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ABSTRACT 

Granular piles are a highly effective technique for enhancing ground conditions, particularly for rapid 
embankment construction on soft soils. They play a crucial role in reducing embankment loads, mitigating 
pore water pressure, lowering liquefaction risks, and minimizing both total and differential settlements. 
However, there has been limited research comparing the performance of different types of reinforcing 
granular piles, such as ordinary granular piles (OGPs), encased granular piles (EGPs), basal-reinforced 
ordinary granular piles (Br-OGPs), and basal-reinforced encased granular piles (Br-EGPs) under flexible 
loading conditions, such as embankments. This study addresses this gap by conducting a comprehensive 
3D numerical analysis to evaluate the performance of these granular pile variations. Key performance 
indicators assessed include settlement at the top of the center granular pile, the generation and dissipation 
of excess pore water pressure at the center of the soft clay layer, vertical stress and displacement at the 
top of the soft clay layer, lateral displacement at the toe of the granular pile, and the factor of safety at the 
end of the consolidation period. EGPs effectively reduced settlement (200 mm vs. 350 mm unimproved) 
and minimized excess pore water pressure (~23-24 kPa vs. 60 kPa). Br_EGP achieved the highest 
effective vertical stress (-450 kPa), lowest lateral displacement (~60 mm), and the highest factor of safety 
(1.98, a 32% increase). These results confirm that combining EGP with basal reinforcement provides the 
most effective solution for stability and load transfer. 
Keywords: Granular piles, basal reinforcement, soft soils, encasement, settlement, pore water pressure, 
factor of safety. 

 
1 INTRODUCTION 

The increasing cost of traditional foundation 
methods and various environmental limitations 
have led to a greater focus on in-situ ground 
improvement for weak soil deposits. Reinforcing 
soil with granular piles (GP) is widely regarded as 
an effective and economical solution among 
available ground enhancement techniques. GP 
installation significantly enhances ground 
performance when the undrained shear strength of 
clayey soil ranges from 15 kPa to 50 kPa (Yousuf 
and Samadhiya, 2024a, 2024b). However, if the 
undrained shear strength falls below 15 kPa, the 
surrounding soil lacks the necessary confinement 
for the GP material, resulting in bulging. This 
bulging can lead to excessive vertical deformation, 
making GPs a less effective ground improvement 
technique in such conditions (Pandey et al., 2020). 
A viable alternative for enhancing GPs to prevent 
lateral bulging and increase bearing capacity is the 
encased granular pile (EGP), in which GP is 
wrapped in geosynthetic material. This system 
uses a high-modulus, creep-resistant geosynthetic 
material that undergoes ring tension to confine the 
compacted infill material. This confinement 
improves constructability and bearing capacity, 
even in very soft soil conditions (Fattah et al., 
2016). 

Researchers have extensively studied the 
performance of GPs under various loading 
conditions using approaches such as 
axisymmetric, plane strain, and 3D numerical 

modeling (Murugesan & Rajagopal, 2006; Yoo, 
2010). However, limited attention has been given 
to evaluating the behavior of GPs in different 
reinforcement configurations under flexible loading 
conditions, such as embankments. Flexible loading 
scenarios introduce complex interactions between 
the embankment, GPs, and surrounding soil, which 
are expected to result in performance differences 
compared to rigid loading (Zhang et al., 2019). 
Addressing this gap is crucial for developing a 
comprehensive understanding of the behavior of 
GPs in diverse practical applications. 

Basal reinforcement involves placing a 
geosynthetic layer, typically a geogrid, on top of 
GPs beneath an embankment. This geosynthetic 
layer helps transfer stresses from the soft soil to 
the GPs (Rui et al., 2019). Limited research has 
been carried out to compare the performance of 
various possible reinforcing granular piles, 
including ordinary granular piles (OGPs), encased 
granular piles (EGPs), basal-reinforced ordinary 
granular piles (Br-OGPs), and basal-reinforced 
encased granular piles (Br-EGPs). This paper 
presents a 3D numerical model to evaluate the 
behavior of GPs under embankments. The 
performance was assessed using several 
parameters, including settlement at the top of the 
GP, excess pore water pressure generation and 
dissipation, settlement of the improved ground, 
effective stress on the GP and surrounding soil, 
GP deformation, and factor of safety. 



 

2 NUMERICAL MODEL 

In this study, a 40 m wide and 1.8 m high 
embankment with a slope of 1V:2H was modeled 
on soft clay soil reinforced with granular piles. GPs, 
with a diameter (d) of 0.8 m, were arranged in a 
square pattern with a centre to centre spacing of 
2.4 m. The uppermost crust layer (tc), extending 1 
m below the ground surface, was considered in the 
analysis. Beneath the crust layer, a 5m thick soft 
clay layer reinforced with GPs was assumed, 
followed by a 4m thick stiff clay layer. Below the 
stiff clay, the underlying strata were considered 
firm. Table 1 summarizes the material parameters 
employed in the study, adopted from Tan et al. 
(2008). All materials were modelled using a linearly 
elastic, perfectly plastic Mohr–Coulomb failure 
criterion constitutive model. The encasement and 
basal reinforcement were modeled as a linearly 
elastic, tension-only slender structural element. 
The water table was assumed to be at the top of 
the soft clay layer.  

2.1 Geometry and Modelling Description 
The embankment resting on GP-reinforced soft 

soil was modelled using Plaxis 3d software 
(Brinkgreve et al., 2013), considering a slice width 
of 2.4m. For simulation purposes, only half of the 
embankment is modelled due to symmetry. The 
embankment fill material consisted of sandy soil. 
The weak and highly compressible soft clay layer 
beneath the embankment was anticipated to 
experience significant settlement and stability 
concerns. To mitigate excessive settlement and 
expedite consolidation, the unimproved soft 
ground was treated with floating GPs of length to 
diameter (L/d) ratio of 7.5. The geometry of the 
embankment with a GP-reinforced soft clay profile 
is shown in Fig. 1(a). The embankment was 
constructed in five stages, each involving a 1m 
rise, with a construction duration of 3 days per 
stage. After construction, the soft clay system 
reinforced with GPs was allowed to consolidate 
under the embankment load for 100 days. 
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Fig. 1. (a) Model description, (b) 3D discretized model 

Table 1. Properties used for numerical analysis (adopted 
from. 

Material c(kPa) Φ(o) E(kPa) µ kv (m/d) kh (m/d) 
Jg 

(kN/m) 

Soft Clay 1 20 1100 0.3 0.3×10-3 0.1×10-3 - 

Stiff Clay 3 30 4000 0.3 0.3×10-3 0.1×10-3 - 

GP 5 40 47000 0.3 10 10 - 

Embankment 3 33 15000 0.3 1 1 - 

Crust 3 28 15000 0.3 0.03 0.01  

Encasement - - - - - - 1500 

Basal 

reinforcement 
- - - - - - 3000 

2.2 Boundary Sensitivity Analysis and Mesh 
Details 

The boundaries in FEM models play a vital role 
in accurately representing the physical system and 
obtaining reliable results. Careful selection and 
accurate definition of boundary conditions, along 
with appropriate meshing, are necessary to 
minimize errors and ensure the accuracy of the 
analysis. The extent of the boundary of the FE 
model beyond the toe of the embankment was 
decided by carrying out a boundary sensitivity 
analysis. Boundary sensitivity analysis was 
conducted to evaluate the influence of the 
horizontal extent from the toe of the embankment 
on various parameters, including lateral 
deformation of the GP, the vertical settlement at 
the top of the center GP, and excess pore water 
pressure at the center of soft clay layer beneath 
the embankment. So, boundary sensitivity analysis 
revealed that the 20m extent beyond the 
embankment toe does not influence the results. 
Based on symmetry, boundary conditions were 
assigned with full fixity at the base to restrict 
movement, while displacements normal to the 
symmetry plane were set to zero. A mesh 
sensitivity analysis was conducted to ensure the 
accuracy and reliability of the simulation. The 
numerical results showed minimal sensitivity to 
mesh size. Nevertheless, the mesh for this model 
was generated using a medium-density element 



 

distribution, with localized refinement applied 
where needed. To balance accuracy and 
computational efficiency, the model was divided 
into distinct regions: a finer mesh was applied near 
the loading area, where stress concentrations are 
higher, while a coarser mesh was used in regions 
farther from the critical stress zones. The number 
of elements selected for the current study was 
between 19000 to 21000. Fig. 1(b) shows the 
discretized numerical model used in the current 
study.  

2.3 Model Validation 
The numerical model was validated using 

instrumentation data from a highway embankment 
constructed in Malaysia in 2003, as reported by 
Tan and Oo (2005) and with the numerical study 
carried out by Tan et al., (2008). The embankment 
spans 40 m at the base and has a height of 1.8 m, 
with side slopes of 1V:2H. Granular piles with a 
diameter of 0.8 m were installed in a square grid 
pattern, with a center-to-center spacing of 2.4 m, 
extending to a depth of 6 m below the ground 
surface. To enhance drainage and facilitate 
construction on soft soil, a 1 m thick layer of dense 
granular soil was placed over the soft clay. A 
comprehensive instrumentation setup was 
deployed to monitor settlement at the center of the 
embankment and pore water pressure in the 
middle of the clay layer, providing valuable insights 
into the behavior of the embankment and the 
underlying soil. The results in Fig. 2 demonstrate 
strong agreement between the field data for 
settlement and pore water pressure and the 
findings of the present study. This suggests that 
the current model is reliable and can be effectively 
used for further analysis of granular pile behavior 
under embankments.  
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Fig. 2. Validation of results: (a) Settlement at the top of the 
center granular pile; (b) Variation in excess pore water 
pressure at the center of the clay layer 

3 RESULTS AND DISCUSSION 

3.1 Settlement 
Fig. 3 illustrates the variation in settlement at 

point A over time under different conditions. For 
unimproved clay, the settlement at the end of the 
consolidation period was approximately 350 mm. 
When OGPs were introduced, the settlement 
decreased to about 250 mm. Encasing GPs with a 
material having a stiffness of 1500 kN/m² further 
reduced the settlement to approximately 200 mm. 
Additionally, it was observed that the inclusion of 
basal reinforcement did not significantly influence 
the settlement reduction, as the settlement values 
were nearly identical to those of EGP and OGP 
cases, corresponding to Br_EGP and Br_OGP, 
respectively. The reduction in settlement with the 
use of OGPs and EGPs can be attributed to the 
increased stiffness and load-bearing capacity 
provided by these materials. Encasing the GPs 
with stiffer material further enhanced this effect, 
leading to additional settlement reduction. The 
minimal impact of basal reinforcement on vertical 
settlement, despite its high axial stiffness of 3000 
kN/m², suggests that its positioning at the bottom 
of the embankment may not have effectively 
interacted with the critical zones of vertical soil 
deformation. However, as will be discussed in the 
subsequent section, basal reinforcement played a 
significant role in improving lateral stability by 
reducing lateral displacement at the toe GP and 
enhancing the FOS. This indicates that basal 
reinforcement primarily contributed to lateral load 
distribution and embankment stability, rather than 
vertical settlement control. The combined use of 
GPs and basal reinforcement thus provides a 
comprehensive solution, addressing both vertical 



 

settlement and lateral stability concerns. 

  

 
Fig. 3. Temporal variation of settlement at point A. 

Fig. 4 illustrates the settlement profile across 
the embankment width for different cases, 
highlighting the effectiveness of granular piles and 
basal reinforcement in mitigating settlement. The 
unimproved clay exhibits the highest settlement 
(~350 mm) due to its low stiffness and high 
compressibility, whereas the inclusion of OGPs 
significantly reduces settlement to approximately 
250 mm by enhancing load distribution and 
accelerating consolidation. Further improvement is 
observed with EGPs, where lateral confinement 
prevents excessive bulging, resulting in a reduced 
settlement of ~200 mm. Notably, the introduction of 
basal reinforcement (Br_OGP and Br_EGP) does 
not contribute to significant additional settlement 
reduction, as the curves for these cases closely 
resemble the EGP case. This suggests that basal 
reinforcement primarily functions to enhance 
global stability and reduce lateral displacement 
rather than influencing vertical compression. The 
slight oscillations in the settlement profile (as 
highlighted in the inset for EGP) may be attributed 
to localized stiffness variations due to the 
interaction between GPs and surrounding soil. 
Overall, the results indicate that encased granular 
piles provide the most effective settlement 
reduction, while basal reinforcement plays a crucial 
role in lateral stability improvement. 

 

 
Fig. 4. Settleme profile at the top soft clay layer. 

3.2 Generation and Dissipation of PWP 
To gain insight into the generation and 

dissipation of excess pore water pressure, Fig. 5 
illustrates its temporal variation at monitoring point 
"B" (see Fig. 1a). The unimproved case exhibits 
the highest peak excess pore water pressure (~60 
kPa) and the slowest dissipation rate, requiring 
over 100 days for substantial reduction. The 
introduction of GPs (OGP and EGP) significantly 
reduces excess pore water pressure compared to 
unimproved soil. The EGP performs better than 
OGP, reaching a lower peak pressure (~25-26 kPa 
vs. ~33-34 kPa). The inclusion of a basal geogrid 
further enhances performance. Br_OGP and 
Br_EGP show reduced peak pressures and faster 
dissipation rates. Among all cases, Br_EGP 
achieves the best results, with a peak excess pore 
water pressure of approximately 23-24 kPa and 
the most rapid decline. These results can be 
attributed to GPs dissipating pore water pressure 
in soft soils by providing permeable drainage paths 
for accelerated radial consolidation and 
redistributing loads to reduce excess pore 
pressure generation. 



 

 

 
Fig. 5. Variation of excess pore pressure at monitoring 

B. 
  Fig. 6 illustrates the distribution of excess 

PWP due to embankment loading at the end of the 
consolidation stage for various cases. The vertical 
cross-section from (0,0) to (40,0) reveals 
significant differences in PWP dissipation. The 
unimproved case exhibits the highest excess PWP 
concentration, indicating poor drainage and 
prolonged consolidation, which increases the risk 
of instability and differential settlement. The 
inclusion of GPs significantly reduces PWP, 
primarily due to their higher drainage capacity and 
increased stiffness. The higher stiffness of GPs 
causes stress concentration within the piles, 
leading to reduced stress in the surrounding soft 
soil, which in turn generates lower PWP. However, 
excess PWP remains beyond the embankment toe, 
where GPs are absent. Ordinary granular piles 
provide partial drainage improvement, reducing 
PWP compared to the unimproved case, though 
some residual pressure persists, indicating 
incomplete dissipation. Encased granular piles 
perform better, as the encasement enhances soil 
confinement and drainage, leading to a more 
uniform PWP distribution and minimized 
settlement risks. The addition of a basal geogrid to 
OGP further accelerates drainage, lowering peak 
PWP and shortening consolidation time. 
Basal-reinforced encased granular piles achieve 
the most efficient PWP dissipation by combining 
encasement and basal reinforcement, resulting in 
the lowest peak PWP, well-distributed contours, 
and near-complete consolidation, ensuring 
maximum stability and minimal differential 
settlement. Notably, in EGP and Br-EGP cases, 
almost no residual PWP remains after 
consolidation, whereas in OGP and Br-OGP cases, 
PWP persists in the soft soil regions between the 
GPs. 

 

Unimproved OGP EGP
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Fig. 6. Distribution of excess pore pressure at the end of 

the consolidation stage.  

3.3 Vertical Stress Profile 
Fig. 7 illustrates the distribution of effective 

vertical stress within the GP material and the 
surrounding soft clay beneath the embankment at 
the end of the consolidation period. The 
embankment construction induces additional 
geostatic stress, leading to an overall increase in 
effective vertical stress within the unreinforced soft 
clay by the end of consolidation. However, this 
stress distribution is significantly influenced by the 
embankment geometry, with the highest values 
observed directly beneath the crest and gradually 
decreasing along the slopes. 

In the unimproved case, the maximum effective 
vertical stress reaches approximately -100 kPa, 
displaying a relatively smooth and uniform 
distribution. However, with the inclusion of GPs, 
the stress distribution exhibits periodic fluctuations 
due to the presence of rigid inclusions. The OGP 
and Br_OGP cases reach a maximum stress of 
around -300 kPa, while the EGP and Br_EGP 
cases show even higher maximum stress values of 
approximately -450 kPa on GPs, indicating a more 
efficient load transfer mechanism. The stress 
variations in the improved cases highlight the role 
of soil arching, where embankment loads are 
preferentially transferred to the stiffer GP material, 
creating alternating high and low-stress zones. 

Furthermore, the inclusion of GPs leads to a 
significant reduction in effective vertical stress 
within the surrounding soft clay compared to the 
unimproved case. This stress reduction suggests 
improved stability and lower settlement potential, 
as more load is carried by the stiffer GP material. 
The Br_EGP and Br_OGP configurations exhibit a 
more uniform stress distribution than their 
counterparts EGP and OGP respectively, 
confirming that basal reinforcement enhances 
stiffness and improves load-bearing efficiency. 
These findings underscore the effectiveness of 
ground improvement techniques in modifying 
stress distribution, optimizing load transfer, and 
enhancing embankment performance.  



 

 
Fig. 7. Profile of effective vertical stress at the top soft 

clay layer. 

3.4 Lateral Displacement 
Fig. 8 illustrates the lateral displacement along 

the length of GP at the location of the toe GP under 
different conditions. The unimproved case exhibits 
the highest lateral displacement, exceeding 160 
mm, indicating significant soil instability. The 
introduction of OGP reduces displacement to 
below 80 mm, while EGP further enhances stability, 
limiting displacement to approximately 60 mm due 
to the additional confinement provided by 
geosynthetic encasement. The inclusion of 
Br_OGP and Br_EGP further minimizes lateral 
movement, with Br_EGP exhibiting the least 
displacement, demonstrating its superior ability to 
resist lateral spreading. The highest lateral 
movement occurs near the surface (0 to -3 m), 
where embankment-induced forces are most 
pronounced, while deeper layers (beyond -5 m) 
show minimal displacement due to increased 
passive resistance. These results underscore the 
effectiveness of encapsulation and basal 
reinforcement in reducing lateral deformations, 
making Br_EGP the most efficient technique for 
improving embankment stability on soft clay. 

 
Fig. 8. Profile of the horizontal deformation at the 
embankment toe. 

2.5 Factor of Safety 
 A c-phi reduction stability analysis was 

conducted to assess the stability of the 
embankment and determine the factor of safety 
(FOS) following the consolidation stage. The 
results, as shown in Fig. 9, indicate that the FOS 
for the unimproved case was 1.5, with only a slight 
increase upon the inclusion of OGPs. Encasing the 
GPs provided further enhancement. With the 
inclusion of basal reinforcement, FOS showed a 
significant increase. Compared to the unimproved 
case (FOS = 1.5), the FOS increased by 30.67% 
for Br_OGP (reaching 1.96) and 32% for Br_EGP 
(reaching 1.98). 

 
Fig. 9. Histogram of the factor of safety. 

Fig. 10 illustrates the slip circle analysis for 
various cases studied in a slope stability 
assessment, where the slip circle represents the 
failure surface within the soil mass, and the color 
contours indicate the magnitude of movement, with 
red areas signifying high displacement and blue 
areas indicating minimal movement. The 
unimproved case exhibits the largest and deepest 
slip failure, suggesting high instability due to low 
shear strength, making the slope highly 
susceptible to failure. The OGP case demonstrates 



 

a reduction in slip depth compared to the 
unimproved scenario, with a slightly shallower 
failure surface and decreased displacement, 
indicating that OGP enhances soil strength but 
does not fully mitigate instability. The EGP case 
shows greater effectiveness than OGP, as 
evidenced by a significantly smaller failure depth 
and reduced displacement, implying better soil 
reinforcement or improved drainage properties. 
The Br_OGP case exhibits further improvement, 
with a much shallower slip failure and localized 
displacement, suggesting that additional 
reinforcement measures provide enhanced 
stability. The Br_EGP  case demonstrates the 
highest stability, with the smallest slip circle and 
minimal red zones, indicating restricted soil 
movement and the most effective failure 
prevention. This analysis highlights that ground 
improvement techniques significantly enhance 
slope stability, with EGP performing better than 
OGP, while the addition of reinforcement in 
Br_OGP and Br_EGP further reduces failure depth 
and displacement, making Br_EGP the most 
effective method for slope stabilization by ensuring 
maximum resistance against slope failure.  

Unimproved OGP EGP

Br_OGP Br_EGP  
 

Fig. 10. Slip circle for studied cases 

3 CONCLUSIONS 

This study conducted a comprehensive 
numerical analysis to evaluate the efficacy of GPs 
and basal reinforcement in enhancing 
embankment performance on soft clay. The 
following key conclusions were derived from the 
findings:  

1. EGPs reduced settlement from 
approximately 350 mm (unimproved clay) to 
200 mm, while OGPs reduced it to 250 mm. 
The addition of basal reinforcement 
(Br_OGP and Br_EGP) did not significantly 
reduce settlement further, as the values 
remained similar to the OGP and EGP 
cases. 

2. Br_EGP achieved the most efficient excess 
pore water pressure reduction, with a peak 
of ~23-24 kPa and the fastest dissipation, 
while unimproved soil had the highest (~60 
kPa) and slowest dissipation, taking over 

100 days. 
3. Br_EGP exhibited the highest effective 

vertical stress on GPs (~-450 kPa), 
demonstrating the most efficient load 
transfer, while OGP and Br_OGP reached 
-300 kPa. In contrast, unimproved soil had 
the lowest (-100 kPa). Basal reinforcement 
further improved stress uniformity and 
load-bearing efficiency. 

4. Br_EGP exhibited the least lateral 
displacement (~60 mm), while unimproved 
soil had the highest (>160 mm). OGP 
reduced displacement to <80 mm, and EGP 
further improved stability. Basal 
reinforcement enhanced resistance, with 
Br_EGP showing the best performance. 

5. Br_EGP achieved the highest factor of 
safety (1.98), a 32% increase from the 
unimproved case (1.5), while Br_OGP 
reached 1.96 (30.67% increase). Encased 
GPs improved stability, and basal 
reinforcement provided the most significant 
enhancement. 
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