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Abstract 

The impacts of numerous important factors on the Energy Absorption (EA) of torsional Reinforced Concrete (RC) beams 

strengthened with external FRP is the main purpose and innovation of the current research. A total of 81 datasets were 

collected from previous studies, focused on the investigation of EA behaviour. The impact of nine different parameters 

on the Torsional EA of RC-beams was examined and evaluated, namely the concrete compressive strength (f’c), steel 

yield strength (fy), FRP thickness (tFRP), width-to-depth of the beam section (b/h), horizontal (ρh) and vertical (ρv) steel 

ratio, angle of twist (θu), ultimate torque (Tu), and FRP ultimate strength (fy-FRP). For the evaluation of the energy 

absorption capacity at different levels, Response Surface Methodology (RSM) was implemented in this study. Also, to fit 

the measured results, Quadratic and Line models were created. The results show that the RSM technique is a highly 

significant tool that can be applied not only to energy absorption-related problems examined in this research, but also to 

other engineering problems. An agreement is observed between Pareto and standardized charts with the literature 

showing that the EA capacity of the torsional FRP-RC beams is mostly affected by the concrete compressive strength, 

followed by the vertical reinforcement ratio. The newly suggested model in this article exhibits a satisfactory correlation 

co-efficient (R), of about 80%, with an adequate level of accuracy. The obtained results also reveal that the EA acts as a 

safety index for the FRP-strengthened RC beams exposed to torsional loadings to avoid sudden structural damage. 

Keywords: Energy Absorption; Reinforced Concrete Beams; Torsional Strengthening; FRP, Response Surface Method (RSM). 

 

1. Introduction 

Generally, in buildings, bridges, and other such structures, Reinforced Concrete (RC) members are exposed to a 

sequence of significant actions such as flexural, shear, and torsional moment, which may result in structural failure [1-

3]. In comparison with shear and flexural impacts, torsion is typically taken into consideration as a secondary effect. 

As a result, the available literature consists of limited research into the torsional behaviour of RC structural members 

[4]. Note that in cases like curved girders in bridges, spandrels, and curved beams in buildings, the torsional effects 
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play an important role. In addition, seismic movements have the potential to exert serious torsional damage to 

structures that have an irregular geometry [5]. 

Various techniques exist in literature to strengthen RC beams that are exposed to torsional moment [7]. One of 

these techniques is adding outer reinforcement to the member [6]. For this purpose, fiber-reinforced polymer (FRP) 

composites are applied to RC structures, which has been proven to have higher effectiveness in comparison with 

conventional methods of reinforcement, such as steel jackets. FRP has some advantages such as high flexibility, being 

a corrosion-resistant material, a high strength-to-weight ratio, and low thermal conductivity [7-9]. FRP-RC beams 

have been broadly employed as energy absorption designs, because they tend to deform higher than traditional RC 

beams, specifically due to higher energy absorption [10]. Based on the results of many experiments carried out in 

different studies it is determined that externally-bonded FRP composites are capable of strengthening RC beams in 

torsion [11-13]. 

When working with structural designs, maintaining the safety of structures and buildings that are exposed to 

various loads needs more than just investigating their energy absorption, which indicates their structural integrity. This 

factor helps to preserve the system unity at the time of exposure to any unanticipated physical load. Multiple complex 

processes involve absorbing the energy of RC elements. In fracture mechanics, cracks initiation, cracks propagation, 

and elastic-plastic deformation are indexes for energy absorption process. The energy absorption capacity also 

represents the level of flexural performance after concrete cracking occurs. Note that various factors have the potential 

to impact the values of energy absorption, including steel reinforcement ratios (horizontal and vertical) and concrete 

compressive strength, especially with torsional loading impact. None of the previous or current studies have argued or 

debated the major and minor effects of those parameters together on the EA of the torsional FRP-RC beams. The 

laboratory confirmation revealed that FRP material and high concrete grade can be employed, as a powerful and 

valuable procedure relative to conventional methods, to develop the torsional strength of RC beams [14, 15]. 

In order to develop the energy absorption behavior of the torsion RC beam, a large number of schemes were 

suggested over the years. Compared with the conventional RC beam, the FRP-RC beam has been noted to be more 

constant by many researchers [16]. The literature contains only a few studies focusing on the upgrading of torsional 

members by FRP materials. These investigations explain the magnificent role of the FRP technique on RC beams 

under oblique loads; however, the energy absorption performance of the FRP-RC beams under torsion loads was not 

satisfying. Therefore, it is essential to investigate the absorbed energy of the various beams exposed to excessive 

torsional forces, retrofitted by different thickness of FRP composites and also to determine the most critical factors 

that affect the performance of the mentioned EA of those beams. Additionally, the present research attempts to 

investigate the factors that have an effect on energy absorption; the reason behind this focus is the increasing 

importance of examining the EA capacity and to express which factors have the maximum and minimum influences 

on the torsional EA performance of FRP-RC beams.  

Historically, numerous methods have been improvised to label various areas of knowledge, which have offered 

several preliminary designs among which the most popular ones are Taguchi designs, the central composite design 

(CCD), design of experiments (DOE), and Box-Behnken design (BBD). These methods have been utilised 

individually or in combination. Recently, a number of researchers have applied RSM to effectively establishing a 

mathematical relationship between the input and output parameters in a way to optimize them. DOE makes use of the 

response surface methodology (RSM) (see Figure 1) and defines a suitable model, necessary to create a relationship 

between the independent factors and the dependent response [17]. Thus, it is essential to suggest an effective method 

to estimate the EA of the structure members (i.e., FRP-RC beams exposed to torsional load).  In this study, the 

optimization techniques are used mainly for the purpose of achieving values for the selected parameters of a torsional 

EA model in a way that makes it possible to maximize and minimize the objective functions that are exposed to 

constraints.  
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Figure 1. Response Surface Methodology (RSM) [18] 
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 Arm to arm with DOE methods, the analysis of variance (ANOVA) and other terms examinations according to t-

statistics are generally employed for the aim of discovering the significance of the examined input variables and also 

explaining the most important effects of the cooperation of control factors upon the response variables in a 

mathematical way. This typically describes the critical-to-quality properties of ultimate results like the dissipated 

energy, torsional load tensile strength, etc. [18]. 

 Various researchers have examined the option of upgrading the RC beams externally bonded with FRP sheets 

subjected to shearing, bending, or both. However, there are still many questions concerning the energy absorption of 

the RC beams strengthened in torsion with the use of FRP sheets. None of the studies, as per the knowledge of the 

researchers of this paper, have evaluated the impact of multiple parameters like the compressive strength (f’c), steel 

yield strength (fy), FRP thickness (tFRP), width-to-depth of the beam section (b/h), horizontal (ρh) and vertical (ρv) steel 

ratio, angle of twist (θu), ultimate torque (Tu), and FRP ultimate strength (fy-FRP), on the torsional EA of FRP-RC 

beam. Thus, the objective of the present study is to investigate the factors affecting the capacity of absorbing energy in 

torsional FRP-RC beams, with various angles of a twist. This paper is considered to be the first innovative study 

conducted to evaluate the influences of these nine parameters on the energy dissipation of the RC-beams reinforced 

with FRP material. The torsional scientific literature was collected and reviewed in order to gather a consistent test 

database from 81 torsional tests carried out on the RC beams strengthened with FRP. RSM, DOE, and ANOVA 

methods were used in analysing, comparing, and formulating the outputs. The interaction between the mixture 

contents was modelled utilizing Central Composite Design (CCD). The parameters with high and low impacts were 

defined and arranged. Besides, a new model has been proposed, which can be applied for similar datasets and can also 

be applied to future studies to estimate the torsional energy absorption, depending on the evaluated test factors. 

2. Significance of the Investigation 

Many researchers have focused on examining how RC structures behave under different loads; however, there is 

still a key challenge, i.e., the calculation of the energy absorption of the structures retrofitted with FRP-strengthening, 

especially for the RC concrete beams exposed to torsional loads. Thus, this study attempts to focus on the evaluation 

of the parameters that impact the way energy is absorbed by the torsional FRP-strengthened RC beams. In addition, an 

innovative formulation is introduced by means of the DOE software. It is worth mentioning that the current paper 

represents the first effort to evaluate and debate the degree of effect of the critical parameters on the energy absorption 

of the torsional FRP-RC beams. This might affect future researches in terms of choosing major and minor factors in 

the torsional experiment of RC beams enhanced with FRP sheets. Besides, fabricating a new formula to predict the 

torsional EA of FRP-RC beams has certainly contributed to the forecast studies before conducting an individual one. 

3. Research Methodology 

3.1. Database Description 

All pertinent literature was comprehensively reviewed and the results of 81 experimented RC beams retrofitted 

with different FRP laminate configurations were gathered (see Table 1). Eight inputs were set, namely, concrete 

compressive strength (f’c), width to depth of beam section (b/h), steel yield strength (fy), horizontal (ρh) to vertical (ρv) 

steel ratio, FRP ultimate strength (fy-FRP), angle of twist (θu), FRP thickness (tFRP), and ultimate torque (Tu). The output 

was set to be the energy absorption values of the FRP-strengthened RC beams. Figure 2 displays the sample 

distribution and the variables applied to the measurement of energy absorption. Also, the specimens applied to 

measure the energy absorption capacity are statistically described in Table 2. 

Table 1. The naming of beam specimens utilized in the database 

Sample ID Reference 

C1, C2, C3, C4, C5, C6, G1, G2 [19] 

A90W4, A90S4, A0L4, A0L3, B0L4/90S4, B90U3-Anch, C90U3 [20] 

B2, B3, B4, B5 [21] 

FS050D2  [12, 13, 22, 23] 

CFE, CFE2, CJE, CFS, CJS, GFE, GFE2, GJE, GFS, GJS [11] 

Ra-F(1), Ra-F(2), Ra-Fs150(2), Rb-F(1), Rb-Fs200(1), Rb-Fs300(1) [24] 

ACS1, ACUJ-anc., ACW1, ACW2, BCS1, BCUJ-anc., BCW1, BCW2, CCW1, CCW2 [25] 

CW1(1), CW1(2), CW1(3), CW2, CUJ-anc, CS1, CS2 [26] 

WR1, WR2 [27] 

CFB1, CFB2, CFB3, CFB4, CFB5, CFB6, GFB1, GFB2, GFB3, GFB4, GFB5, GFB6 [28] 

BR2, BR3, BR4, BR5 [29] 

FT, FL, 100S100, CO&100S100, DS, CO&DS [30] 

CS1, CUJ-anc, CW1, CW2 [31] 
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Figure 2. Histograms of independent input variables 

Table 2. Descriptive statistics of the variables used in the database 

 
Θu 

(degree) 

Tu 

(kN.m) 
𝒃/h 

𝒇𝒄
′  

(MPa) 

𝒕𝑭𝑹𝑷 

(mm) 

𝒇𝒚−𝑭𝑹𝑷 

(MPa) 
𝝆𝒗 𝝆𝒉 

𝒇𝒚 

(MPa) 

Mean 9.08 21.21 0.55 42.60 0.27 3552.35 0.01 0.01 456.22 

Standard Deviation (SD) 7.33 12.26 0.23 20.20 0.13 745.78 0.00 0.00 66.53 

Coefficient of variation (CoV) 80.76% 57.78% 41.72% 47.43% 50.03% 20.99% 62.96% 54.02% 14.58% 

Minimum 1.57 3.02 0.30 20.00 0.11 1520.00 0.00 0.00 320.00 

Maximum 36.53 93.80 1.43 80.56 0.53 4300.00 0.01 0.02 575.00 

Count 81 81 81 81 81 81 81 81 81 

3.2. Energy Absorption Capacity 

In steel-reinforced beams with clear plastic deformation of steel at yield, deformation methods can be employed for 

the purpose of computing ductility. Deformations may appear in the form of curvatures, deflections, or strains. 

Generally, in FRP-strengthened beams, it is very complicated to determine a clear yield point, since the conventional 

definition of ductility is not clearly applicable [32]. Moreover, considering the ductility of structural members is not 

sufficient to preserve their safety when subjected to exceptional loads as well as environmental loads. On the other 

hand, energy absorption can be held as a measure of structural system integrity when subjected to unexpected loadings 

[9]. It has been well documented that one way to estimate the loading capability of a structure is taking into 

consideration the concept of energy. The main challenge is finding a way to predict the capacity of energy absorption 

(EA) in a structure [33]. 

Obviously, different complicated operations are involved in the EA of reinforced concrete members, e.g., cracks 

initiation and propagation, elastic and plastic deformations in the concept of fracture mechanics [34, 35]. In addition, 

there are many documented studies carried out on the EA of RC beams, but there seems to be an inadequacy of 

research into the EA of FRP-strengthened RC beams with torque effect. In the case of FRP-strengthened RC beams, 

the EA capacity can be evaluated through measuring the area under their torque vs the angle of twist results (see 

Figure 3).     

 

 

 

 

 

 

Figure 3. Definition of energy absorption factor by the torque-angle of twist curve 
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3.3. Statistical Model Design 

Two steps are involved in the process of creating a new model: 1) deriving the final model on the basis of the 

available datasets, and 2) carrying out parametric research based on physical features of the problem in hand and 

engineering principles. The former is done with the help of the Response Surface Methodology (RSM), and the latter 

needs to be conducted by an engineer who is aware of the problem in hand. Therefore, a parametric analysis is needed 

to be done. The main objective of the present paper is evaluating the effects of individual parameters on the process of 

energy absorption. 

RSM is widely known as a statistical/mathematical technique that can be effectively employed to model and 

analyze the problems with the use of the second-order polynomial or quadratic models as shown in Figure 4 [36, 37]. 

RSM reveals how different parameters are responded in a way to determine the optimum value of the output. In fact, 

the central composite design (CCD) is a certain approach to the response surface methodology. CCD is of a high 

degree of flexibility in cases where the initial upper and lower bounds of the favourite parameters are exceeded. This 

approach can yield the optimum values of the parameters appearing to be out of the range that has been initially preset. 

The present research aims to examine the factors that have an effect on the energy absorption capacity. To study the 

interaction between the design parameters, a statistical approach, namely the design of the experiment (DOE) method 

was used through the implementation of the central composite design approach of RSM. In addition, this approach 

was adopted to minimize the total number of tests [38]. 

Factorial designs are simply implemented for the purpose of identifying the optimal combination of the factors and 

also the interaction between the factors; this cannot be accomplished by means of the conventional optimization 

processes. In addition, these designs can generate mathematical models. A second-order polynomial model (Equation 

1) for the RSM was normally executed for the aim of predicting the impacts of different factors upon a response based 

on the datasets gathered from available literature, as follows: 

𝑦 = 𝛽𝑜 + ∑ 𝛽𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑘

1≤𝑖≤𝑗

+ 𝜀 (1) 

Where y stands for the estimated response, 𝑥𝑖  and 𝑥𝑗  denote the coded variables, 𝛽𝑜  signifies the constant, 𝛽𝑖 

represents the linear coefficient, 𝛽𝑖𝑖  denotes the quadratic coefficient, 𝛽𝑖𝑗 signifies the interactive coefficient, and ε is a 

random error. 

The key factors that can depict the energy absorption capacity were selected based on the literature review and trial 

study [9, 39]. Consequently, Equation 2 was considered to be the formulation of energy absorption capacity: 

𝐸𝐴 = 𝑓(𝑏 ℎ⁄ , 𝑓𝑐
′, 𝜌𝑣 , 𝜌ℎ , 𝑡𝐹𝑅𝑃 , 𝑓𝐹𝑅𝑃 , 𝑓𝑦, 𝑇𝑢 , 𝑎𝑛𝑑 𝜃𝑢) (2) 

Where EA the energy absorption capacity, b/h the width to depth ratio, 𝑓𝑐
′  the concrete compressive strength, 𝜌𝑣 the 

vertical steel ratio, 𝜌ℎ  the horizontal steel ratio, 𝑡𝐹𝑅𝑃  FRP thickness, 𝑓𝐹𝑅𝑃  FRP ultimate strength,𝑓𝑦  the steel yield 

strength, 𝑇𝑢the ultimate torque, and 𝜃𝑢the angle of twist. 

4. Results and Discussion 

4.1. Parametric Analyses 

As mentioned earlier, the primary objective of the present paper is examining how individual parameters affect 

energy absorption. Figure 5 illustrates that energy absorption is a function of the concrete compressive strength 

capacity (𝑓𝑐
′) with varied parameters (b/h, 𝜌𝑣, 𝜌ℎ, 𝑡−𝐹𝑅𝑃, 𝑓𝑦−𝐹𝑅𝑃 ,𝑓𝑦, 𝑇𝑢, and 𝜃𝑢). Through this plot, the increase of 

the FRP thickness, torque, angle of twist, vertical steel ratio of depth to width of a certain level results in an increase in 

the energy absorption capacity. On the other hand, when EA reduces, growth takes place in the steel yield strength, 

FRP ultimate strength, and horizontal steel ratio. As a result, the outcome obtained from the parametric analyses can 

be used as a guide in the evaluation of EA by choosing appropriate parameters.  

It can be observed from the contour graph of Figure 5 that the maximum EA is reached when the compressive 

strength ranges from 70 MPa to 80 MPa, with an angle of twist of 25-35 degrees, ultimate torque of 40-50 kN.m and 

85-110 kN, FRP thickness of 0.33-0.4 mm, vertical steel ratio of 0.014, horizontal steel ratio of 0.005-0.0125, and 

steel yield strength of 470-500 MPa. Meanwhile, the minimum EA capacity decreases to the least value when the 

compressive strength is between 20-32 MPa with an angle of twist lower than 7 degrees, ultimate torque is lower than 

20 kN.m and higher than 120 kN.m, b/h ratio is lower than 0.6, FRP thickness is lower than 0.27 mm, FRP ultimate 

strength is higher than 3500, vertical steel ratio is 0.004-0.008, horizontal steel ratio is higher than 0.02, and steel yield 

strength is higher than 500 MPa. 
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Figure 4. Flow chart of RSM adopted in this study 



Civil Engineering Journal        Vol. 6, Special Issue "Emerging Materials in Civil Engineering", 2020 

76 

 

 

  

(a) Contour plot of EA vs 𝑓𝑐
′ and Θu (b) Contour plot of EA vs 𝑓𝑐

′ and Tu 

  

(c) Contour plot of EA vs 𝑓𝑐
′ and b/h (d) Contour plot of EA vs 𝑓𝑐

′ and t-FRP  

  

(e) Contour plot of EA vs 𝑓𝑐
′ and fy-FRP (f) Contour plot of EA vs 𝑓𝑐

′ and  𝜌𝑣 

  

(g) Contour plot of EA vs 𝑓𝑐
′ and 𝜌ℎ (h) Contour plot of EA vs 𝑓𝑐

′ and fy 

Figure 5. Energy absorption of the parametric analysis vs. compressive strength for FRP-RC beam subjected to torsion loading 
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4.2. The Interaction Effect of Processing Parameters 

All results obtained from this research were further evaluated for the interaction plot of the capacity of energy 

absorption, as shown in Figure 6. It is obviously apparent that, in some cases, the difference in response between the 

levels of one factor is not the same at all levels of the other factor. Thus, interaction is formed among the factors. Each 

intersection shows that a remarkable interaction exists among the variables. Interaction plots in Figure 7 (a-d) specify 

the interaction between f ’c and tFRP, ρv, θu, and Tu, respectively, which is substantial due to the non-parallel lines. 

Consequently, those factors have positive impacts on the response (EA) based on the levels of f ’c. Whereas, a slight 

interaction was indicated for fy-FRP and fy, as depicted in Figure 7 (e-f). By contrast, poor interaction between the ρh and 

b/h led to a weak influence on EA, as presented in Figure7 (g-h).  

According to the factorial plot in Figure 6, the best-fitted mean of energy absorption (EA) can be designed based on 

the interaction between the variables, i.e., high fitted mean of EA of the torsional RC beam enhanced with FRP 

material is obtained when the dimension ratio is equal to 1.4 with compressive strength of  80.56 MPa, FRP thickness 

is 0.53 mm, FRP yield strength is 1520 MPa, vertical steel ratio is at the minimum, longitudinal steel ratio is 0.022, 

yield steel is 320 MPa, angle of twist is at 1.57° and ultimate torque is at 3.02 kN.m. Accordingly, the designer of 

torsional FRP-RC beams has the opportunity to choose the values of the independent parameters before proceeding 

with the experimental study. It can be seen from Figure 7 that the high mean value of EA is also obtained from the 

individual interactions between the variables, for example, when the f ’c of about 56.4 MPa interacted with  the 𝑡𝐹𝑅𝑃, 

𝜌𝑣, 𝜃𝑢, 𝑇𝑢, 𝑓𝑦𝐹𝑅𝑃, 𝑓𝑦, 𝜌ℎ and b/h of about 0.35 mm, minimum ratio, 7.9 °, 93.8 kN.m, 3800 MPa, 398 MPa, minimum 

ratio and 1.43 respectively. On the other hand, the low EA is achieved when the f ’c of about 30 MPa interacted with  

the 𝑡𝐹𝑅𝑃, 𝜌𝑣, 𝜃𝑢, 𝑇𝑢, 𝑓𝑦𝐹𝑅𝑃, 𝑓𝑦, 𝜌ℎ and b/h of about 0.13 mm, 0.01, 0.00 °, 14.4 kN.m, 4300 MPa, 575 MPa, 0.01 and 

0.6 consecutively. This is acceptable since the increase in EA is related to the increase in the compressive strength of 

the concrete grade.  

 

Figure 6. Interaction plot (fitted means) for energy absorption capacity 
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a) FRP thickness b) Vertical steel ratio 

  

c) Angle of twist d) Ultimate torque 

  

e) Ultimate strength of FRP f) Yield strength of steel reinforcement 

  

g) Horizontal steel ratio h) Width to depth ratio 

Figure 7. The interaction plot between 𝒇𝒄
′   and other parameters for the fitted response (EA) 
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4.3. Screening Analysis 

When choosing the essential input variables, one of the key steps is a screening analysis. It is an effective tool to 

assess each predictor variable’s contribution with respect to the response of EA. For this purpose, in this paper, a 

screening analysis was executed using the design of experiment (DOE) software. Then, the obtained results were 

presented with the help of the standardized (Figure 8), and Pareto charts (Figure 9). In these figures, the parameters 

with the most important effects upon the energy absorption (EA) value are presented by order of significance. As can 

be observed, the EA capacity of the torsional FRP-strengthened RC beams is most significantly affected by the 

compressive strength of the concrete. The most important parameters that affected the EA are presented by order in 

Figure 8. This figure shows that the EA value is affected first by the concrete compressive strength, then by the angle 

of twist, ultimate torque, ultimate FRP strength, and vertical reinforcement ratio, in that order. On the basis of the 

datasets collected for the purpose of this research, Figure 9 shows that the concrete compressive strength, vertical steel 

ratio, and FRP thickness, together account for 20% of the parameters affecting EA. This hypothesis is supported by 

numerous evidence in the literature [6]. The other parameters, which amount to the remaining 80% of the Pareto 

diagram, are comparatively less effective upon EA. In addition, the most important effect plot of the parameters tested 

in the current paper is illustrated in Figure 10. By definition, the influence of a parameter refers to the change in 

response induced by a change in the level of said parameter.  

The main effect refers to the major parameters of interest in the measured data. A remarkable agreement can be 

observed between those plots in which the concrete compressive strength significantly affects the EA, followed by 

steel reinforcement ratio, and the thickness of the FRP material. The performance of the effective parameters 

mentioned in this research is along the same lines of what was found in the literature by the researchers of the torsional 

FRP-RC beams [15]. Many studies have confirmed that any increase in the f’c, shear reinforcement ratio of FRP 

thickness leads to increase in the ultimate torque, resulting in escalating the dissipated energy from the tested beams 

[15, 39]. There is an agreement between these findings and the latest studies conducted on the experimental result of 

torsional behaviour of RC beams wrapped with FRP material, which proves that the ultimate loads, angle of twist, and 

fully wrapped RC beam gives more torsional strength as compared to reference beam [6]. 

 

Figure 8. The results obtained from the screening analysis conducted on the proposed model 
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Figure 9. Pareto Chart 

 

Figure 10. The main effects plot for the energy absorption capacity 

4.4. Modelling of Energy Absorption  

The response surface methodology was implemented to model the responses with the aim of capturing the above 

behaviour. This study used 81 datasets to construct the model. To provide model acceptability, a minimum ratio of the 

number of datasets to the number of input variables is recommended, which equals 3. In addition, it is generally 

recommended that this ratio exceeds the value of 5 for more safety [40]. To build the proposed model in the current 

study, this ratio was set to 81/5= 16.2. Therefore, the building dataset was higher than the proposed ratio (i.e., 5). The 

Equation 3 expresses the model result for energy absorption (EA) with regard to the process variables along with the 

goodness of fit. The quadratic terms, linear effects, and interaction (which were defined earlier in this paper) were 

obtained using the proposed model. 

𝐸𝐴 = 82675 + 29375 (
𝑏

ℎ
) + 573 𝑓’𝑐 − 104936 𝑡𝐹𝑅𝑃 − 73.2 𝑓𝑦𝐹𝑅𝑃 − 19569252 𝜌𝑣 − 14302 𝜌ℎ + 196 𝑓𝑦

+ 10284 𝜃𝑢 + 2.865 𝑇𝑢 

(3) 

After construction of the model, its statistical reliability needs to be assessed. Statistically, for the reliability of a 

model to be well approved, one condition is needed to be met by the model in hand, i.e., the normalized residuals. 

‘Residual’ refers to the difference between a value determined experimentally and the value determined by the model. 
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Figure 11 depicts the Minitab outcomes obtained from the nonlinear regression analyses carried out on the energy 

absorption capacity of RC beams strengthened with FRP, which are exposed to torsional loading impact.  

The residual plots display that the deviations between the predicted values and the measured ones are normally 

distributed, with a few outliers. These plots confirm the efficiency of the proposed model of the energy absorption 

capacity. The condition defined for model reliability was completely met by the model. According to the logical 

hypothesis [41], in case the correlation coefficient (R) of a model is greater than 0.8, it shows that the predicted and 

the actual energy absorption values are strongly correlated. Based on the data presented in Figure 12, it is clear that the 

model proposed in this paper has an acceptable R-value (0.80) and high accuracy in the predicted target values. Figure 

13 presents the line fit plot of the energy absorption capacity with different parameters. In addition, the line fit plots 

are employed in this study for the purpose of examining whether the proposed model fits the collected datasets, and 

also whether it satisfies the objective of the research.  

 

Figure 11. Residual Minitab output of EA capacity 

 

Figure 12. Predicted vs. actual EA capacity using the proposed model 
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Figure 13. Line fit plot of EA with the independent variables 

5. Conclusion 

The present study is considered the first attempt to investigate the effects of a number of individual parameters 

(compressive strength [f’c], steel yield strength [fy], FRP thickness [t-FRP], width-to-depth of the beam section [b/h], 

horizontal [ρh] and vertical [ρv] steel ratio, angle of twist [θu], ultimate torque [Tu], and FRP ultimate strength [(fy-

FRP]) upon the energy absorption (EA) capacity of torsional RC beams strengthened by means of FRP sheets. This 

work is limited to the properties of the eighty-one specimens obtained from previous scientific literature, as far as 

known by the researcher of this study, to determine the high and low influences of various parameters on the energy 

absorption of the torsional FRP-RC beams featured in this study, using response surface methodology (RSM). 

Investigation of the most impactful variables on the torsional absorbed energy of FRP-RC beams will hopefully 

contribute to future scientific studies by providing knowledge on factors which have major effects on the energy 

released by the torsional FRP-RC members. Besides, eliminating the non-effective parametric factors from the 

conducted study leads to reduction in cost, time and efforts.  The datasets formed in this study are applicable to the 

construction of an innovative model capable of effectively predicting the energy absorption capacity. 

The RSM technique is effectively applicable to the determination of the energy absorption, as well as a number of 

engineering problems. It is capable of providing optimum results with an acceptable degree of accuracy when 

predicting the energy absorption values in consideration with different parameters. The results show that 20% of the 

parameters affecting the EA value are the concrete compressive strength, FRP thickness and vertical steel ratio. The 

rest of the parameters have a lower impact upon EA, and represent 80% of the Pareto diagram. According to the 

standardized screening analysis determination, the most important factor is the concrete compressive strength, 

followed by other four parameters of the angle of twist, ultimate torque, ultimate FRP strength, and vertical 

reinforcement ratio. An agreement was found between the standardized plot and the Pareto chart of the most effective 

parameters upon the EA value, i.e., the compressive strength and vertical steel ratio. The model proposed in this paper 

has shown a sufficient correlation coefficient (R) (i.e., 0.80), and the target values estimated with the proposed model 

were of an acceptable level of accuracy for civil engineering applications. In cases where the energy absorption 

capacity is calculated with the use of the model proposed in this paper, the structural safety under serious loads may be 

computed by comparing the applied external energy exerted by the loadings, to the energy absorption capacity of the 

members. Information that could be used to estimate the energy absorption is rare. Therefore, for future researches, 

further data is required to be collected for the examination and development of a model for prediction of energy 

absorption and also for the analysis of a wider range of parameters. 
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