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Abstract: Ensuring the safety of existing structures is an 
important issue when planning and executing adjacent 
new foundation pit excavations. Hence, understanding 
the stress state conditions experienced by the soil element 
behind a retaining wall at a given location during different 
excavation stages has been a key observational modelling 
aspect of the performance of excavations. By establishing 
and carrying out sophisticated soil–structure interaction 
analyses, stress paths render clarity on soil deformation 
mechanism. On the other hand, column-type soft 
ground treatment has recently got exceeding attention 
and practical implementation. So, the soil stress–strain 
response to excavation-induced disturbances needs to 
be known as well. To this end, this paper discusses the 
stress change and redistribution phenomena in a treated 
ground based on 3D numerical analyses. The simulation 
was verified against results from a 1 g indoor experimental 
test conducted on composite foundation reinforced with 
long and short cement–fly ash–gravel (CFG) pile adjacent 
to a moving rigid retaining wall. It was observed that 
the stress path for each monitoring point in the shallow 
depth undergoes a process of stress unloading at various 
dropping amounts of principal stress components in 
a complex manner. The closer the soil element is to the 
wall, the more it experiences a change in principal stress 
components as the wall movement progresses; also, the 
induced stress disturbance weakens significantly as the 
observation point becomes farther away from the wall. 

Accordingly, the overall vertical load-sharing percentage 
of the upper soil reduces proportionally.

Keywords: CFG pile; composite foundation; cushion; 
load-sharing ratio; retaining wall; excavation.

1  Introduction
The super tall buildings emerging worldwide along with 
the need for utilising marginal lands of urban districts 
has presented design and construction challenges to 
geotechnical engineers. As these structures usually 
incorporate multi-level basement, the use of the thick base 
slab as a mat foundation may be reasonable to achieve 
the required bearing capacity. To satisfy the settlement 
criteria, however, in some situations, piles may be added 
beneath the raft in strategical locations to form a composite 
piled-raft foundation system.[1] Crowned with interposed 
load transfer platform (LTP) of an appropriate material 
under the raft, cement–fly ash–gravel (CFG) piles are 
used as column-type rigid inclusions to reinforce shallow 
weak soils and receive the upper imposed load indirectly. 
Recently, Uge and Guo[2] have made a succinct overview 
on their area of application in engineering practice. It is 
revealed that due to the deformability characteristics of 
the LTP layer, negative side friction (NSF) develops on 
the upper 15%–50% of the pile length, where settlement 
of the shallow soil becomes greater than that of the pile 
owing to the pile head pricking into the LTP layer.[3–7] It has 
also become a common practice to use a combination of 
different piles with varying stiffness[8,9] and/or length[10,11] 
to meet the economic advantages, whereby the natural 
unfavourable shallow soil is strengthened by the short/
flexible piles and contributes to bear a certain proportion 
of the foundation load while the long piles serve as 
foundation settlement reducers. 

In one part, unlike the vast literature on the vertical 
load-bearing and settlement characteristics of CFG piles, 
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little information can be gleaned on the lateral load-
sharing behaviour of this ground improvement technology. 
The few previous studies that are available have focused 
on the lateral reinforcing effect of CFG piles in reducing the 
horizontal earth thrust on retaining walls because of their 
shielding effect.[12,13] Experimental[14,15] and numerical[16] 
observations have revealed the same. Consequently, the 
study on evolution and distribution of earth pressure 
on retaining wall neighbouring composite foundation 
has recently garnered much attention.[14,17] However, 
the mutual interaction between existing CFG piles and 
adjacent retaining wall needs to be well understood in 
order to ensure their stability. In this regard, recent years 
have witnessed that the synergistic mechanism influences 
the vertical load-bearing characteristics throughout 
the process of neighbouring excavation work.[18–20] The 
physical model test results of Li et al.[21] on the load 
distribution of rigid pile composite foundation revealed 
the same characteristics under the condition of soil 
displacement from retaining wall rotation about the base. 

On the other hand, the safety of conventional piles 
subjected to ground movements arising from nearby 
excavations and other sources has globally received 
particular interest.[22–28] Researchers such as Shi et al.[29] 
and Shakeel and Ng[30] have discussed the load transfer 
mechanism and the response of single and group pile, 
respectively, using stress path followed during excavation 
stages. The soil elements for observation were taken 
around the pile, and the load-sharing phenomena were 
captured by comparing the level of stress the soil element 
encounters. They noticed the rate of stress increment or 
relief throughout the progression of excavation to infer 
about the magnitude of downward (from shaft to pile toe) 
or upward stress transmission. According to the findings 
from Soomro et al.,[31] to sustain the working load during 
excavation, the deviatoric stress q of a monitoring soil 
element mid-depth along the pile shaft increases, while 
the mean effective stress p decreases due to stress release, 
implying an increase in the pile shaft resistance to support 
the imposed load. Similar observation was forwarded by 
Ng et al.,[32] where they indicated the mechanism of load 
transfer during sequential excavation in both elevated 
group of pile and a pile cap in contact with the shallow soil. 
Owing to excavation-induced gap formation underneath 
the cap, they noticed a dominant transfer of load from raft 
to pile than redistribution among the piles and justified 
the pile settlement based on the stress path followed as 
the excavation progresses.  

In fact, as long as excavation execution is concerned, 
it changes the initial stress sate of the ground. This man-
made stress field disturbance has been well known and 

is being investigated in various ways in geoengineering 
problems. For instance, Li et al.[33] discussed about 
excavation activity-induced principal stress path change 
and its influence on the deformation and stability of road 
way. Choi et al.[34] studied the stiffness degradation and 
reported the stress path at different monitoring points 
around excavation. Cao et al.[35] numerically studied 
the stress path during various stages of construction, 
considering a surcharge load from a crane used for lifting 
in the process of excavation. 

So far, enormous efforts have also been made 
to understand the accompanied principal stress 
rotations (PSRs) during the process of excavation and 
to experimentally characterise the soil deformation 
characteristics under several PSRs occurring in the 
subsequent foundation pit construction phases.[36,37] 
Hsieh and Ou[38] inspected the state of stress and the 
PSRs for the soil element outside and inside the zone of 
excavation and have shown that reasonable estimation of 
excavation-induced ground movements can not only be 
made by taking into account small strain behaviour, but 
also without ignoring the stiffness degradation. Ni et al.[39] 
performed plane strain test under various stress paths 
to capture the stress–strain response of soil during deep 
excavation, as in most cases, plane strain loading and 
unloading condition is encountered in deep excavations 
with larger length to breadth ratio. They recommended 
to use unloading stiffness in deformation analysis since 
their experimental and numerical analysis resulted in a 
decrease in soil shear strength throughout the process of 
excavation. Lim and Ou[40] had reported the stress path 
for different stress points within the excavation influence 
zone and the retained side. They showed the cartesian 
and principal stress representations to explain evolution 
of change in principal stress directions at subsequent 
stages of excavation and the tendency of the soil element 
to undergo movement in the direction of excavation. Such 
studies and other studies[41,42] have been forwarded to shed 
light on deformation and strength characteristics of the 
natural intact soil adjacent to excavations. However, the 
same study in reinforced soil with rigid column inclusion, 
whose stress transfer behaviour is highly influenced by 
the relative pile/soil movement, is very limited. 

In this framework, taking the current high interest 
into consideration to utilise CFG long and short pile 
composite foundation in urban dwellings and to check 
its performance during new adjacent deep excavation 
activities, an indoor experimental investigation was 
carried out. The large-scale indoor 1 g model test was 
conducted for rotation of the retaining wall about the 
base. The results of the model test were used to calibrate 
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the 3D numerical analysis performed with ABAQUS finite 
element software to analyse the stress paths experienced 
by selected soil elements in the foundation system.   

2  Methodology of analysis

2.1  Finite element modelling

The commercial FE software ABAQUS was chosen to 
develop the finite element model. The model comprised 
structural (pile, raft and wall) and geotechnical (soil 
and cushion) parts that were modelled as elastic and 
elastic ideal plastic Mohr–Coulomb constitutive model, 
respectively. Even though Mohr–Coulomb model 
is not a state-of-the-art constitutive relation, it has 
widely been employed in FE analysis to describe the 
engineering characteristics of geotechnical materials 
while investigating the behaviour of composite piled raft 
foundations[6,10,43–45] and performance of deep foundation 
pit excavations and/or their influence on the surrounding 
infrastructures.[26,46,47] Figure 1 depicts the typical meshed 
geometry employed in the model. The retaining wall in 
each case was 10-m deep, whereas to avoid boundary 
effects, the homogeneously treated soil medium was 
made to be at least as five times wide as the breadth Br 
of the raft in the lateral extent and as deep as more than 
thrice the length of long pile vertically.

Considering computational expensiveness without 
compromising accuracy, the mesh density in the 
neighbourhood of structural members was made finer 
than that for other locations, with a gradual change 
to coarser mesh sizes. Each mesh part was discretised 
using an eight-node linear brick element with reduced 
integration and hourglass control (C3D8R). As the size of 
the model parts for the cushion, raft and soil increased 
as the number of piles in the composite foundation was 
increased, their corresponding mesh discretisation 
yielded different number of nodes. As a consequence, 
increasing the number of piles, say from 9 to 25, increased 
the number of nodes in the model assembly from 98,526 
to 155,733. The surrounding vertical boundaries were 
modelled to restrain lateral displacements, while the 
bottom was set to constrain both horizontal and vertical 
displacements. The top surface boundary was set to be free 
in each direction. The boundary condition at the base of 
the wall was defined by a pin support to allow only rotation 
about its base, while its side, the boundary which was in 
direct contact with the retained soil mass behind the wall, 
was defined by establishing a contact surface algorithm 
characterised by the general surface-to-surface contact 
formulation. The analysis was initiated by generating K0 
geostatic stress field within the soil that produced very 
small deformation but in equilibrium stress field with 
gravity loading. This initial condition was followed by 
introducing sequentially the piles, cushion layer and 
raft by establishing surface-to-surface contacts along 
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Figure 1: Typical (a) plan and (b) sectional view of finite element mesh used for nine long–short pile composite foundation at 3-m distance 
away from wall.
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the interacting interfaces. The face of stiffer contacting 
part was set as master surface contact candidate, while 
a slave surface described the other contacting body’s 
surface. Penalty friction formulation was enforced for 
both tangential and normal behaviours, assuming 0.005 
m limiting displacement for the elastic slip to develop full 
contact friction, as suggested by Miao et al.[48] to overcome 
overestimation of pile bending moment.

2.2  Experimental setup and testing procedure

The FE model employed in this study was compared with 
the results from an indoor experiment conducted using a 
model box of 1.6 m × 1.6 m × 2.5 m inner dimension, which 

was sufficient to ignore boundary effects. The apparatus 
was designed and developed by the Research Institute of 
Geotechnical Engineering at Zhengzhou University. The 
model test setup is shown schematically in Figure 2 and 
was composed of stationary side walls braced with square 
section RHS fame, movable front wall equipped with 
bottom roller and slideway, and dismountable 10 split-
steel plates connected to the frame with high-strength 
bolts forming the rear wall. Displacement control screw 
rods were symmetrically located at the top, middle and 
lower levels of the right and left edges of the front wall to 
permit rotation/translation in a way similar to that used 
by other researchers such as Yang et al.[49] Rectangular 
RHS steel reaction frame was positioned beside sidewalls. 
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Figure 2: Schematic view of the test model setup: (a) sectional view, (b) plan view and (c) photograph taken during wall rotation.
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The test was conducted on 2 × 2 (two long–two 
short) pile composite foundation. Instrumented hollow 
aluminium close-ended tubes of length 2100 and 1000 
mm were used as long and short piles, respectively, 
considering the length similarity ratio (λL) of 3 to account 
for scale effect. The pile’s Young’s modulus was 72 GPa 
and was not emulated for scaling. The outer diameter and 
thickness of each pile were 100 and 3 mm, respectively. 
The roughness of pile shaft surface was established with 
knurling treatment and effectuated an interface angle 
of friction 27.3°. The spacing of the piles in model and 
prototype was three times the pile diameter, so that the 
area replacement ratio remained 0.087.

A plain carbon structural steel plate (quality Q235B) 
of dimension 600 mm × 600 mm × 50 mm was used as a 
rigid raft according to the stiffness requirement suggested 
by Horikoshi and Randolph.[50] Fine dry river sand of 
Zhengzhou city, China and standard sand with the grain 
size distribution presented in Figure 3 were used as a 
foundation soil and cushion layer, respectively, according 
to the test requirement in the Chinese specification (GB/T 
50783-2012). The scale effect of particle size on ultimate 
skin friction was also cross checked, so that the ratio of 
pile diameter (d) to the average particle size of the soil 
(D50) was at least 30–50 according to Fioravante’s[51] 
suggestion. The maximum and minimum dry densities 
of the analogous fine sand were 1.795 and 1.592 g/cm3, 
respectively. The cushion layer had a thickness of 50 mm. 
The bearing layer was prepared by pouring and tamping 
technique with the sand being freely dropped from the 
height of the model box by a conveyor belt. Once the fill 
was made to the level of the prescribed pile toe, the pile was 
positioned vertically and the next layer was continued to 
the final surface. After the final sand surface was levelled, 
soil pressure cells were placed at the specified locations 
before laying the cushion layer. The cushion layer was 
placed after the bounding steel frame was laid. Then, the 
loading plate was stationed on top of the cushion. 

The vertical working load was applied using a 
hydraulic jack pressed against the top beam of the 
reaction frame, and a load cell was mounted between 
the jack and the beam. The model ground had then been 
rested for more than a week before the loading process 
was begun, in order to balance the stress state of the soil. 
The loading application was performed according to the 
Chinese technical specifications for building foundation 
inspection (JGJ340-2015), technical code for testing of 
building foundation piles (JGJ106-2014) and technical 
code for ground treatment of buildings (JGJ 79-2012).

The settlement of raft surface during the loading 
process was obtained from the reading taken by YHD 

series electronic strain-type displacement sensors. All 
the strain gauges attached to the pile body, displacement 
transducers and pressure sensors placed at the top soil 
surface between piles and on the head and tip of pile 
were connected to static digital data acquisition system 
to collect real-time data. Each earth pressure-measuring 
cell and load sensor was verified for repeatability through 
indoor calibration preceding the experiment to correct 
calibration coefficients and stress hysteresis effect.

Based on existing research works conducted with the 
same model box,[13,14] the rotation of wall about the base 
required to attain active limit state resulted in the top of 
the wall to displace laterally an amount of ∆ = 10–15 mm 
(0.47%–0.75% of the wall height). Accordingly, this study 
used 10-mm horizontal movement of the wall top away from 
the foundation in 11 stages, with 0.5 mm at the beginning 
and 1.0 mm each for the remaining. Consequently, the 
displacement of the screw rods on the top was controlled 
manually to obtain 0.5 or 1.0 mm at each stage, according 
to the calibration of screw rode rotation to yield the same. 
After the data of each stage were stable, the next rotation 
was carried out. Since settlement occurred as wall 
rotation advanced, for this very reason, the applied load 
on the foundation was manually sustained to maintain 
the hydraulic jack pressure unchanged throughout the 
process.  

In order to compare experimental and numerical 
results with each other, the FEA was performed on the 
same geometric configuration, but with the depth of the 
sand being twice the long piles’ length. Table 1 summarises 
the material parameters used to back analyse the 
experiment, while Figure 4 presents the load settlement 
before wall rotation and the load-sharing characteristics 
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during wall rotation. It can be seen that the prediction 
from the numerical simulation was in agreement with the 
results from the experiment in terms of magnitude and 
trend. Thus, the behaviour of long–short pile composite 
foundation can reasonably be predicted following similar 
numerical simulation procedure for succeeding analyses.

3  Stress path analysis
It is common to represent the complex state of soil 
stress during excavation using stress paths plotted on 
p–q plane. The p–q plane is nothing, but a plot of the 
mean isotropic (hydrostatic) stress vs. deviatoric (shape-
changing) stress. Since the pile-to-pile spacing in CFG 
pile composite foundation usually ranges from 2 to 5 
times the pile diameter (d) and the outward projection 
of the mat edge from the outer pile is 1.5–2 times of the 
pile diameter,[52] this study used a pile spacing of 3d (i.e., 
3 × 0.4 m) with the raft projected by 2d (i.e., 0.8 m) from 
the centre of peripheral piles. An upper vertical pressure 
of 180 kPa was imposed on the top surface of the raft as 
a working foundation load. The initial stress state of the 
foundation was considered as a stress state condition 
under the applied vertical load, expressed as state ‘0’ in 
further discussions unless otherwise stated. 
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Figure 4: Comparison of experimental (a) load settlement curve and (b) load-sharing ratio during wall rotation with finite element analysis 
result (Lp - long pile, Sp - short pile, Sbp - soil between piles).

Table 1: Material properties used in validation.

Material type E
(MPa)

ν γ (kg/
m3)

Φ
(°)

c
(kPa)

Cushion 15.00 0.30 1416 33.90 4.00

Soil 10.50 0.30 1618 33.42 6.48

Pile 8.14 × 103 0.20 2700 – –

Raft 210 × 103 0.20 7800 – –

Retaining wall 210 × 103 0.10 7800 – –
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3.1  Soil stress path mobilised at different 
locations

The changes in the state of stress during the process of 
wall movement were examined with the mobilised stress 
path of the soil elements at different selected monitoring 
points. As depicted in Figure 5, the stress path for each 
observation point travelled downwards towards the Kf 

-line (except for point B), indicating a reduction in both 
lateral and vertical stresses during the subsequent wall 
movement. It is well known from the basic soil mechanics 
that with increase in the depth, the vertical stress of the 
soil mass increases. Subsequently, the stress state on the 
p–q plane for the soil element at the observation point A 
was much lower than that of the soil element at point B. 
The same was true for the upper soil elements C and E, as 
compared to their respective bottom points D and F.  

The behaviour of the stress path for point B in this 
analysis was seen to be different from others, which 
might have occurred as a result of the reaction stresses 
developing at the base of the wall. Accordingly, during 
advancement of the wall movement, a pattern of mean 
isotropic stress increment and decrease in deviatoric 
stress was seen until the completion of wall rotation.

When the stress change in observation point E was 
compared to that of C, its stress state underwent a complex 
path in the earlier stages of wall rotation. It increased first, 
but reverted back to follow almost the same trend with 
that of observation point C after a certain rotation in the 
later stages of wall rotation. The reason for this behaviour 
could be the shadowing and reinforcing effect of the 
front pile, so as in the earlier stage of wall rotation, the 
incidence of gap formation between the cushion and soil 
due to the wall movement reduced the stress borne by soil 
element C and the corresponding stress was transferred to 
the neighbouring stiffer material. This increased the stress 
received by the soil between piles. As the wall progression 
continued, the soil element E underwent a stress relief 
and followed the stress path trace of point C. 

3.2  Principal stress rotation 

Generally, it is difficult to totally avoid excavation-induced 
soil displacements in which the soil elements migrate 
towards the pit along with the inward retaining wall 
movement. Such a phenomenon generates a change in 
the stress state in conjunction with principal stress axes’ 
rotation.[39,40,53] As the wall movement in the current study 
altered the initial stress state of the soil, variations of the 
stresses during the process brought changes not only in 

the magnitude, but also in the direction of the principal 
stresses. Figure 6 presents the stress change evolution 
schematically on a 3D stress space of principal axes σ1, σ2 
and σ3. The observation stress point C was taken for a soil 
element adjacent to the composite foundation at a distance 
3 m behind the wall. It is obvious from the stress path 
illustration that from the kick-off to completion of wall 
movement, the soil element underwent stress unloading 
owing to a drop in the percentage of vertical load sharing 
of the soil and reduction of lateral confinement as a 
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result of wall movement-induced stress relief. This stress 
reduction occurrence was also associated with changes 
in the direction of the principal stresses, as can be seen 
from the projection on the σ2–σ3 plane. An excerpt on the 
stress state in terms of principal stress magnitude and 
orientation for the same soil element is given in Figure 7. 

The 3D principal stress directions can easily be 
obtained using programs such as MATLAB without 
doing algebra to calculate the eigenvectors. It is to be 
reminded that during PSRs, direction changes alone 
can produce plastic deformations. So as to have safer 
designs, deformations associated with PSR should not 
be neglected, apart from change in principal stress 
magnitude.[54] Accordingly, a constitutive relationship that 
could possibly capture the plastic deformations to a better 
accuracy is sought for a higher fidelity, which mostly 
exists as sophisticated and overly complex advanced 
models, rendering practical difficulty for model parameter 
characterisation. Nonetheless, previous studies have 
shown that irrespective of the type of model employed, 
fairly accurate excavation-engendered stress change 
behaviour can be obtained.[38,40,46]

3.3  Effect of location of the composite 
foundation from the wall

Figure 8 shows the effect of distance from the wall on the 
change of stress experienced by the soil element C. As can 
be seen from the illustration, the influence of wall rotation 
on relocation of the stress and interplay between the soil 
and pile becomes less significant, but is still accompanied 
by similar trend on the p–q plane as the distance from the 
wall is increased. That is, if the CFG composite foundation 
is located closer to the wall, the foundation soil element 
just near the top of the first raw of piles experiences a 
stress path in which q decreases due to confining stress 
relief and p reduces owing to the bearing capacity drop 
in the upper ground because of wall rotation-induced 
soil settlement. In the case of composite ground situated 
relatively far away from the wall, the monitoring point 
experiences a stress path with little disturbance from the 
lateral unloading and settlement effect of an adjacent 
retaining wall rotation.

Observation on the change of load-sharing proportion 
of the soil (e.g., see Figure 4b) during the process of 
wall movement indicated that the percentage in bearing 
capacity of the soil between piles for the composite 
foundation situated at 3 m distance away from the wall 
reduced from 67.03% to 59.52%, while the reduction for 
those placed at 5, 7.5 and 10 m was from 65.23% to 60.45%, 
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Figure 7: PSRs of element C: (a) 3D cubical element representation 
and (b) symbol plot for nine long-short pile composite foundation 
located at a distance 3 m away from the wall
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65.47% to 62.63% and 65.74% to 63.53%, respectively. As 
the distance from the wall is increased, the effect of wall 
movement disturbance on the load-sharing proportion 
of the reinforced ground gradually diminishes. As the 
main intention of composite foundation is to bring the 
soil between piles to participate in sharing a certain 
amount of the applied foundation load, the influence of 
wall movement-induced disturbance should be carefully 
analysed to maintain the integrity and stability of existing 
on service CFG pile composite foundation located in close 
proximity to the wall. 

3.4  Effect of number of piles in the 
composite foundation

Figure 9 shows a comparison of the change of stress 
states in a soil element C for the composite foundations 
with different number of piles throughout the whole 
model simulation process. As it is well understood from 
the vertical load-carrying characteristics of CFG pile 
composite foundation, the percentage vertical load borne 
by the soil between piles decreases as the number of piles 
increases.[43,55,56] In line with this, the stress invariants for 
the monitoring element in the composite foundation with 
25 piles were smaller than that of the group with nine piles. 
Accordingly, as shown in Figure 9, the mean isotropic state 
of stress for the stress element C on the p–q plane for the 
group with nine piles was higher for the applied working 

load. At a first glance, it is noticeable that the stress 
invariants decrease in both cases with identical stress 
paths directed downwards during the progression of the 
wall, but the state of stress at the end of wall movement 
for the smaller pile groups is much smaller. 

Nevertheless, commensurate with dependency of 
pile responses on the position in the group and the shaft 
load it transfers to the surrounding soil, the change in 
stress state for soil elements at C and E at the outer and 
middle elements, respectively, during the advancement of 
wall rotation differs. Figure 10 gives a comparison of the 
change of stress in a soil element at the middle section of 
the composite foundation with different number of piles. 
It obviously shows that the state of stress at the beginning 
of the wall rotation is somehow disturbed, but manifests 
itself differently in each case.

For the group with nine piles, the stress reduction in 
the beginning stage of wall movement reverted back to 
increase as the wall movement proceeded to an amount of 
25 × 10-4 rad, in order to adjust the effect of soil movement. 
However, as the wall movement proceeded further, the slip 
surface continued to enclose the stress point, which led to 
subsequent unloading. On the contrary, due to shadowing 
and reinforcing effect as well as depending on how far 
the location of the stress point under consideration was 
away from the wall, the stress state of the observation 
point kept increasing throughout the process. The rate of 
increase in mean isotropic stress and the deviatoric stress 
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increased as the wall movement increased. Even though 
the upper load received by the soil decreased, the lateral 
stress of the soil increased as the load being transferred 
to the front piles redistributed to the inner piles and was 
further distributed to the surrounding soil. This feature 
can also be observed from the variation of the pile head 
load depicted in Figure 11. 

It is also worthy to note from Figure 11 that before 
commencing wall rotation, the corner pile had carried the 

highest pile head load compared to the central (or inner) 
pile(s), akin to other previous studies.[10,45,57] As the wall 
movement advanced, the change in the pile head load 
depended on the particular position of piles in the group. 
In other words, the pile–soil interaction and load-carrying 
mechanism of internal (central), lateral (edge) and corner 
piles were influenced by the overlap zones of shearing 
resistance; this mechanical behaviour has also garnered 
the attention to use dissimilar piles for practical purposes 
of reducing differential settlement in connected pile rafts.
[58–60] In the composite foundation with 25 long and short 
piles, the percentage of load sharing of the soil dropped 
from 56.54% to 53.16%, indicating that the bearing 
capacity loss of the soil is attributable to wall rotation, 
which is transmitted proportionally to the piles. 

3.5  Influence of subsoil stiffness

It is well known in soil mechanics that proper description 
of the settlement and volume change characteristics of 
a soil under a certain stress condition depends on the 
capability to portray the soil’s non-linear behaviour 
and stiffness decay in low strain range. It is also 
common to capture the distortion component of the soil 
compressibility (settlement) using Hooke’s law employing 
the tangent modulus.[61] Accordingly, many scholars 
used the compression modulus of the soil to estimate 
the settlement and deformation behaviour of CFG pile 
composite ground.[62–64]

On the other hand, the soil displacement field during 
excavation is influenced by the stiffness of the retained soil.
[65] Both vertical deformation and lateral deformation of 
the natural ground are affected by the stiffness of the soil, 
which in turn depends on the stress level. Consequently, 
the necessity of considering the unloading strength of soil 
in excavation-induced deformation analysis is frequently 
discussed by scholars and the proposal to employ it 
during analysis is highly encouraged due to the fact that 
failure could occur under small strain as the retaining 
wall deflects.[39,66] To better understand the initial stress 
condition change for various stiffness during such 
unloading instances arising from engineering operations, 
the stress path followed under different elastic modulus of 
the analogous soil was compared for the monitoring point 
C, as depicted in Figure 12.  

It is evident from Figure 12 that the smaller the elastic 
modulus of the soil, the smaller are the stress invariants, 
as the piles share much of the applied pressure. This 
encourages the soil to share smaller proportion of the 
imposed load which gets little disturbance. Whereas for 
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the piles embedded in a soil of higher stiffness, the upper 
soil proportionally bears higher load and the disturbance 
from the wall movement relatively affects the stress 
state of the soil largely during the progression of the 
wall movement. This is because of the reduction of the 
soil stress received beneath the cushion due to the soil 
displacement occurring as the wall movement proceeds.   

3.6  Influence of the area replacement ratio 
and working load

Several researchers have discussed about the effect of cover 
ratio on the settlement and load-sharing characteristic of 
composite pile foundation under vertical loading in which 
the area replacement ratio was varied by either changing 
the pile diameter (or its head)[45,56,67] or by provision of pile 
cap.[68,69] The analyses in the current study reveal that 
keeping the intensity of the imposed raft load the same, 
but allowing the cover area ratio of the piles to increase 
by reducing the spacing of pile makes the stress path in a 
group with nine piles to follow a similar trend to what is 
portrayed in Figure 5, but with lower soil stress at smaller 
pile spacing. This feature is not reproduced and depicted 
here again to avoid redundancy and for space brevity. 
The behaviour of smaller percentage of load shared by 
the soil as the clearance between the piles decreases is a 
well-known mechanical behaviour of CFG pile composite 
foundation. Provoking wall rotation only decreases the 

stress invariants, keeping the trend almost similar, in an 
attempt to equilibrate the soil stress release from imposed 
soil movement. The relative higher stiffness of the piles 
with respect to the soil dictates more load to be drawn 
to the piles as the elastic modulus of the soil decreases. 
The result of the analysis showed that for the replacement 
ratios of 3.14, 4.91 and 8.73%, the overall upper soil load-
bearing proportion lowered from 45.25% to 37.17%, 55.32% 
to 47.83% and 67.02% to 59.52%, respectively, due to the 
effect of wall movement. Similarly, when the working 
load was changed while the pile area cover ratio was kept 
constant, the trend of the stress path experienced by the 
soil elements under consideration followed almost similar 
trace as that of Figure 5, but with a higher state of stress 
due to increases in stress invariants. The pattern is also not 
repeated here to avoid redundancy of similar behaviours. 
However, it is worth noting that with increased working 
load, the load carried by the pile increases and the 
percentage proportion shared by the soil decreases. 

3.7  Response of soil element beneath pile 
toe

When it comes to monitoring the points taken underneath 
the tip of the pile, the stress path ascends with wall 
movement progression unlike those stress points in the 
upper part close to the shaft. This is demonstrated in 
Figure 13. As each pile carries different amount of vertical 
load depending on the location of the pile in the group 
(refer also Figure 11), they transmit different amounts of 
stress to their surrounding soil layer. It can be observed 
that the amount of stress increase appearing on the stress 
state for the soil element underneath the piles in the first 
and second pile raw differed depending on the length of 
the piles. It was larger below the long pile in the second 
raw as compared to that felt by the soil element beneath 
the long pile in the first raw, but was vice versa for the soil 
elements below short piles. 

3.8  Variation of the induced deviatoric stress 
with volumetric strain

The load deformation characteristics can also be 
articulated in terms of change in volumetric strain εv 

expressed against the corresponding deviatoric stress 
tensor √J2 on soil specimens tested under different stress 
paths. 

Figure 14 portrays the shear stress √J2 – volumetric 
strain εv variations as the wall movement proceeded for 
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soil elements surrounding the upper pile section and 
below the pile tip of the composite foundation located 
at 3 m away from the wall. It indicates that the volume 
change behaviour within the treated ground depends on 
the location of the soil element under consideration. The 
demonstration suggests that the state of stress at each 
wall rotation stage impacts the deformation pattern of the 
soil. Intuitively, it could be anticipated to find larger stain 
in the X-axis (direction normal to the wall) near the top 
section. So is the strains increment in the other directions, 
but not as large as the strain in the X-axis. The combined 
effect of these strains determines the dilation behaviour of 
the soil upon loading and unloading; in fact, reasonably 
accurate real behaviour could judiciously be found 
implementing sophisticated constitutive models that are 
capable of reflecting the non-linear soil responses. The 
stress relief and redistribution among the piles are more 
pronounced within the influence range around the wall.

4  Conclusions
Understanding the stress path followed during excavations 
is propitious to successfully capture engineering-
impinged disturbances on pre-existing state of stress and 
their associated ground deformation during both design 
and construction stages with application of observational 
method. To add insights in this regard, this paper 
numerically investigates the stress path experienced in 
composite ground reinforced with long and short rigid pile 
inclusion as adjacent retaining wall movement proceeds. 
From the results, we obtain the following conclusions: 

	– As the wall movement advances, it produces ground 
displacement behind the wall. The disturbance it 
brings to the soil in the vicinity manifests a process 
of lateral and vertical stress unloading. As the upper 
soil is loaded by a certain proportion of the working 
load, the wall movement-induced settlement reduces 
the pre-existing stress borne by the soil and the 
corresponding stress will be carried by the piles. The 
stress path during progression of wall movement is 
affected by how the test points are positioned and 
enclosed by the piles in the composite foundation. 
Peripheral elements that are close to the wall 
experience larger stress unloading. Interior stress 
points behave differently depending on the number of 
piles and the proximity to the theoretical slip surface.   

	– The stress path for the upper soil around the pile shaft 
and facing the wall moved down towards the Kf-line 
owing to the reduction of the stress invariants, which 
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is accompanied by rotation of the principal stresses. 
The stress relief is felt lesser when the points are 
located far from the wall. For the points underneath 
the tip of each pile, however, the stress path moves 
upwards due to increment of both the mean isotropic 
and deviatoric stresses. 

	– At least for the current boundary condition, the 
consequence of wall movement progression on the 
stress release felt by the soil just below the long and 
short piles is different. The soil stress increment for 
the soil element beneath the short pile near the wall 
(first raw) is smaller than that underneath the short 
pile in the second raw. For the long piles, it undergoes 
the other way around, indicating the load transfer to 
the pile end during progression of wall rotation occurs 
at different load redistribution amount. 

	– The disturbance of wall movement on the vertical pre-
existing load-sharing state of the soil is minimal when 
(1) the composite foundation has larger number of 
piles and/or has larger area replacement ratio, (2) the 
composite foundation is placed relatively far from the 
wall, (3) the natural ground has lower stiffness and 
(4) the imposed working load is smaller. 
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