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1 INTRODUCTION 
 
The growing need for infrastructure development of-
ten leads engineers to construct projects of different 
types on soft soils introducing thus large total and 
differential deformations. These deformations must 
be limited in order to maintain the stability and the 
durability of the structures concerned. Among the 
different methods of soil improvement, the tech-
nique of vertical rigid piles reinforcement was espe-
cially developed for several years (Briançon 2002). 
Currently, this technique is increasingly used due to 
its rapid construction, small settlements and low 
construction costs compared to other traditional soil 
reinforcement methods. This reinforcement tech-
nique differs from the classical construction tech-
nique over pile foundations where the structure is di-
rectly connected to the piles. A layer of granular 
material called "Load Transfer Platform" or LTP co-
vers the reinforced soil and contributes to the load 
transfer to the substratum below by developing arch-
ing effect (Fig. 1). 

The recommendations established by the French 
National Project on soil reinforcement by rigid in-
clusions (ASIRI, IREX 2012) were focused on the 
case of monotonic loading. Yet, various cases of 
structures under cyclic loading are commonly en-

countered in the practice which requires the under-
standing of this technique under cyclic and/or dy-
namic loading. 

 

 
 
Figure 1. Technique of soil reinforcement by rigid piles 

 
Laboratory physical models have been developed 

since the 1970s in order to study the behaviour of 
this technique. Some are two-dimensional (Antoine 
2010; Chen et al. 2008; Jenck 2005; Low et al. 
1994; Hewlett & Randolph 1988) others were con-
ducted using three-dimensional models (Van 
Eekelen et al. 2012; Eskisar et al. 2012; Dinh 2010; 
Kempfert et al. 1997; Demerdash 1996). Physical 
models have been also developed in order to visual-
ize the mechanisms taking place inside the LTP. 
Most of these studies were carried out on two-
dimensional models measuring the displacement 
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is performed using a specific Digital Image Correlation method (DIC), which tracks each visible grain indi-
vidually. Experimental campaigns were performed representing the cases with or without rigid slab placed on 
top of the LTP. Several loading configurations were tested under monotonic or low frequency cyclic loading. 
Results were analysed in terms of settlements and in terms of efficiency, defined as the proportion of the total 
load transmitted to the piles. The experimental results highlighted a different behaviour of the system for the 
cases with and without surface rigid slab. 

 



fields of LTP by applying the Digital Image Correla-
tion method (Jenck et al. 2014; Antoine 2010; Jenck 
et al. 2007). In order to obtain the same stress level 
in the model than in the prototype, a number of re-
search associated with soil reinforcement by rigid 
piles have been performed in centrifuge. Very few 
were performed with 2D models (Barchard 2002), 
most of them considered a 3D configuration (Blanc 
et al. 2013; Okyay et al. 2013; Baudouin 2010; 
Okyay & Dias 2010; Ellis & Aslam 2009), soft soil 
is then mainly represented by a mobile tray and the 
considered g level is 30. 

The majority of all these studies were limited to 
the case of static or monotonic loading. Under verti-
cal cyclic loading, the dynamic case of traffic load 
(large number of cycles with small amplitudes and 
high frequencies) is more widely studied (Van 
Eekelen et al. 2007; Heitz & Kempfert 2007; Heitz 
2006) than the quasi-static case of storage tank (Bri-
ançon et al. 2015; Okyay et al. 2013; Rault & Thorel 
2009). 

  In this paper, a three-dimensional small-scale la-
boratory model simulating the soil reinforcement by 
vertical rigid piles is firstly described. The originali-
ty of this model lies in its modularity in terms of ge-
ometry, materials, boundary conditions and the pres-
ence of a transparent lateral window on its side 
which allows the visualization of the mechanisms in 
the LTP. A DIC technique was then used to analyse 
the displacement fields of the grains composing the 
LTP. In a second phase, the experimental campaign, 
that includes both types of tests with and without rig-
id slab placed on top of the LTP, is presented and re-
sults are detailed. Finally, an analysis of the results is 
presented, indicating the influence of the rigid slab 
under monotonic and cyclic loading. 

2 PHYSICAL MODELLING 

2.1 Experimental device 

A 1-g three-dimensional physical model with a scale 
factor of 1/10th on length was designed and devel-
oped in the 3SR (Soils, Solids, Structure, Risks) la-
boratory in Grenoble (Fig. 2).  

 
 
 
 
 
 
 

 
 

 
Figure 2. 3D schematic view of the model 

 
Its objective is to study the behaviour of the soil 

reinforcement by rigid piles under quasi-static verti-

cal cyclic loading.  It consists in a rigid square box 
made of aluminium and steel frames with an internal 
dimension of 1,000 mm × 1,000 mm. It contains 16 
cylindrical aluminium piles, with a constant area ra-
tio (proportion of the in-plane surface covered by the 
piles) α = 2.4 %. Piles have a diameter of 35 mm and 
a length of 600 mm, and they are arranged centrally 
with a centre-to-centre spacing of 200 mm as shown 
in Figure 3.  

 

 
 

Figure 3. Plan view of the model with instrumentation 
 
Four semi-piles have been added next to a win-

dow allowing the visualization and the analysis of 
the mechanisms taking place in the LTP. The height 
of the box can be adjusted by adding or removing 
frames. An empty space of thickness 200 mm at the 
base of the box is allocated for the instrumentation. 
The steel plate supporting the soft soil is perforated 
enabling the 20 piles to extend through it and rest on 
the bottom of the box. Above this steel plate, a layer 
of thickness 400 mm of soft material is placed fol-
lowed by a layer of gravel with a thickness equal to 
100 mm (Fig. 4).  

 

 
 
Figure 4. Schematic sectional view A-A of the model with in-
strumentation 
 

A uniformly distributed load is applied at the sur-
face of the LTP by a soft membrane under water 
pressure. Controlling the water pressure inside the 
membrane (Pm) allows applying monotonic and/or 
cyclic loadings. It is also possible to perform tests 
with different boundary conditions by adding a rigid 
slab on the surface of the LTP, which imposes uni-
form surface displacements. 

2.2 Instrumentation 

The instrumentation used in the tests is located in the 
central zone, far from the boundaries (Fig. 3). Forces 



transmitted to the top of the piles are measured by 1-
kN force sensors integrated in the pile heads ; dis-
placement sensors are located on the diagonal be-
tween piles N°2 and 4 and enable the measurement 
of the settlement at the interface between the soft 
soil layer and the LTP (Fig. 4). 

2.3 Materials 

The compressible soil actually consists in clay 
and/or loam soils. In order to obtain a deformation in 
a very short period of time, it is here simulated by a 
mixture of Fontainebleau fine sand and expanded 
polystyrene balls with an average unit weight of 
4.5kN/m3 (Fig. 5). This type of mixture was used in 
laboratory tests by Dinh (2010). The compressibility 
characteristics of the mixture are given in Table 1. 

 

Table1. Characteristics of the compressible soil ______________________________________________ 
Compression index         Cc     1.8 
Swelling index         Cs     0.1 
Initial void ratio         e0     7.0 
(considering polystyrene as void) 
Cc/(1+ e0)           Cc/(1+ e0)  0.22 
Preconsolidation pressure (kPa)     σ’p   3 _____________________________________________       

 

The LTP is composed of a 2-6 mm in diameter 
gravel (Fig. 5). The average unit weight after com-
paction is equal to 14.8 kN/m3 corresponding to a 
density index of ID = 0.75.  The friction angle and the 
cohesion are found from triaxial tests equal to 
φ = 45° and c = 0 kPa. 
 

 
 
Figure 5. Lateral window – Photograph for DIC analysis 

2.3 Particle Image Tracking (PIT) technique 

The presence of the transparent lateral window and 
the four semi-piles permits us to visualize the dis-
placement field inside the LTP and then to apply a 
digital image analysis. This will enable us to study 
qualitatively the phenomenology of the mechanisms 
taking place inside the LTP. Photographs are taken 
through the window made of Plexiglas with dimen-
sions 435 mm × 335 mm (frame included). In ac-
cordance with the window’s dimensions, a high-
resolution digital camera of 24 M pixels (6,000 pix-
els × 4,000 pixels) is chosen and gives an analogy of 
1 pixel equal to 0.075 mm. An example of the imag-
es taken with the camera is presented in Figure 5.  

A new image analysis approach to assess the 2D 
motion of rigid bodies in a granular layer was ap-
plied. This technique is named Particle Image Track-
ing (PIT), a specific DIC method. It allows following 

displacements and rotation of each grain individually 
for 2D medium such as rod assembly. The imple-
mentation of the PIT technique is done with the code 
‘‘Tracker’’ designed at the 3SR laboratory (Combe 
& Richefeu 2013). 

2.4 Experimental campaign 

The experimental campaign has been defined to 
evaluate the effect of low frequency vertical cycles 
on the system’s behaviour. In this communication, a 
total of six different configurations are studies (Ta-
ble 2). Two types of boundary conditions were test-
ed: with rigid slab (labelled D) and without rigid 
slab (labelled R). Three types of loading sequences 
were performed: one monotonic (M) and two cyclic 
(C1 and C2). In cyclic C2 tests, a monotonic loading 
up to Pm = 30 kPa is applied on surface before ap-
plying the cycles between Pm = 10 and 20 kPa. They 
are summarized in Figure 6. The repeatability has 
been verified by repeating each test. 
 
Table 2.  Experimental campaign ______________________________________________ 
Name of test   Type of test   Boundary condition ______________________________________________ 
M_D   Monotonic      Rigid slab 
C1_D  Cyclic        Rigid slab 
C2_D   Cyclic with preloading  Rigid slab 
M_R   Monotonic      Uniform pressure 
C1_R  Cyclic       Uniform pressure 
C2_R  Cyclic with preloading  Uniform pressure _____________________________________________       
 

The 50 cycles are divided into two phases: the pe-
riod of each of the 6 first cycles is equal to 50 min 
(in order to take photographs for the DIC applica-
tion); then the period of each of the next 44 cycles is 
reduced to 20 min. In both stages, the frequency is 
very low and no dynamic effect could arise. 
     The level of applied surface pressures has been 
chosen in order to simulate real loading levels. Due 
to similitudes between small-scale model and proto-
type, with a scale factor on the length equal to 1/10 
and equal to 1 on the gravity, the scale factor on the 
pressure is equal to 1/10, i.e. a surface pressure of 
10 kPa in the model would corresponds to a surface 
pressure of 100 kPa (or 10 m of water) on a real 
structure. The objective of raising the pressure Pm 
up to 30 kPa after the application of the cycles is to 
analyse whether the behaviour of the structure 
changes after a certain history of cyclic loading. The 
objective of applying two different types of cycles is 
to study the effect of preloading before applying the 
cycles on the system’s behaviour.  

 

 
Figure 6. Applied pressure on surface vs time for the three tests 



3 RESULTS ANALYSIS 

3.1 Influence of cyclic loading with rigid slab 

Comparing the cyclic (C1) test results with the refer-
ence monotonic (M) test results enabled us to study 
the effect of applying cycles on the structure’s be-
haviour.  Figure 7 shows that applying the cyclic 
loading does not influence the average value of the 
force on the head of the piles obtained when the ap-
plied pressure is maximum. The increase of the ap-
plied pressure up to 30 kPa after the cycles leads to 
the same value of force found for monotonic load-
ing. This means that applying cyclic loading does not 
influence in a large manner the load transfer taking 
place inside the LTP. 

 

 
 

Figure 7. Evolution of average head force  
 

Figure 8 shows an accumulation of settlement of 
12 mm during the cycles (with a decreasing rate and 
without reaching stabilization at the end of the 50 
cycles). This accumulation is taking place during the 
last 3 kPa of each loading cycle. No settlement varia-
tion was observed during unloading. Increasing the 
applied pressure Pm from 20 to 30 kPa after cyclic 
loading leads to a final settlement 15% larger than 
that of the monotonous test. However it is observed 
that the incremental displacement during the loading 
phase Pm from 20 to 30 kPa is much lower for the 
cyclic test. 
 

 
 

Figure 8. D3 basal settlement evolution  
 

PIT analysis has been performed during the first 
six cycles of surface pressure application. The refer-
ence state (initial state) corresponds to the photo-
graph taken after 3h of loading of the system under a 
surface pressure Pm = 20 kPa. In order to represent 
the vertical displacement field, each grain of the LTP 
is represented by a polygon (Voronoi cell) and col-
oured according to its corresponding vertical dis-
placement. Figure 9 represents the vertical displace-
ment field evolution during the first six cycles. The 
white cells are the grains “lost” during the applica-
tion of PIT (because their correlation coefficient is 
smaller than 0.7, value chosen as quality threshold). 

The accumulation of settlement during the first 6 cy-
cles can be clearly observed by the colour change of 
cells passing from one cycle to another. This accu-
mulation is higher in the central portion between the 
two inclusions than above the inclusions. Thus it 
highlights the development of the shear mechanisms 
in the granular mattress during the cycles. 
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Figure 9. Vertical displacement field at the end of each of the 
first six cycles of test C1_D 

 
The analysis of the vertical displacement field 

during the first cycle of unloading-reloading of the 
test C1_D (Fig. 10)  shows that, when unloaded, 
there is almost no change in the vertical displace-
ment field, but that is during the reloading and espe-
cially between Pm = 17 and 20 kPa that the largest 
part of settlement develops. This analysis confirms 
the results obtained by the CD3 sensor in the central 
zone of the model (Fig. 8). 
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Figure 10. Vertical displacement field during the first cycle of 
unloading - reloading of test C1_D 



3.2 Influence of preloading 

Comparing the results of the cyclic test C1_D with 
the results of the cyclic test C2_D allows the study 
of the influence of the cycles when applied after a 
preloading of the system. Figure 11 shows this influ-
ence in terms of soft soil settlement and efficiency of 
the system.  The notion of efficiency is defined as 
the proportion of the total load supported by the piles 
(Hewlett & Randolph 1988). 

  It has been noticed that preloading the system 
before applying the cycles does not prevent the ac-
cumulation of settlements during cycles (∆ = 4 mm). 
However, this accumulation is only 30% of that 
measured in the test C1_D (∆ = 12 mm). Finally, it 
is noteworthy that the final efficiency and settlement 
is almost equal for the two tests. This means that 
preloading the system does not change the value of 
the final soil settlement but leads to a significant re-
duction in settlement accumulation during the cyclic 
loading. 
 

 
Figure 11. Influence of system’s preloading 

 

    3.2 Influence of the rigid slab 

It was shown that, under monotonic loading, the 
presence of the slab increases the load transfer (effi-
ciency) and reduces soil settlement (Fig. 12). This 
observation is consistent with the results found by 
Okyay et al. (2013) and Morgon (2010) in centri-
fuge.  
 

 
Figure 12. Influence of the rigid slab under monotonic loading 

 
     Figure 13 shows the influence of the rigid slab 
under cyclic loading. It was noticed that performing 
tests without rigid slab under cyclic loading reduces 
the settlement accumulation during cycles. However, 
the final settlement after the cycles is always greater 
in absence of the rigid slab.  

The same observations were made when applying 
cycles after preloading the system (C2) (Fig. 14). 

 

 
Figure 13. Influence of the rigid slab under cyclic loading C1 
 

 
 
Figure 14. Influence of the rigid slab under cyclic loading C2 
(with preloading before applying the cycles) 

4 CONCLUSIONS 

This paper studies the behaviour of soil reinforce-
ment by rigid piles under vertical cyclic loading. A 
new experimental apparatus composed of a 1g three-
dimensional physical model has been especially de-
signed to test this soil reinforcement technique. The 
model is instrumented with force and displacement 
sensors, to study the load transfer towards the top of 
the piles and the measurement of the settlement at 
the base of the LTP. A lateral window allows the 
visualization and measurement of the displacement 
field in the model, using image analysis. A series of 
tests were performed to investigate the load transfer 
mechanisms in the LTP under low frequency vertical 
cyclic surface loading. 12 tests were performed to 
study 6 different configurations.  In order to investi-
gate the effect of the rigid slab placed on the top of 
the LTP, tests with and without rigid slab were per-
formed. 

The tests performed under cyclic loading high-
lighted an accumulation of settlements, especially 
during the first ten cycles, where 50% of the total 
settlement accumulation took place. Both instrumen-
tation and image analysis are in good agreement and 
show that the settlement accumulation occurred dur-
ing the loading stage of the cycle, for a surface over-
load around its maximum value. Experimental re-
sults highlighted a different behaviour of the system 
for the cases with and without surface rigid slab. In 
fact, the presence of the rigid slab was found helpful 
for increasing load transfer and reducing soil settle-
ment under monotonic loading. However, its pres-
ence leads to a greater settlement accumulation dur-
ing cyclic loading. Nevertheless, the total settlement 
remains lower in the presence of the slab. Moreover, 
when applying cycles after preloading the system 
with a higher load level, less settlement accumula-
tion was obtained for both cases with and without 
rigid slab. 



Despite the non-respect of all the principles of 
similarity between the physical model and prototype 
and the use of an analogical material to simulate the 
compressible soil, the results obtained from the 
model tests are useful to gain a better understanding 
of the mechanisms occurring in the LTP during cy-
cles. It also permits the constitution of an experi-
mental database for verifying the validity of theoreti-
cal or numerical methods. 
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