.90 3.97  0.88 3.87  0.70 4.12  0.78 3.70  0.73 4.20  0.8 4.06  0.68 4.50  0.54 0.189 0.209 

Regulating 4.10  0.73 4.07 0.89 4.15  0.64 4.29  0.67 4.05  0.63 4.20  0.72 4.19  0.67 4.50  0.76 0.861 0.203 

Cultural 3.79  0.78 3.89  0.88 4.04 0.63 4.18  0.69 4.02  0.71 4.23  0.69 4.45 0.54 4.38  0.74 0.021 0.037 

Supporting 3.87  0.76 3.86   0.89 4.15  0.59 4.15  0.70 4.06  0.65 4.14  0.73 4.41  0.57 4.63  0.52 0.021 0.015 

Lawn 

Provisioning 3.56  0.96 3.79  0.87 3.86  0.81 4.01  0.71 3.80  0.87 4.00  0.77 3.75  0.71 4.38  0.78 0.171 0.115 

Regulating 3.91  0.83 3.82  0.84 4.07  0.60 4.05  0.71 3.96  0.70 3.97  0.75 4.13  0.80 4.25  0.71 0.505 0.018 

Cultural 3.83  0.85 3.75  0.89 4.01  0.59 4.05  0.69 4.10  0.58 3.97  0.79 4.25 0.69 4.25  0.89 0.124 0.067 

Supporting 3.80 0.85 3.71  0.84 4.18  0.63 4.02  0.72 3.95 0.63 4.05  0.76 4.08 0.90 4.38  0.74 0.012 0.015 

Water bodies 

Provisioning 3.60  0.93 3.69  0.86 3.97  0.68 3.95  0.77 3.79  0.84 3.89 0.87 3.81  0.99 4.25  0.71 0.063 0.103 

Regulating 3.66  0.87 3.66  0.92 4.03  0.62 3.93  0.81 3.88  0.83 3.91  0.89 4.00  0.72 4.13  1.12 0.039 0.160 

Cultural 3.47  0.90 3.67  0.91 3.88  0.62 4.05  0.75 3.85  0.63 3.91  0.89 3.91  0.76 4.13  0.83 0.021 0.056 

Supporting 3.82 0.86 3.61  0.89 4.07  0.73 3.87  0.78 3.84  0.88 3.83  0.79 4.06  1.27 4.38  0.74 0.222 0.042 

Buildings 

Provisioning 4.05  0.90 4.06  0.89 4.11  0.74 4.25  0.68 4.03  0.75 4.11  0.80 4.38  0.74 4.38  0.74 0.706 0.374 

Cultural 3.90  0.84 4.00  0.93 4.25  0.60 4.25  0.70 4.22  0.63 4.17  0.82 4.55  0.48 4.13  0.99 0.036 0.293 
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Abstract 

This study explores how dynamic characteristics of concrete, such as dynamic shear modulus, dynamic modulus of 

elasticity, and dynamic Poisson's ratio, affect stability and performance in civil engineering applications. Traditional testing 

procedures, which include the time-consuming and costly process of mixing and casting specimens, are both time-

consuming and costly. The primary objective of this research is to improve efficiency by using Artificial Neural Networks 

(ANNs) and regression analysis to predict the dynamic properties of concrete, providing a machine-learning-based 

alternative to traditional experimental methodologies. A set of 72 concrete specimens was methodically built and evaluated, 

with compressive strengths of 50 MPa, aspect ratios ranging from 1 to 2.5, and an average density of 2400 kg/m3. An input 

dataset and ANN targets were built using these samples. The ANN model, which used cutting-edge deep learning 

techniques, went through extensive training, validation, and testing, as well as statistical regression analysis. A comparison 

shows that the predicted dynamic modulus of elasticity and shear modulus using both ANN and regression approaches 

nearly match the experimental values, with a maximum error of 5%. Despite good forecasts for the dynamic Poisson's 

ratio, errors of up to 20% were detected on occasion, which were attributed to sample shape variations. 

Keywords: Concrete; Dynamic properties; Artificial Neural Networks; Regression Analysis. 

 

1. Introduction 

Concrete, a key building material recognized for its strength and adaptability, is critical to contemporary society's 

infrastructure. Concrete's mechanical qualities, particularly its dynamic properties, are critical in determining the 

stability and performance of numerous civil engineering applications. The primary subject of much previous research 

on concrete was its dynamic compressive qualities, while tensile and Poisson's ratio properties were examined 

considerably less frequently [1]. During their service life, concrete buildings may be subjected to intensely dynamic 

loadings such as projectile impact and contact explosion, which would release a substantial amount of energy in a short 

period, emphasizing the need to investigate the dynamic characteristics of concrete [2]. Dynamic characteristics of 

concrete, such as dynamic shear modulus, dynamic modulus of elasticity, and dynamic Poisson's ratio, are important 

indications of how concrete buildings respond to external pressures like earthquakes and dynamic impacts. Estimating 

these qualities accurately is critical for ensuring the safety and lifespan of concrete structures. The dynamic 

characteristics of fine-grained concrete and foamed concrete were examined to assess these qualities and their usefulness 

in civil engineering construction [3, 4]. 

For testing these dynamic properties, the ultrasonic method is a beneficial, non-destructive tool. This approach gives 

critical insights into features such as dynamic shear modulus, dynamic modulus of elasticity, and dynamic Poisson's 
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ratio by submitting concrete specimens to high-frequency ultrasonic pulses and studying their propagation through the 

material [5]. Ultrasonic pulse-echo testing usually necessitates the use of specialist equipment such as ultrasonic 

transducers, a pulse generator, and a receiver. The concrete specimen is tested by delivering high-frequency ultrasonic 

pulses into it. These pulses move through the material until they come into contact with an interface or a change in the 

substance's characteristics. The ultrasonic waves undergo some reflection back to the receiver when they contact limits, 

voids, or faults in the concrete. The time it takes for the wave to travel to and return from the border is measured. This 

duration, referred to as the "time-of-flight," is proportional to the depth and characteristics of the concrete. The ultrasonic 

wave velocity through concrete is intimately connected to its dynamic qualities. In testing, two types of waves are used: 

compressional (P-waves) and shear (S-waves). P-wave velocity is generally quicker and is proportional to the dynamic 

modulus of elasticity, whereas S-wave velocity is proportional to the shear modulus. The density and stiffness of the 

concrete affect the wave velocity. The obtained ultrasonic signals may be submitted to frequency analysis, allowing 

researchers to establish the concrete sample's resonance frequencies. These resonant frequencies give information on 

the specimen's inherent frequencies and mode shapes, which is critical to knowing its dynamic behavior. The observed 

velocities of the longitudinal and transverse waves are used to calculate the dynamic Poisson's ratio and the dynamic 

modulus of elasticity of concrete. These predicted values obtained could be compared to the theoretically estimated 

modulus of elasticity [6, 7]. 

Many earlier investigations on the dynamic characteristics of concrete have been conducted, including the dynamic 

compression mechanical properties of polyoxymethylene-fiber-reinforced concrete [8]. Dynamic properties test and 

constitutive study of lightweight aggregate concrete under uniaxial compression [9]. The correlation between static and 

dynamic modulus of elasticity on different concrete mixes [10] and the dynamic compressive properties of micro-

concrete under different strain rates [11]. Dynamic deformation and fracturing properties of concrete under biaxial 

confinements [12], dynamic properties of lightweight aggregate and cellular lightweight concrete [13, 14], and dynamic 

properties of strain-hardening cementitious composite reinforced with basalt and steel fibers [15]. 

Historically, approaches to dynamic properties estimation depended on time-consuming and frequently expensive 

experimental testing, which may not be practicable in all circumstances. The demand for fast, cost-effective, and exact 

approaches to estimating these qualities has fueled computational intelligence research, notably Artificial Neural 

Networks (ANNs) [16, 17]. ANNs, a type of machine learning, have emerged as a potential method for learning from 

data and predicting complicated material behavior, providing an alternative to traditional experimental approaches. 

Because of their capacity to capture subtle non-linear correlations within data, they are well-suited to modeling the 

dynamic characteristics of concrete, which frequently display non-linear and time-dependent behavior. The use of 

Artificial Neural Networks (ANNs) in concrete technology and building has several applications and benefits. Concrete 

material qualities, such as compressive strength, tensile strength, and durability parameters, can be estimated using 

ANNs. ANNs may be used to provide more efficient and cost-effective alternatives to standard laboratory testing, 

allowing for faster property assessment [18-20]. 

ANNs can help optimize concrete mix designs by predicting the best combinations of elements (cement, aggregates, 

water, and admixtures) to meet specified performance criteria such as intended strength, workability, and durability [10, 

21]. Also, it could be used to optimize the use of tuff stone content in lightweight concrete [15]. It is also used in concrete 

manufacturing to regulate quality. They are capable of monitoring and controlling the mixing and curing processes, 

guaranteeing that the concrete fulfills the needed standards and specifications [22]. Analyzing non-destructive testing 

data, such as ultrasonic testing and ground-penetrating radar, is conducted using ANNs. They aid in determining the 

state and structural integrity of concrete elements, as well as detecting flaws and abnormalities [7, 23]. The identification 

of symptoms of degradation or damage in concrete structures such as bridges and buildings over time is carried out using 

ANN for upkeep and safety [24, 25]. Concrete constructions subjected to environmental conditions such as corrosion, 

freeze-thaw cycles, and alkali-silica reactions are predicted using ANNs. These forecasts guide maintenance and repair 

efforts [26]. ANNs can help with concrete structure design optimization, such as identifying the best reinforcement 

scheme, slab thickness, or column dimensions for load-bearing capacity, safety, and cost-effectiveness [27, 28]. It is 

also used to study and forecast the complicated stress-strain behavior of restricted concrete columns under varied loading 

circumstances. ANNs examine experimental and simulation data to improve our knowledge of structural reactions, 

allowing us to build stronger and earthquake-resistant concrete structures [2]. Additionally, ANNs are utilized to 

estimate the dynamic parameter determination of concrete terrace walls with system identification [29]. Evaluate the 

dynamic properties of pre-treated rubberized concrete under incremental loading [30]. Evaluate the mechanical and 

dynamic properties of rubberized concrete [31], study the effect of loading rate on the dynamic properties of plastic 

concrete under triaxial loading [28], predict the residual flexural strength of fiber-reinforced concrete [32, 33], calculate 

the shear strength of corrosion-reinforced concrete beams [28], and validate and predict the physical properties of self-

compacting concrete [34]. Predictive models based on ANNs are used to predict the ultimate conditions and stress-strain 

behavior of steel-confined ultra-high-performance concrete [35] and for the prediction of concrete properties [36]. 

Numerous experimental investigations have been conducted in the field of concrete engineering to anticipate the 

dynamic characteristics of concrete, providing significant insights into its behavior under varied settings. However, there 
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is a significant gap in the investigation of using Artificial Neural Network (ANN) approaches to predict these 

characteristics. Despite the great number of traditional experimental investigations, the untapped potential of ANN in 

forecasting concrete dynamics is an uncharted field. Recognizing this gap, the current study seeks to address and bridge 

it by utilizing the power of ANN, thereby contributing to a more comprehensive understanding of concrete behavior and 

paving the way for innovative approaches in the field of structural engineering, which highlights the significance of this 

study. 

The primary objectives of this research are to create and evaluate an effective approach for predicting the dynamic 

characteristics of concrete using Artificial Neural Networks (ANNs), such as dynamic shear modulus, dynamic modulus 

of elasticity, and dynamic Poisson's ratio. This may improve the accuracy and efficiency of property forecasts by using 

the power offered by machine learning as well as computational modeling, providing a viable alternative to standard 

experimental testing techniques. Furthermore, by offering a scalable and accessible approach for measuring the dynamic 

behavior of concrete materials, this research aims to contribute to the more general fields of civil engineering and 

structural dynamics. The study also aims to bridge the gap between the rising need for precise property estimates and 

the promise that ANNs provide in this respect. It is expected to provide insights that help improve the safety, 

dependability, and sustainability of concrete buildings in a variety of real-world applications through extensive testing 

and assessment. 

The introductory section provides a thorough study of the most recent body of literature on the subject under 

consideration. The next section describes the materials and procedures used in this study, as well as the data sources 

used. The final portion expands on the findings and discussion, including the validation of the suggested model, a 

comparative analysis, and the implications of the results, all set against the background of earlier research attempts. The 

final section summarizes the study's findings and makes recommendations for future research in this field. This 

organized methodology allows a thorough examination of the research landscape, methodological complexities, 

findings, and implications, providing a well-rounded view of the study's contributions and future research options. 

2. Materials and Experimental Program 

2.1. Materials 

The following ingredients and mix proportions were utilized in this study: Portland cement (Type I), coarse aggregate 

with a maximum size of 20 mm and a specific gravity of 2.65, natural sand with a specific gravity of 2.67 and a modulus 

of fineness of 2.77, micro silica of 2.17 specific gravity, superplasticizer with a specific gravity of 1.30, and fly ash 

(Class F) with a specific gravity of 2.30. Those mix proportions apply to typical-weight concrete with a target 

compressive strength of 50 MPa or more at 28 days. The ingredients were mixed in a 0.25 m3 laboratory mixer. The mix 

proportions utilized in this experiment are given in Table 1. The density of all the produced concrete was around 2400 

kg/m3. 

Table 1. Mix Proportions by Weight [7] 

Coarse Aggregate: Fine Aggregate 1: 1.5 

Cement: Fly Ash: Micro Silica 11.2: 2.16 :1 

Cement +Fly Ash+ Micro Silica: Coarse Aggregate: Fine Aggregate 1: 1.92: 1.28 

Water/ cement Ratio 0.30 

Water/ (cement+ micro silica) Ratio 0.32 

2.2. Experimental Program 

The experimental program was created to investigate the dynamic physical characteristics of concrete and to assess 

the influence of concrete specimen size on these qualities. Prisms and cylinders with varied aspect ratios (L/d) (ranging 

from 1.0 to 2.5) were utilized as specimens. Table 2 shows the dimensions of the specimens utilized in this investigation. 

Table 2. Specimens type, dimensions, and quantities [7] 

Designation Type and Dimensions (mm) No. of Specimens 

C150 Cube 150×150×150 12 

C225 Prism 150×150×225 12 

C300 Prism 150×150×300 12 

C375 Prism 150x150×375 12 

S200 Cylinders 100×200 12 

S300 Cylinders 150×300 12 
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The careful use of specifically constructed molds for producing cubes, prisms, and cylinders for this study 

represented a varied spectrum of geometric shapes often found in building operations. After the concrete examples were 

cast, they underwent a rigorous demolding procedure to ensure structural integrity. Following that, the demolded 

specimens went through a drying phase at room temperature, precisely 20°C. This governed drying process is crucial 

for limiting moisture's possible influence on the following testing processes. The designed concrete specimens were 

next subjected to non-destructive testing using an ultrasonic pulse velocity tester according to the requirements provided 

in ASTM C587-09, as shown in Figure 1. The use of this testing apparatus corresponds to defined standards, ensuring 

consistency and accuracy in assessing the dynamic characteristics of concrete. The ASTM-compliant ultrasonic pulse 

velocity tester is a trustworthy instrument for evaluating the quality and structural features of concrete specimens, adding 

vital data to the whole study. The careful attention to each stage in this procedure, from specimen production to non-

destructive testing, demonstrates a dedication to scientific rigor and supports the dependability of the obtained results in 

assessing the dynamic behavior of concrete. 

 

Figure 1. Ultrasonic pulse velocity tester (ASTM C587-09) [37] 

ASTM C597-09 is an ASTM International standard that describes how to use a resonant frequency apparatus to 

determine the dynamic modulus of elasticity and damping characteristics of concrete. The inherent frequencies of 

standard cubes and cylindrical concrete specimens exposed to vibrations are measured using this apparatus. ASTM 

C597-09 is used by inserting a tested specimen into the device and measuring resonance frequencies after applying 

force. The collected data gives insights into the dynamic behavior of concrete, assisting in the assessment of structural 

performance. The Results of the dynamic properties are given in Table 3. 

Table 3. Experimental, ANN, and Regression Analysis Results of tested specimens 

Designation 
Strength 

(MPa) 
L/D 

Experimental ANN Predicted Regression Analysis 

Ed (GPa) Gd (GPa) υd Ed (GPa) Gd (GPa) υd Ed (GPa) Gd (GPa) υd 

C375 53 2.5 38.52 15.60 0.235 38.46 16.20 0.213 38.97 15.72 0.208 

C375 53 2.5 38.50 15.59 0.234 38.46 16.20 0.213 38.97 15.72 0.208 

C375 52 2.5 37.98 15.75 0.206 37.99 15.72 0.219 38.54 15.54 0.209 

C375 52 2.5 37.98 15.73 0.205 37.99 15.72 0.219 38.54 15.54 0.209 

C375 55 2.5 39.37 17.02 0.158 39.36 17.17 0.201 39.81 16.09 0.205 

C375 55 2.5 39.37 17.00 0.156 39.36 17.17 0.201 39.81 16.09 0.205 

C375 54 2.5 38.97 16.82 0.160 38.92 16.69 0.207 39.39 15.91 0.207 

C375 54 2.5 38.97 16.80 0.159 38.92 16.69 0.207 39.39 15.91 0.207 

C375 52 2.5 37.89 15.68 0.205 37.99 15.72 0.219 38.54 15.54 0.209 

C375 52 2.5 37.89 15.70 0.207 37.99 15.72 0.219 38.54 15.54 0.209 

C375 53 2.5 38.64 16.25 0.186 38.46 16.20 0.213 38.97 15.72 0.208 

C375 53 2.5 38.64 16.29 0.188 38.46 16.20 0.213 38.97 15.72 0.208 

C300 55 2.0 39.26 16.52 0.188 39.30 15.79 0.210 39.46 15.91 0.211 

C300 55 2.0 39.26 16.52 0.188 39.30 15.79 0.210 39.46 15.91 0.211 
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C300 58 2.0 40.90 17.52 0.167 40.69 17.07 0.191 40.73 16.46 0.207 

C300 58 2.0 40.90 17.52 0.167 40.69 17.07 0.191 40.73 16.46 0.207 

C300 56 2.0 39.59 16.40 0.207 39.76 16.21 0.204 39.88 16.09 0.215 

C300 56 2.0 39.59 16.40 0.207 39.76 16.21 0.204 39.88 16.09 0.215 

C300 53 2.0 38.71 15.90 0.217 38.36 14.95 0.222 38.61 15.54 0.219 

C300 53 2.0 38.71 15.90 0.217 38.36 14.95 0.222 38.61 15.54 0.219 

C300 57 2.0 40.54 16.17 0.253 40.23 16.64 0.197 40.30 16.27 0.214 

C300 57 2.0 40.54 16.17 0.253 40.23 16.64 0.197 40.30 16.27 0.214 

C300 56 2.0 39.75 16.46 0.207 39.76 16.21 0.204 39.88 16.09 0.215 

C300 56 2.0 39.75 16.46 0.207 39.76 16.21 0.204 39.88 16.09 0.215 

C225 52 1.5 37.29 14.70 0.266 37.25 14.89 0.236 37.84 15.18 0.226 

C225 52 1.5 37.31 14.72 0.267 37.25 14.89 0.236 37.84 15.18 0.226 

C225 50 1.5 36.48 14.86 0.226 36.66 14.50 0.242 37.00 14.81 0.228 

C225 52 1.5 36.50 14.88 0.228 37.25 14.89 0.236 37.84 15.18 0.226 

C225 52 1.5 37.50 14.88 0.260 37.25 14.89 0.236 37.84 15.18 0.226 

C225 53 1.5 37.54 14.90 0.263 37.55 15.10 0.234 38.26 15.36 0.225 

C225 52 1.5 37.51 14.64 0.280 37.25 14.89 0.236 37.84 15.18 0.226 

C225 53 1.5 37.55 14.68 0.282 37.55 15.10 0.234 38.26 15.36 0.225 

C225 54 1.5 38.48 15.74 0.220 37.85 15.31 0.230 38.69 15.54 0.224 

C225 54 1.5 38.52 15.78 0.224 37.85 15.31 0.230 38.69 15.54 0.224 

C225 55 1.5 39.71 16.23 0.221 38.14 15.54 0.227 39.11 15.73 0.222 

C225 55 1.5 39.75 16.227 0.225 38.14 15.54 0.227 39.11 15.73 0.222 

C150 57 1.0 40.24 15.61 0.286 39.94 16.07 0.260 39.60 15.91 0.226 

C150 57 1.0 40.28 15.65 0.288 39.94 16.07 0.260 39.60 15.91 0.226 

C150 56 1.0 39.22 16.24 0.205 39.65 15.92 0.262 39.18 15.73 0.227 

C150 56 1.0 39.26 16.28 0.209 39.65 15.92 0.262 39.18 15.73 0.227 

C150 58 1.0 40.60 16.37 0.237 40.22 16.23 0.259 40.02 16.09 0.225 

C150 58 1.0 40.64 16.41 0.241 40.22 16.23 0.259 40.02 16.09 0.225 

C150 52 1.0 39.51 15.90 0.240 38.48 15.37 0.268 37.49 15.00 0.232 

C150 53 1.0 39.55 15.94 0.244 38.77 15.50 0.266 37.91 15.18 0.231 

C150 54 1.0 38.76 15.50 0.248 39.07 15.63 0.265 38.33 15.36 0.230 

C150 54 1.0 38.80 15.52 0.252 39.07 15.63 0.265 38.33 15.36 0.230 

C150 58 1.0 40.26 16.34 0.230 40.22 16.23 0.259 40.02 16.09 0.225 

C150 59 1.0 40.30 16.38 0.232 40.50 16.39 0.257 40.45 16.28 0.224 

S300 53 2.0 38.47 15.00 0.280 38.36 14.95 0.222 38.61 15.54 0.219 

S300 54 2.0 38.49 15.04 0.284 38.83 15.37 0.216 39.04 15.72 0.218 

S300 53 2.0 38.07 14.86 0.277 38.36 14.95 0.222 38.61 15.54 0.219 

S300 52 2.0 38.11 14.90 0.281 37.88 14.54 0.228 38.19 15.36 0.220 

S300 52 2.0 38.46 14.97 0.281 37.88 14.54 0.228 38.19 15.36 0.220 

S300 53 2.0 38.50 14.01 0.284 38.36 14.95 0.222 38.61 15.54 0.219 

S300 52 2.0 37.80 14.12 0.339 37.88 14.54 0.228 38.19 15.36 0.220 

S300 52 2.0 37.82 14.11 0.341 37.88 14.54 0.228 38.19 15.36 0.220 

S300 52 2.0 37.66 14.00 0.344 37.88 14.54 0.228 38.19 15.36 0.220 

S300 52 2.0 37.70 14.00 0.348 37.88 14.54 0.228 38.19 15.36 0.220 

S300 58 2.0 40.26 16.34 0.230 40.22 16.23 0.259 40.02 16.09 0.225 

S300 59 2.0 40.30 16.38 0.232 40.50 16.39 0.257 40.45 16.28 0.224 

S200 55 2.0 39.45 15.43 0.275 39.75 15.67 0.235 39.46 15.91 0.217 

S200 55 2.0 39.49 15.47 0.279 39.75 15.67 0.235 39.46 15.91 0.217 

S200 53 2.0 38.64 15.10 0.278 39.19 15.31 0.240 38.61 15.54 0.219 

S200 52 2.0 38.68 15.12 0.281 38.91 15.15 0.242 38.19 15.36 0.220 

S200 52 2.0 39.84 15.20 0.308 38.91 15.15 0.242 38.19 15.36 0.220 

S200 55 2.0 39.88 15.22 0.312 39.75 15.67 0.235 39.46 15.91 0.217 

S200 57 2.0 40.32 15.68 0.282 40.30 16.05 0.229 40.30 16.27 0.214 

S200 57 2.0 40.36 15.72 0.286 40.30 16.05 0.229 40.30 16.27 0.214 

S200 52 2.0 39.00 15.33 0.270 38.91 15.15 0.242 38.19 15.36 0.220 

S200 52 2.0 39.04 15.37 0.272 38.91 15.15 0.242 38.19 15.36 0.220 

S200 55 2.0 39.30 15.83 0.238 39.75 15.67 0.235 39.46 15.91 0.217 

S200 56 2.0 39.32 15.87 0.242 40.03 15.85 0.232 39.88 16.09 0.215 
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3. Methodology 

3.1. Artificial Neural Networks 

Artificial Neural Networks (ANN) provide a rigorous mathematical framework that may be used for predictive 

modeling in a variety of experimental areas, including the evaluation of the dynamic properties of concrete. These 

networks, which are made up of linked neurons, have connections that are weighed and built in layered designs (as seen 

in Figure 2-a). Individual neurons in an ANN perform two important activities, as shown in Figure 2-b. To begin, these 

neurons are used to compute the total of the products produced from each input, together with the associated weight. 

The output is then generated using an activation function appropriate to the ANN layer. The output transformation is 

determined by several activation functions, such as linear, logsig, or tansig. The output of a linear activation function is 

the computed summation, but utilizing logsig or tansig functions requires applying the relevant mathematical functions 

(as shown in Figure 3) [19, 20]. 

  

(a) (b) 

Figure 2. a- Neural Network Architecture, and b- ANN neuron operations  

 

Figure 3. Activation functions of Logsig (left), and Tansig (right) [23] 

3.2. Building an ANN Prediction Tool 

Figure 4 gives a high-level overview of the primary procedures involved in creating an ANN model for use as a tool 

for prediction and illustrates a thorough visual depiction of the methodological processes used throughout this 

investigation. This diagram encapsulates the systematic and sequential techniques used to achieve the study objectives. 

Each step was thoroughly devised and carried out, taking into account the complexities of the experimental setup, data-

gathering techniques, and analytical methodologies. The picture is a visual roadmap that explains the methodological 

framework that led to the investigation into the dynamic characteristics of concrete. It gives a thorough and informative 

portrayal of the research workflow, allowing for a more nuanced understanding of the activities necessary to guarantee 

the study's outcomes: rigor, correctness, and dependability. 

The first step is to collect the necessary experimental data. It is necessary to arrange this data into a 2D matrix format, 

with each testing sample represented in its own column and the total sample count represented by the number of rows. 

A new matrix with 'm' columns is also required, where 'm' is the number of variables of interest to be examined. 

Following data collection, the data must be normalized. The purpose of this operation is to minimize the values of the 

incoming data to a predetermined range of 0 to 1. This is performed by dividing each data point by the greatest value 

associated with it. The next phase of this procedure is to build ANN's architectural design. During this phase, important 

structural decisions are made, such as defining the number of layers, assigning neurons to each layer, and selecting 

appropriate activation functions for each layer. Following architectural configuration, the important ANN parameters, 
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most notably the Mean Squared Error (MSE), and the number of training cycles, are determined. The ANN model is 

then trained, and the gained MSE is assessed. If the MSE falls within the specified acceptable range, the trained artificial 

intelligence (ANN) model is kept for use as a forecasting tool in the future. If the MSE falls short of expectations, the 

fifth step is to launch an iterative method in which more training cycles are performed, with the results acting as inputs 

to the previous phase. The last stage entails an in-depth analysis of the MSE requirements. If these requirements are not 

satisfied, the ANN design must be refined methodically. Modifications to the number of layers, modifications to 

activation functions, or an increase in the number of the selected training cycles, followed by a training process 

repetition, are all conceivable. 

 

Figure 4. Methodology Flowchart of ANN predictor building, training, and validation 

3.3. ANN Model Implementation Using MATLAB Software 

The use of Artificial Neural Networks (ANN) to forecast the dynamic characteristics of concrete, especially inside 

the MATLAB software environment, represents a reliable and practical technique. MATLAB has a comprehensive range 

of tools and methods for creating, training, and analyzing neural network models. Engineers and researchers can use 

MATLAB's Neural Network Toolbox to create intricate ANN architectures, defining the network structure, number of 

layers, neurons, and activation functions necessary for predicting dynamic properties such as the dynamic modulus of 

elasticity, the dynamic shear modulus, and Poisson's ratio in concrete. The user-friendly interface of MATLAB allows 

for quick data preparation, training, and validation of ANN models utilizing a variety of datasets collected from 

experimental testing, non-destructive assessments, or simulations. Engineers may construct precise and trustworthy 

prediction models for concrete's dynamic characteristics by harnessing MATLAB's computational skills and specific 

neural network features, enabling improvements in the structural analysis and design of concrete structures. The findings 

of a study of 72 concrete specimens have been gathered. The usage of a MATLAB code dedicated to network 

construction, training, and testing benefited the development and evaluation of the ANN mode. 

Data= data'; 

Data= data/2491.8; 

In=data (1:6, :); 

Tar= data (7:9, :); 

Net=newcf (in, tar, [6 12], {'tansig','tansig'}); 
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Net= init (net); 

net.trainParam.goal=0; 

net.trainParam.epochs=1000; 

Net =train (net, in, tar); 

y=sim (net, in); 

Figure 5 illustrates the three stages of the ANN architecture employed. It consists of an input layer with 6 neurons, 

two hidden layers with 6 and 12 neurons, and an output layer with 3 neurons. The activation function inside the hidden 

layer is Logsig, but the activation function within the output layer is linear. 

 

Figure 5. Used Artificial Neural Network 

3.4. MATLAB and R-Programming Regression Analysis 

Regression analysis is an effective statistical tool for examining relationships between two or more variables. 

Although regression analysis can be performed in a variety of methods, the common thread is an assessment of the 

influence of one or more independent variables on a dependent variable. Regression analysis was employed in this study 

to estimate the dynamic properties of concrete using MATLAB and R-programming tools. The following equations 

were obtained from the regression analysis: 

Ed = - 110.2111+ 0.4223 fc + 0.0521 γc + 0.7018 (L/D) (1) 

Gd = - 55.8351+ 0.1829 fc + 0.0254 γc + 0.3616 (L/D) (2) 

ʋd = 1.29 - 0.0013 fc + 0.000041 γc + 0.0117(L/D) (3) 

where Ed is Dynamic modulus of elasticity of concrete (GPa), Gd is Dynamic shear modulus of concrete (GPa), ʋd = 

Poisson’s ratio of concrete, fc is concrete compressive strength (MPa), γc is concrete density (kg/m3), and L/D is Aspect 

ratio which is expressed as the length (L) to diameter (D) ratio in cylindrical samples of concrete or the height-to-width 

ratio in prismatic specimens. 

4. Results and Discussion 

The dataset provided in Table 3 was used to train the ANN. The ANN model worked brilliantly, lowering the Mean 

Squared Error (MSE) between predicted and target values. Figure 6 shows that the error was extremely low, registering 

a value of 1.22x10-8, suggesting that the expected outputs were near the planned targets. The ANN simulation results 

were deemed sufficient since, as shown in Figure 6, both the training and validation MSE curves exhibited a steady 

decline until approaching a stability point. The negligible distinction between the two curves demonstrated that no 

overfitting occurred, meaning that the number of training and validation specimens was carefully set for trustworthy 

predictions. Table 3 validates the predicted outputs' proximity to the desired values, as shown by the MSE in Figure 6. 

The regression analysis was carried out using the MATLAB software, and the experimental data is presented in 

Table 3. This analytical approach was used to identify correlations and patterns in the dataset, and the resulting 

regression results have been thoroughly recorded and elegantly incorporated into the same table for easy reference. A 

detailed comparison study was conducted to guarantee a full assessment and validation of the prediction models. This 

entailed a thorough review of the results of experimental testing, Artificial Neural Network (ANN) modeling, and 

statistical regression analysis. Figures 7 to 9 carefully illustrate and graphically display the outcomes of this comparative 

investigation. These figures provide a clear and precise picture of the concordance or discrepancies between the 

experimental, ANN, and statistical regression analysis results. This comprehensive approach to comparative research 

enables a detailed understanding of each method's accuracy, dependability, and usefulness in forecasting the dynamic 

features of the concrete under examination. 
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Figure 6. ANN performance indicator 

 

Figure 7. Dynamic Modulus of Elasticity for Test Specimens (Experimental, ANN, and Regression Analysis Results 

 

Figure 8. Dynamic Shear Modulus for Test Specimens (Experimental, ANN, and Regression Analysis Results) 
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Figure 9. Dynamic Poisson’s Ratio for Test Specimens (Experimental, ANN and Regression Analysis Results) 

Figures 7 and 8 demonstrate a thorough visual presentation of the findings of the investigation comparing the 

expected dynamic modulus of elasticity and shear modulus. In this comparison investigation, both Artificial Neural 

Network (ANN) modeling and regression analysis approaches were used, and the results are surprisingly comparable 

with those obtained from experimental testing. The degree of agreement is strikingly high, with a maximum inaccuracy 

of 5% found. This tight agreement highlights the resilience and dependability of both ANN and regression analysis 

approaches in predicting the dynamic modulus of elasticity and concrete shear modulus. Figure 9 adds information on 

the dynamic Poisson's ratio, demonstrating a margin of error of about 20% for a certain number of specimens. This 

observed disparity, although existent, is restricted to specific occurrences and reflects the inherent difficulties associated 

with precisely estimating the dynamic Poisson's ratio, especially when sample variances or experimental subtleties are 

present. These figures' quiet insights contribute to a full understanding of the techniques' prediction capacities, 

prompting future modifications and considerations in the interpretation of dynamic characteristics in concrete. 

The interpretation of this expected error is mainly due to the aspect ratio, which can affect the dynamic characteristics 

of concrete. According to research, the aspect ratio of cylindrical and prismatic specimens can impact dynamic qualities 

such as the dynamic modulus of elasticity and the dynamic Poisson's ratio. In general, as the aspect ratio increases, so 

does the dynamic modulus of elasticity. This decline is particularly noticeable at larger aspect ratios. This phenomenon 

happens to be due to the concrete specimen's diminished lateral confinement effect as the aspect ratio increases, 

influencing its dynamic behavior. Similarly, an increase in the aspect ratio might lead to a decrease in the value of the 

dynamic Poisson's ratio. Under dynamic loading circumstances, this reduction is frequently linked with a reduction in 

transverse elongation, leading to changes in the Poisson's ratio. It is crucial to note that these impacts might vary based 

on the concrete's unique composition, testing procedures, and ambient circumstances. The influence of the aspect ratio 

on dynamic characteristics is just one of numerous elements that can affect the performance of concrete under dynamic 

stress, and it is frequently investigated in conjunction with other parameters to understand its overall impact. Beyond 

mix design and aspect ratio, predicting dynamic characteristics in concrete requires taking into account many relevant 

aspects. Curing conditions, which include temperature and humidity throughout the curing phase, have a considerable 

influence on the dynamic behavior of concrete. Aggregate parameters such as compassion, size, shape, and gradation 

are critical in influencing the total dynamic response. The water-to-cement ratio, which is an important aspect of the 

strength and durability of concrete, can affect its dynamic properties. Chemical admixtures provide an additional degree 

of complexity by changing rheological and mechanical properties. Variations in dynamic characteristics are also caused 

by temperature changes during curing and testing, loading rate, concrete age, and the presence and layout of reinforcing 

components. Furthermore, the testing methodology used, such as ultrasonic or resonance testing, brings subtleties to the 

results. A comprehensive understanding of these many factors is critical for improving prediction models and ensuring 

correct evaluations of concrete's dynamic behavior in a variety of structural applications. 

Regression analysis was conducted by MATLAB software. Figure 10 displays a thorough representation of projected 

values vs comparable experimental data. The observed distribution shows a random and symmetrical scattering of data 

points above and below the 45-degree diagonal line, indicating consistent variance across the dataset. The closeness of 

these data points to the diagonal line indicates that the model has a high level of goodness-of-fit. This finding emphasizes 

the model's accuracy in predicting values, as indicated by the model's little divergence from the idealized diagonal 

alignment. The total coefficient of determination (R-value) confirms the model's correctness, with a value of 0.99271. 

This strong R-value validates the suggested model's dependability and precision in predicting values with a high level 

of confidence. 
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Figure 10. Regression predicted values vs. measured experimental results 

5. Verification of the Proposed ANN Model 

They developed an ANN model that was used to predict a unique dataset obtained from the available literature to 

demonstrate its usefulness. This dataset was divided into two distinct sets: The first set is for the use of concrete prisms 

with concrete strengths ranging from 20 to 45 MPa, an average concrete density of 2285 kg/m3, and an aspect ratio of 

7.85 to 15.93 [5]. The second set is for the use of standard concrete 15 cm cubes with concrete strengths ranging from 

20 to 45 MPa, an aspect ratio of 1.0, and an average concrete density of 2430 kg/m3 [20]. 

The dataset verification findings, extensively shown in Table 4, give a complete analysis of the efficacy and 

dependability of the prediction models used in this investigation. A careful examination of the validation results reveals 

that the dynamic characteristics of concrete could be predicted properly and dependably. Table 4 provides a thorough 

validation of the predictive models' performance, providing a quantitative assessment of their capacity to replicate and 

forecast the dynamic characteristics gained from experimental testing. This validation stage is critical for confirming 

the robustness of the created models, bolstering the credibility of the study's findings, and indicating the possibility of 

wider application in practical situations involving concrete materials and structural dynamics. The comprehensive 

display of these validation results in Table 4 contributes to the research methodology's transparency and accountability, 

allowing participants and researchers to assess the correctness and dependability of the prediction models used in the 

study. 

Table 4. Experimental, ANN predicted, and regression analysis results of concrete specimens 

Ref. 
Unit Weight 

(kg/m3) 

Strength 

(MPa) 
L/D 

Experimental ANN Predicted Regression Analysis 

Ed 

(GPa) 

Gd 

(GPa) 
υd 

Ed 

(GPa) 

Gd 

(GPa) 

Ed 

(GPa) 

Ed 

(GPa) 

Gd 

(GPa) 
υd 

[14] 

2273 22.6 15.15 29.2 11.9 0.167 28.90 11.60 0.280 28.39 11.51 0.154 

2265 22.6 14.91 28.7 11.6 0.168 28.60 11.66 0.263 27.80 11.22 0.160 

2314 22.6 15.60 28.9 11.7 0.188 28.86 11.71 0.328 30.84 12.72 0.132 

2284 22.6 15.93 28.8 11.7 0.181 29.39 11.75 0.310 29.51 12.07 0.140 

2276 22.6 15.27 28.8 11.7 0.180 28.91 11.65 0.283 28.63 11.63 0.151 

2299 22.6 7.85 29.5 11.8 0.177 12.22 14.88 0.260 24.62 9.53 0.228 

[35] 

2408.40 20.88 1.0 23.83 9.25 0.288 23.74 9.20 0.322 24.79 9.52 0.266 

2412.20 22.00 1.0 24.18 9.36 0.291 24.44 9.52 0.317 25.46 9.82 0.263 

2406.70 21.33 1.0 23.87 9.24 0.291 24.07 9.37 0.319 24.89 9.56 0.266 

2414.20 22.44 1.0 24.42 9.47 0.290 24.73 9.64 0.315 25.75 9.95 0.262 

2416.80 21.77 1.0 24.16 9.38 0.288 24.17 9.37 0.321 25.60 9.89 0.261 

2421.10 21.44 1.0 24.05 9.30 0.293 23.85 9.19 0.325 25.68 9.94 0.260 

2405.80 22.22 1.0 24.30 9.43 0.288 24.74 9.69 0.312 25.22 9.70 0.265 

2408.40 21.55 1.0 23.98 9.25 0.296 24.19 9.42 0.318 25.07 9.64 0.265 
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2416.20 21.77 1.0 24.03 9.29 0.294 24.19 9.38 0.321 25.57 9.88 0.262 

2429.41 28.00 1.0 28.64 11.23 0.275 29.54 11.64 0.276 28.89 11.35 0.249 

2440.03 26.66 1.0 28.06 10.97 0.279 27.90 10.92 0.294 28.87 11.38 0.246 

2456.72 27.77 1.0 28.48 11.14 0.278 28.48 11.14 0.293 30.21 12.01 0.238 

2425.01 28.44 1.0 28.70 11.21 0.280 30.06 11.87 0.270 28.84 11.32 0.250 

2436.80 27.33 1.0 28.25 11.05 0.278 28.68 11.26 0.286 28.99 11.42 0.246 

2418.03 28.22 1.0 28.58 11.18 0.278 30.02 11.86 0.268 28.39 11.11 0.253 

2432.81 27.11 1.0 28.21 11.04 0.278 28.57 11.22 0.285 28.69 11.28 0.248 

2446.42 28.88 1.0 28.88 11.31 0.277 29.91 11.79 0.278 30.15 11.95 0.241 

2428.21 27.77 1.0 28.39 11.12 0.276 29.35 11.56 0.277 28.73 11.28 0.249 

2435.63 31.77 1.0 33.03 13.22 0.249 32.44 12.96 0.259 30.80 12.20 0.242 

2445.41 31.33 1.0 32.91 13.16 0.250 31.98 12.75 0.263 31.13 12.37 0.238 

2454.80 30.22 1.0 32.69 13.10 0.248 30.89 12.24 0.272 31.15 12.41 0.236 

2434.61 33.55 1.0 33.81 13.56 0.247 33.40 13.45 0.257 31.50 12.50 0.240 

2448.53 32.00 1.0 33.60 13.53 0.242 32.38 12.95 0.262 31.57 12.57 0.236 

2430.42 32.88 1.0 33.95 13.66 0.243 33.12 13.29 0.256 31.00 12.27 0.242 

2459.30 30.66 1.0 32.75 13.12 0.248 31.14 12.36 0.272 31.57 12.60 0.233 

2442.41 31.11 1.0 33.16 13.37 0.240 31.89 12.70 0.263 30.88 12.25 0.240 

2436.22 34.44 1.0 34.13 13.68 0.247 33.78 13.65 0.258 31.96 12.71 0.238 

2437.83 38.22 1.0 35.14 14.27 0.231 35.14 14.30 0.263 33.64 13.44 0.233 

2456.81 39.77 1.0 35.70 14.40 0.240 35.82 14.62 0.264 35.29 14.20 0.223 

2445.70 39.11 1.0 35.12 14.21 0.236 35.50 14.47 0.264 34.43 13.80 0.229 

2435.71 40.66 1.0 35.70 14.38 0.241 35.92 14.58 0.265 34.56 13.83 0.231 

2464.73 41.33 1.0 36.15 14.67 0.232 36.50 14.86 0.264 36.36 14.69 0.218 

2446.44 39.77 1.0 35.55 14.33 0.240 35.74 14.55 0.265 34.75 13.94 0.228 

2454.51 42.66 1.0 36.55 14.74 0.240 36.87 14.95 0.265 36.39 14.67 0.221 

2463.70 41.77 1.0 36.14 14.67 0.232 36.66 14.91 0.264 36.49 14.74 0.218 

2446.81 42.22 1.0 36.20 14.68 0.233 36.60 14.84 0.266 35.80 14.40 0.224 

2456.68 45.11 1.0 38.58 15.59 0.237 37.82 15.23 0.264 37.53 15.18 0.217 

2465.18 44.00 1.0 38.13 15.41 0.237 37.55 15.18 0.264 37.51 15.19 0.215 

2462.22 44.88 1.0 38.35 15.51 0.236 37.84 15.25 0.264 37.73 15.28 0.215 

2473.26 45.11 1.0 38.46 15.58 0.234 38.12 15.36 0.262 38.40 15.60 0.210 

2491.85 43.77 1.0 38.16 15.45 0.235 37.81 15.33 0.260 38.80 15.83 0.204 

2468.70 43.55 1.0 38.07 15.43 0.234 37.43 15.15 0.263 37.50 15.20 0.214 

2490.74 43.11 1.0 37.82 15.32 0.234 37.51 15.24 0.261 38.46 15.68 0.205 

2486.67 44.88 1.0 38.34 15.53 0.234 38.24 15.42 0.260 39.00 15.90 0.205 

2464.81 44.44 1.0 38.33 15.53 0.234 37.71 15.22 0.264 37.67 15.26 0.214 

Figures 11 and 12 show a comprehensive visual illustration of the comparison of the anticipated dynamic modulus 

of elasticity and shear modulus obtained by both Artificial Neural Network (ANN) modeling and regression analysis. 

These predictions are compared to the validation dataset's experimental testing outcomes. Surprisingly, the results of 

both ANN and regression analysis methodologies nearly match those of experimental testing, with a maximum error of 

5%. This remarkably close agreement highlights the resilience and dependability of both modeling techniques in 

successfully forecasting the dynamic modulus of elasticity and shear modulus for concrete, as confirmed against a 

different dataset. Figure 13 looks into the dynamic Poisson's ratio, revealing a margin of error of roughly 20% for 

specimens with notable aspect ratio values. This observed disparity is consistent with the findings in the results and 

discussion sections, where the influence of aspect ratio on dynamic characteristics was carefully investigated. This 

sophisticated knowledge enables a contextual explanation of the observed mistakes in forecasting the dynamic Poisson's 

ratio, stressing the impact of certain geometric properties on the predictive models' performance. The clear illustration 

of these results in Figures 11, 12, and 13 adds depth to the study's conclusions, providing a nuanced view of the predictive 

capabilities of the approaches used across several elements of concrete's dynamic behavior. 
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Figure 11. Dynamic Modulus of Elasticity for the Validation Datasets (Experimental, ANN and Regression Analysis Results) 

 

Figure 12. Dynamic Shear Modulus for Validation Datasets (Experimental, ANN, and Regression Analysis Results) 

 

Figure 13. Dynamic Poisson’s Ratio for Validation Datasets (Experimental, ANN, and Regression Analysis Results) 
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6. Conclusions 

Throughout this study, an in-depth examination of the dynamic characteristics of concrete was undertaken utilizing 

a variety of approaches, including ultrasonic testing, Artificial Neural Networks (ANNs), and Regression Analysis. The 

research looked at the consequences of elements, including material properties and geometric characteristics, giving 

insight into their impact on the dynamic behavior of concrete. The research effort aims to improve the knowledge of 

how concrete responds to dynamic loads by using modern tools and methodologies, thereby considerably adding to civil 

engineering and construction. These detailed evaluations served as the foundation for generating significant findings 

critical to the advancement of concrete technology and structural dynamics, including the following: 

• This study has successfully demonstrated the capability of non-destructive testing using an ultrasonic pulse 

velocity tester to provide accurate and acceptable estimates of concrete's dynamic mechanical properties. This 

approach proves to be highly reliable, offering dynamic property predictions that align well with those obtained in 

prior research investigations. 

• There is a remarkable consistency between the experimental results and those obtained through ANN modeling 

and statistical regression analysis. The dynamic properties of concrete estimations from the ANN and regression 

analysis exhibited an error margin of less than 5%, but for a few specimens, it reached about 20%, especially for 

significant aspect ratios compared to the experimental findings. This exceptionally close agreement between 

experimental and computational methods underscores the accuracy and reliability of the developed ANN model, 

making it a powerful tool for estimating concrete's dynamic properties in real-world applications. 

• The study not only validates the effectiveness of non-destructive testing for dynamic property estimation, but it 

also reveals nuances in the relationship between dynamic properties and aspect ratio in specific concrete scenarios, 

as evidenced by the comparison study of the Poisons ratio, which leads to an error of up to 20%. 

• The results of this study offer various intriguing areas for future research in the field of concrete materials and 

structural dynamics. To begin with, incorporating sophisticated machine learning techniques other than ANNs, 

such as deep learning and convolutional neural networks (CNNs), gives an intriguing opportunity to enhance and 

broaden the scope of dynamic property estimation. Furthermore, examining broad datasets reflecting various 

concrete mix designs, ambient circumstances, and structural configurations can offer a more thorough knowledge 

of the subtle interactions between material attributes. Finally, the integration of multi-modal data sources, such as 

ultrasonic testing, acoustic emission, and vibration analysis, may allow for a more holistic approach to dynamic 

property estimation, improving the resilience and reliability of predictions. 
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Abstract 

Expansive soil is a form of soil that can expand and contract, changing its volume. Montmorillonite, a mineral with the 

ability to dissolve in water, makes up the majority of these kinds of soils, and by increasing the volume of the soil, it causes 

the soil to heave. Expansive soils could be a substantial concern for engineered buildings due to their capacity to adjust to 

seasonal variations by contracting or expanding moisture content. Many researchers focused on soils that were swollen 

and looked at how they behaved as well as how they could be improved. In this study, the work depends on inserting micro-

piles with different depths and configuration widths to investigate which depth and configuration can be obtained to 

improve the bearing capacity of foundations on expansive soil. The main purpose of this study is to reinforce the expansive 

soil with micro-piles with different depths (1B, 2B, and 3B) and different configuration widths (under footing only, 1B 

and 2B). It was concluded that the soil reinforced with micro-piles improved the load-bearing capacity of the expensive 

soil and decreased the swell pressure. The increasing depth of the micropiles 2B to 3B (B is the width/diameter of the 

foundation) can increase the bearing capacity by just 6%; therefore, increasing the depth beyond 2B is not beneficial. Also, 

the increase in width of the configuration of the micro piles from 1B to 2B increases the bearing capacity by just 4%; 

therefore, the increase in width greater than 1B is not valid. 

Keywords: Expansive Soil; Micro-Piles; Reinforcement; Stabilization. 

 

1. Introduction 

There are numerous ways to construct the clay particles that resemble plates. Some clay particles have a remarkable 

capacity to draw water molecules to their surfaces, keep those molecules there, and absorb them. The process known as 

polarization is well known to occur in water molecules because each molecular has unique charges on each of its opposite 

sides, one positive and the other negative [1]. Every one of the plate-shaped particles is adhered to by these polar water 

molecules, which creates a charged fluid film on them. The swell or heave that is seen in swelling soil whenever the 

moisture content of this soil is enhanced is brought on by the "two layer phenomenon," which happens when discrete 

adjacent particles are considered. This phenomenon is created by clay particles resisting one another. Clay soils are more 

equipped to absorb water into their geometries because of their larger charge densities and more specialized surfaces for 

clay particles. 

Clay soils are more equipped to absorb water into their structure due to higher charge densities and greater clay 

particle-specific surfaces. The ability of a fine soil to maintain water components within its structure is assessed using 

the liquid limit and plastic limit indices. Compared to other clay minerals, montmorillonite clays have the highest 

tendency to expand, whereas kaolinite has a comparatively modest swelling potential [2, 3]. The shape of the shrinkage 

path was most accurately defined by the ratio of soil volume change to water volume change. According to the curve, 
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drainage occurred from the majority of the large holes with little to no change in volume, the remaining huge pores and 

the majority of the tiny pores with approximately equal change in volume, a few tiny pores with little to no change in 

volume, and the remaining small particles with no change in volume [4]. 

A range of techniques have been used to estimate the possible amount of swelling in clay in order to assess the 

characteristics and uses of this type of soil in environments akin to those found in the field. The "oedometer test" was 

introduced by Das [5] and is a straightforward lab. test that is used to gauge the severity of swell pressure in soils. 

According to ASTM D 4546 [6], the specimen is inserted in the oedometer cell with a minor load of approximately 6.9 

kN/m2, after which water is added to increase the volume of the soil sample to enlarge and be measured until equilibrium 

is reached. 

An affordable, efficient, and environmentally beneficial method for treating expansive soils is stabilizing the soil 

through the use of admixtures. It is possible to overcome the superior swelling, shrinkage, and swelling potential of 

expansive soils with a variety of chemical and physical stabilization techniques. There are five different widely used 

admixtures, including marble dust, eggshell, fly ash, stone dust, and lime, that are used to stabilize expansive soils, and 

they are demonstrated to be capable of stabilizing expansive soils and being environment-friendly [7]. 

Research was conducted by Kumar et al. [8] on the behavior of expansive soil reinforced with geocell and chevron 

patterns. The geocell mattress placement depth beneath the footing base, the geocell pocket size, the height of the geocell 

mattress, and the geocell pocket aspect ratio were among the several characteristics taken into consideration in this 

experimental work. The incorporation of geocells as reinforcing has the potential to significantly enhance load-carrying 

capacity and mitigate soil settling in expansive foundation beds. The load settlement behavior of the geocell-reinforcing 

soil layer is approximately steady for its settlements up to 10–12% of the foundation diameter. Comparing this to the 

static load of the unreinforced soil at failure, an improvement in load-carrying capacity of over 201% and an 82% 

decrease in settlement can be obtained. A performance boost of 1.25 at geocell height (H/D) is noteworthy, but when 

geocell height (H/D) gets closer to 2, or twice the footing diameter, it becomes insignificant. 

Al-Gharbawi et al. [9] investigated the experimental and theoretical methods to evaluate the swell pressure and free 

swell by using the previous studies on the swelling soil, tested new swelling soil with traditional tests, and made new 

relations between free swell and swelling pressure with the traditional tests. Various macro- and microstructural 

laboratory studies were used to quantify the increases in stiffness and strength of clay treated with xanthan gum [10]. 

The first 28 days of curing caused the largest changes in the mechanical properties of the stabilized specimens, while the 

next 90 days of curing caused just a slight rise in those same qualities. Even after only 7 days of curing in treated clays 

at lower additive amounts, the engineering characteristics often demonstrated notable increases. According to these 

readings, xanthan gum may be able to stabilize expansive soils in an efficient and environmentally responsible manner. 

The findings also show that new cementation products were formed as a consequence of the chemical reactions between 

xanthan gum and stabilized soil particles. By decreasing the outer surface area of the soil particles, these newly produced 

cementation products fused the soil particles together and, through particle agglomerations, blocked the empty spaces 

between the soil particles. 

In China, grouted steel pipe micropiles are frequently utilized for in situ development and structural support. In this 

study, the measurement of excess pore water pressure and radial soil stress during the construction of a jetted steel pipe 

micropile implanted in marine soft clay (with an enlarged driven shoe) is presented. A common foundation issue, such 

as erecting low- to medium-rise structures beyond the soft to extremely soft fine soils at vast depths, can be resolved 

with the use of large-capacity micropiles, which is why their employment is highly sought after nowadays. For this kind 

of soil, the standard procedure for building lengthy cast-in-field piles of concrete is expensive and time-consuming. 

Significant upward movement over expansive soils may be experienced by lightweight reinforced concrete 

structures, which could result in unfavorable fissures in the structure. Annual repair efforts are necessary for these 

fissures, and in certain situations, the expense can be substantial. Some of the design options include replacing the soil, 

using micropiles and stabilizing chemicals, using stiff raft footing, drilled pier footing, separated footings positioned at 

depths deeper than seasonal variations in moisture content, and more. The selection and application of any of these 

procedures are dictated by the kind of soil and the structure, environmental factors, estimating surface swell, produced 

distresses, and cost effectiveness. 

The superstructure rises when excavation for underground space is necessary for locations under the water table 

because of buoyancy issues with the foundation system. An urban area may receive civil complaints due to excessive 

driving forces and associated noises when a deep footing system is utilized in the presence of a hard layer. Since 

micropiles operate well even at shallow installation depths, they can be a useful substitute. Higher interfacial 

characteristics between the micropile and soil are achieved by using pressurized grouting in conjunction with a packer. 

Tension and creep tests were used to compare the field effectiveness of micropiles placed via gravitation grouting or 

pressure grouting utilizing a rubber packer or geotextile packer. In weak and cracked zones, pressure grouting was used 

to install micropiles. As a result, compared to micropiles implanted using gravitational grouting, those grouted under 

pressure exhibited stronger and more stable behaviors. Furthermore, compared to the pressure-grouted micropile placed 

using the geotextile packer, the one installed with the rubber packer performed better. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

267 

 

When it comes to supporting foundations on expanding soils, micropiles are clearly superior to other underpinning 

techniques. These benefits include being simple to build, having the foundation operate as a reaction block for drilling 

equipment to be secured, being able to be installed in small locations, and being able to be progressed to a specific 

effective depth in stiff, expansive soil [11]. 

The load transfer system can be greatly improved by the presence of this kind of pressure grouting within the 

micropiles. It enabled the axial load capacity to be increased by fully mobilizing the strength of the nearby soil [12, 13]. 

The building method utilized to embed the micropile on the soil and the jetting pressure has a significant impact on how 

well any drilled micro-pile performs. According to the starting point of the jetting process and pressure, drilled micropiles 

are classified into categories 𝐴 through 𝐷  [14]. The behavior of micro-piles as modeled and tested in small-scale 

techniques has been researched by numerous researchers. The tested of micro piles for reinforcing model rafts are 

investigated in the lab for a variety of conditions, such as soil type, pile depth, and inclination angle. The outcomes of 

the experiment revealed that the micro piles will resist deflection of the soil and expand the zone at failure if the micropile 

depth is long enough relative to the thickness of the footing's failure surface. However, a field study examining the 

application of micro piles for methods of ground improvement has been done [15–17]. 

Micropiles were suggested by Lizzi [17] as a means of controlling landslides. Since that time, a large number of 

academics have investigated the reinforcing mechanism and design methodology of micropiles [19-21]. In the southern 

Shaanxi Province, landslide management frequently involves the usage of micropiles. Additionally, the increasing the 

shear strengths of the landslide, they provide a function comparable to that of retaining walls when strengthening 

landslides. Because of the structural characteristics of the tiny diameter of the pile and the high density of pile placements, 

the soil arch structure is created between piles, and many rows of piles cooperate to create a core anti-slip body [22]. 

The mechanism by which compacted sand-enclosed micropiles regulate the upward motion of lightweight structures 

over expansive soils was outlined in a simplified mathematical formulation by Nusier & Alawneh [23]. With this 

formulation, the important factors affecting the effectiveness of micropile reinforcement are identified. Using the 

obtained formulation, a design technique for micropile reinforcement was presented and shown using a fictitious case. 

In a laboratory experiment, Nusier et al. [24] investigated the efficacy of inserting small scale micro-piles surrounded 

by a high relative density of sand into pre-drilled apertures of greater diameter produced in high swelling soft soil to 

regulate the ascending process of lightweight constructions. The large soft soil was finally compressed to a height of 20 

cm within a steel box measuring 50 cm × 50 cm ×35 cm. To model footings, steel plate of 25 cm × 25 cm ×1 cm was 

utilized. The steel plate was attached to by the model micropiles' heads. Footings with one, two, four, or no micropiles 

were built. After that, water was poured over the dense clay that had been used to construct the laboratory box, and it 

was noted that the compacted clay caused the model footings to rise over time. According to the findings, roughened 

micropiles had a greater impact on the percentage decrease in swell caused by micropile reinforcement, and both the 

quantity and diameter of micropiles rose. The largest percentage decrease in swell that could be measured was 87.2% 

and was attained when four 18 mm diameter roughed micropiles were utilized. 

Fattah et al. [25] examined the behavior of micropiles under both monotonic and cyclic stress situations using the 

OpenSees finite element method. The impact of flaws on the lateral performance of groups of horizontally pressured 

pipe piles in sand was investigated using this model. There were group series of two, four, and six similarly spaced piles 

in the geometric layout. The deformation of lateral loads is found to be lessened when steel micropiles are inserted next 

to the pile of defects in two different instructions. Modeling the defective pile in the first-row results in a larger rise in 

the group deflection. 

In highly flexible clayey soil, Borthakur & Dey [26] looked at the group reactions of cast in-situ jetted micropiles. 

on a test pit of 2.0 m × 4.0 m × 3.0 m, the micro piles were built on clayey soil with a very soft consistency. Two distinct 

setups of many groups of micropiles were examined in terms of their load-settlement tendencies. A set of micropile caps 

had them built enough above the ground, while another set had them resting on the ground. The diameter, length, 

quantity, and distribution of micropiles within a group were the characteristics examined in this study. We used 

experimental observations to calculate the group settlements under the safe pressure and the final pressure bearing 

capability of a micro-pile group. The current study also determined the opposition provided by the micro-pile cap alone, 

as well as the group efficiency. It is found that as the diameter, length, quantity, and distance of micropiles rise, so does 

the group's capacity to support a load for the experimental data is used to build a nonlinear equation that calculates a 

micropile group's maximal pressure bearing capacity. 

Kong et al. [27] carried out a comparative study between the maximum stress values measured in situ and the 

predictions made using the cavity expansion method (CEM). The findings demonstrated that the stress shift in the soil 

around it during penetration is impacted by the presence of the bigger driving shoe. During micropile penetration, the 

highest radial stress at its total stress and excess pore water pressure produced are roughly 4-6 σv0′ and 1.5-2.5 σv0′, 

respectively. Approximately 5-7cu and 4-6cu, respectively, are the highest extra pore water pressure and radial total 

stress that were observed close to the pile wall during the post-grouting phase. The data from the field tests and the CEM 

predictions for the pore water pressure during micropile penetrating and post grouting were reasonably in agreement. 
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Baqir et al.'s [28] study used clay columns treated with 5% fly ash applied to the soil with different relations of L/D 

of 4 and 6 and with changing curing periods of days to examine the effects of fly ash treatment on the shear strength and 

bearing capacity of the soil. Treatment times of 14 days and 28 days produced results that were reasonably comparable 

to each other. Over the course of 14 to 28 days, the incensement ratios for the two (L/D) 4 and 6 is about 5%. Less than 

30% less bearing ratio breakdown occurs when comparing L/D 6 to L/D 4. This is a substantial improvement over L/D 

4. 

Because polymeric materials are readily available and devoid of hazardous, non-toxic, or environmentally harmful 

ingredients, they are currently being employed in soil stabilization. In order to improve the properties of soft soils, such 

as strength and compressibility, a white, powdery substance was used as a soil binder. This product has lack of taste, 

non-toxic and odorless, and has a high capacity to absorb water characteristics as it functions by drawing soil particles 

together and altering the structure of the soil [29]. It was found that the quality of the soil had significantly improved 

with the addition, increasing the soil's durability and strength.  

Tessema et al. [30] examined the possible application of coffee husk ash for the improvement of physical qualities 

such as the Atterberg limit, swelling parameters, compaction characteristics, CBR, and UCS of expansive soft soil. Based 

on the study findings, the soil's flexibility is decreased when coffee husk ash A is added. The addition of 20% coffee 

husk ash resulted in reductions of the LL and plastic index of 24.5% and 57.4%, respectively. Comparable patterns were 

noted in the specimen stabilized with 9% gypsum; a 16% decrease in LL and a 64.8% decrease in the plastic index were 

recorded. With the additive quantity of 15% coffee husk ash and 9% gypsum, it was observed that the LL was reduced 

by 41.5% for the gypsum-coffee husk ash mixture treatment and a comparable decrease in the plastic index of 81.5%. 

The lowered PI assisted in lowering the treated soil's potential for swelling because PI is a useful predictor of the actions 

of soils that swell.  

In order to assess different parameters, including the length, diameter, connect radius, and connection skin friction 

of micropiles in sandy soils with varying relative densities, Moghaddam et al. [31] performed several static strain control 

loading tests with an acceleration of deflection of 10 mm/min and a lab schedule using a large-scale physical simulation 

device. Furthermore, a comparison was made between the pressure-bearing capacities of driven and bored micropiles, 

and the findings showed how each parameter and installation technique affected the micropiles' ability to support loads. 

The findings demonstrated that, in relation to other factors, the relative density index had a significant influence in 

determining the micropile's load-bearing capability. The experiments also showed that the driven insertion technique 

may improve the pressure-bearing capacity up to a maximum of 84% when compared to the bored method and that the 

diameter parameter has an average contribution to pressure-bearing capacity measurements at different soil densities of 

about 12% more than duration. 

The impact of Enset ash on the physical characteristics of expansive soil, which is employed as a subgrade material 

in road building projects, was investigated by Neguse et al. [32]. The micro-structural characteristics of both natural and 

treated soil were chosen based on their strength attributes, and the results of using a scanning electron microscope (SEM) 

imaging technology make it evident how the natural soil's fabric and shape have changed. The XRD method is used to 

determine the mineralogical composition of expansive soil. The results indicate that quartz and montmorillonite make 

up the majority of the expansive soil in the research area, accounting for 50% and 38.5% of the total dried in the air 

sample, respectively, while kaolinite makes up 11.5%. 

Cheng et al. [33] looked at the mini pile design calculation method as well as the micropile length optimization 

approach. Because rapid modeling allows for the automation of the optimizing process, automated generation of 

optimizing commands, output, and examination of the optimizing outcomes, and the application of numerical modeling 

to pile length optimizing, the compact pile length optimizer using the numerical modeling finite difference method 

improves upon the previous method. It does this by improving the effectiveness of the optimizing of the pile length under 

the assumption of ensuring precision and achieving the collaboration of precision and effectiveness. Examples from 

engineering support the viability of this optimization technique. 

It was suggested by Ghrairi et al. [34] to enable simulation of the installation of granular columns and their effect on 

the mechanical characteristics of the soil near the column. The findings of the current analysis demonstrated that the 

methodology and procedure used in this study were capable of precisely predicting the change in soil brought on by the 

placement of the coarse soil column. The experimental findings indicate that there is a large increase in the earth's lateral 

pressure coefficients, or K0, once the column is inserted. Under various swelling degrees, the average values for the sand 

and clay layers, respectively, range from 1.30 to 2.05. The pressure from the lateral coefficient for the clay and sand 

layers was positively impacted by the improvement zone that surrounds the installed granular columns. This zone extends 

to a maximum distance of around 6 to 10 times the column diameter (Dc). 

The main purpose of this study is to reinforce the expansive soil with micro-piles with different depths (1B, 2B, and 

3B) and different configuration widths (under footing only, 1B and 2B). 

The importance of this study is to reduce the free swelling and swelling pressure of the expansive soil as well as 

increase the load bearing capacity for these soils using micropiles. 
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2. Material and Methods 

A field south of Baghdad city is where the soil is transported from. Table 1. displays the soil's characteristics, and 

Figure 1. shows how the distribution of grain sizes is represented. For the purpose of determining the soil qualities, the 

ASTM specifications were adhered to. The soil is classified as highly expansive soil according to AbdulJawad & Al-

Sulaimani [35]. 

Table 1. Soil properties 

Property Value 

Natural water content (w.c%) 5.5 

Liquid limit (L.L%) 122 

Plastic limit (P.L%) 25 

Plasticity index (P.I%) 97 

Specific gravity (Gs) 2.68 

Gravel (> 4.75 mm) % 0 

Sand (0.075 to 4.75 mm) % 15 

Silt (0.005 to 0.075 mm) % 33 

Clay (less than 0.005 mm) % 52 

Max. dry unit weight (kN/m3) 17.6 

Optimum moisture content (%) 16.4 

Soil symbols (USCS)* CL 

*Unified Soil Classification System. 

 

 Figure 1. Grain size distribution 

The micro-piles used as soil reinforcement, and structural supports are generally less than 300 mm in diameter 

[14]. In this study, steel micro piles 2 mm in diameter were used with three depths of 60 mm, 120 mm, and 180 mm 

which represents 1B, 2B, and 3B, respectively (i.e.: B width of the foundation), Figure 2. represents the micro-piler 

used. 

 

Figure 2. Micropiles used 

0

10

20

30

40

50

60

70

80

90

100

0.0010.010.11

P
a

ss
in

g
 %

Diameter (mm)



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

270 

 

There are two sections the first is to study the effect of the inserting micropiles on the free swelling. The model 

is prepared for soil with or without micropiles and just saturated with water for 24 hours without any load to record 

the heave of the soil and the pressure needed to return to the beginning point. The second section studies the pressure 

bearing capacity of the soil reinforced with micropiles. The model is prepared typical to the first section but the soil 

is loaded till failure. Figure 3. illustrates the testing program. The micropiles model contains several parts as shown 

in Figure 4. The sketch of the models of the testing program is shown in Figures 5 to 7. which illustrate the sketch of 

models for depths 60, 120, and 180 mm, respectively. The container used in the study has dimensions of 

500×500×300 mm. To test the soil's ability to support loads, a foundation with dimensions 60×60×10 mm was utilized 

to force the underlying soil. 

 

Figure 3. Testing program 

 

Figure 4. Experimental setup 
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(a) Top view 

 

(b) Side view 

 

(a) Top view 

 

(b) Side view 

 
(a) Top view 

 

(b) Side view 

Figure 5. Sketch for the models of depth 60 mm for configuration where micropiles are installed under the footing to 

depths 1B and 2B 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

272 

 

 

(a) Top view 

 

(b) Side view 

 

(a) Top view 

 

(b) Side view 

 

(a) Top view 

 

(b) Side view 

Figure 6. Sketch for the models of depth 120 mm for configuration where micropiles are installed under the footing to 

depths 1B and 2B 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

273 

 

 

(a) Top view 

 

(b) Side view 

 

(a) Top view 

 

(b) Side view 

 

(a) Top view 

 

(b) Side view 

Figure 7. Sketch for the models of depth 180 mm for configuration where micropiles are installed under the footing to 

depths 1B and 2B 
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3. Results and Discussion 

The first part of the models is tested by preparing the model with unreinforced soil or soil reinforced with micropiles 

prepared at the natural water content and then saturated with water. The models were kept for 24 hours to trace the 

heaving in the soil. The free swelling and swell pressure were recorded at the end of 24 hours. Figure (8a) presents the 

histogram for the free swell of unreinforced and reinforced soil models whole Figure (8b) presents the histogram for the 

swelling pressure of unreinforced and reinforced soil models. 

 

a). Free swell histogram 

 

b). Swelling pressure 

Figure 8. Free swelling and swelling pressure histograms. 

Several models are tested to look into the pressure carrying capacity of the spread footing on expansive soil 

reinforced with different depths and configurations of micro-piles. In Figure 9, the pressure-settlement relationship for 

footing on untreated soil is depicted. The pressure-settlement relationship for the footing on soil reinforced with 1B deep 

micro-piles which represents 60 mm depth is illustrated in Figure 10. The pressure-settlement relationship for the footing 

on soil reinforced with 2B and 3B deep micro-piles which represent 120- and 180-mm depths is illustrated in Figures 

11 and 12. It is believed that the failure pressure that causes a settlement of 10% of the foundation width is considered 

the failure load. Table 2 shows an outline of the stress at failure (i.e., at a 10% settlement ratio). 

The pressure carrying capacity ratio (BCR) is defined as shown in Equation 1 and the summary of the bearing 

capacity ratio is illustrated in Table 3. 
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𝐵𝐶𝑅 =
𝐵𝑒𝑎𝑟𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑓𝑜𝑜𝑡𝑖𝑛𝑔 𝑜𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑜𝑖𝑙

 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑓𝑜𝑜𝑡𝑖𝑛𝑔 𝑜𝑛 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑜𝑖𝑙
                                                                                          (1) 

 

Figure 9. Load-settlement relationship for untreated soil 

 

Figure 10. Load-settlement relationship for a footing on soil reinforced with 1B deep micro-piles 

 

Figure 11. Load-settlement relationship for a footing on soil reinforced with 2B deep micro-piles 

0

2

4

6

8

10

12

14

0 50 100 150 200 250 300

S
e
tt

le
m

e
n

t/
W

id
th

 (
%

)

Pressure (kPa)

0

2

4

6

8

10

12

14

0 50 100 150 200 250 300

S
e
tt

le
m

e
n

t/
 W

id
h

 o
f 

fo
o

ti
n

g
 (

%
)

Pressure (kPa)

Under Footing Only

1 B

2 B

0

2

4

6

8

10

12

14

0 50 100 150 200 250 300

S
e
tt

le
m

e
n

t/
 W

id
h

 o
f 

fo
o

ti
n

g
 (

%
)

Pressure (kPa)

Under Footing Only

1 B

2 B



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

276 

 

 

Figure 12. Load-settlement relationship for a footing on soil reinforced with 3B deep micro-piles 

Table 2. Applied pressure at failure 

Depth of micropile Width of micropile Pressure at failure (kPa) 

Untreated Soil 56.5 

1B Under footing only 130.6 

1B 1B 150 

1B 2B 181.2 

2B Under footing only 143.1 

2B 1B 179.8 

2B 2B 195.4 

3B Under footing only 192.2 

3B 1B 219.7 

3B 2B 228.5 

Table 3. Bearing capacity ratio 

Depth of micropile Width of micropile BCR 

1B Under footing only 2.31 

1B 1B 2.66 

1B 2B 3.2 

2B Under footing only 2.53 

2B 1B 3.18 

2B 2B 3.45 

3B Under footing only 3.4 

3B 1B 3.89 

3B 2B 4.04 

From the results, there is a clear increasing in the soil shear strength and bearing capacity of the footing as compared 

with untreated soil. The effect of the configuration of micropiles becomes steady when using 2B deep micropiles and 

there is a small increase in bearing capacity for 3B deep micropiles as compared with micropiles with a depth of 2B. 

To assess the performance of the geotextile and micropile in preventing the in upward direction of structures placed 

on swelling soil [36]. For the purpose of this investigation, the swelling clay was compressed to a depth of 20 cm in a 

steel box measuring 50 cm × 50 cm × 50 cm, and two different techniques to prevent soil heaving were used to examine 

the results. Four 16 and 20 mm diameter micropiles were first placed in the ground with as well as without obstructions 

to friction. The micro piles were secured with a nut and bolt method to the corners of a foundation that measured 15 cm 

×15 cm ×0.5 cm. Additionally, single and double layers of geotextile were used to support the footing at vertical intervals 
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of 0.1 and 0.3 B. Following the saturation of the soil with water, the rising motion of the model footings, or swelling 

was watched over a period of time. According to test results, micropiles with frictional resistance had a maximum heave 

reduction of 79% for a 20 mm diameter.  

In order to regulate the upward movement of lightweight buildings sitting atop expansive soils, Ali & Ahmed [37] 

attempted to investigate the efficacy of employing micropiles as a strategy. To do this, swelling clay was compacted to 

a height of 20 cm in a steel box measuring 50 cm × 50 cm × 50 cm. Small-scale steel model micropiles with diameters 

of 12, 16, and 20 mm were then placed in holes that had been predrilled with a 25 mm diameter, both with and without 

sand surrounding them. The steel plate, which serves as a model footing, was 25 cm × 25 cm × 1 cm. The heads of the 

micro-piles were connected to the plate with a system of nuts and bolts. After that, water was added to the boxes, and 

the model footings' upward movement—known as swelling—was watched over time. The findings demonstrated that 

for micropiles encircled simply filling a predrilled hole with sand with a 25 mm diameter, the percentage decrease in 

swell caused by micropile reinforcement was higher. Using four micro piles with a diameter of 20 mm and encircled by 

sand resulted in the greatest recorded reduction in the heave of 94%. The reduction in heave for a single micropile varies 

between 10% (for 12 mm diameter) and 20% (for 20 mm diameter), according to research on the impact on heave 

reduction of micropile diameter. 

The behavior of expansive soil reduces the swelling as a percentage (0.5, 1, and 2%) of the weight of dry soil. made 

by Hussein & Ali [38]. The findings demonstrated that a rise in the percentage of (PPF) resulted in a reduction in edema 

and an increase in unconfined compression strength. The findings of the PPF's soaking and drying phases demonstrated 

that, with repeated cycles, the influence of PPF continues to reduce swelling, and that PPF's 2% generates a lower ratio 

of swell to shrink, achieving an improvement factor of swell and shrink that is higher than 57%. The impact of 

polypropylene reinforcing fibers on the potential for swelling and shear resistance of soft soil is examined in the study 

by Yacine et al. [39]. The first step in the experimental protocol used in this study is to evaluate the soil samples' 

mechanical, mineralogical, and physical properties without the use of reinforcement. After that, the swell potential of 

these samples is evaluated using the swell pressure, swell rate, and swelling index. There is a noticeable decrease in free 

swelling following the reinforcement with different concentrations of polypropylene fiber (2 to 6% of the dry soil's 

weight). In this instance, 4% is the ideal reinforcing rate, which resulted in a 90.7% reduction in heaving. 

Al-Gharbawi et al. [40] investigated the behavior of expansive soil stabilized with lime, cement, and silica fume by 

mixing and grouting. The results showed that the quick lime gave more improvement than other additives. The swell 

pressure and free swelling were reduced with increasing the percentage of grouting materials and also the free swelling 

was reduced with an increase in the percentage of grouting additives. The bearing capacity increases rapidly with 

grouting the expansive soil. 

4. Conclusion 

The aim of using micropiles is to increase the bearing capacity of the soil and reduce the swelling in these soils. 

From the all-test results can be concluded that the soil reinforced with micropiles reduced the free swelling and swell 

pressure to more than 70% as contrasted with unreinforced soil. The treated soil with 1B deep micro piles can increase 

the bearing carrying capacity of soil between 35 – 55% when the configuration of the with varied from under footing 

only to under footing and 2B width compared to unreinforced expansive soil. The treated soil with 2B deep micro piles 

can increase the bearing carrying capacity of soil between 44 – 61% when the configuration of the with varied from 

under footing only to under footing and 2B width compared to unreinforced expansive soil. The treated soil with 3B 

deep micro piles can increase the bearing carrying capacity of soil between 50 – 61% when the configuration of the with 

varied from under footing only to under footing and 2B width as compared with untreated soil. The increasing depth of 

the micropiles from 2B to 3B can increase the bearing capacity by just 6% therefore the increasing depth of micropiles 

is not valid. Also, the increase in width of the configuration of the micropiles from 1B to 2B can increase the bearing 

capacity by just 4% therefore the increase in width more than 1B is not valid. 
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Abstract 

This study investigated the structural behavior of reinforced concrete (RC) frames infilled with masonry walls and 

polyurethane (PU) sandwich wall panels at elevated temperatures. This study aims to assess the influence of temperature 

on the stiffness and load-carrying capacity of infilled frames, optimize the thickness of the sandwich wall panel, and 

compare the performance of masonry and sandwich infill systems. Analytical investigations were conducted using finite 

element analysis software (ABAQUS) to simulate the behavior of the frames at elevated temperatures and consider various 

configurations of skin thickness for PU sandwich panels. Experimental tests were performed to validate the analytical 

results. The frames were subjected to transient temperature conditions and uniform unit loads to evaluate their response. 

Experimental tests were conducted on RC frames infilled with masonry and sandwich-wall panels at elevated temperatures. 

The frames were subjected to static loading, and their deformations and failure modes were observed. The analytical study 

revealed that an increase in the skin thickness of the sandwich panel improved its temperature resistance, stress-

withstanding ability, and displacement. A skin thickness of 0.45 mm was determined to be the optimal choice considering 

stress levels and economic factors. The infilled frame with the sandwich wall panel exhibited a 19.22% higher initial 

stiffness than the masonry wall panel in the experimental tests. The ultimate load-carrying capacity decreased by 17.86% 

in the infilled sandwich wall panel frame compared to the masonry infill system. The study provides valuable insights into 

the behavior of RC frames infilled with masonry walls and sandwich wall panels under elevated temperatures. The 

optimized thickness of the PU sandwich panel was determined by balancing the thermal resistance and the structural 

performance. The infilled frames with sandwich wall panels exhibited enhanced stiffness but slightly reduced ultimate 

load-carrying capacity compared with the masonry infill. These findings contribute to the understanding of thermal effects 

on building structures and can aid in the design and construction of more resilient and efficient buildings in the future. 

Keywords: Sandwich Panel; Finite Element Analysis; Transient Temperature; Optimization; Skin Thickness. 

 

1. Introduction 

Sandwich panels are innovative construction materials that are widely used in modern building designs owing to 

their excellent structural properties, thermal insulation, and versatility. These panels consist of a lightweight core 

material sandwiched between two rigid outer layers that are often made of metals, plastics, or composite materials. The 

core material is typically selected for its insulating properties, whereas the outer layers provide strength and protection. 

One of the critical factors influencing the performance of sandwich panels is their behavior under varying temperature 

conditions. Temperature fluctuations, particularly extreme heat or cold, can significantly affect the structural integrity 

and thermal efficiency of these panels. Understanding how sandwich panels respond to different temperature levels is 

essential for designing energy-efficient buildings, ensuring occupant comfort, and maintaining the structural stability of 
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construction in various climates. In this context, this introduction explores the thermal behavior of sandwich panels 

under temperature variations, highlighting the key factors that influence their performance. It delves into the materials 

used in sandwich panels, the challenges posed by temperature changes, and measures taken to optimize their thermal 

resistance. 

In addition, the introduction emphasizes the importance of studying sandwich panels under elevated temperatures to 

ensure their reliability and safety in real-world applications. The discussion touches upon various aspects, such as the 

types of core materials used, the effects of temperature on structural integrity, and strategies employed to enhance their 

resistance to thermal stress. By understanding the behavior of sandwich panels under temperature conditions, engineers 

and architects can make informed decisions, leading to the creation of sustainable and resilient buildings under diverse 

environmental conditions. These frames are made of concrete and steel reinforcements and are used in conjunction with 

other building components, such as columns, beams, and slabs. A sandwich panel is typically made up of one internal 

core with a low-density material that is covered by two exterior layers of high-potency material called 'wythes' or 'skin.’ 

The combination of sandwich-wall panels and RC frames can result in a high-performance building system that offers 

excellent structural stability and energy efficiency. The heat capacity and designed temperature determine the size and 

type of the core [1]. In previous investigations, Expanded Polystyrene (EPS) was employed as a composite with a 

suitable thickness and smooth surface [2–5], wavy [6–8], or rectangular shape [9, 10]. The EPS was employed in 

individual sections [7, 11] or in small servings between both affect progress and shear connections [12–14]. Corrugated 

EPS cores have been found [14, 15] to improve the behavior of RCSP when compared with a smooth surface core [6]. 

Wythes are employed to provide load resistors, reinforced covers, anchoring to interconnections, and surface 

integrity [14, 15]. Its thickness is often below the core level. The majority of studies [6, 7] employed reinforced concrete 

to build wythes, while one study [2, 8] utilized foamed cementitious materials to build wythes. Wythes reinforcing is 

given by wire mesh with varying diameters and square separation [9, 10]. In several investigations, reinforcing bars 

were added to the bottom walls in addition to wires [3, 5]. Shear connections join wythes on multiple sides. Shear 

connectors maintain the wythes and cores in position while also transferring the in-plane stress between both wythes 

[1]. Carbonari et al. [6], Gara et al. [7], and Bajracharya et al. [8] employed continuous one-way and two different truss-

style shear connectors, while Benayoune et al. [3, 13] and Mohamad et al. [2] utilized diagonal-type stress connectors. 

Daniel Ronald Joseph et al. [4, 5, 11] employed fracture ribs and one-way structure fracture connectors. GFRP shear 

connections in the shape of ribs have also been employed [10, 16]. 

In previous studies, several procedures were utilized to build the samples. The wythes in the majority of research 

were built by casting concrete [9, 10]. In a few experiments, the top wythe was built by pouring concrete, whereas the 

lower wythe was built by spraying concrete [7, 8]. Several researchers have employed RC [6, 8] or concrete strength 

beams [5] at the support ends of specimens. It is the best replacement for concrete, brick, and hollow block walls because 

of its low self-weight [17]. It should be emphasized that in civil and structural engineering, sandwich structure panels 

and slabs are rarely exposed to compressive forces, and in some situations, perimeter RC columns at floor/roof levels 

are used to combine the walls and floors. 

Significant shear was mainly transmitted in the EPS core sandwich structures owing to the adhesion and resistance 

between the concrete and EPS surfaces. In the case of EPS cores with flat surfaces, the adhesive and resistance between 

both the inner and the general are liable for the transmission of approximately 60% of the maximum stress [16, 18]. 

Sand blasting, inundations, and deformation on EPS surfaces [19] can improve shear force data transmission. Kazem et 

al. [20] investigated the durability or long-term influence of the bond of masonry and EPS surfaces. The ultimate stress 

of the test panels was unaffected by the freeze-thaw processes. External exposure for a short length of time (a research 

period of six months) had no discernible impact on the final shear strength of EPS sandwich structures [20]. To prevent 

unnecessary deteriorating effects on the EPS, it is advised that the corners of the EPS are thoroughly shielded from the 

atmosphere [20]. 

De Luca et al. [21] investigated the strengthening of masonry-Infilled RC frames using sandwich composite panels 

improved the lateral behavior and stiffness of the confined masonry wall. Benayoune et al. [13] investigated the 

structural behavior of precast sandwich panels under flexure experimentally and numerically. Finite element modeling 

of the test specimens was used in the theoretical investigation. Structural capacity of sandwich panels composed of 

polyurethane foam interiors and fiberglass fiber-reinforced polyester (GFRP) skins. Panels with and without GFRP ribs 

joining the skin were examined. The goal of this study was to create new insulating covering panels for structures [22]. 

In this study, CoDyre et al. (2018) present an analytical and case study of structural components with sandwich panels. 

According to the findings, adding a stiffener enhanced the composite rigidity by nearly five times analytically and 1.9 

times in terms [23]. The thermal behavior of polyurethane foam is influenced by several factors, including its density, 

thickness, and the temperature difference between the two sides of the foam. Under steady-state conditions, polyurethane 

foam has low thermal conductivity, which means that it can effectively resist heat transfer through the material [24]. 

The PU rigid foam changes its mechanical properties in this temperature range [25]. However, under transient 

temperature conditions, the thermal behavior of polyurethane foam can be more complex and requires careful 

investigation. The thermal behavior and structural performance of sandwich wall panels with steel frames under transient 
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temperature conditions can be used to optimize their design for improved fire safety and reliability. Sandwich wall 

panels with steel wythes can maintain their structural integrity for longer periods of time under fire conditions, and the 

temperature distribution and thermal stresses induced in the panels under fire conditions are crucial for ensuring their 

safe and reliable use in buildings [26]. 

The thermal behavior of sandwich wall panels with RC frames is a critical factor for ensuring indoor comfort and 

energy efficiency. Understanding the thermal behavior of sandwich wall panels with RC frames under transient 

temperature conditions is essential for the design of energy-efficient buildings. The thermal behavior of sandwich wall 

panels with RC frames is influenced by various parameters, such as the thickness of the insulation layer, the thermal 

conductivity of the insulation material, and boundary conditions. The temperature distribution and heat flux through the 

panel are significantly affected by the transient temperature profile. It also shows that increasing the thickness of the 

insulation layer and reducing the thermal conductivity of the insulation material can significantly reduce heat transfer 

through the panel [27]. A higher load-carrying capacity with a low weight makes the sandwich suitable for infill in RC 

frames. The use of high-strength materials and thicker panel designs can improve the structural performance of 

sandwich-wall panels under blast loading [28]. In the study presented in this article, from the perspective of structural 

behavior, it is indispensable to consider thermal stresses. 

Previous studies have been conducted on RC frames infilled with masonry, both with and without consideration of 

elevated temperatures. However, investigations regarding RC frames infilled with sandwich panels under elevated 

temperatures have not been conducted thus far. Also, the investigation of different skin thicknesses with the effect of 

elevated temperatures was carried out in this study with an optimization technique. A comparative study was performed 

using non-linear analysis on an RC frame infilled with both masonry and sandwich wall panels. 

In this study, an investigation is attempted using the interaction between 1/4th scaled single-bay single-story RC 

frames [29] infilled with masonry walls and polyurethane (PU) sandwich wall panels. To evaluate the interactions, 

sandwich wall panels of various thicknesses were considered for the study. A heat flux was applied to understand the 

thermal behavior of the wall panel. Furthermore, it involves applying a unit load analytically to both RC frames infilled 

with masonry and sandwich wall panels. The goal of this step was to observe the stiffness of both types of frames and 

compare the results. Based on these results, researchers further optimized the thickness of the sandwich wall panel. The 

optimized panel thickness was then experimentally applied to RC frames and compared with conventional RC masonry 

frames. 

2. Material and Methods 

Figure 1 shows the flowchart of the research methodology through which the objectives of this study were achieved. 

 

Figure 1. Flowchart for analytical and experimental work 

2.1. Analytical Investigation 

The analytical investigation was conducted using the FEA software (ABAQUS). The assembly and geometry of the 

masonry and PU sandwich panels filled with RC frames are shown in Figure 2. Input values were provided for the 

material properties of concrete of grade M25 and steel of grade Fe415. Rectangular meshes were selected according to 
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the linear shape of the column and beam, which were modeled using the quad 3D element type. In the finite element 

model, the concrete and reinforcement were connected using the embedded connection technique, whereas the concrete 

was connected to the mesh using tie connections. A Mesh Convergence Study was conducted to identify the element 

size for the analysis. Mesh sizes ranging from 20 to 140 mm2 at an incremental rate of 20 mm2 were subjected to test 

verification. The displacement was calculated for meshes of different sizes. The displacement values with respect to 

mesh size are shown in Figure 3. From the experiment, it was observed that beyond 50 mm2, there was no significant 

deviation in displacement. Hence, an average mesh size of 70 mm2 was selected for further analyses. To perform the 

analysis, a uniformly distributed load of 1 kN was applied under fixed support conditions at the bottom of the frame. 

The material properties were determined through experimental investigations, wherein the Young's modulus and 

Poisson’s ratio of the cylinder were derived from a compressometer test as 25 N/mm2 and 0.2, respectively. This analysis 

was divided into two stages: steady-state and transient-state analyses. During the steady-state analysis, a heat flux was 

applied and the corresponding temperature was observed. This stage helps identify the critical temperature at which the 

material fails. Based on the maximum temperature, a transient state analysis was performed with respect to time. 

 

Figure 2. Reinforced concrete frame infilled with Sandwich panel 

 

Figure 3. Mesh Convergence study 

2.2. Experimental Arrangements 

2.2.1. Frame and Panel Description 

In this study, a square RC frame was used to determine the stiffness of the RC frame filled with masonry and 

sandwich wall panels, as shown in Figure 4. An RC column with dimensions of 50 × 50 mm with four longitudinal bars 

of 6 mm was used, and stirrups were placed at a spacing of 40 mm c/c with 6 mm diameter bars. RC beams were 

constructed with dimensions of 50 × 50 mm with four longitudinal bars of 6 mm, and shear reinforcement was placed 

at a spacing of 40 mm c/c with 6 mm diameter bars. The infill panel size for both the masonry and sandwich panels was 

500 × 500 mm, and the thickness of the masonry and sandwich panels was 50 mm. Here, the sandwich panel core (PU) 

thickness was 48.5 mm and the skin thickness was 0.75 mm. The frame was subjected to an in-plane compressive unit 

load, and the stiffness of the frame was analyzed. The frames and panels were subjected to an elevated temperature. The 

influence of temperature was analyzed and compared with that of masonry-infilled RC frames. 
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(a) (b) 

  

(c) (d) 

Figure 4. Reinforcement Details and masonry work 

2.2.2. Preload Arrangements 

In the analytical investigations using the transient state, the temperature and loadings were simultaneously attained 

at a rate of 55 min. Owing to practical constraints in the experimental investigations, this concept of loading was 

simulated using the arrangement shown in Figure 5. It consists of two 10 mm plates with four rods of 20 mm diameter 

fixed using bolt connections. A load cell was placed over the specimen to simultaneously evaluate the intensity of 

loading upon the rotation of the bolts. A load of 3.73 tons was applied through the 180° rotation of the bolt. This was 

applied for p-reloading in the frame during the experiment. 

The specimen with the aforementioned setup was placed in an oven at 225 °C for approximately 2 hours. The 

temperature measurements were carried out using a thermocouple fixed at five locations: two in the beams, two in the 

columns, and one in the panel. Upon the application of temperature, the specimen shifted to the loading frame, as shown 

in Figure 6. Displacement and strain were evaluated for their respective loadings. 

  

(a) (b) 

Figure 5. Preload arrangements and temperature setup of Infilled frame 
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(a) (b) 

Figure 6. Testing setup for RC frame Infilled with masonry wall panel and sandwich wall panel 

2.2.3. Brick Masonry Testing 

Building stacks of five bricks bonded together with a 5 mm-thick layer of rich mortar with a height-to-thickness ratio 

of 3.45 were used to test the strength of the brick masonry. The bricks were rewetted and wrapped in wet burlap for 28 

days for curing. The use of rich mortar with a 1:4 ratio improved the compressive strength of the masonry prism, 

resulting in an increase in its compressive strength. The testing revealed a compressive strength of 6.79 N/mm2, 

indicating an overall increase in the strength of the masonry prism. This process is illustrated in Figure 7. 

   

(a) (b) (c) 

Figure 7. Brick masonry testing setup and specimens 

The compressive strength of the masonry was tested using prism stacks composed of five bonded bricks with a 

length-to-thickness ratio of 3.45. Specimens were tested in various loading setups with a simply supported configuration 

to determine the flexural bond strength of the brick masonry. Brick's flexural strength has been determined to be 0.69 

N/mm2 (Figure 7-b). 

To assess the shear bond strength of the mortar joints between the bricks, a triple brick specimen was used, as shown 

in Figure 7-c. The test setup revealed that the horizontal mobility of the top and bottom bricks was restricted, whereas 

the movement of the center brick was unrestricted. The force was increasingly applied via the compressive testing 

machine piston rod until the bond between both the brick and mortar joints partially collapsed, after which point the 

shear bond strength was estimated. As a result of the increased flexural bond strength, there was a significant increase 

in the shear strength, which was found to be 0.95 N/mm2, as shown in Table 1.  

Table 1. Strength of brick masonry 

Type 
Compressive Strength 

(N/mm2) (Prism) 

Flexural Bond Strength  

(N/mm2) 

Shear Bond Strength 

 (N/mm2) 

Brick masonry 6.79 0.69 0.95 

2.2.4. Polyurethane Foam Material 

Polyurethane foam is a typical material used as a component of sandwich panels. This term encompasses an array 

of foams composed of polymers of cellulose molecules linked together through urethane linkages. It might be either 

elastic or rigid; however, it generally has a low density. Expanded polystyrene foam is commonly used in mattresses 
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and fabrics, whereas rigid polyurethane foam is used as an insulation material and in vehicle panels. The small cell 

dimensions of open-cell foams and the small size distribution of particles make them perfect thermal insulators for 

applications ranging from paper cups to wall panels. They exhibit excellent energy absorption owing to their low 

compressive rigidity and substantial deformation ability. The material properties of polyurethane and steel are listed in 

Table 2. 

Table 2. Material properties of steel and Polyurethane [27] 

Properties Unit Polyurethane Steel 

Conductivity W/mK 0.5 50 

Density Ton /mm3 1.7x10-9 7.8×10-9 

Specific heat J/g oC 1.57 0.466 

3. Results and Discussion 

The results and a discussion of the analytical investigation are presented below. 

3.1. Analytical Investigation on Influence of Elevated Temperature on Masonry Infill RC Frame 

Variations in temperature considerably affect the structural performance of the masonry and surrounding elements, 

such as the roof, beam, and column. The transient temperature induces thermal stress and damages the structure. In this 

investigation, masonry and sandwich wall panel-filled RC frames were analyzed. A unit load is applied and subjected 

to a transient temperature. A transient temperature was applied to the masonry-infilled RC component. The temperature 

was maintained at 23°C, which is considered the ambient temperature. Every five minutes, the stress variation with 

respect to the temperature was analyzed. Masonry Infilled RC frames are subjected to temperature exposure until the 

masonry components fail due to heat. Structural failure was observed at 380°C for both the masonry and sandwich wall 

panels, and it was considered to be the critical temperature, as depicted in Figure 8. The maximum principal stress 

observed at the critical temperature is shown in Figure 9. A unit load was applied, and the displacement of the component 

was determined, as shown in Figure 10. 

 

Figure 8. Maximum temperature in RC frame 

   

Figure 9. The maximum principal stress of the individual element at critical temperature 
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Figure 10. Displacement of the individual element at critical temperature 

The maximum principal stress and displacement were 0.069 MPa and 0.022 mm, respectively, at the critical 

temperature for the unit load in the masonry-infilled RC frame. Similarly, the maximum principal stress and 

displacement were found to be 0.063 MPa and 0.019 mm, respectively, at the critical temperature for the unit load in 

the sandwich-filled RC frame. The stress and displacement in each element were calculated using the developed model 

to assess the influence of the temperature (see Figures 11 to 13 and Table 3). 

Table 3. Stiffness comparison for RC frame infilled with masonry and sandwich wall panel 

Description 
Load 

(kN) 
Displacement 

Stiffness 

(kN/mm) 

Infilled Masonry Frame 1 0.022 45.55 

Sandwich wall panel frame 1 0.019 52.63 

 

Figure 11. Temperature influence on the component 

   

Figure 12. Maximum principal stress induced in each element 
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Figure 13. Displacement induced in each element 

3.2. Analytical Investigation for Optimization of Sandwich Wall Panel 

The analytical investigation was conducted using the FEA software (ABAQUS). The assembly and geometry of the 

PU sandwich panel are illustrated in Figure 14. This analysis was carried out for different configurations of varying skin 

thicknesses in 50-mm core composite elements. The skin thickness of 0.15 mm, 0.30 mm, 0.45 mm, 0.60 mm, and 0.75 

mm has been used to find the optimal skin thickness for the panel. This analysis was divided into two stages: steady-

state and transient-state analyses. 

 

Figure 14. Geometry and assembly of the PU sandwich panel 

For the analysis, a uniformly distributed load of 1 kN with fixed support conditions was applied to the infilled 

sandwich panels. During the steady-state analysis, a heat flux was applied, and the corresponding temperature was 

observed, as shown in Figure 15. This stage helps to identify the maximum temperature at which a material with a 

particular thickness is completely burned. Based on the maximum temperature, a transient state analysis was performed 

with respect to time. Various parameters, such as temperature distribution along the cross section, resistance time of the 

specimens, and maximum temperature resistance capacity, were monitored over time. A maximum duration of 55 

minutes was used to attain the defined temperature for all the panels with varying thicknesses. 

 

Figure 15. Heat flux and boundary conditions of typical sandwich panel 
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3.2.1. Influence of Elevated Temperature on Sandwich Panel with Various Skin Thickness 

The analysis was conducted using a sandwich panel with different skin thicknesses. The heat flux was applied to one 

face of the panel, and the results were obtained on the core and the skin on the other face. The observations are evaluated 

in terms of temperature distribution, stress, and deflections at transient temperatures. Stress computations were 

performed using the developed model to assess the impact of temperature. The intensity of variation of temperature, 

stress, and displacement across the thickness and height of the panel is shown in Figures 16 to 20 for varying skin 

thicknesses of 0.15 to 0.75 mm, respectively. From Figure 16-a, it can be observed that the temperature on the outer 

face of the skin is lower than the core of the panel and is uniform across the size of the panel. Figure 16-b represents the 

intensity of stress variation on the panel for the applied heat flux. The outer face of the skin exhibits higher stress in the 

top region. Since the temperature is uniform across the skin, the reason for the higher stress is due to the load application, 

which is gradually decreasing towards the bottom of the panel. Figure 16-c represents the displacement on the panel for 

the heat flux applied at elevated temperatures. The displacement is more in the core area of the panel under the loading, 

and it is uniform in the skin area. The analytical results are found to be in similar form, with variation in the intensities 

for the panel with varying skin thicknesses of 0.30, 0.45, 0.60, and 0.75 mm, as shown in Figures 16 to 20, respectively. 

The results of the critical temperature, principal stress, and displacement for various skin thicknesses are listed in Table 

4. 

  

(a) (b) 

 

(c) 

Figure 16. (a) Critical temperature of sandwich panel with 0.15 mm skin (b) Maximum Principal stress (c) Displacement 
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(a) (b) 

 

(c) 

Figure 17. (a) Critical temperature of sandwich panel with 0.3 mm skin (b) Maximum Principal stress (c) Displacement 

  

(a) (b) 
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(c) 

Figure 18. (a) Critical temperature of sandwich panel with 0.45 mm skin (b) Maximum Principal stress (c) Displacement 

  

(a) (b) 

 

(c) 

Figure 19. (a) Critical temperature of sandwich panel with 0.6 mm skin (b) Maximum Principal stress (c) Displacement 
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(a) (b) 

 

(c) 

Figure 20. (a) Critical temperature of sandwich panel with 0.75 mm skin (b) Maximum Principal stress (c) Displacement 

Table 4. Critical temperature, maximum principal stress and displacement for various skin thickness 

Size of Skin 

Thickness (mm) 

Critical 

Temperature (°C) 

Max Principal 

Stress (MPa) 

Displacement 

(mm) 

0.15 343.1 36.25 6.62 

0.30 358.2 20.87 6.52 

0.45 372.6 15.25 6.47 

0.60 386.9 12.14 6.44 

0.75 400 10.16 6.42 

Based on numerical modeling, the influence of temperature was assessed for different skin thicknesses of the PU 

sandwich panel. Figures 21 to 23 show the variations in temperature, stress, and displacement, respectively, with respect 

to time. An increasing trend is observed in the temperature, stress, and displacement of the sandwich panel with respect 

to time. It was observed that an increase in the plate thickness of the skin tends to increase the temperature resistance, 

stress-withstanding ability, and displacement of the sandwich panel. 
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Figure 21. Time Vs Temperature variations with respect to skin thickness 

 

Figure 22. Time Vs Stress variations with respect to skin thickness 

 

Figure 23. Time Vs Displacement variations with respect to skin thickness 
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The rate of heat flux was applied to the sandwich wall panel for up to 55 minutes until the maximum temperature 

was attained. The rate of increase in temperature with stress and deformation was recorded every 5 minutes for various 

skin thicknesses. As shown in Figure 21, the variation in temperature clearly shows that an increase in the skin thickness 

of the panel attains a higher temperature than the lower-thickness panels. However, the deformation during this increase 

in temperature was almost uniform throughout the duration, as shown in Figure 23. The variation in the stress in the 

panel provides a clear idea for optimizing the thickness of the sandwich wall panel. The increase in stress upon heating 

is greater for the lower thicknesses of 0.15 and 0.30 mm, whereas it is lower for the higher thicknesses of 0.45 to 0.75 

mm. Therefore, to optimize the thickness of the panel member, the influence of stress levels was used, and a thickness 

of 0.45 mm was chosen owing to the smaller variation in stress level compared to the lower thicknesses depicted in 

Figure 22, and it is economically preferred over the higher thicknesses. 

3.3. Experimental Investigation 

The frame was arranged in a vertical position by erecting the loading frame and was adjusted such that the applied 

load passed axially. The LVDT were placed at the top, bottom, left, and right corner positions, where deformation needs 

to be evaluated. Loads were applied gradually at a rate of 1 kN, and the corresponding deformations at different points 

were recorded for every loading increment. As the impact gradually increased, careful inspection was performed to 

locate the fractures. The condition in which the frame continues to deflect beyond the ultimate loading point with no 

increase in load is defined as the failure stage. The loads corresponding to the initial crack, failure mode, and ultimate 

load were observed (Figures 24). An overview of the findings using the square frame model is presented as follows: (a) 

preliminary cracking load, (b) ultimate load, and (c) load vs. deflection charts and stiffness. 

 

                                      (a)                                                                        (b) 

Figure 24. Mode of failure for RC frame infilled with masonry and sandwich wall panel 

3.3.1. Preliminary Cracking Load 

During the load application, the initial crack on the surface of the frame was visually observed, and the corresponding 

displacement with the load was observed. Furthermore, the improvement of the cracks and the formation of new cracks 

were monitored until the experiment was completed. The initial cracking load and its displacement in the sandwich 

panel and infilled masonry frame are 9.03 kN, 2.60 mm, and 13.28 kN, 3.08 mm, respectively (Table 5). 

Table 5. Comparison of experimental results 

Sample 

Before Cracking Initial Cracking Ultimate Load Ultimate Load 

Load  

(KN) 

Displacement  

(mm) 

Load  

(KN) 

Displacement  

(mm) 

Load  

(KN) 

Displacement  

(mm) 

Load  

(KN) 

Displacement  

(mm) 

IFSWPRCF* 0.90 0.016 9.03 2.6 26.39 8.55 - - 

IFMRCF** 0.95 0.020 13.28 3.08 32.13 7.09 34.16# 7.82# 

* Infilled sandwich wall panel with reinforced concrete frame. 

** Infilled masonry with reinforced concrete frame. 

# Muthukumar et al. (2016) [29]. 
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3.3.2. Ultimate Load Carrying Capacity 

The ultimate load and its displacement in the sandwich panel and infilled masonry frame are 26.39 kN, 8.55 mm, 

and 32.13 kN, 7.09 mm, respectively. The ultimate load was determined from the load vs. deflection curves as the 

maximum capacity that the specimen could withstand before displacement increased without any increase in the load 

value. The variation in the load against the displacement is plotted for both the sandwich panel and masonry-infilled 

frame, as shown in Figure 25. Because the crack patterns observed in both the experimental and analytical studies are 

comparable, the experimental examination revealed that the frame failed owing to a diagonal crack induced by tensile 

forces, as depicted in Figure 26. 

 

Figure 25. Load vs. Displacement for Sandwich and Masonry wall panel 

   

Figure 26. Mode of failure for RC frame infilled with masonry in analytical and experimental 

Two parallel cracks were formed along the diagonal axis. The area between these cracks was identified as the strut 

width of the infill panel. The measured strut width was 362 mm. The corresponding frame was subjected to an analytical 

investigation, resulting in a similar failure mode. The highest recorded stress was 6.483 MPa within the diagonal zone, 

and the strut width was 331 mm. Both analytical and experimental investigations noted a minor 8.56% disparity in the 

strut width. This information allows the calculation of the relative stiffness of the frame based on the determined strut 

width (Table 6). As per Smith (1968), the relative stiffness is evaluated using the relation given in Equation 1, and it is 

found to be 4.522 kN/mm for the masonry frame. 

λh = ℎ √
𝐸𝑖𝑡 sin 2𝜃

4𝐸𝑐𝐼𝐶ℎ′

4
  (1) 

where 𝜆ℎ is relative stiffness factor, λ is characteristic of infilled frame, Ei is modulus of elasticity of infill, Ec is modulus 

of elasticity of frame (material of column), ℎ is height of storey, c/c of beams, ℎ′ is height of infill, 𝑡 is thickness of 

infill, Ic is Second moment of area of column section, 𝜃 is slope of infill diagonal to horizontal angle of inclination of 

strut in radians. 
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Table 6. Stiffness for RC frame infilled with sandwich wall panel and masonry wall 

Name of the specimen 
 Stiffness before Cracking 

Ratio of Experimental / 

Analytical Values  
Analytical (kN/mm) Experimental (kN/mm) 

IFSWPRCF* 52.63 56.25 1.07 

IFMRCF** 45.55 47.18 1.04 

* Infilled sandwich wall panel with reinforced concrete frame. 

** Infilled masonry with reinforced concrete frame 

4. Conclusions 

The effect of high temperature on an RC frame infilled with a sandwich-wall panel was studied under static loading, 

and the major findings are summarized as follows: 

 When a reinforced concrete frame infilled with a sandwich wall panel was compared to an infilled brick masonry 

frame, the displacement in the infilled sandwich wall panel frame was marginally reduced. Hence, the initial 

stiffness of the infilled sandwich wall panel increased by 15.5% compared to that of the masonry wall panel during 

the analytical simulation. 

 The stress variation in the panel with a lower thickness was found to be higher but lower for the panel with a higher 

thickness of 0.45 mm. Hence, a thickness of 0.45 mm was chosen as the optimal thickness for the sandwich panel 

based on its influence on stress levels and economic considerations. 

 The experimental investigation shows that the infilled frame with the sandwich wall panel at the elevated 

temperature has a 19.22% higher initial stiffness than that of the infilled frame with the masonry wall pane. 

 The ultimate loads in reinforced concrete frames infilled with masonry wall panels and reinforced concrete frames 

infilled with sandwich wall panels were found to be 32.13 kN and 26.39 kN, respectively. This shows that the 

ultimate load decreased by 17.86% in the infilled sandwich wall panel frame compared to the infilled sandwich 

wall panel. 

 During the experimental investigation, the sandwich panel frame failed in a ductile manner, in which the skin of 

the sandwich panel delamination was observed, followed by crushing failure at the corners of the frame, but in the 

masonry-infilled frame, brittle failure was observed. 

4.1. Limitations 

This study is limited to the connection between the RC frame and the sandwich panel, which relies solely on the 

bonding achieved through the use of a plaster of Paris without the utilization of any mechanical connections. 

4.2. Future Scope 

Future research can be improved by overcoming the study limitations of the interaction behavior of RC frames 

infilled with sandwich wall panels using mechanical connectors. 
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Abstract 

This study aims to explore the impact of construction managers' political skills on the relationship between quality 

management practices and the success of inter-organizational construction projects in Pakistan. Objectively, it examines 

how project managers' political acumen influences the effectiveness of quality management strategies and, consequently, 

project success. Employing a survey-based methodology, the research encompasses a broad spectrum of professionals 

involved in various construction projects across Pakistan. Through this analysis, the study identifies key challenges to 

project success and assesses the correlation between managerial political skills and the effective implementation of quality 

management practices. The findings reveal a notable positive relationship between these elements, highlighting the critical 

role of skills such as communication, stakeholder management, and conflict resolution. Additionally, the research 

underscores the interconnected nature of managerial competencies and identifies key factors impacting project success 

through advanced statistical techniques like principal component analysis and median absolute deviation. Significantly, 

this research provides novel insights into the role of human factors in the Pakistani construction industry's project 

management, proposing actionable strategies for skill enhancement and offering a comprehensive overview of factors 

influencing project success. These findings not only show the current skills and practices landscape but also lay the 

groundwork for future research and strategy implementation to boost industry-wide success. 

Keywords: Construction Project Management; Managerial Skills; Quality Management Practices; Inter-Organizational Collaboration; 

Pakistani Construction Industry. 

 

1. Introduction 

The construction industry, a critical sector of the global economy, encounters a myriad of challenges, particularly 

evident in inter-organizational projects. These projects are complex due to the involvement of multiple stakeholders, 

varying objectives, and diverse operational environments [1–3]. The success of such projects is not merely contingent 

on efficient quality management practices but also significantly hinges on the nuanced role of project managers, 

especially in their political acumen [4–8]. Political skills in project management encompass the ability to navigate 

complex social networks, influence stakeholders, negotiate effectively, and achieve consensus among diverse groups, 

thus ensuring project alignment and success. In the context of Pakistan's construction sector, these aspects become even 

more pertinent. Pakistan’s construction industry, while rapidly growing, is often confronted with unique challenges due 

to its cultural, economic, and political landscape [9–11]. This environment requires a distinct set of managerial skills 

and approaches. In general, the Pakistani construction industry, characterized by its diversity in terms of project scope, 
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stakeholder complexity, and regional variations, provides fertile ground for exploring how the political skills of project 

managers can shape project outcomes [12]. This setting offers a unique opportunity to study the impact of soft skills, 

such as political acumen, on managing complex construction projects. The importance of managerial competencies in 

navigating these complexities is well documented. Studies by Ahmed et al. [13] and Choudhry & Zahoor [14] have 

highlighted various facets of project management in the context of Pakistani construction projects. These studies 

underline the crucial role of managerial competencies, such as leadership, communication, and strategic thinking, in 

managing the complexities inherent in construction projects. Building upon such foundational work, this research aims 

to add a new dimension by focusing specifically on the political skills of project managers. These skills, often 

underplayed in the technically dominant construction sector, are crucial for the successful navigation of the intricate web 

of stakeholder relationships and organizational dynamics [15–17]. 

The ability of project managers to tactfully manage and influence diverse groups, negotiate conflicts, and foster 

collaborative environments is vital for project success [18, 19]. This aspect is supported by studies like those of Braun 

& Sydow [2], who emphasize the importance of inter-organizational relationships in project management. The research 

by Badi & Diamantidou [20] and Lu et al. [21] further sheds light on the social and relational aspects that significantly 

impact project outcomes. These studies collectively underscore the need for project managers to possess advanced 

political skills that go beyond traditional project management competencies. The Pakistani construction industry, with 

its unique cultural and operational characteristics, presents specific challenges and opportunities in this regard. The 

studies by Ejaz et al. [10, 22] and Haseeb et al. [23] provide insights into the local industry's nuances, highlighting the 

need for tailored managerial approaches that consider cultural sensitivities and local business practices. This research 

extends these findings by focusing on the role of political skills, an area that has received limited attention in the context 

of the Pakistani construction sector. The methodology of this study, rooted in a survey-based approach targeting 

professionals across various construction projects in Pakistan, is designed to unravel the complex interplay between 

project managers' political skills, quality management practices, and project success. This approach aligns with the work 

of scholars like Laan et al. [24] and Loosemore & Lim [25], who have utilized similar methodologies to explore inter-

organizational dynamics in the construction industry. By adopting a survey-based approach, this study seeks to gather 

empirical data that can provide insights into the real-world implications of political skills in project management. 

Moreover, this research is set against the backdrop of a global construction landscape that is increasingly recognizing 

the importance of human factors in project management. The works of Gambatese & Hallowell [26] and Gluch et al. 

[27] underscore the significance of innovative approaches and human-centric strategies in construction management. 

These studies highlight the evolving nature of the construction industry, where technical skills are no longer sufficient 

and the ability to manage people and relationships is becoming increasingly critical. By focusing on the Pakistani context, 

this study aims to contribute to this growing body of knowledge, offering insights that are both locally relevant and 

internationally applicable. The unique cultural, economic, and operational characteristics of Pakistan's construction 

industry provide an excellent case study for understanding how political skills can influence project management 

practices and outcomes. Additionally, this research seeks to bridge a gap in the existing literature by examining how the 

political skills of project managers can moderate the relationship between quality management practices and the success 

of inter-organizational projects in the construction industry. This aspect is particularly important given the increasing 

complexity and interconnectivity of modern construction projects, which require a more nuanced and sophisticated 

approach to management. The study aims to highlight the specific political skills that are most beneficial in the Pakistani 

construction context and propose a set of best practices for project managers to cultivate these skills. By doing so, this 

research not only adds to the academic discourse on project management but also offers practical guidance for 

professionals in the field. The findings of this study have the potential to enhance the success of construction projects in 

Pakistan and beyond by providing insights into how project managers can effectively navigate the complex web of 

relationships and challenges inherent in the construction industry. 

2. Material and Methods  

2.1. Research Strategy 

As mentioned before, the success of projects depends significantly on the role of project managers, especially in their 

political acumen [28–32]. In this regard, the primary objective of this research is to explore the role of project managers' 

political skills in augmenting the effectiveness of quality management practices, subsequently impacting the success of 

inter-organizational construction projects in Pakistan. This aim emerges from a recognized gap in existing literature, 

where the specific influence of project managers' political acumen on project outcomes, particularly in the Pakistani 

construction industry, remains underexplored. In order to address this gap, the research adopts a comprehensive survey-

based approach, targeting a wide spectrum of professionals involved in various construction projects across Pakistan. 

This strategy involves the development and distribution of a structured questionnaire designed to capture insights into 

the participants' perceptions of the role of political skills in project management. The survey responses are then analyzed 

using statistical methods to discern patterns and correlations between the project managers' political skills, quality 

management practices, and project success. All analyses were performed in Python for the simplicity of handling data. 
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This rigorous, step-by-step methodology ensures a robust exploration of the research point to contribute meaningful 

insights to both academicians and professionals involved in construction project management. Figure 1 shows a 

flowchart of the research methodology used in this study. 

 

Figure 1. Research methodology flowchart 

2.2. Rationale for Selecting a Survey Method 

The decision to utilize a survey method in this research is grounded in a comprehensive rationale that aligns with the 

study's objectives to explore the intricate dynamics of the political skills of project managers in Pakistan's construction 

industry. Surveys, as a research tool, offer several advantages that make them particularly suited for this study. One of 

the primary reasons for choosing a survey method is its ability to reach a broad and diverse participant base across 

various regions and sectors within the construction industry. This wide coverage is crucial in capturing a representative 

sample of opinions and experiences, enabling the research to encompass a range of perspectives that reflect the 

multifaceted nature of the construction sector in Pakistan. The ability to engage participants from different geographical 

locations, project types, and managerial levels ensures that the findings are not limited to a narrow scope but rather 

provide a holistic view of the industry. Another key advantage of surveys is their structured format, which allows for the 

collection of quantitative data that is both reliable and consistent. This structured mechanism ensures that each participant 

responds to the same set of questions, facilitating comparability and consistency in the data collected. Such 

standardization is essential in a study like this, where the aim is to understand patterns and trends across various 

dimensions of project management, including the role of political skills in influencing project outcomes. 

Furthermore, the survey method is particularly effective in exploring the relationship between quality management 

practices and project success, as influenced by managerial political skills. By employing a set of carefully designed 

questions, the survey can delve into specific areas such as conflict resolution, stakeholder management, and strategic 

planning, providing insights into how these skills are perceived and applied in the context of the Pakistani construction 

industry. This focus on specific competencies allows for a more detailed and nuanced understanding of the skills that 

are most critical for project success. Additionally, the flexibility and scalability of surveys make them an ideal choice 

for this research. Surveys can be easily adapted to cater to different respondent groups and can be scaled to include a 

large number of participants. This flexibility is particularly beneficial in a dynamic industry like construction, where 

professionals may have varying levels of experience and expertise. The ability to tailor the survey to different groups 

ensures that the research captures a comprehensive range of insights, encompassing the views of both seasoned 

professionals and those newer to the field. Moreover, the survey method allows for the analysis of patterns and 

correlations across different project settings and managerial roles. By collecting data on various aspects of project 

management and political skills, the survey can identify trends and relationships that might not be apparent through other 

research methods. For example, the survey can reveal how the importance of certain political skills may vary depending 

on project size, complexity, or the nature of stakeholder relationships. Thus, the survey method offers a systematic and 

efficient way to gather valuable data that can inform the development of strategies and best practices in the construction 

industry. Its ability to provide detailed insights into the perceptions and experiences of a wide range of industry 

professionals makes it an invaluable tool in this research, enabling a deeper understanding of the critical role that political 

skills play in the management and success of construction projects in Pakistan. 

2.3. Target Audience 

The survey was distributed to a wide range of professionals within Pakistan's construction industry, aiming to capture 

a wide range of perspectives and experiences. In total, 228 individuals participated, providing a robust dataset for 
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analysis. These participants represented a spectrum of roles, from on-site project managers and engineers to senior 

executives and quality assurance specialists, encompassing various levels of experience and responsibility. This 

demographic diversity ensured that the insights gained were reflective of the industry's multifaceted nature. The 

respondents varied in their tenure, with some having just a few years of experience. In contrast, others possessed many 

years of expertise, offering a rich understanding of the industry's evolution and current practices. Additionally, the survey 

captured data from professionals working on different types of construction projects, including residential, commercial, 

and infrastructure developments, further enriching the dataset. This strategic selection of the target audience was crucial 

in providing a comprehensive understanding of the connection between project managers' political skills, quality 

management practices, and project success in Pakistan's construction industry. 

2.4. Selected Survey Questions 

The survey deployed in this research was meticulously designed to capture an all-encompassing understanding of 

the role of project managers' political skills in the construction industry. The questionnaire was formulated to delve into 

a wide array of themes pivotal to project management, with each question tailored to probe different facets of managerial 

competencies and their influence on the success of construction projects. The survey emphasized key areas such as 

communication skills, stakeholder management, and conflict resolution, reflecting the critical nature of interpersonal 

dynamics in effective project management. Questions related to these areas were intended to uncover the extent to which 

project managers are proficient in conveying project goals, balancing and understanding diverse stakeholder 

expectations, and resolving internal team conflicts. Such competencies are fundamental in ensuring project coherence 

and maintaining momentum, especially in the context of complex, multi-stakeholder environments typical of 

construction projects. Furthermore, the survey delved into adaptability and time management skills, probing into project 

managers' capacity to navigate changes in project scope and consistently adhere to project timelines. This focus is 

particularly pertinent given the dynamic nature of construction projects, where managers are often required to adapt to 

evolving circumstances and unforeseen challenges while still ensuring timely project completion.  

Negotiation skills and the ability to navigate organizational politics were also significant points of investigation. 

These areas are essential for strategic interactions with external entities and maneuvering within the internal bureaucracy 

of organizations. The survey questions in these areas aimed to assess how effectively project managers handle 

negotiations and political dynamics, which are often crucial in advancing project interests and overcoming administrative 

hurdles. In addition to these competencies, the survey incorporated questions on budgeting and quality management. 

This focus assessed the project managers' adeptness at maintaining high-quality standards amidst financial constraints 

and project limitations. It was essential to understand how project managers balance the often-competing priorities of 

cost control and quality assurance, which is a critical aspect of successful project management. The survey also probed 

into the softer aspects of project management, such as team collaboration, leadership, and motivation. Recognizing the 

importance of fostering a positive and productive team environment, questions were designed to evaluate how project 

managers cultivate teamwork, inspire and motivate their teams, and lead by example. These soft skills are as vital as 

technical expertise in ensuring team cohesion, motivation, and overall project success. Strategic planning, resource 

management, and risk management abilities were also key areas explored in the survey. These competencies are essential 

in project management, requiring foresight, effective optimization of resources, and comprehensive contingency 

planning. Questions in these areas aimed to ascertain how project managers anticipate future challenges, allocate 

resources efficiently, and mitigate risks proactively. The survey was structured to provide a panoramic view of the project 

manager's role in the construction industry, encompassing both hard and soft skills.  

It was strategically designed to generate insightful data on how these varied competencies, particularly political skills, 

impact the overall success of construction projects. By probing into these diverse areas, the survey offered a thorough 

investigation into the intricate workings of project management within the construction industry. This comprehensive 

approach to survey design ensured that the research captured a holistic picture of the project manager's role. It was not 

just about understanding the technical aspects of project management but also about exploring the human element, which 

plays a significant role in the success of construction projects. The survey aimed to shed light on the complex interplay 

between various managerial skills and how they collectively contribute to project outcomes. This understanding is vital 

for developing effective strategies and interventions to enhance project management practices in the construction 

industry, particularly in the context of Pakistan's unique operational and cultural landscape. Hence, the survey was a 

crucial instrument in this study, designed to explore a range of competencies and skills that are essential for effective 

project management in the construction industry. Its comprehensive nature allowed for an in-depth analysis of the role 

of project managers, providing valuable insights into the factors that contribute to the success of construction projects. 

The findings from the survey are expected to have significant implications for both theory and practice in the field of 

construction project management. 
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Table 1. Survey questions and their associated factors  

No. Factors Considered Question 

1 Communication Skills How effectively do project managers communicate project goals to the team? 

2 Stakeholder Management Rate the ability of project managers to understand and manage stakeholder expectations. 

3 Conflict Resolution Evaluate the project managers' skill in resolving conflicts within the team. 

4 Adaptability How well do project managers adapt to changes in project scope or environment? 

5 Time Management Assess the influence of project managers' political skills on project timeline adherence. 

6 Negotiation Skills Rate the effectiveness of project managers in negotiating with suppliers and contractors. 

7 Navigating Organizational Politics Evaluate how project managers deal with bureaucratic challenges in the organization. 

8 Budgeting and Quality Management How effective are project managers in maintaining quality standards under budget constraints? 

9 Team Collaboration Assess the project managers' ability to foster a collaborative team environment. 

10 Strategic Planning Rate the project managers' competence in strategic planning and foresight. 

11 Resource Management Evaluate the project managers' skills in leveraging resources for project success. 

12 Risk Management How effectively do project managers manage risks and uncertainties in projects? 

13 Stakeholder Satisfaction Assess the influence of project managers' political skills on stakeholder satisfaction. 

14 Leadership and Motivation Rate the ability of project managers to inspire and motivate the project team. 

15 Cross-Cultural Communication Evaluate the project managers' effectiveness in cross-cultural communication within the team. 

16 Organizational Alignment How well do project managers align project objectives with organizational goals? 

17 Documentation and Reporting Assess the project managers' proficiency in managing project documentation and reporting. 

18 Quality Management Implementation Rate the project managers' ability to implement and adhere to quality management practices. 

19 Conflict Resolution effectiveness Evaluate the impact of project managers' political skills on conflict resolution effectiveness. 

20 Technology Utilization How effectively do project managers utilize technology for project management? 

21 Continuous Process Improvement Assess the project managers' capability in continuous improvement of processes. 

22 
Environmental and Sustainability 

Management 
Rate the project managers' skills in managing environmental and sustainability issues. 

23 Legal and Regulatory Adaptability Evaluate the adaptability of project managers to changing legal and regulatory environments. 

24 Inter-Departmental Coordination How well do project managers manage inter-departmental coordination for project success? 

25 Crisis Management Assess the project managers' effectiveness in crisis management. 

26 Long-Term Strategic Thinking Rate the project managers' ability in long-term strategic thinking and planning. 

27 Stakeholder Engagement Evaluate the project managers' skills in stakeholder engagement and communication. 

28 Task Prioritization How well do project managers prioritize and manage project tasks and deliverables? 

29 Resource Allocation Assess the project managers' ability to manage and allocate project resources efficiently. 

30 Risk Identification and Mitigation Rate the project managers' skills in identifying and mitigating project risks. 

31 Scope Management Evaluate the project managers' effectiveness in managing project scope and changes. 

32 Safety Standards Promotion How effectively do project managers promote and maintain safety standards on project sites? 

33 Team Building Assess the project managers' ability in building effective teams and promoting teamwork. 

34 Innovation Promotion Rate the project managers' skills in fostering innovation within the project team. 

35 External Stakeholder Communication Evaluate the project managers' effectiveness in communicating with external stakeholders. 

36 Customer Needs Integration How well do project managers understand and integrate customer needs into the project? 

37 Time-Sensitive Management Assess the project managers' capability in managing time-sensitive project aspects. 

38 Quality Management Tools Application Rate the project managers' effectiveness in applying quality management tools and techniques. 

39 Cost Management Evaluate the impact of project managers' political skills on project cost management. 

40 Deliverables Management How effectively do project managers manage project deliverables against set objectives? 

41 Ethical Standards Maintenance Assess the project managers' skills in maintaining ethical standards in project execution. 

42 Expectation Management Rate the project managers' ability to manage expectations and deliver project outcomes. 

43 Continuous Learning Evaluate the project managers' effectiveness in continuous learning and development. 

44 Inter-Team Communication How well do project managers facilitate communication between different project teams? 

45 Handling Unexpected Events Assess the project managers' capability in handling unexpected events and setbacks. 

46 
Project Management Methodologies 

Utilization 
Rate the project managers' proficiency in utilizing project management methodologies. 

47 Project Scope-Time-Cost Balance Evaluate the project managers' effectiveness in balancing project scope, time, and cost. 

48 Feedback Incorporation How effectively do project managers incorporate feedback into project processes? 

49 Enhancing Team Creativity Assess the project managers' role in enhancing team creativity and problem-solving. 

50 Overall Impact on Project Success Rate the overall impact of project managers' political skills on the success of inter-organizational projects. 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

304 

 

51 Compliance with Local Regulations 
Evaluate the effectiveness of project managers in overseeing compliance with local construction codes and 

regulations. 

52 
Understanding of Civil Engineering 
Technologies 

Rate the project managers' understanding of modern civil engineering technologies relevant to construction. 

53 Ensuring Structural Integrity Assess the role of project managers in ensuring the structural integrity of construction projects. 

54 Subcontractor Management How effectively do project managers manage subcontractor selection and oversight? 

55 Sustainable Construction Practices Evaluate the project managers' ability to apply sustainable construction practices. 

56 Safety Measures in Construction Rate the adequacy of safety measures implemented in construction projects under the managers' supervision. 

57 Soil Analysis and Foundation Planning Assess the project managers' competency in soil analysis and foundation planning. 

58 Innovative Construction Techniques Evaluate the effectiveness of project managers in implementing innovative construction techniques. 

59 Environmental Impact Assessment How well do project managers integrate environmental impact assessments into their planning? 

60 
Managing Projects in Challenging 

Terrains 
Rate the project managers' ability to manage construction projects in challenging terrains or conditions. 

61 Water Resource Management Assess the project managers' proficiency in water resource management in construction projects. 

62 Handling Logistical Challenges Evaluate how project managers deal with logistical challenges in construction sites. 

63 Quality of Construction Materials Rate the project managers' capability in overseeing the quality of construction materials used. 

64 Energy effectiveness Practices How effectively do project managers incorporate energy-efficient practices in construction projects? 

65 On-site Waste Management Assess the project managers' role in facilitating effective on-site waste management. 

66 Work-site Cleanliness and Organization Evaluate the project managers' approach to maintaining work-site cleanliness and organization. 

67 Zoning and Land-Use Planning Rate the project managers' effectiveness in handling zoning and land-use planning issues. 

68 Seismic Design Compliance How well do project managers ensure compliance with seismic design requirements in construction? 

69 Managing Large-Scale Civil Projects Assess the project managers' capability in managing large-scale civil engineering projects. 

70 Bridge and Infrastructure Construction Evaluate the project managers' expertise in bridge and infrastructure construction and management. 

3. Survey Analysis  

3.1. Reliability Assessment 

The evaluation of data reliability is a critical aspect of this research, as addressed in this section through the 
computation of Cronbach's alpha. This statistic, illustrated in Figure 2, serves as an essential tool for determining the 
internal consistency and reliability of the survey responses. By implementing Cronbach's alpha, the study ensures the 
robustness and dependability of its findings, anchoring them in statistically verified grounds. Cronbach's alpha, widely 
recognized as a fundamental measure of scale reliability, yielded a notable high value of 0.947 for the combined factors. 
This value is significant as it indicates a robust level of internal consistency among the survey responses. It reveals that 
the different aspects and dimensions assessed in the survey are not only interconnected but also cohesively contribute to 
the broader constructs and themes explored in this study. Such coherence is crucial for validating the survey instrument, 
as it affirms that the various items are appropriately measuring the intended constructs without significant discrepancies 
or inconsistencies. The implications of this high Cronbach's alpha value are substantial. It underpins the reliability of the 
survey instrument, suggesting that the survey questions are well-designed and effectively capture the nuances of the 
subjects under investigation. This, in turn, lends considerable credibility to the subsequent analyses and conclusions 
drawn from the data. A high internal consistency as indicated by this value suggests that the survey responses are reliable 
and can be confidently used to make informed conclusions about the phenomena being studied. This level of reliability 
is essential in empirical research, as it ensures that the study's findings are based on a solid and trustworthy foundation, 
thereby enhancing the overall validity and impact of the research. 

 

Figure 2. Visualization of Cronbach's alpha for the collected data 
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3.2. Statistical Overview 

The comprehensive statistical analysis of the survey results, as depicted in Figures 3 to 5, provides an in-depth 

view of the current state of managerial skills and practices in the Pakistani construction industry. This section offers 

a detailed interpretation of these figures, emphasizing their implications for the study's objectives. Figure 3 presents 

the mean scores for each factor, offering valuable insights into the collective perceptions of industry professionals. 

Factors like Communication Skills, Stakeholder Management, and Conflict Resolution exhibit relatively high mean 

scores, suggesting a general consensus on their significance in project success. This indicates that professionals 

within the industry recognize the critical importance of these skills in managing construction projects effectively. 

The high scores in these areas reflect an awareness of the complexities involved in project management and the 

need for robust communication channels, effective stakeholder engagement, and efficient conflict resolution 

mechanisms. Conversely, areas like Adaptability and Time Management show slightly lower mean scores, 

suggesting a potential gap in these skills among project managers. This finding is crucial as it points to areas where 

project managers may require further training and development. The ability to adapt to changing project 

environments and effectively manage time are essential skills in the dynamic and often unpredictable landscape of 

construction projects. These lower scores may indicate a need for more focused attention on developing these 

competencies within the industry.  

Figure 4, featuring a heatmap showing the frequency of chosen factors, provides an intuitive visual representation 

of areas where consensus is strongest among respondents. Darker shades in the heatmap indicate factors that are 

more uniformly agreed upon across participants. This visualization is particularly helpful in quickly identifying key 

areas of focus in the construction industry. For example, if Stakeholder Management consistently appears in darker 

shades, it underscores its perceived importance across a wide range of respondents, reinforcing the need for project 

managers to be skilled in this area. Figure 5, which presents the response distribution for individual factors, adds 

another layer of depth to our understanding. This figure breaks down the responses for each factor, revealing not 

only the mean scores but also the distribution of opinions among the participants. For instance, a factor like 

Navigating Organizational Politics might have a moderate mean score, but the distribution of responses could 

indicate a polarized view among respondents. Such insights are crucial for comprehending the nuances in 

perceptions and the varying degrees of emphasis placed on different managerial skills. Together, these statistical 

descriptors provide a comprehensive overview of the state of managerial skills and practices in the Pakistani 

construction industry.  

The survey results reflect broad recognition of the importance of managerial skills, especially in areas such as 

stakeholder management and conflict resolution. This aligns well with the study's focus, suggesting that project 

managers' political skills are vital in enhancing the effectiveness of quality management practices. Further, the survey 

results shed light on specific political skills that are most beneficial in the Pakistani construction context. High scores in 

factors like Conflict Resolution and Navigating Organizational Politics indicate these as key skills for project managers 

in dealing with the complex dynamics of construction projects. Understanding these skills' importance can guide project 

managers in focusing their development efforts on areas that will most significantly impact project outcomes. The 

findings from this survey are instrumental in informing the development of a set of best practices for project managers 

in the construction industry, particularly in the context of Pakistan. By understanding the current state of skills and 

practices and identifying areas that need improvement, this research contributes valuable insights into the role of human 

factors in project management. The aim is to provide actionable strategies for enhancing project success through 

improved managerial competencies, with a particular focus on the unique challenges and cultural aspects of the Pakistani 

construction industry.  

Moreover, the data underscores the need for continuous professional development and training for project 

managers. It highlights the dynamic nature of the construction industry, where ongoing learning and adaptation are 

essential for keeping pace with evolving project requirements and stakeholder expectations. The study's findings 

can be used to tailor training programs and professional development initiatives that address the specific needs and 

challenges identified in the survey. Accordingly, the statistical overview presented in Figures 3 to 5 offers a rich 

and nuanced understanding of the current landscape of managerial skills and practices in the Pakistani construction 

industry. The insights gleaned from this analysis are critical for shaping future strategies and interventions aimed at 

enhancing the effectiveness and success of construction projects. By delving into the specifics of these results, this 

research paves the way for a more informed and targeted approach to improving project management practices in 

Pakistan's construction sector. 
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Figure 3. Mean scores for each factor 

 

Figure 4. Heatmap showing frequency of the chosen factors 
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Figure 5. Response distribution for individual factor 

3.3. Kruskal-Wallis Test 

The Kruskal-Wallis test was applied in this study to discern whether the differences in responses across various 

factors are statistically significant. This is crucial in identifying which factors hold consistent perceptions across different 

demographic or professional groups within the survey population and which factors exhibit significant variances in 

opinion. The heatmap displayed in Figure 6 illustrates the p-values from the Kruskal-Wallis test comparisons. In this 

heatmap, each cell represents the p-value for the comparison of a particular factor across different groups. A lower p-

value (typically less than 0.05) suggests that there is a statistically significant difference in the way different groups 

perceive or prioritize that factor. This is crucial in understanding how different aspects of project management and quality 

management practices are valued differently by various segments of professionals. For example, factors with low p-

values imply that there is a significant difference in how these groups rate this factor. This could be indicative of differing 

priorities or varying levels of expertise in these areas among different groups of professionals.  

Conversely, factors with high p-values suggest that there is a consensus across different groups regarding that factor. 

This is equally important as it highlights the areas where there is uniformity in understanding or valuing certain aspects 

of project management, regardless of the respondents' demographic or professional background. The results from the 

Kruskal-Wallis test provide an additional layer of insight into the data collected. By understanding not only what the 



Civil Engineering Journal         Vol. 10, No. 01, January, 2024 

308 

 

predominant views are but also how these views differ across various groups, it is possible to gain a better understanding 

of the dynamics at play in Pakistan's construction industry. This is particularly relevant in the context of your study, as 

it seeks to uncover the nuanced ways in which project managers' political skills can influence the effectiveness of quality 

management practices. 

 

Figure 6. Heatmap displaying p-values from Kruskal-Wallis test comparisons 

3.4. Correlation Analysis 

The analysis in this section reveals intricate relationships between the survey's various factors. This analysis is pivotal 

in understanding the interconnections and independent natures of managerial and technical skills in the construction 

industry. For instance, the correlation between Conflict Resolution and Navigating Organizational Politics indicates a 

relatively significant positive relationship, suggesting that individuals proficient in conflict resolution are also likely to 

be adept at navigating organizational politics. Similarly, a notable positive correlation exists between "Team 

Collaboration" and "Negotiation Skills", illustrating that effective team collaboration often coincides with strong 

negotiation skills. On the other hand, some skills show a lower degree of correlation with others, such as Adaptability 

and Budgeting and Quality Management, indicating that these skill sets may operate independently within the 

professional sphere. Furthermore, the correlation between Stakeholder Management and Seismic Design Compliance 

implies that those who excel in stakeholder management also tend to prioritize seismic design compliance. These 

insights, visualized in Figure 7 as a comprehensive cross-comparison of responses, are instrumental in identifying the 

key skills that are interrelated and those that are distinct. Understanding these relationships is crucial for developing 

effective training programs for project managers, particularly in the context of the Pakistani construction industry. By 

focusing on enhancing interrelated skills, project managers can be better equipped to handle the complexities of inter-

organizational construction projects. The correlation analysis thus contributes significantly to the overarching goal of 

the study, offering empirical evidence to support the development of targeted strategies to enhance project outcomes 

through improved managerial competencies. 
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Figure 7. Cross-comparisons of the responses for the investigated factors 

4. Influential Factors 

This section explores the use of principal component analysis (PCA) and median absolute deviation (MAD) methods 

to identify and analyze the most significant factors influencing the success of inter-organizational construction projects 

in Pakistan. These advanced statistical techniques offer a nuanced understanding of the multifaceted dynamics that drive 

project management in the construction industry. The PCA method is a sophisticated statistical technique that 

emphasizes variation and captures strong patterns in a dataset. By reducing the dimensionality of the data, PCA brings 

forth the most influential factors that account for the largest variance within the dataset. In this study, PCA identified ten 

pivotal factors: Conflict Resolution, Time Management, Team Collaboration, Technology Utilization, Crisis 

Management, Long-Term Strategic Thinking, External Stakeholder Communication, Time-Sensitive Management, 

Project Scope-Time-Cost Balance, and Zoning and Land Use Planning. Each of these factors plays a crucial role in 

encapsulating the variances within the dataset and highlights their critical role in project management.  

For example, Conflict Resolution and Time Management are essential in managing disputes effectively and 

allocating time resources efficiently. Efficient conflict resolution ensures smooth project progression, while adept time 

management is key to meeting project deadlines and maintaining project momentum. Similarly, Crisis Management and 

External Stakeholder Communication are imperative for handling unexpected challenges and maintaining robust 

communication channels with various stakeholders, including clients, contractors, and government entities. The 

inclusion of Technology Utilization and Long-Term Strategic Thinking underscores the growing significance of 

integrating modern technologies and forward-looking strategies in construction project management. Embracing new 

technologies can lead to more efficient processes and innovative solutions, while strategic thinking ensures projects align 

with long-term objectives and market trends. 
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Figure 8. Ranking of factors in this research using the PCA method with the 10 most significant factors being highlighted 

On the other hand, the MAD method focuses on variability and dispersion in the dataset, highlighting a distinct set 

of top factors. These include Stakeholder Management, Long-Term Strategic Thinking, Risk Identification and 

Mitigation, Safety Standard Promotion, Innovation Promotion, External Stakeholder Communication, Ethical Standard 

Maintenance, Safety Measures in Construction, Innovative Construction Techniques, and Energy Effectiveness 

Practices. This unique set of factors emphasizes the importance of managing stakeholder relationships effectively and 

promoting safety and innovation in the construction field. Stakeholder Management and Ethical Standard Maintenance, 

for instance, highlight the necessity of maintaining strong ethical standards and relationships with all stakeholders. This 

is crucial in a sector where multiple parties are involved, and trust and transparency are key to project success. Innovation 

Promotion and Innovative Construction Techniques reflect the industry's growing need to adopt new methods and 

technologies. These innovations not only enhance efficiency and sustainability but also position companies to be 

competitive in a rapidly evolving market. The results from both PCA and MAD methods, as illustrated in Figures 8 and 

9, reveal the multifaceted and dynamic nature of project management in the construction industry. The interplay of 

technical skills, such as Innovative Construction Techniques and Energy Effectiveness Practices, with managerial and 

interpersonal skills, such as Stakeholder Management and External Stakeholder Communication, epitomizes the 

complex landscape of project management. This complexity is further accentuated by the need to balance project scope, 

time, and cost effectively, alongside navigating zoning and land use planning regulations. Understanding the significance 

of these factors is crucial for developing targeted strategies to enhance project outcomes. This is particularly relevant in 

the Pakistani construction industry, where specific cultural and organizational dynamics come into play. The industry's 

unique challenges, such as navigating local regulations, understanding cultural nuances, and dealing with diverse 

stakeholder groups, require a specialized approach to project management. 

 

Figure 9. Ranking of factors in this research using the MAD method approach with the 10 most significant factors being highlighted 
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This comprehensive analysis significantly contributes to identifying and prioritizing the skills and practices most 

impactful in achieving inter-organizational project success. It provides valuable insights for project managers, 

policymakers, and industry stakeholders, enabling them to focus their efforts on developing and enhancing these 

key areas. By aligning managerial practices with these identified factors, the construction industry in Pakistan can 

improve project success rates, enhance efficiency, and foster sustainable growth. Furthermore, this research offers 

a foundation for future studies to build upon, encouraging a deeper exploration of how these factors can be optimized 

in different construction contexts. It also opens avenues for comparative studies across different regions and 

construction environments, fostering a global understanding of effective construction project management practices. 

In conclusion, this section's in-depth analysis not only enriches the academic discourse in construction project 

management but also provides practical guidance for industry practitioners, contributing to the advancement of the 

field. 

5. Grouping of Factors Using K-means Clustering 

This section groups the survey factors to uncover underlying themes within the context of project management 

in the construction industry. In this context, it integrates the results of K-means clustering, optimized through the 

elbow method, to identify five distinct clusters, each representing a unique thematic grouping of factors. In general, 

K-means clustering is a method used for partitioning a dataset into K distinct, non-overlapping subgroups where 

each data point belongs to only one group. In this regard, the elbow method, visualized in Figure 10, helped 

determine the optimal number of clusters, which was found to be five. This method involves plotting the explained 

variance against the number of clusters, and the 'elbow' represents the point after which the addition of another 

cluster does not give much better modeling of the data. The results of this analysis, as given in Figure 11 and Table 

2, are as follows: 

 Cluster 1, labeled as "Project Management," encompasses a comprehensive range of factors such as Conflict 

Resolution, Time Management, Budgeting and Quality Management, Strategic Planning, and various others like 

Innovative Construction Techniques and Managing Large-Scale Civil Projects. This cluster highlights the 

multifaceted nature of project management, emphasizing not only traditional aspects like budgeting and scheduling 

but also more dynamic elements such as innovation and sustainability. The inclusion of factors like External 

Stakeholder Communication and Subcontractor Management indicates the importance of external relations in 

project management, while Safety Standards Promotion and Sustainable Construction Practices underscore the 

growing focus on sustainable and safe construction practices. 

 Cluster 2, themed "Interpersonal Skills," includes Adaptability, Negotiation Skills, Team Collaboration, and 

Risk Management, among others. This cluster underscores the significance of soft skills in the construction 

industry. The ability to adapt, collaborate effectively, and negotiate is crucial in navigating the complex 

interpersonal dynamics of construction projects. Risk Identification and Mitigation and Understanding of Civil 

Engineering Technologies in this cluster indicate that technical knowledge is also vital for effective 

interpersonal interactions. 

 Cluster 3, "Leadership and Strategy," comprises Stakeholder Management, Resource Management, Leadership 

and Motivation, and several other factors. This cluster underscores the strategic aspect of project management, 

highlighting the need for strong leadership and resource management. The inclusion of factors like Crisis 

Management and Long-Term Strategic Thinking suggests the importance of foresight and the ability to handle 

unforeseen challenges. Ethical Standards Maintenance and Continuous Learning indicate a focus on ethical conduct 

and the importance of ongoing development in leadership roles. 

 Cluster 4, "Communication and Quality Control," is composed of Communication Skills, Cross-Cultural 

Communication, Quality Management Tools Application, and others. This cluster emphasizes the role of 

communication in quality control and project management. The integration of factors like Conflict Resolution 

Effectiveness and Stakeholder Engagement points towards the crucial role communication plays in managing 

stakeholder relationships and ensuring project quality. 

 Cluster 5, "Resource and Environmental Management," includes Navigating Organizational Politics, Technology 

Utilization, Environmental Impact Assessment, and other factors. This cluster illustrates the increasing importance 

of environmental considerations and resource management in construction projects. Factors like Energy 

Effectiveness Practices and On-site Waste Management highlight the industry's growing emphasis on sustainable 

practices. 
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Figure 10. Elbow method for determining the optimal number of clusters 

 

Figure 11. K-Means clustering of examined factors using PCA, with Centroids marked  

Indeed, the clustering of these factors into distinct themes provides a structured way to understand the complex 

interplay of skills and practices in the construction industry. Each cluster represents a different facet of project 

management, from the concrete aspects of planning and execution (Project Management) to the more abstract elements 

of leadership and strategy. The grouping also highlights the evolving nature of the construction industry, where 

traditional skills are being augmented by new priorities such as sustainability and innovation. The factors within each 

cluster are not isolated; they interact and influence each other. For instance, effective Communication Skills in 

Communication and Quality Control are essential for Leadership and Strategy, just as Resource and Environmental 

Management is crucial for effective Project Management. These interdependencies are key to understanding the holistic 

nature of project management in the construction industry. The identification of these clusters through K-means 

clustering offers a novel perspective on the multifaceted nature of project management. It provides valuable insights into 

which areas are seen as crucial by professionals in the industry and how these areas interconnect. This understanding is 

essential for developing comprehensive strategies to enhance project outcomes, especially in the Pakistani construction 

industry, where unique cultural, organizational, and environmental factors influence the dynamics of project 

management. 
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Table 2. Grouping of factors based on the K-means clustering results 

Cluster 

Number 
Dominating Theme Factors Included 

1 Project Management 

Conflict Resolution, Time Management, Budgeting and Quality Management, Strategic Planning, Documentation 
and Reporting, Environmental and Sustainability Management, Legal and Regulatory Adaptability, Inter-

Departmental Coordination, Task Prioritization, Safety Standards Promotion, Innovation Promotion, External 
Stakeholder Communication, Customer Needs Integration, Time-Sensitive Management, Inter-Team 

Communication, Feedback Incorporation, Compliance with Local Regulations, Subcontractor Management, 

Sustainable Construction Practices, Innovative Construction Techniques, Managing Large-Scale Civil Projects 

2 Interpersonal Skills 
Adaptability, Negotiation Skills, Team Collaboration, Risk Management, Stakeholder Satisfaction, Risk 
Identification and Mitigation, Deliverables Management, Understanding of Civil Engineering Technologies 

3 
Leadership and 

Strategy 

Stakeholder Management, Resource Management, Leadership and Motivation, Quality Management 
Implementation, Continuous Process Improvement, Crisis Management, Long-Term Strategic Thinking, Scope 

Management, Team Building, Ethical Standards Maintenance, Continuous Learning, Project Scope-Time-Cost 

Balance, Ensuring Structural Integrity, Safety Measures in Construction, Handling Logistical Challenges, Zoning 

and Land-Use Planning, Seismic Design Compliance 

4 
Communication and 

Quality Control 

Communication Skills, Cross-Cultural Communication, Organizational Alignment, Conflict Resolution 
Effectiveness, Stakeholder Engagement, Quality Management Tools Application, Cost Management, Project 

Management Methodologies Utilization, Overall Impact on Project Success, Soil Analysis and Foundation 
Planning, Managing Projects in Challenging Terrains, Work-site Cleanliness and Organization 

5 

Resource and 

Environmental 
Management 

Navigating Organizational Politics, Technology Utilization, Resource Allocation, Expectation Management, 
Handling Unexpected Events, Enhancing Team Creativity, Environmental Impact Assessment, Water Resource 

Management, Quality of Construction Materials, Energy Effectiveness Practices, On-site Waste Management, 

Bridge and Infrastructure Construction 

6. Findings and Discussions 

The high Cronbach's alpha value obtained in this study, indicating strong internal consistency among survey 

responses, significantly bolsters the credibility of the nuanced findings obtained from the statistical overview and 

advanced analytical techniques like the Kruskal-Wallis test and correlation analysis. These methods have been 

instrumental in uncovering a broad acknowledgment of essential managerial skills, particularly emphasizing areas like 

stakeholder management, conflict resolution, and navigating organizational politics. Such skills are not only 

indispensable for the success of construction projects but also mirror the unique challenges and cultural nuances specific 

to the Pakistani construction industry. The survey's results, particularly the mean scores and heatmap analysis, have been 

pivotal in revealing areas where there is a consensus among professionals and highlighting where there are gaps. For 

example, the lower mean scores in adaptability and time management suggest these are potential areas for professional 

development. The varying responses and the significance of different skills across various professional groups, as 

indicated by the Kruskal-Wallis test, underscore the diversity in professional perspectives and experiences. These 

insights are crucial for customizing training programs and development initiatives to bolster the competencies of project 

managers.  

On the other hand, the correlation analysis offers valuable insights into how different skills and managerial aspects 

are interrelated. Positive correlations between factors like conflict resolution and navigating organizational politics, or 

team collaboration and negotiation skills, highlight the interconnected nature of these competencies in successful project 

management. Understanding these relationships is critical for devising holistic training programs and strategies that 

focus on augmenting interrelated skills, thereby enhancing overall managerial efficacy. The PCA and MAD methods 

have underscored the most significant factors impacting project success. PCA has highlighted the critical role of elements 

like crisis management and long-term strategic thinking. In contrast, MAD has brought to light the importance of 

maintaining ethical standards and promoting innovation. These findings suggest a dynamic landscape of project 

management where traditional skills are complemented by a focus on innovation, ethics, and forward-thinking strategies. 

Furthermore, the K-means clustering, optimized through the elbow method, has categorized the survey factors into five 

distinct clusters, each representing unique thematic groupings. These clusters, project management, interpersonal skills, 

leadership and strategy, communication and quality control, and resource and environmental management, each 

highlight a different facet of project management.  

They underscore the evolving nature of the construction industry, where traditional skills are increasingly augmented 

by new priorities such as sustainability and technological innovation. The identified clusters and their constituent factors 

provide a comprehensive roadmap for focusing on key areas that can drive project success. For instance, the project 

management cluster emphasizes balancing traditional project management skills with innovative practices. The 

leadership and strategy cluster stresses the importance of strong leadership, ethical conduct, and strategic foresight. 

Similarly, the communication and quality control cluster signifies the pivotal role of effective communication in 

managing stakeholder relationships and ensuring project quality. In terms of future directions, developing strategies to 

address the challenges identified in the Pakistani construction industry is imperative. This strategy should include 

targeted training programs aimed at enhancing essential skills like adaptability, time management, and conflict 

resolution. There's also a need to foster a culture of continuous professional development within organizations, 

emphasizing the importance of interpersonal skills and the ability to navigate complex organizational politics.  
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Additionally, integrating modern technologies and sustainable practices in construction projects should be prioritized 

to stay abreast of global trends and standards. Collaborations between industry and academia could be crucial in aligning 

educational curricula with the evolving needs of the industry. Advocating for policy changes that support innovative and 

environmentally sustainable construction practices will not only address the current skill gaps but also pave the way for 

a more efficient, responsible, and forward-thinking construction industry in Pakistan. The findings of this study open 

numerous avenues for future research and practical applications. There is a clear need for targeted training programs that 

address the identified skill gaps, particularly in areas such as adaptability and time management. Further research could 

delve into the specific challenges and opportunities associated with integrating innovative practices and sustainability 

considerations into the Pakistani construction industry. Additionally, understanding the cultural and organizational 

dynamics at play can aid in developing more effective strategies for stakeholder engagement and conflict resolution. 

Research in these areas will be instrumental in enhancing the efficiency, sustainability, and overall success of 

construction projects in Pakistan and potentially in similar emerging markets. 

7. Conclusions 

The study aims to investigate the critical role of project managers' political skills in enhancing the effectiveness of 

quality management practices in Pakistan's construction industry. Employing a survey-based methodology that targeted 

professionals across various construction projects in Pakistan, the research seeks to understand the impact of project 

managers' political acumen on project outcomes, identify challenges to project success, and propose actionable strategies 

for skill enhancement. The significant findings of this study are as follows: 

 The high Cronbach's alpha value indicated a robust level of internal consistency among the responses, lending 

credibility to the survey's conclusions. 

 The survey highlighted the importance of managerial skills such as communication, stakeholder management, 

and conflict resolution, with professionals generally agreeing on their significance for project success. 

 The study found notable positive correlations between certain skills, such as conflict resolution and navigating 

organizational politics, and between team collaboration and negotiation skills, underscoring the interconnected 

nature of these competencies. 

 Both PCA and MAD methods identified key factors impacting project success, including crisis management, 

long-term strategic thinking, stakeholder management, and innovation promotion. 

 The clustering of survey factors into five distinct themes provided insights into the multifaceted nature of project 

management. 

Finally, this study makes a significant contribution to the field of construction project management, especially in the 

context of Pakistan. By highlighting the pivotal role of project managers' political skills and the importance of various 

managerial and technical competencies, it offers a comprehensive overview of the factors that influence the success of 

inter-organizational construction projects. The findings not only shed light on the current state of skills and practices in 

the industry but also provide a foundation for developing targeted strategies to enhance project outcomes. Future research 

directions could further explore the implementation of these strategies and their impact on the industry, ensuring 

continuous improvement and success in Pakistan's construction sector. 
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Abstract 

Throughout history, the construction industry has been a significant contributor to construction waste, presenting an 

ongoing challenge in efficiently managing this waste to mitigate environmental pollution. The Industrialized Building 

System (IBS) stands out as a construction approach that utilizes prefabricated components made from various waste 

materials, implemented with machinery and formwork, leading to minimal waste production. The potential failure of IBS 

blockwork columns under lateral loads is a significant concern, and the deformation of these columns is crucial in assessing 

overall structural performance against lateral forces. This study focuses on examining the deformation and flexibility of 

components in IBS blockwork columns when subjected to lateral loads. Using Finite Element Modeling (FEM), a 1:5 scale 

prototype model of the dual-reinforced system IBS Block Work Column is analyzed. The IBS Block Work Column, 

comprising four prefabricated components assembled in the form of a crucifix plan to enhance lateral stability, is subjected 

to FEM analysis and experimental investigations. The study aims to explore the impact of four different shapes of 

reinforcement on deformation resistance. The findings suggest that employing a dual-reinforced system in the IBS Block 

Work Column enhances its resistance to lateral loads compared to a column with conventional reinforcement. Moreover, 

the assembled IBS Block Work Column exhibits greater stiffness than a single prefabricated component when subjected 

to lateral loads. 

Keywords: Industrialized Building System; Block Work Column; Conventional Reinforcement; Finite Element Modeling. 

 

1. Introduction 

Over the years, the construction industry has continuously been a significant contributor to construction waste, 

presenting an ongoing challenge in effectively addressing and mitigating its environmental impact [1, 2]. Moreover, the 

construction sector plays a vital role in the advancement of nations, whether they are in the process of development or 

already established on a global scale. Research has substantiated that this industry is resource-intensive, utilizing up to 

60% of the Earth's extracted raw materials [2–4]. In general, the IBS can be defined as any building components that 
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are mass-produced, either in a factory or on-site. All the mass-produced components of the building are designed in 

accordance with specifications and standardized shapes and dimensions [2, 5]. The introduction of the Industrialized 

Building System (IBS) took place in various locations globally, particularly in Malaysia, during the early 1960s. In 

subsequent years, many countries have invested substantial efforts in promoting this technologically advanced 

construction method, IBS, as a way to enhance traditional, labour-intensive construction practices. The objective of this 

initiative is to empower countries to produce rapid and high-quality products capable of competing effectively in the 

global market. However, the widespread adoption of IBS in many countries encounters challenges, largely arising from 

past experiences of subpar quality in IBS construction projects. [1, 6, 7]. The Industrialized Building System (IBS) has 

been implemented in the construction sector to address numerous challenges present in the fragmented construction 

industry, aiming to optimize production output, reduce labor forces, and enhance overall quality. Various types of IBS 

systems exist, encompassing precast concrete frame systems, box systems, steel formwork systems, systems of steel 

frame systems, prefabricated timber systems, and block work systems [3, 8]. 

The United States and Japan boast the world's largest construction industries and have well-established global 

strategies [8]. The ability of construction industries to enter the global market relies on three fundamental factors: firstly, 

having technological advantages linked to robust construction technologies; secondly, deploying advanced management 

systems for activities such as scheduling, material tracking, and subcontractor organization; and thirdly, possessing the 

financial capacity to secure project financing from international financiers [1, 8–10]. Technology plays a pivotal role in 

propelling the construction industry to attain international standards, enabling construction companies to achieve 

sustained profitability and ensure balanced growth in the future [11]. The study encompasses an analysis of four 

countries: the United States, the United Kingdom, Australia, and Malaysia. It is noteworthy that off-site manufacturing 

in the United States was initially introduced by [4, 8, 12]. 

Lachimpadi et al. [3] examine the production of construction waste in the construction of high-rise buildings, 

employing three distinct construction methods: the Conventional Construction Building System (Category I), the Mixed 

System (Category II), and the Industrialized Building System (IBS, Category III). Their investigation includes the 

evaluation of both mineral and non-mineral waste generated for each construction category and the assessment of various 

waste management components [4]. Moreover, their research involves calculations to ascertain construction waste usage 

efficiency (CWUE) and scrutinize rates of waste reuse and recycling, with the goal of identifying the most effective 

practices. Remarkably, the IBS construction method (Category III) stands out as the most resource-efficient, showcasing 

the lowest waste generation rate (WGR) at 0.016 tons of construction waste per square meter of floor space. This is in 

contrast to the Mixed System (Category II) at 0.030 tons/m² and the Conventional Construction (Category I) at 0.048 

tons/m² [3, 13]. The results of the study also highlight the impressive construction waste usage efficiency (CWUE) 

observed in Category III (IBS) at 94.1%, with only 5.9% of the total construction waste in this category being disposed 

of in landfills. It is noteworthy that the Construction Industry Development Board (CIDB) of Malaysia has recognized 

these significant findings [3]. The major portion of the mineral component, constituting 75%, was predominantly 

composed of sand and soil. On average, concrete and aggregate made up 14% of this component. Bricks and blocks 

collectively represented 2% of the entire fraction, while tiles and scrap metal each contributed an average of 1%. 

Conversely, in terms of the non-mineral fractions illustrated in Figure 1, packaging products accounted for the highest 

recorded proportion. 

 

Figure 1. The mineral and non-mineral constituents for the IBS method (Category III) are represented as the mean 

percentage (%) of the total generated construction waste [3] 

The determination of whether to repurpose, recycle, or dispose of construction waste varied across the three 

categories. Table 1 provides an overview of the total construction waste generated in IBS, categorized and separated 

based on its intended use and disposal [3]. 
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Table 1. The overall construction waste generated and its classification according to its intended use and disposal for 

Categories III - IBS [3] 

Category Site 

Total construction 

waste generated 

Segregation of construction waste – (Tons) 

Reused at site Recycled Disposed at landfills 

(Tons) % (Tons) % (Tons) % (Tons) % 

III – Industrialized 

Building System (IBS) 

Site 6 1730 100 1543.2 89.2 86.5 5 100.3 5.8 

Site 7 600 100 552 92 21 3.5 27 4.5 

Site 8 1130 100 932.2 82.5 113 10 84.8 7.5 

The concept of IBS is employed to denote the prefabrication and industrialization of construction processes in East 

Asia, especially Malaysia and Middle Eastern countries [2, 4, 14]. This term was introduced to deviate from the 

conventional framework of prefabricated systems [6, 15]. IBS is introduced as an approach that offers improved 

productivity, quality, and safety [16–18]. 

However, it is important to highlight that the terminology employed in construction industrialization is frequently 

unclear and used interchangeably with other terms. The precise definitions of these terms heavily depend on the user's 

experience and comprehension, and they may differ from one country to another [4, 19]. 

A more expansive view of IBS entails departing from traditional perspectives, restructuring human capital 

development, cultivating enhanced collaboration and trust, and advocating for transparency and integrity. It is widely 

agreed, however, that the drive toward the industrialization of the construction industry is a worldwide endeavor, not 

limited to a single local or isolated initiative. The definitions and categorizations must evolve to align with global 

perspectives and comprehension [4]. This necessitates a re-evaluation of terms such as offsite, prefabrication, offsite 

construction, modern methods of construction, offsite production, offsite manufacturing, and pre-assembly. Such a re-

examination provides a distinct viewpoint and enhances one's overall understanding of the IBS concept [13, 20, 21]. 

Consequently, negative perceptions, including high expenses, delays, supply shortages, subpar architecture, and 

outdated prefabricated housing, have adversely affected public opinion on IBS [2, 9, 14]. An innovative IBS block house 

has been developed, aiming to address the shortcomings of traditional IBS methods while showcasing its advantages to 

both construction stakeholders and the public [2, 11, 15]. This block house utilizing an IBS employs a precast reinforced 

concrete block system that is tailor-made to ensure the safety of occupants in the face of natural disasters and unforeseen 

risks. It incorporates design elements that enable quick assembly and disassembly of the structure [2], reducing waiting 

periods and errors while enhancing construction quality. Figure 2 illustrates the patented IBS block house, registered 

under intellectual property rights [2]. 

 

Figure 2. IBS Block House [2] 

Advantages of precast concrete structures are control of quality, efficient use of materials, better management of 

construction, and cost-saving [1, 9]. Due to the demand for increased construction space on sites, labor constraints, 

prolonged waiting times for concrete curing and hardening, and shortcomings in quality control, traditional cast-in-situ 

construction is gradually being replaced by the widespread adoption of precast concrete systems. However, precast 

concrete structures pose specific challenges, particularly in terms of lateral bracing [19, 22–25]. While they exhibit 
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numerous similarities to cast-in-place concrete structures, they lack the inherent member-to-member continuity that 

imparts significant lateral stability [26]. Precast structures should be handled similarly to post and beam structures made 

of wood or steel [27–29]. This issue is exacerbated by the augmented dead weight of the structure, leading to an 

additional lateral force [17, 26]. Individual precast concrete elements are typically connected using steel devices 

embedded within the elements [5]. The construction of the structure becomes a matter of connecting steel to steel. In 

cases where load transfer for gravity resistance is confined to basic bearing, there may be no tangible stress function, 

primarily serving to keep the members in place during construction [1, 21, 30]. During lateral loading, it is anticipated 

that all connections will need to efficiently transmit shear, tension, bending, and torsion. Consequently, the seismic 

resistance of numerous connections commonly employed for gravity resistance alone is expected to be insufficient [31, 

32]. 

Due to their weight, precast concrete spanning members might encounter specific challenges related to vertical 

accelerations. When inadequately restrained against upward movement, these members may dislodge from their 

supports [10, 23, 32]. Like wooden or steel frames, stability for precast concrete frames requires trussing, moment 

connections, or infill walls. If walls are employed, they should be restricted to masonry or concrete. The connections 

between the frame and any bracing walls need to be meticulously designed to ensure proper load transfers [9, 32, 33]. 

Despite the considerable advantages of Industrialized Building System (IBS) over conventional cast-in-situ construction, 

the fact that numerous IBS columns failed during earthquakes highlights the necessity for IBS columns to possess 

adequate ductility to withstand intense vertical and horizontal ground motions [2, 4, 34]. Thus, the column is one of the 

most critical concerns that should always be taken into consideration during the analysis and design stages [32, 34, 35]. 

Columns need to be engineered with sufficient strength and stiffness to endure horizontal forces. Conversely, the 

introduction of a truss-reinforced system in concrete members was innovatively spearheaded by Julius Kahn and 

officially patented on August 8, 1903 [7, 11]. Kahn's reinforcement system comprised rolled bars featuring "wings" that 

were cut and bent upward at regular intervals [7]. Put differently, Kahn hypothesized that his system operated in a 

bending manner similar to a Pratt truss. In this arrangement, the diagonal wings and primary longitudinal bars functioned 

as tension members, while the concrete served as vertical compression members. Furthermore, the diagonal wings served 

the dual role of acting as shear reinforcement at the ends of the members [1, 8, 15]. 

The precast concrete column elements, which consist of unreinforced precast concrete blocks, can be denoted as 

either precast columns or core columns. The latter classification involves a cast-in-place reinforced concrete core, as 

illustrated in Figure 3 [7]. Crafted by skilled workers in factories, the concrete blocks used to construct these columns 

undergo stringent quality control. The use of small blocks eliminates the need for on-site formwork or reinforcement 

cages. This design facilitates the straightforward, rapid, and precise assembly of blocks by unskilled individuals, 

particularly in rural areas. The approach not only ensures cost savings but also eliminates the necessity of hiring 

experienced construction workers. 

 

Figure 3. Fabricated pre-cast columns for various wall intersection scenarios [7] 

 

Typically, there is an anticipation that both core columns and precast columns will offer cost savings in comparison 

to cast-in-place (CIP) reinforced concrete columns. Moreover, it is expected that the structural performance of these 

prefabricated columns will closely resemble that of CIP-reinforced concrete columns [7]. The steel truss embedded in 

fiber-reinforced concrete (FRP) demonstrates commendable performance under load reversals due to the support 

provided by the FRC to the truss chords and web members, preventing buckling [31]. Moreover, Fiber-Reinforced 

Concrete (FRC) enhances shear resistance and provides fire protection to the enclosed steel elements. Experimental 

assessments involving FRC-encased steel truss beams and frames subjected to reversed cyclic loading demonstrated 

their exceptional seismic response, establishing their suitability for seismic-resistant construction [7, 12, 34]. The 

special-shaped column consists of a cross-shaped, L-shaped, or T-shaped column, as shown in Figure 4, which illustrates 

the IBS sub-frame model comprising two columns and two beams. The dimensions of the scaled beam are 500 mm x 

100 mm with a thickness of 40 mm. The beam can be assembled and disassembled by loosening the bolts and nuts that 

connect it to the column, enabling easy reuse whenever necessary [2, 26]. These types of columns are usually related to 

the bearing capacity and seismic performance [26]. 
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Figure 4. Block Work Formation of IBS Models – All dimension in mm [2] 

The specially shaped column is extensively employed in numerous countries for the shear walls of high-rise 

buildings, owing to its advantages such as high strength, stiffness, excellent ductility, and structural convenience [3, 12, 

36]. Moreover, it is also said that a special-shaped column is suitable for saving architectural space and aesthetic 

purposes [34, 37-39]. The main objective of this research is to investigate the performance of IBS cruciform columns 

with dual-reinforced systems subjected to lateral loads [4, 21, 34]. The dual-system reinforcement incorporates the main 

reinforcement with a truss system embedded in the column to enhance its resistance to lateral forces caused by wind and 

earthquakes [31]. Three-dimensional finite element simulation was used to investigate the displacement of the prototype 

model of a 1:5 scaled IBS cruciform column [23, 24, 31–33]. IBS cruciform column specimens were modeled and 

analyzed linearly using LISA software [36]. 

To tackle this concern, this paper introduces the IBS cruciform column (depicted in Figure 5) to enhance lateral load 

resistance. The IBS cruciform column consists of four prefabricated components with interlocking joints, assembled 

using post-tension bolts, to form a column with a crucifix plan. Two types of joints, external and internal interlocking 

joints, are employed in the column. External joints are utilized for column-beam connection, while internal joints are 

employed to assemble the IBS components, creating clamping force to securely bind the components together.  

 

Figure 5. (a) Assembly IBS Block Work Column, and (b) detailing of components 1 & 2, and (c) detailing of components 3 
& 4 – All dimension in (mm) 

Over an extended duration, the construction sector has consistently played a significant role in producing 

construction waste, presenting a persistent challenge in efficiently managing this waste to mitigate environmental 

pollution. Through prior research, efforts have been made to address this issue [15, 27, 33]. 

This research study extensively investigates the origination of construction waste in the context of erecting high-rise 

structures, employing three distinct construction methodologies: the Conventional Construction Building System, the 

Mixed System, and the Industrialized Building System (IBS).  

Most notably, the Industrialized Building System (IBS) emerges as the construction approach with the most minimal 

waste production, amounting to a mere 0.016 tons of construction waste per square meter of floor space [3]. On the flip 

side, the Mixed System and Conventional Construction yield 0.030 and 0.048 tons/m², respectively. Furthermore, the 

Industrialized Building System (IBS) stands out with a remarkable construction waste usage efficiency, reaching 94.1%, 
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and only 5.9% of the total construction waste finds its way to landfills. Thus, emphasizing the significance of employing 

the IBS system as a sustainable component that minimizes construction process-generated waste. 

Also, this transition towards IBS holds substantial promise for enhancing the environmental performance of the 

construction industry, aligning with the objectives of sustainable development. Ultimately, this research aims to fortify 

the commitment of the construction industry towards environmental sustainability. 

2. In Comparison to Prior Studies 

When juxtaposed with earlier investigations on the Lateral Displacement Behavior of IBS (Industrialized Building 

System) Precast Concrete Elements Reinforced with Dual Systems, certain notable distinctions emerge. Prior studies 

may have focused on different structural configurations, material compositions, or testing methodologies. Variations in 

experimental setups, boundary conditions, and analytical approaches across these studies contribute to a spectrum of 

findings and interpretations. Also, the collective insights gained from previous studies underscore the multifaceted 

nature of the Lateral Displacement Behavior in IBS Precast Concrete Elements reinforced with Dual Systems. While 

each investigation provides valuable contributions to the understanding of this structural aspect, it is essential to 

acknowledge the diversity in methodologies and contexts. A comprehensive synthesis of these findings can guide future 

research endeavors, facilitating a more nuanced comprehension of the factors influencing lateral displacement behavior 

and enhancing the overall robustness of structural design and analysis in the realm of IBS precast concrete elements. 

Table 2 provides a comprehensive synthesis comparing the research publication year, Country, Columns/Model 

Fabrication, Tested specimen, and IBS classification presentations from previous research studies with the current 

research. 

Table 2. A comprehensive synthesis comparing the research from previous research studies with the current research 

Authors Country 
Columns/Model 

Fabrication 
Tested specimen IBS classification 

Current study Egypt IBS block work column 
Pre-cast concrete 

columns 
Pre-cast concrete framing 

Wang et al. (2017) [7] 
China and New 

Zealand 

Core columns and Precast 

columns 

Wall with fabricated 

concrete column 

Prefabricated timber framing 

system - Block work system 

Kamar et al. (2011) [4] Malaysia Nil Nil 

Prefabricated timber framing 

system - Pre-cast concrete 

framing - Block work system 

Baghdadi et al. (2020) [28] Malaysia Nil Nil 
Prefabricated timber framing 

system - Block work system - 

Beatriz da Silva et al.  

(2020) [40] 
Malaysia 

Column Model and Sub-

frame Model 

Pre-cast concrete 

framing 
Pre-cast concrete framing 

Khademi et al. (2023) [41] Iran Multistorey RC shear wall Pre-cast shear wall Nil 

Hasan et al. (2023) [16] Malaysia 
Pre-cast wall with dual 

boundary elements 
Pre-cast wall Pre-cast concrete wall system 

Al-Aidrous et al. (2023) [20] 
Malaysia and 

Indonesia 
   

3. Research Significance 

The current research on the lateral Displacement Behavior of IBS Precast Concrete Elements Reinforced with Dual 

System holds significant importance for various reasons: 

a. Structural Integrity: The study investigates the lateral displacement behavior of IBS (Industrialized Building 

System) precast concrete elements. This research is crucial to enhancing our understanding of how these building 

components respond to lateral forces, such as those generated by wind or seismic activity. By doing so, it 

contributes to ensuring the structural integrity and safety of buildings constructed using IBS techniques. 

b. Building Resilience: Given the increasing frequency and intensity of natural disasters, understanding how precast 

concrete elements behave under lateral forces is vital for designing resilient structures. This research can inform 

building codes and construction practices to make structures more resistant to lateral displacements and, thus, 

better able to withstand these external forces. 

c. Cost and Time Efficiency: Precast concrete elements are often used in construction for their efficiency in terms 

of cost and time. Studying their lateral displacement behavior provides insights into optimizing their design and 

deployment, potentially reducing material waste and construction time while maintaining safety standards. 

d. Sustainability: Sustainability in construction is a global concern. Research in this area can lead to the 

development of more sustainable building practices. Understanding how IBS precast concrete elements behave 

laterally can lead to innovative designs that reduce resource consumption and waste generation. 

https://www.sciencedirect.com/topics/engineering/shear-walls
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e. Safety Regulations: The results of this research can contribute to the establishment or revision of safety 

regulations for IBS construction. This can be particularly important for regions prone to seismic activity, where 

minimizing lateral displacement is critical for preventing structural damage and protecting lives. 

f. Architectural Freedom: Insights into the lateral displacement behavior of precast concrete elements can also 

provide architects and designers with valuable information. It allows them to make informed decisions about the 

design of structures, ensuring that they not only meet safety requirements but also offer architectural freedom. 

In summary, this research on the lateral displacement behavior of IBS precast concrete elements reinforced with a 

dual system is significant because it addresses critical aspects of safety, sustainability, efficiency, and architectural 

design in the construction industry, contributing to safer and more resilient buildings. Also, Figure 6 illustrates the 

research methodology flowchart. 

 

Figure 6. The flow chart of the research methodology 

4. Material and Methods 

The compression test for the concrete was conducted for cylinder specimens of 100 mm in diameter and 200 mm in 

height based on ASTM C39 [42] to determine the compressive strength and Young’s modulus of the concrete, as shown 

in Figure 7. Cylinders were cast using fresh concrete of C30 grade. The outcomes of compressive strength and modulus 

of elasticity were then employed in the finite element modeling conducted in this study. The materials used are detailed 

below, outlining their properties and specifications: 

 

Figure 7. (a) Compression test and (b) Young’s modulus test 
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The first set of concrete mixes employed natural aggregate (NA), comprising coarse aggregate derived from naturally 

crushed dolomite with a nominal maximum size of 19 mm. The fine aggregate in this set was natural sand, characterized 

by a specific gravity of 2.58 and a size distribution ranging from 0.15 to 1.2 mm. The natural sand utilized adheres to 

the standard specification ASTM C33/C33M-08 [43]. The grading size distribution of used natural coarse aggregate 

(NA) and fine aggregate (FA) is illustrated in Figure 8, while the physical and mechanical properties are presented in 

Table 3. 
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Figure 8. Particle size distribution for NA and CA 

Table 3. Mechanical and Physical Characteristics of Natural Aggregate (NA) and Concrete Aggregates (CA) 

Property 
Natural Aggregate 

Crushed dolomite Sand 

Specific gravity 2.65 2.58 

Volume density 1430 1612 

Water absorption% 0.86 1.9 

Los Angeles abrasion % 17.56 - 

Crushing value % 17.93 - 

For the fabrication of IBS Block Work components, an 18-mm-thick plywood mold with dimensions of 810×896 

mm was employed as the bottom of the mold. Solid wood pieces with a cross-section of 40×40 mm and plywood 

measuring 40×18 mm was combined to create the shapes of the four prototype components at a scale of 1:5. 

Interlocking joints between the IBS blockwork components were achieved by interlocking pipes fixed into holes 

drilled in the solid wood. The interlocking joints were connected using a bolting system, as illustrated in Figure 9. 

The components were reinforced with steel of grade 250 N/mm2, utilizing 6 mm-diameter rods as the main 

reinforcement. These rods were bent into a rectangular shape and placed longitudinally at the center of the concrete 

layer along each component and interlocking joint. Strain gauges were installed in components 1 and 2 for all four 

specimens. Given that components 1 and 2 are situated in the direction of the applied load, the strain gauges measured 

the strain in the main steel reinforcement in relation to the lateral load applied. Subsequently, concrete of grade C30 

was poured into the mold. Curing was performed by spraying water on the surface and covering the concrete with a 

moist cloth. After 28 days, the components were assembled using a 5mm tension bolt with two nuts at the top and 

bottom of the column. The post-tension force value was calculated as 0.8𝑓𝑐𝑘  of the concrete strength and will clamp 

together, forming a crucifix plan without crushing the concrete. The force value was converted to a torque value and 

applied using a torque machine. 

The specimens will undergo horizontal testing to examine their deformation in the elastic state. A lateral push-up 

test was performed on a single component, "S2," and the assembled Block Work Column, respectively. The lateral load 

was applied through a 100-mm-wide channel of steel at the position of 0.147 of the column's top edge, which was cast 

as a corbel to support the beam. A hydraulic jack was employed to apply the load, where the hydraulic jack was 

connected with a load cell, as depicted in Figure 10. LVDT and laser distance measuring devices were utilized to measure 

the displacement, as illustrated in Figure 10. The strain gauges, load cell, and LVDT were linked to the portable data 

logger. 
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Figure 9. (a) Reinforcement, strain gauges and pipes arrangement in the mold, (b) Interlocking component 1 & 2, and 3 & 

4, and (c) Assembled IBS Block Work 

 

Figure 10. Set up of the push up of (a) IBS block work column (b) single component “S2”, (c) Hydraulic jack and load cell, 

and (d) LVDT and lasers distances 

Static general finite element analysis, utilizing LISA software, was employed to validate the lateral displacement 

results of the IBS Block Work Column (SC1) and its component (S1). Subsequently, the influence of the dual system 

of reinforcement on the lateral displacement behavior was investigated, incorporating three different truss shapes of the 

reinforcement, as illustrated in Figure 11. In the modeling process, solid element type (hex8) was utilized to construct 

the mesh of concrete elements, while the (line2) frame/truss element was employed to establish the mesh of steel 

reinforcements, pipes, and bolt connections. Figure 12 depicts the locations of elements, loads, and constraints for IBS 

Block Work columns. Figure 13 illustrates the four distinct dual reinforcement systems of one prefabricated component, 

denoted as SC1 (control model 1), SC2, SC3, and SC4. Figure 13 illustrates the four distinct dual reinforcement systems 

for the assembly IBS work column identified as S1 (control model 2), S2, S3, and S4. The boundary condition at the 

base of the modeled specimen is assumed to be rigidly constrained, applying a zero value of displacement in the global 

-X, -Y, and -Z directions for all nodes located in the base components. No boundary conditions are set between the 

components of the column, as the four components are held together using steel bolt elements modeled to pass through 

the pipe element from top to bottom of interlock joints. All pipe elements, steel-reinforced elements, and steel connection 

bolt elements share nodes with concrete elements. The loadings were applied horizontally at 90 mm of the column height 

(0.147 top heights of the column), as depicted in Figure 11. The load was applied to the specimens with a 2.0 kN 

increment until reaching 28.0 kN to accurately establish the relationship between load and deformation. 
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Figure 11. Details of dual system Reinforced of specimens 

 

Figure 12. Load and constraint locations of IBS Block Work column 

 

                                     (a)                                          (b)                                       (c)                                        (d)                                        

Figure 13. Modeling of one prefabricated component for different dual reinforcement specimens (a) SC1 – Control 1 (b) 

SC2, (c) SC3, and (d) SC4 
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                                           (a)                                      (b)                                      (c)                                (d)                                        

Figure 14. Modeling of different dual reinforcement systems for the assembly IBS work column (a) S1 – Control 2 (b) S2, (c) 

S3, and (d) S4 

5. Results and Discussion 

5.1. Mechanical Properties 

The specimen's average compressive strength was measured at 26.42 N/mm², while the equivalent compressive 
strength of the cube stood at 31.70 N/mm². The maximum applied load reached 285 kN. In the ultimate state, the 
maximum strain was determined to be 1900 μm, and the maximum stress was recorded at 36 N/mm². The Young's 
modulus, derived from the elastic zone in the stress-strain curve, was calculated to be 24258 N/mm². These results, 
encompassing the compressive strength and Young's modulus of concrete elements, steel reinforcement elements, steel 
bolt connector elements, and plastic pipe elements (see Table 4), were employed in LISA as isotropic mechanical 

properties for the finite element modeling in this study.  

Table 4. The mechanical properties of elements 

Element Concrete Main reinforced Truss strips reinforced Plastic Pipe Bolt Connector 

Young’s modulus, E (N/mm2) 24258 226550 113720 400000 226550 

Poisson’s ratio, 𝑣 0.2 0.3 0.3 0.33 0.3 

Density, ρ (kg/mm3) 2.4 × 10-5 7.9 × 10-5 7.7 × 10-5 1.2 × 10-5 7.7 × 10-5 

Thermal expansion coefficient, t o C 9.9 × 10-6 1.2 × 10-5 1.2 × 10-5 3 × 10-5 1.2 × 10-5 

5.2. Load-Displacement Relationship 

Figure 15 depicts the front view of the IBS block work column specimen (LS1) post-testing. The load-displacement 
relationship and uplifting of the specimens from the base are illustrated in Figures 16 and 17. Displacement 
measurements were taken at the top horizontal point of the column height and two vertical points to assess specimen 

uplifting: the first point on the top side of the specimen and the second point at the top of the steel base plate. Data 
analysis revealed that at a 28 kN lateral load, the maximum displacement was 16.5 mm for the single-component 
specimen (LC1) and 4.5 mm for the IBS block work column specimen (LS1). Simultaneously, the maximum uplifting 
displacement at the top side of specimen LC1 was 1.2 mm, and it was 1.4 mm on the top side of specimen LS1. The 
maximum uplifting displacement at the top of the steel base plate for specimen LC1 was 0.3 mm, while it was 1.2 mm 
for specimen LS1. These findings align with the cited sources [1, 20, 34]. 

 

Figure 15. Failure of IBS block work column specimen (LS1) due to 28 kN lateral load 
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Figure 16. Load-displacement relationship of specimen LC1 
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Figure 17. Load-displacement relationship of specimen LS1 

5.3. Load- Strain Relationship of Steel Reinforcement 

Figure 18 illustrates the maximum strain in the main steel reinforcement aligned with the direction of the applied 

lateral load. The single-component specimen (LC1) reached a maximum strain of 38 µm at the applied load of 28 kN. 

For the IBS block work column specimen (LS1), the maximum strain in the component subjected to the lateral load 

attachment reached 83 µm. Simultaneously, the component in the same specimen but located opposite to the applied 

lateral load direction reached a maximum strain of 38 µm. As the yielding strain point of steel is at 0.002 mm, the strain 

in the reinforcement of the specimens remains in the elastic state without permanent deformation.  
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 Figure 18. Load- strain relationship of steel reinforcement 

5.4. Comparisons between Experimental and Finite Element Results 

Figure 19 (a) and (b) depict the behavior and displacement distribution of the single specimen (SC1) and IBS block 

work column (S1), respectively, under a 28 kN lateral load. For verification purposes, the experimental displacement 

results of the single-component specimen (LC1) were compared to those from the modeling of the single-component 

specimen (SC1), as shown in Figure 15. Similarly, the experimental displacement results of the IBS block work column 

specimen (LS1) were compared to those from the modeling of the IBS block work column (S1), as shown in Figure 21. 

The convergence between the displacement results from the experimental and modeling results is acceptable, with a 

percentage of similarity of 91.7% and 88.5%, respectively. Therefore, with the model verified, modeling of the dual-

system reinforced cruciform IBS column can be used as an alternative method instead of casting several specimens, 

saving casting time and cost.  

 

Figure 19. Displacement distribution due to 28 kN lateral load of specimen SC1 (a) & S1 (b), respectively 
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Figure 20. Shows the displacement distribution of specimen SC1 & LC1 due to 28 kN lateral load 
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Figure 21. Shows the displacement distribution of specimen LS1 & S1 due to 28 kN lateral load 

5.5. Load-Displacement Relationship in Finite Elements 

The load-displacement relationship of the specimens is depicted in Figure 22 (a) and (b). Figure 22 (a) indicates that 

specimens SC2, SC3, and SC4 exhibited less displacement compared to the control model (SC1). Similarly, Figure 21 

(b) shows that specimens S2, S3, and S4 also had less displacement when compared with control model 2 (S1). The 

reduction factors of displacement for specimens SC2, SC3, and SC4 were found to be 0.197, 0.323, and 0.487, 

respectively, while the reduction factors of displacement for specimens S2, S3, and S4 were found to be 0.095, 0.171, 

and 0.289, respectively. This reduction illustrates that higher steel reinforcement density reduces lateral displacement, 

leading to higher resistance to lateral load.  
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Figure 22. Load-Displacement Relationship of assembly IBS Block Work Column 

5.6. Comparison between Prefabricated Component and Assembled Column 

The load-displacement relationship comparison between single-component specimens and the IBS Block Work 

Column is depicted in Figure 23. The figure illustrates that the assembled specimens of the IBS Block Work 

Column have significantly reduced displacement compared to that observed in the single-component specimens 

with the same amount and truss shape of reinforcement. The displacement reduction percentages are summarized 

in Table 5. 

Table 5. Displacement reduction due to assemble four components to be one column. 

SP. Relation 
LC1 
LS1 

SC1 
S1 

SC2 
S2 

SC3 
S3 

SC4 
S4 

% Displacement Reduction 71.15 71.34 67.69 64.87 60.33 
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Figure 23. Displacement comparison between one component and assembly IBS Block Work Column 

5.7. Contrary to the Results of Previous Investigations 

Certain investigations have delved into the viability of employing IBS, which embodies a sustainable and innovative 

approach utilizing environmentally friendly materials for the repetitive manufacturing of reinforced concrete 

components. 

Marsono et al. [21] found that IBS is a sustainable and innovative method that uses green materials to make reinforced 

concrete components in a repetitive way. The components are made in a factory with strict quality control. To ensure 

the reliability and quality of the IBS components, they have to be tested by full-scale experiments and FEA according 

to the Eurocode standards. Also, Marsono et al. [21] mentioned that the new IBS beam had an experimental ultimate 

capacity of 133 kN and a mid-span deflection of 24.13 mm. The frame deformation patterns were similar in both the 

experiment and the FEA. The yielding of the steel plate, CRC, and bolts and nuts of the U-shaped beam was also 

consistent in both methods. Based on these results, further development can rely on FEA alone to save on the costs of 

physical tests. This paper presents the standard test of IBS products made with seasonal steel molds. 

Lee & Ma [2] successfully delineates the dynamic behavior and seismic performance of IBS block house subsystems. 

Also, their study delves into the natural frequencies of IBS columns and beams as well as examines the acceleration 

response, displacement response, and hysteresis response of both column and subframe models. The results from finite 

element simulations align closely with experimental findings, particularly in terms of displacement response and the 

identification of failure mechanisms [2, 20, 21]. 

Esmaeili et al. [11] and Lachimpadi et al. [3] stated that the precast reinforced concrete frame falls under the category 

of Industrialized Building System (IBS) but is constrained in its assembly, specifically in the precast beam-to-column 

connection (PBC). These constraints present various challenges and lead to the design of pinned connections that are 

inappropriate for moment-resisting frames (MRFs) in regions with high seismic activity. Also, Bester et al. [11] 

mentioned that the test results demonstrated that the proposed precast beam-to-column connection (PBC) displayed 

superior load-carrying capacity, energy dissipation, and ductility in comparison to its equivalent IBC. 

It satisfied all the seismic criteria specified in ACI 374.1-05 for moment-resistant connections. Following that, 

finite element simulations were carried out using ATENA software to confirm the validity of the test results. In this 

stage, the finite element analysis predictions for load-carrying capacity, cracking patterns, and strain values showed 

significant consistency with the test results. The influence of factors such as concrete compressive strength, axial 

force in the column, and length of beam end plates was investigated. Elevated concrete strength and axial force 

were associated with an augmentation in load-carrying capacity and a decline in strength within the beam-column 

joints, respectively. 
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6. Conclusions 

The Industrialized Building System (IBS) represents a sustainable and innovative approach that employs repetitive 

manufacturing with environmentally friendly materials for molding reinforced concrete components. Manufacturing 

these components in a factory allows for stringent quality control. To ensure the production of reliable IBS components 

that meet structural engineering standards and diverse practice requirements, various full-scale IBS experimental tests 

and Finite Element Analysis (FEA) are essential. 

The IBS Block Work Column specimens in assembly demonstrated reduced deflection in comparison to their 

individual component counterparts. The percentage of displacement reduction reached up to 71.34%, and this figure 

tends to decrease with an increase in the amount of truss-shaped reinforcement: 

 In the elastic state, the dual system reinforcement has effectively minimized deflection caused by lateral forces. 

The percentage of displacement reduction reached up to 48.7% for individual component specimens and 28.9% 

for the assembled IBS Block Work Column specimens.  

 The assembled IBS Block Work Column specimens exhibited lower deflection compared to the individual 

component specimens. The displacement reduction percentage reached up to 71.34%, and this percentage tends 

to decrease as the amount of truss-shaped reinforcement increases. 

 While the deformation of the column model reached 4.6 mm for the assembled IBS Block Work Column 

specimen and 16.5 mm for the individual component under a 28 kN lateral force, it's noteworthy that the 

longitudinal steel bars remained within the elastic range, and no cracking of the cover concrete was observed.  

 The FEM analysis can predict the behavior of the IBS Block Work Column in an elastic state with good 

convergence. 

 The high cost associated with designing economically viable molds and manufacturing small quantities of 

components for IBS makes it less feasible in comparison to readily available local raw materials at lower prices 

for conventional construction. Also, the ease of obtaining cost-effective local raw materials, such as sand, 

aggregates, timber, and suitable plywood, is a notable advantage of conventional construction when compared to 

the more expensive manufactured components of IBS. 

 The existence of unauthorized landfills offers lower disposal rates for construction waste compared to the elevated 

costs at licensed landfills, which are limited in number. Additionally, the accessibility of affordable foreign labor. 

 There is a scarcity of demand for recycled construction materials in the Malaysian construction industry due to 

the absence of construction standards for recycled materials. 

 Additional research is necessary to demonstrate the advantages to contractors, ultimately promoting the adoption 

of IBS as the preferred choice within different countries construction industries. 
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