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ABSTRACT: The technique of vertical rigid inclusions has been widely used to improve the soft soil problem 
due to its low cost and resulting small differential and total settlements. Obviously, experimental studies on rigid 
inclusion improvement systems have been conducted by several researchers. This paper presents an experimental 
study focusing on the mechanisms taking place in a granular platform supported by piles in soft soil under 
monotonic loading. An original three-dimensional laboratory model was developed. The model contained 16 rigid 
piles, and the compressible soil was explicitly simulated by a soft material (a mixture of polypropylene balls with 
granular soil). Settlement accumulation and an increase in the load transmitted to the piles or pile caps were 
observed during the loading application. Based on the experimental results, an increase in pile diameter played an 
important role in load transfer mechanisms, including the total settlement. The importance of this campaign in 
terms of parametric study will constitute rich experimental data in the context of soft soil improvement reinforced 
by rigid inclusions to develop and validate the numerical part.   
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1. INTRODUCTION 
 

Soft soils always pose significant challenges for 
various engineering applications, such as the 
construction of foundations, embankments, and 
transportation infrastructure. Normally, soft soils are 
characterized by low shear strength, high 
compressibility, and excessive settlements, which can 
lead to structural failures. To overcome these 
challenges and enhance the load-bearing capacity of 
soft soil, various ground improvement techniques 
have been developed and implemented. One such 
technique that has gained considerable attention in 
recent years is the use of rigid inclusions or piled 
embankments ([1-10]). The concept of using rigid 
inclusions for soft soil improvement has been 
extensively studied. Rigid inclusions are vertical 
elements typically made of materials, such as stone 
columns and concrete piles, which are replaced into 
the soft soil to increase its stiffness and strength. 
These inclusions, which can have caps or enlarged 
heads, act as load-bearing elements, transferring the 
applied load to more competent layers of the soil 
stratum.  

An embankment or a load transfer platform (LTP) 
is normally constructed over the soft soil layer 
reinforced by rigid inclusions, where shearing 
mechanisms termed the arching effect mobilize. The 
arching effect, which partially transmits the load from 
the surface to piles, allows for the reduction and 
homogenization of the surface settlements. To 
enhance load transfer mechanisms and minimize 
settlements, geosynthetics are effectively 

incorporated into earth platforms combined with the 
rigid inclusion–reinforced soft soil as an integrated 
system ([3-4], [6]). It is found that the influence of 
geosynthetic reinforcement on the load transfer 
mechanism becomes more complex when multi-
layers of geosynthetic reinforcement are installed 
within the LTP layer ([6], [11]).       

Numerous laboratory and field studies have been 
conducted to investigate the behavior of soft soil 
improved by rigid inclusions and geosynthetic layers 
([7], [9-11]). For instance, various experimental and 
numerical investigations of soft soil reinforced by 
vertical rigid inclusion have been presented under the 
framework of the ASIRI French National Research 
Program [10].  

Physical models can serve as a tool to validate and 
calibrate numerical models employed to simulate the 
behavior of soft soil reinforced by rigid inclusions. 
Several studies have focused on evaluating the load 
transfer mechanisms of the inclusions. The load-
settlement responses have also been described [9-13]. 
However, these models cannot respect the real-scale 
structure. To overcome the scaling effect, centrifuge 
tests on piled embankments, which can be 
representative of the behavior of a full-scale structure, 
named prototype, were performed by many 
researchers such as Blanc et al. [5], Okyay et al. [16], 
and Fagundes et al. [17]. The behavior of 
compressible soils reinforced by vertical rigid 
inclusions is also studied by experiments on reduced-
scale 3D centrifuged models. These tests make it 
possible to apply stress levels of the same order as in 
real cases. However, they present other limitations, 
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such as the difficulty of representing all the materials 
explicitly ([16]).   

Analytical methods, in which the soil arching and 
tension membrane approaches are described, have 
been presented to analyze the load-deformation 
behavior of geosynthetic reinforcement in a pile-
supported embankment ([3-4], [19]). Numerical 
modeling techniques have played an important role in 
advancing the understanding of rigid inclusion-
reinforced soft soil behavior. These studies can 
provide insights into the complex interactions 
between the inclusions and the surrounding soil, 
allowing for the prediction of various performance 
parameters ([18-20]). It has been conceived that many 
such mechanisms, e.g., the use of granular layer and 
geosynthetic reinforcement, are sophisticated and 
their description by means of analytical design 
scheme remains problematic.  

This paper will describe a series of experimental 
observations on soft soil reinforcement by rigid 
inclusions subjected to monotonic loading using a 3D 
small-scale physical model. The originality of this 
model lies in its modularity in terms of geometry, 
materials, and boundary conditions. The effects of 
cover ratio and geosynthetic layer laid over the soft 
soil, preloading and boundary conditions will 
preliminarily be described.  
 
2. RESEARCH SIGNIFICANCE 
 
     Small-scale physical models can provide an 
opportunity for performing parametric studies and 
optimization experiments. By alternating certain 
parameters (e.g., spacing and length of inclusions, or 
soil properties), researchers can assess their influence 
on the behavior of the reinforced soil system. The 
objective of this model is not to quantitatively 
simulate the behavior of a real structure (i.e., the rules 
of similarity are not all strictly respected) but aims to 
better understand the mechanisms which develop 
within the massif and more precisely in the LTP layer, 
to analyze the effect of geosynthetic reinforcement 
and to better understand the interaction mechanisms 
between these various parts of the structure. These 
model tests will contribute significantly to enhancing 
the understanding of the load transfer mechanisms 
and facilitate the constitution of an experimental 
campaign of cyclic loading studies and evaluation of 
analytical and computational approaches.  

 
3. EXPERIMENTAL PROCEDURE 

 
2.1 1-g Small Scale 
 

A small-scale physical model which has many 
advantages (e.g., highlighting mechanisms, obtaining 
experimental results to calibrate numerical models, 
and possibly performing tests until failure), can 
provide a valuable means to obtain insights and 

understanding of soft soil reinforced by rigid 
inclusions. One of the major drawbacks is to satisfy 
the rules of similarity, in order to apply the results 
observed on the small model to the full-scale problem. 
These rules are established from the general equations 
of mechanics, the conservation of mass equation and 
the laws of material behaviors. Although this small-
scale model did not respect the real scale structure, 
the experiments will aid in optimizing the design of 
inclusion systems, and determining the most effective 
parameters for achieving the load transfer mechanism 
and settlement control.  

 
 

 
 
Fig.1 (a) schematic plane view of test set-up; (b) test 
set-up with instrumentation; (c) force sensor 
positioning system at the pile head. 
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Fig.1a and 1b show the small-scale physical model in 
this study. Based on the experimental observations 
performed by Houda et al. [12-14] and Insoog et al. 
[15], this model is under the normal gravity at 1/10th 
scale on the lengths. The model is made of a steel tank 
of 1x1 m2, containing 16 steel pipes with a diameter 
of 40 mm and a height of 600 mm. The steel pipes 
were filled with a concrete mixture in order to be 
sufficiently rigid. This can be assumed that there is no 
insignificant deformation on steel pipes. The piles 
were set in a square mesh of 200 mm, center to center.  

For the purposes of 3-D model test, the load 
transfer mechanism on each pile (F1, F2, F3 and F4) 
can be measured by installing the load sensors at the 
top of the four-central piles. Ensuring stability, the 
installation involved cutting the pile head to secure 
and immobilize the sensors. In case of an enlarged 
recovery ratio, the force sensor at the pile head with a 
diameter of φ = 60 and 80 mm is surmounted by a 
transmission cap, which is an aluminum part in order 
to transmit the entire applied load to the measuring 
pin of the sensor (Fig.1c). As these four piles were 
situated among the others, the effect of boundaries 
could be neglected. In the case of enlarged pile caps, 
steel caps with defined diameters were positioned 
atop the load sensors. Fig.2 shows the recovery ratio 
(α) which expresses the cross-section area of the pile 
or pile cap (Ap) over the area of the elementary grid 
(A). This recovery ratio can be written as 

 
pA

A
α =                              (1) 

 

 
 
Fig.2 Definition of recovery ratio (α) 
 

To capture displacements, two displacement 
sensors (DP1 and DP2) were placed along the 
diagonal line connecting the piles. The displacement 
sensors are connected to rods passing through the 
compressible soil to its surface. Steel discs were 
attached to these rods, on the surface of the 
compressible soil mass, in order to imprint the 
settlement experienced at these points. To prevent 
any obstacle from the friction of the compressible soil, 

the rods were enclosed in plastic sheaths as they 
passed through the compressible soil. Thus, the 
displacements measured by the displacement sensors 
correspond to the surface settlement of the 
compressible soil mass.  
 
2.2 Tested Materials 
 

For investigating the load transfer mechanism in 
the laboratory, several materials were used to 
represent real soft soil (e.g., foam cushion [3-4], 
polyurethane foam (PU) [7], a mixture of fine sand, 
polystyrene balls, and water, [12-15]). To facilitate 
the sample preparation, the compressible soil used in 
this study was made of a mixture of polystyrene balls, 
sand, and water ([15]). A mixture of sand: water: 
polystyrene balls at 40: 4: 1 by weight was prepared 
and installed in the steel tank with the density of 4.5 
kN/m3. From the oedometer test, this sample can 
represent compressibility characteristics (i.e., 
compressibility index, Cc) similar to real soft soil. The 
LTP layer laid on the soft soil was composed of dry 
sand which was derived from Chiang Rai province in 
the north of Thailand. This sand was prepared with an 
average unit weight of 16.7 kN/m3 providing a 
friction angle of 43°. Fig. 3 illustrates an example of 
tested materials used in this study and their grain size. 
A woven geotextile (Model TS20, see Fig.4) of which 
the properties were shown in Table 1 was employed 
to investigate the effect of the load transfer 
mechanism. 
 

 
Fig.3 (a) LTP layer; (b) compressible soil made of a 
mixture of polystyrene balls, sand, and water; (c) 
grain size distribution of compressible soil and LTP 
layer. 
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Fig.4 Woven geotextile (Model TS20) used in this 
study. 
 
Table 1 Mechanical properties of Polyfelt TS20 
Woven Geotextiles used in this study. 

 
Property  Unit Value  

Tensile strength (avg.) ISO 10319 kN/m 20 
Tensile elongation (MD/CD) ISO 10319 % 75/35 

Performance energy calculated kN/m 25 

CBR puncture strength ISO 12236 N 1500 

 
2.3 Experimental Setup 
 
     In each testing session, adherence to a meticulous 
experimental protocol is imperative, outlining the 
specific steps for assembling and situating sensors 
and materials in the model. Fig. 5 provides a visual 
representation of the various stages involved in 
preparing for a test. The compressible soil was 
prepared with the tamping method. Once the desired 
thickness and density were established, a required 
weight of a mixture of sand, water and polystyrene 
balls was introduced into the steel tank and 
compacted. The dumping process aimed for a 
uniform density, with careful leveling at the upper 
level of the piles. To prevent contamination of the 
compressible soil by the LTP layer, a thin plastic 
sheet was positioned on the surface, strategically 
perforated at the pile heads to prevent the 
development of a membrane effect during differential 
settlement between the compressible soil and the piles. 
In the case of geosynthetic reinforcement, a layer of 
geotextile was overlaid the compressible soil.  
     The LTP layer was constructed in successive 
layers of 10 cm thickness, with the pluviation method 
and slight compaction of each layer following the 
same procedure for each test. Upon completion of 
sample preparation and instrument installation, the 
model was sealed with a protective steel plate to 
protect against the deformation induced by surface 
loading (Fig.6). The application of surface loading 
can be performed via an air cushion laid on the LTP 

layer under the controlled pressure system. This 
procedure can distribute a uniform load to the system. 
 

 
 
Fig.5 Procedure of sample preparation 
 

 
 
Fig.6 Final stage of the model setup prior to surface 
loading application 
 
Table 2 Tested program 

 

Test Recovery ratio, 
α 

(%) 

Reinforcement  

MS-4 3.14 - 
MS-6 7.07 - 
MS-8 12.56 - 

MS-4R 3.14 Polyfelt TS20 

MS-6R 7.07 Polyfelt TS20 

MS-8R 12.56 Polyfelt TS20 

 
4.  RESULTS AND DISCUSSION 
 

In this paper, different test configurations were 
performed. The test with geosynthetic reinforcement 
and the others without geosynthetic reinforcement 
will be investigated. Table 2 summarizes the test 
program in which a reference test was performed 
without a geosynthetic layer and enlarged pile head 
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(MS_4 with α = 3.14%). After installing the LTP 
layer, a consolidation period of twelve hours was 
maintained. Then, the surface loading (Pm) will be 
applied. In this study, three levels of Pm (i.e., 5, 15 
and 25 kPa) will be performed. In each level loading, 
three hours of consolidation was kept. The forces 
transmitted to the piles are measured by force sensors 
integrated with the heads of the four piles at the center 
of the group.  

Fig. 7 illustrates the forces Fi (i ranging from 1 to 
4) measured on the pile head over time. With an 
incremental application of surface loading, there was 
a proportional increase in the forces acting on the 
head of all four piles. The value of Fi for each pile 
exhibited a maximum difference of 8 % compared to 
the average force across all piles, suggesting a 
relatively uniform distribution of surface loading. 

 

 
 
Fig.7 Force measured on each pile head during the 
application of surface loading for the test MS-4. 
 

 
 
Fig.8 Average force measured on pile head during the 
application of surface loading for the test MS-4R. 
 

To validate the device’s reproducibility and the 
accuracy of the force sensors, Fig.8 depicts the 
average force on the pile head for two MS_4R tests. 
A noticeable but minor difference in the measured 
force on the pile head was observed when subjected 

to a surface loading of 25 kPa. Despite this disparity, 
it was within an acceptable range, confirming the 
consistency and reliability of both the device and the 
force sensors.   
    

 
 
Fig.9 Monotonic test results for the test MS-4, MS-
4R and MS-6 
 

Fig.9 typically illustrates the response of the tests 
MS-4, MS-4R and MS-6 under monotonic loading. 
The application of surface loading in each test 
confirmed the consistency of the control system. 
Increasing the recovery ratio (α) significantly 
enhanced load transfer to the pile head and resulted in 
reduced overall settlements. In the absence of a 
geosynthetic layer, during the initial step at Pm = 5 
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kPa, the average forces on piles exhibited a slight 
increase as α increased from 3.14% to 7.07%. 
However, as Pm increased to 15 and 25 kPa, a notable 
disparity in the average force on the pile head was 
observed for the test with an enlarged pile cap 
(Fig.9b). Conversely, in the case of geosynthetic 
reinforcement, the average force on the pile head was 
more pronounced. Comparing MS-4 and MS-4R, the 
average force measured on the pile head for MS-4R 
was approximately twice as high as that for MS-4 at 
the second and third step of loading, Pm = 15 and 25 
kPa. 

The settlement at the compressible soil/LTP 
interface was quantified using two displacement 
sensors (DP1 and DP2) placed along the diagonal of 
the central 3D analysis zone. The sensor placed in the 
center of the analysis zone between the piles was DP1 
while DP2 was located next to the pile. The presence 
of the geosynthetic layer facilitated a more uniform 
load distribution across the pile head, resulting in a 
significant reduction in settlement. Interestingly, the 
geosynthetic layer appeared to be more effective than 
the pile head in reducing settlements (Fig.9c). At the 
end of the consolidation period, the settlements 
measured for MS-4 and MS-8 were DP1 = 76.22 and 
67.20 mm, respectively. By enhancing load transfer, 
both the pile cap and geosynthetic layer contributed 
to the overall settlement reduction in the piled 
embankment. MS-4R, featuring a geosynthetic layer, 
exhibited a significantly diminished settlement of 
DP1 = 11.41 mm after a 12-hour consolidation 
period. This substantial settlement reduction in the 
test with the geosynthetic layer was also observed 
during the sand layer installation stage. 
 

 
 
Fig.10 Evolution of settlements DP1 and DP2 with 
the pressure applied to the surface for the tests with 
geosynthetic layer. 
 

Fig. 10 presents the evolution of settlements 
during different monotonic loading stages for tests 
incorporating the geosynthetic layer. Despite 
variations in recovery ratios among the tests, the 
initial settlement attributable to the installation of the 

LTP layer remained relatively consistent, ranging 
from 7-12 mm. This uniform settlement trend could 
be linked to the influence of the geosynthetic layer. 
As surface loading increased, tests with lower 
recovery rations, such as MS-4R with α = 3.14%, 
exhibited more pronounced total settlements.  
     To evaluate load transfer on the pile, the efficiency 
of the system can be expressed as the ratio between 
the load measured on the pile or pile cap (F) and the 
total load above the piles within the elementary grid 
depicted in Fig.2 (i.e., the weight of LTP layer, W + 
surface loading, P): 
 

FE
W P

=
+

                                                 (2) 

 
After the stage of construction of the LTP layer, the 
efficiency as a function of α at this stage can be 
shown in Fig.11. A slight increase in efficiency for 
the test with the geosynthetic layer was observed 
when performing the tests with a low value of α. In 
the case of α = 12.56, the difference in efficiency of 
11 % could be observed between the tests with and 
without the geosynthetic layer.  
 

 
 
Fig.11 Influence of recovery ratio (α) on efficiency 
before applying the surface loading. 
 
      Fig.12 summarizes the average system efficiency 
across all tests, revealing the important roles played 
by the recovery ratio and the presence of a 
geosynthetic layer in load transfer mechanisms. 
Notably, at the beginning of surface loading for each 
step, the forces measured on the pile heads did not 
increase coincidently. The rate of force increment on 
the pile heads lagged behind that of the surface 
loading, resulting in a reduction in the efficiency of 
the system.  
     Examining the effect of geosynthetic layer, the 
efficiency for the test performed with α = 3.14 % 
increased from 42.24 % to 77.26 % at Pm = 25 kPa. In 
the case of α = 12.56 %, an efficiency of 60.42 % was 
observed at Pm = 25 kPa. Notably, the reinforcement 
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layer demonstrated greater effectiveness than an 
increase in the size of the pile cap. Test MS-8R 
exhibited a more pronounced efficiency, particularly 
during the initial step of loading at Pm = 5 kPa. 
However, when an increase in Pm to 25 kPa was 
applied, the efficiency of the system appeared to 
decrease. Nevertheless, in the case of the geosynthetic 
layer, an increase in α (MS-6 and MS-8) had no 
influence on the efficiency of the system at a higher 
level of Pm.  
 

 
 
Fig.12 Evolution of the average efficiency at the pile 
head or pile cap of four central piles 
 
 
5. CONCLUSION 

 
In this study, although this small-scale model did not 
precisely replicate the real - scale structure, the 
primary focus was on validating reference tests. 
Based on the experimental results, an increase in pile 
diameter played a crucial role in load transfer 
mechanisms including the total settlement. The 
significance of this study lies in its potential for 
extensive parametric analysis, as it provides a wealth 
of experimental data pertaining to the improvement 
of soft soil through rigid inclusions. This dataset can 
be instrumental in shaping future experimental 
campaigns, particularly those involving cyclic 
loading tests, and validating numerical models. 
In the context of monotonic test results serving as a 
reference, a layer of dry sand with a unit weight of 
16.7 kN/m3 and a friction angle of 43° was employed 
as the LTP layer. Following a 12-hour consolidation 
period, the application of surface loading induced the 
accumulation of settlement.  
Tests incorporating an enlarged pile cap and a 
geosynthetic layer demonstrated the capacity to 
distribute loads more uniformly across the pile head, 
resulting in a significant reduction in settlement. This 
effect was particularly prominent when a low level of 
surface loading was applied. Interestingly, an 
increase in the recovery ratio exhibited no discernible 

impact on the system’s efficiency at high levels of 
surface loading (Pm).  
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