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Abstract

The application of prefabricated vertical drains (PVDs) in the road embankment construction has been successfully
performed in many projects throughout the country. The simulation of finite element method (FEM) can assist engineers
in modelling very complex structures and foundations. This paper presents a plane—strain numerical analysis that was
performed to verify the effectiveness of the model embankment stabilised with PVVD using Plaxis 2D version 8. This study
employed the smear effect of permeability ratio (kr) of 3 in the PVD modelling. The data of settlement and pore water
pressure in the left and right sides of road embankment were monitored for 177 days, then the data were collected and
compared by a numerical simulation. The coefficient of determination (R?) was used to assess the performance of the
comparative analysis. The results of numerical simulation on settlement and pore water pressure obtained a coefficient of
determination of greater than 0.9 which has reached a good agreement with those of the field measurement. On other the
hand, there was no significant difference in the performance between both sides of the embankment. The smear effect
parameter (k- = 3) is recommended for PVD designs and can provide accurate FEM prediction.
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1. Introduction

Road construction on soft soil is often become the main issue faced by engineers today. This is because soft soil has
high moisture content, high compressibility, and low shear strength [1]. This has led to the failure of bearing capacity
and the occurrence of excessive settlement. The construction of the embankment will create external loading to the soft
ground. The additional burden imposed on the soft ground causes consolidation settlement over a considerable period
of time. Thus, a primary concern of embankment construction on soft ground is the post-construction settlement. Various
techniques can be used to solve this geotechnical problem. Over the last decade, many researchers have carried out
studies on soft soil properties such as soil-cement columns [2], prefabricated vertical drains (PVDs) [3], concrete piles
[4], and others. However, ground soft soil improved with PVDs approach is often used in Malaysia because this
technique is easier to install and it is economical.

Consolidation of soft soils by PVDs is the most popular techniques because it accelerates consolidation and reduces
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the drainage path [5]. In addition to improving the slope safety factor, it also reduces the effects of excess pore pressure,
minimizes the lateral deformation and bulk vertical hydraulic conductivity of the foundation [6]. Generally, PVDs
consists of a hard drainage core that is covered by nonwoven geotextile as a filter. It is installed with a pushing a mandrel
to the ground foundation until the desired depth. The effect of this installation will cause a significant disturbance of the
clay layer surrounding the drain known as the smear zone. The smear effect for the consolidation rate of PVD with
equivalent hydraulic conductivity should be considered. Numerical methods are often preferred to adopt by engineers
in design phase because it can save the cost and time of the project compared with analytical methods. In addition to
this, this method can assist engineers in modelling very complicated ground of foundation and structural elements.

In recent years, there has been increasing interest in numerical simulations of the embankment with PVDs. The
significant aspect for embankment with PVDs design is smear effect. There are two parameters of smear effect, i.e., the
zone diameter of the smear (ds) and the smear effect of permeability ratio (k;). Traditionally, the researchers determine
the value of these parameters based on the literature as there is no comprehensive method to measure it so far [5, 7].
Previous studies have reported a range of the smear effect of permeability ratio selected values are from 1.3 to 10. Recent
evidence suggests that the smear effect of permeability ratio of 3 can produce a FEM prediction with high accuracy [8].
However, the lack of validation of this value has become a problem because the suitability employed to all cases as in
Malaysia which has a climate that is different from other countries. Most studies in the field of numerical solution have
only focused on behaviour performance [9,10]. This indicates that there is a need to perform a validation study for this
parameter value.

The accuracy of FEM simulation results reflects the real condition of the site is very important in the design that later
could match back the field monitoring results. Thus, this paper focuses on assessing the performance of FEM prediction
with the the smear effect of permeability ratio of 3. Hence, the main purpose of this study is to analyzse the comparison
between the settlement and pore water pressure produced through FEM simulation and those of the field measurements.
For this study, the equivalent horizontal permeability (knpi) proposed by Hird [11] was employed in the FEM simulation.
On the other hand, the road embankment was simulated numerically using a 2D model with plane strain conditions.

2. Literature review

Ground improvement techniques with PVDs were initially introduced by Kjellman [12] through cardboard wick
drains. Subsequently, several case studies have reported the successful application of PVDs such as Ballina Bypass,
Awustralia [13], Yaogiang Airport runway, China [14], and Ramp ES, Ohio [15]. Numerous studies have explained the
advantages of PVDs, such as an increase in soil strength [7] and reduce in the total settlement [16]. Furthermore, this
technique is also able to improve the highway construction rate and give a good impact on the environment [17]. Due
to its effectiveness in tackling the settlement problem, the installation of PVVDs has become popular in the construction
industry. It may shorten the drainage route by allowing the pore from the ground to flow horizontally into the drain. The
water that meets along the drain will be released to the ground surface and then drained into the side drain. The
permeability of the soil and a stream of water flowing to the ground surface is a key factor in delaying the consolidation
process.

A considerable amount of literature on the research and development in soft ground improvement techniques with
PVDs approaches has been published. The literature began in 1948, Barron [18] introduced a theory solution for soil
consolidation. Several studies on PVDs such as the investigation of affecting factors behaviour [19], the analysis on the
effect of vertical drains in plain strain condition [16], and the characterisation of a smear zone around vertical drains
[20] have been reported. Smear effects are among the factors that affect the performance of embankment treated with
PVD which reduces the lateral permeability of the ground [21]. Research on smear effects has become increasingly
intense since it was introduced by Barron [18], who found the presence of smear zone greatly influenced horizontal
consolidation. Some researchers who often highlight their research on the smear effects are Hansho [22-24], Rixner
[25], Onoue [26], Almeida and Ferreira [27], Hird [8,11,28], Indraratna and Redana [29], Chai and Miura [19], and
Rujikiatkamjorn [30]. In the smear zone, soil permeability decreases due to groundwater flowing through the PVDs.
Therefore, Hird [11] has introduced an equation to determine the permeability in the smear zone.

Among the parameters required to determine the permeability is the smear effect of permeability ratio. The value of
the smear effect of permeability ratio is difficult to be determined as many uncertainties are involved [19,23,31]. In
addition, the value of this parameter is also difficult and complicated to be determined by a laboratory method [5]. Most
researchers estimate the value of this parameter based on the literature [5,7], but there are also those who used the
method of trial and error and the results were not always consistent [23]. A number of studies reported that the value of
the smear effect of permeability ratio is 3 [8, 18, 24, 26, 27], and it was employed in numerical solutions and found that
the FEM simulation results had relatively high accuracy. Moreover, climate factors can affect PVDs engineering
characteristics and damage design targets [32]. Thus, the evidence presented in this section highlight the need to
determine FEM's predictive performance with the smear effect parameters for cases in Malaysia.
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3. Case Study and Work Programme

The study was conducted based on the part of road construction projects in Yan, Kedah, Malaysia. Overall, this
construction site is an agricultural area for paddy planting. Because this area consists of soft soil, engineers have
proposed two techniques of soil improvement, i.e., piles and PVDs with surcharge. The PVDs were installed in 12
separate locations which include the total track length of about 5.5 km. In this study, one of these locations was employed
for a numerical simulation. Based on the site investigation conducted, the ground foundation consists of a thick 2-m
thick clay silt and followed by 5 m of silty clay. The subsequent layer is 3 m of soft clay and 9 m of silty clay while the
last layer is clayey silt with a thickness of about 18 m. The position of the groundwater level is 2.3 m from the ground
surface as shown in Figure 1.

The schematic diagram of research methodology is summarised in Figure 2. The scope of work includes field testing
such as standard penetration test (SPT) and laboratory testing such as 1D consolidation test, unconsolidated undrained
triaxial test (UU), particle sizes analysis, Atterberg test, and specific gravity test. The soil of foundation is classified
according to the Unified Soil Classification System (USCS). The summary of soft ground properties in Yan is tabulated
and presented in Table 1. Installation of field measurement instrument includes two settlement marker, i.e. rod settlement
gauge (RSG) and pneumatic piezometers were installed on the left and right of the road embankment. These instruments
installed are intended to investigate the behaviour of the embankment on the soft soils. The settlement plate of the left
and right sides of embankment were installed at a depth of 4.6 and 4.2 m from the surface of the subsoil, respectively.
In addition, pneumatic piezometers were installed at a depth of 5 and 12 m on the left and right of the embankment,
respectively. Field measurement data were monitored and collected weekly for 177 days. Settlement and pore water
pressure data observed were summarised and interpreted to the parameters required for the simulation in FEM analysis.
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Figure 1. Cross section of an embankment with the subsoil profile and installation location instruments

Site work programs of this study include the construction of work platforms, embankments and installation of PVDs.
The construction of the work platform comprises two layers of compacted sand and is known as a sand cushion. The
first layer of the sand cushion was placed above the ground surface with a height of 0.7 m and compacted. After 14 days
of short consolidation, the PVDs were installed into a 14-m ground foundation with 1.5 m c/c spacing in a triangular
pattern. The steel mandrel with a drain inside it moved up and down through the cylinder system and the win on
excavators’ hydraulic system was used for PVDs installation. Subsequently, another 0.3 m of the sand cushion was
placed and compacted with compacting machines. This work platform is allowed for the 14-day consolidation process.
Then, 1-m thick fill embankment placed on the work platforms was for 7 days and allowed the process of consolidation
in 177 days for field measurement monitoring. The fill embankment was compacted built with the crest width, and the
side slope is 11 mand 1V:1.5H, respectively.
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Table 1. Yan’s soft soil properties

Soil strata USCS SPTN Gs Ce €o k (m/day)
Clay silt ML 1 2.54 0.983 217 1.35E-05
Silty clay CH 2 2.54 1.020 2.33 1.37E-05
Soft Clay CH 1 2.52 0.952 2.67 1.12E-05
Silty clay CH 14 2.52 1.070 3.00 1.15E-05
Clayey silt ML 39 251 0.944 3.09 1.12E-05

*Gs=specific gravity; Cc = compression indeks; k = coefficient of permeability
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Figure 2. Research methodology flow chart

4. Numerical Modelling

The embankment was simulated through Plaxis 2D software that involved settlement and pore water pressure
analysis. Referring to reports on the field situation provided by the consultant, the construction of the embankment was
divided numerically into five construction steps. The numerical staged modelling for the construction of the embankment
was carried out to follow the works at site sequence as follows:

1. Preparation of sand cushion as a drainage layer (14 days)
2. PVDs installation (14 days)

3. Consolidation (28 days)

4. Construction of the road embankment (7 days)

5. Consolidation (177 days)

A medium mesh arrangement and triangular plane—strain model that has 15 nodes was used for the numerical
simulation as shown in Figure 3. The number and average size of the elements were about 401 and 2.14 m, respectively.
The constitutive models in FEM of fill embankment and sand cushion were modelled as elastic—plastic (MC) while the
subground as soft soils (SS). The MC is a relatively easy model and is considered the most widely used model among
practising engineers. This model seems to be sufficient for some areas of geotechnical problems is defined by five
parameters, i.e. cohesion (c), internal friction angle (), dilatancy angle (), Poisson’s ratio (v), and Young’s modulus
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(E). Traditionally, researchers employ the SS model to model the soft ground foundation because of its suitability for
primary compression of normally consolidated soils. This model only requires two advanced input parameters, i.e. the
modified compression index and modified swelling index. The MC and SS model parameters employed in the numerical
analysis are summarised in Table 2.

Sand cushion Fill embankment
Clay silt t~__ > =
' I <
Silty clay
Soft clay k
|
Silty clay :
PVD with |

triangular pattern

Clayey silt

Figure 3. Numerical modelling with medium element distributions

The saturated unit weight (ysa), unsaturated unit weight (yunsat), cohesion (c), and internal friction angle () of soft
ground foundation were obtained through a laboratory test. The materials of fill embankment and sand cushion were
homogeneous. Besides, the value of materials properties of fill embankment and the sand cushion is based on the typical
value from literature. The horizontal and vertical permeability coefficients were obtained from the 1D consolidation test
by assuming the soil in Yan as an isotropic soil. The equivalent horizontal permeability (knp) to consider for the effect
of smear was calculated by Equations 1 and 2 with the parameters used in Table 2. In addition, the permeability of the
fill embankment and sand cushion was assumed to be 1 m/day. Young’s modulus (E) and Poisson's ratio (v) were
obtained through N value (SPT) based on AASHTO 2004 with interim 2006 [33].

Table 2. The parameters of equivalent permeability coefficient

Parameters Symbol Unit Value
The width of the unit cell plane strain B m 0.75
The equivalent drainage diameter dw m 0.052
Smear zone diameter ds m 0.176
Horizontal permeability ratio of undisturbed soil and smear, (kn/ks) Kr - 3
The ratio of the diameter of the smear zone and drainage, (ds/d.) S - 3.38
Unit cell diameter De m 1.58
The ratio of the diameter of the unit cell and drainage, (De/dw) n - 30.3

The PVDs installed in the soft ground was modelled with drains function which considers them as ideal drains as
well as high discharge capacity. The drains function sets the line in the geometric model where excessive pore water
pressure was fixed to zero in the consolidation analysis. Drains function was activated in the calculation phase instead
of the initial conditions to consider the delayed PVDs installation. Traditionally, the PVD application has been simulated
by simply fixing the negative pore pressure along the drains boundary [34]. Thus, in this study, the PVDs were modelled
by using standard fixities for the horizontal and vertical boundaries. The numerical modelling parameters used in this
study are listed in Table 3.
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Hird et al. [11] proposed the equation of geometric matching and permeability of axisymmetry to the plane strain as
follows:

2 (B%\ (1
ot =% (52) (3) @)
Where kp, is the horizontal coefficient of permeability for plane strain, B is the width of a unit cell of plain strain, De is

the equivalent influence zone, ky is the soil’s permeability in horizontal, and 4 is the efficiency factor and determined
by the following equation:

p=m(2)+ (i—h) Ins — 0.75 @)

Where n = De/ds and s = ds/dw While ks is the smear zone permeability coefficient. Hansbo [22] proposed the equivalent
drain diameter (dy) is determined by the following equation:

d, =2(a+b)/m 3)

Where dy is the, a and b are the width and thickness of the PVD, respectively. Hird and Moseley [8] proposed the
diameter of smear zone as follows:

d, = 1.6d,, 4)

Where ds is the diameter of PVD. The equivalent influence zone can be determined based on the drainage distance
through the equations proposed by Hansbo [24] as follows:

D, = 1.05S (5)

The dimensionless parameters such as n and s were obtained through the calculation of the equations proposed by
Hird et al. [11] while dy is calculated by Equation 3. Based on Hird et al. [28], the PVD was installed into the ground
with a distance of 1.5 m between each other, then the plain strain unit width was half of that distance. The parameter
specified by Equation 4 with mandrel equivalent diameter for PVD installation in the field was 0.11 m. The diameter of
the unit cells was installed with PVD triangle pattern obtained through Equation 5. The value of kn/ks refers to Hird &
Moseley [8] which is proposed for the design of an embankment of 3.0.

Table 3. Numerical modelling parameter

Soil strata (Model-Type) (i 4 iy (mﬁ";ly) x K (kN(;mz) (%j) o v (kNlimz) (kN(?mz)
Fill material (MC-D) 16.0 16.3 - - - 10 30 0 033 15 6
Sand cushion (MC-D) 17.0 185 - - - 0 30 5 033 20 8

Clay silt (S5-UD) 145 158  270E-07 0135 0031 10 o 0 03
Silty clay (S5-UD) 14.0 144  274E-07 0133 0031 11 0 0 04
Soft clay (SS-UD) 136 140  224E-07 0113 0026 11 0 0 04
Silty clay (SS-UD) 133 138  230E-07 0116 0027 10 0 0 045
Clay silt (SS-UD) 131 136 224E-07 000 0023 10 0 0 035

*MC= Mohr-Coulomb; SS=Soft Soil; K"= modified swelling index,; 2"= modified compression index; c=cohesion soil; ¢=internal friction angle; y= dilatancy angle;

G= shear modulus.

The dimensionless parameters such as n and s are obtained through the calculation of the equations proposed by
Hird et al. [11] while dy is calculated by Equation 3. Based on Hird et al. [28], the PVD installed into the ground with
a distance of 1.5m between each other, then the plain strain unit width is half of that distance. The parameter, ds is
specified by Equation 4 with mandrel equivalent diameter for PVD installation in the field is 0.11m. The diameter of
the unit cells is installed with PVD triangle pattern obtained through the Equation 5. The value of k, refers to Hird &
Moseley [8] which is proposed for the design of an embankment of 3.0.

5. Results and Discussion

Figure 4 shows the results of the analysis in terms of the number of embankment settlements during 177 days of
construction. Based on the left side of the embankment (Figure 4a), the settlement calculated through FEM was 6.2 mm
higher than that obtained from field measurements (4.5 mm). On the right side (Figure 4b), the embankment also shows
the same trends as the left side, where the FEM calculation and field measurements were 3.0 and 3.9 mm, respectively.
The percentage of settlement differences between field measurements and FEM calculation on the left and right side of
the embankment was 38 and 30, respectively. Comparison of Figure 4(a) and (b) highlight good reliability between FEM
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simulation and field measurement which it is proved with apparent from the difference in the total settlement on both
sides of the embankment is reasonable. Furthermore, the convergence of the total settlement for both sides of the
embankment at the end of the monitoring period also indicates that the equivalent horizontal plane strain permeability
applied in this study is very encouraging.
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Figure 4. Comparison of settlement between field measurement and FEM calculation (a) left (b) right side of embankment

Figure 5 shows the comparison of the predicted pore pressure values considering the soft soil model and field
measurements for the construction (177 days). Pore water pressure on the end field monitoring on the left side of the
embankment (Figure 5a), through field measurement (183 kPa) and FEM calculation (160 kPa). This means that the
result of calculation through FEM computation is much lower than the field measurement. The right side of the
embankment (Figure 5b) also shows the same trend, where the calculation results in the field measurement and FEM
was 334 and 389 kPa, respectively. Besides, the difference percentage for both sides of the embankment was 13 and 16.
It can be concluded that the difference between the pore water pressure value increases with the distance from the
drainage boundary, where Grimstad [35] also supports these findings.
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Figure 5. Comparison of pore water pressure obtained through field measurement and FEM calculation (a) left (b) right
side of embankment

On the contrary, the total settlement predicted by FEM was higher than that of the field monitoring results. Arulrajah
[36] and Huan [37] also found that the total settlement predicted by FEM was slightly lower than that of the field
measurements. This difference may be due to the selection of properties that were used for the analysis and the sequence
of FEM construction in modelling program.

The coefficient of determination (R?) plots are shown in Figures 4 and 5 along with the best fit. Generally, the
coefficient of determination value for an excellent model is 1. The total settlement prediction through FEM was almost
exactly like the field measurements because the coefficient of determination of both sides of the embankment was 0.9842
and 0.9817, respectively. In addition, the accuracy of pore water pressure is also acceptable as both parts of the
embankment have the coefficient of determination of 0.9992 and 0.9997, respectively. Obviously, the range of the
coefficient of determination values obtained from this study was 0.9817-0.9997 which shows that the results are accurate
and highly correlated. The best value of the coefficient of determination was 99.97% for pore water pressure at the right
side of the embankment while the minimum value of the coefficient of determination was 98.17% for total settlement
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and also on the right side of the embankment. It seems that the superiority in FEM computational results is due to the
adoption of appropriate smear effect parameters. It also indicates the great performance of FEM simulation to estimate
settlement and pore water pressure.

As previously mentioned, the smear effect of permeability ratio also contributes to the accuracy of FEM
computational prediction. The current study found that the predicted results through the calculation of FEM were almost
accurate with those of the field measurements. Therefore, the result of this study can be considered as very good. This
finding confirms the relationship between the smear effect of permeability ratio and FEM calculations is an important
factor in the performance of predictions. This study produces results that support the findings of previous studies in this
field. To produce good results, further studies are needed by diversifying k. and comparing with field measurements

6. Conclusion

Based on the published literatures, the FEM analysis has been successful in predicting the behaviour of soft ground
improved with PVD. Hence, the main goal of the current study is to determine the performance of the FEM calculation
prediction with the smear effect using the smear effect of permeability ratio of 3. This study found that the percentage
difference in FEM results and measurements in the field ranges from 13 to 38. Also, the comparison between FEM
computational and field measurements in terms of the coefficient of determination indicates that FEM is capable to
predict appropriate yields for settlement and pore water pressure values. The results of this study also confirm that
settlement and pore water pressure predicted by FEM analysis show reasonable agreement with field measurements
using the equivalent permeability proposed by Hird [11]. Evidence from this study can be used as a reference to other
researchers to further expand this research. In addition, this study contributes to our knowledge in giving an overview
of FEM’s calculation performance. Finally, there are important limitations to consider the parameters ds/dw can be
considered as the contributors to the accuracy of the prediction. Therefore, further research is needed to determine
whether this parameter can produce an accurate prediction. Furthermore, further investigations by varying the value of
the zone diameter of the smear and the smear effect of permeability ratio to explore and investigate the results through
the calculation of FEM.
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