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Abstract
Objective/methods: Pile load test is commonly carried out at ground 
level assuming that using sleeve eliminates shaft resistance within 
the planned excavation area. But these tests do not capture the 
effect of stress relief due to excavation. So to study its effect on pile 
behavior, three numerical simulations were carried out using finite 
element method. The first simulation (L_Ground) was carried out at 
the ground level. The second simulation (L_Sleeve) was conducted 
using sleeve in the planned excavation area. The length of sleeve 
was taken equal to the depth of basement. The third simulation (L_
Excavation) was carried out after excavation at the formation level. 
Findings/application: It was found that QLE is 85% of QLS so when 
tests are conducted by using sleeve, pile capacity is over estimated. 
QLG is 74% of QLS which is less than QLE. Because after excavation, 
soil particles around the pile are stiffer so capacity is increased. At 
ground level, at working load shaft carries about 77% load. When 
the load is increased and reaches the ultimate value end bearing 
contributes more than the shaft resistance. On the other hand, for 
sleeved pile, at working load shaft and end bearing carries about 80 
and 20% load, respectively. But at ultimate load, shaft carries 55% 
load which is still greater than that carried by end bearing. While 
after excavation, at working load shaft carries about 86% load. When 
ultimate load is reached the load distribution is similar to sleeved 
pile. In the case of ground level and excavation, the shaft resistance 
has been fully mobilized at the load less than QLS that is about 74 
and 86% of QLS, respectively. These results will help to estimate the 
pile capacity in a better way.
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1. � Introduction
These days, tall structures have turned into a need to meet the housing requirements for 
the ever-increasing population. For such structures, soil must have high bearing capacity 
to sustain its load. When underlying soil is soft or rock strata are at higher depth, we often 
require deep foundations. In addition, in tall structures, wind load must also be taken into 
consideration as it produces lateral pressure that shallow foundation cannot resist and may 
cause failure. To conquer this issue, deep foundation is required. Pile foundation is one of 
such foundations. Also, wind load increases with height, so basements are preferred, for 
which deep excavation is required. When buildings having basement are to be constructed, 
pile load tests are commonly carried out before excavation at the ground surface. It is 
assumed that if a sleeve is used within the planned excavation depth, shaft resistance is 
eliminated. But such a test cannot capture the effects of stress relief on pile behavior. As 
excavation is a stress release process so the actual scenario is different. Removal of soil 
due to excavation changes the effective stress on the soil particles, so the behavior of soil 
particles below the ground level prior to excavation is different from that after excavation. 
It may affect the pile capacity under the deep excavation. The effect of this stress relief on 
pile behavior is thus required to be studied. In Ref. [1], Gang et al. studied the effects of 
stress relief on the pile performance in non-dilative soils. He used finite element analysis 
to compare the pile capacity before and after excavation in non-dilative soils. Pile capacity 
was found to be reduced by 45% and pile stiffness by up to 75%. It was concluded that these 
effects increase with excavation radius (R/H) and normalized excavation depth (H/L). 
They [2] also conducted centrifuge model tests to study the effect of stress relief on pile 
behavior in dry sand. It was found that the pile capacity depends on the shaft resistance. 
As in low friction pile shaft resistance was decreased, its capacity was reduced by 16–20%. 
While for a high friction pile shaft resistance was more so its capacity was increased by 
22–44%. In Ref. [3], Peng studied the effect of stress relief on pile capacity and concluded 
that stress relief may cause the reduction in shaft resistance. It was found that the capacity 
of pile with non-dilatants interface can be reduced by 20% when excavation depth is 20 
m. While for a pile with dilatants interface, normal stress acting on pile shaft is increased 
by dilation of the pile-soil interface. Thus 20 m of stress relief increases the magnitude of 
dilation by 30%. In Refs. [4–5], authors studied the response of single pile and group pile 
to the nearby un-propped excavation in dry dense Toyoura sand. Results show that the pile 
head conditions and its distance from the retaining wall greatly influence the induced pile 
bending moment and lateral deflection. In Ref. [6], Finno et al. analyzed the performance 
of existing foundation and found that the construction of the cut does not cause cracking 
in pile because the bending moments induced in the pile are not so large. In Refs. [7–9], 
authors studied the behavior of different piles against lateral displacement. It was concluded 
that the settlement of end bearing pile and friction pile was similar to the soil settlement at 
the base level and ground surface settlement respectively but it is valid for idealized cases 
only. The relative stiffness of the pile to the soil mainly governs the lateral response of pile. 
In Ref. [10], Mair and Williamson studied the effects of deep excavations and tunneling 
on pile foundations. He studied the cases where excavation depth adjacent to buildings 
is extended below the piles and found that the settlement for friction piles was similar 
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to the settlement of the ground surface at the position of pile heads. This brief literature 
review has revealed that the stress relief changes the shaft resistance which affects the pile 
capacity. In previous studies, pile load tests were carried out at the ground surface, before 
excavation assuming sleeve completely eliminates shaft resistance. But excavation is a 
stress release process which may affect the pile behavior. The objective of this research is to 
compare the pile capacity before and after stress relief due to excavation and to determine 
the changes in axial load distribution along the pile due to stress relief.

2. � Finite Element Modeling

2.1. � Types of Analyses
With the prime objective to study the pile capacity before and after stress relief in soft 
clay, a three-dimensional coupled-consolidation numerical parametric study was carried 
out. Three numerical simulations were carried out to obtain the load versus settlement 
curve and the results of these were compared so as to investigate the effect of stress relief 
on the pile behavior. The first simulation (L_Ground) was carried out at the ground level 
without excavation. The second simulation (L_Sleeve) was conducted by using sleeve in 
the planned excavation area assuming that shaft resistance is eliminated along the sleeve 
length. The length of sleeve was taken equal to the depth of basement but the excavation 
effects were not considered in this test. The third simulation (L_Excavation) was carried 
out after excavation at the formation level. The numerical simulation plan is summarized 
in Table 1.

2.2. � Mesh and Boundary Conditions Used in Abaqus
For this study, finite element program Abaqus is used. The 60 m × 60 m × 50 m FE mesh is 
used for each numerical simulation. In all cases, pile diameter and length are taken as 0.8 
m and 20 m, respectively. Diameter of pile is 0.8 m and thickness of diaphragm wall is 0.6 
m. The depth of excavation and diaphragm wall are 12 m and 25 m, respectively. Figures 1 
and 2 show the FE mesh and boundary conditions.

Modeling of soil, pile, and diaphragm wall was done by using brick elements i.e. 
hexahedral element with eight nodes. The props were modeled by using truss elements. 
Pin support was applied at the base because the movement of base of a soil mass is to 
be restrained in all the directions. While roller supports were applied at sides so as to 
restrain the movement of sides. The water table is assumed to be at the ground surface. 

TABLE 1.  Numerical simulation plan

Numerical ID Embedded pile 
length (m)

Excavation depth 
(m) Remarks

L_Ground 20 12 At ground level
L_Sleeve 20 12 Using sleeve
L_Excavation 20 12 At formation level
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Pore pressure distribution was taken as hydrostatic in the initial state. Drainage boundary 
was considered at the top of the mesh.

2.3. � Constitutive Model and its Parameters
Abaqus built-in model cannot capture the unique behaviour of soil properly. As soil is 
stress-state dependent material. Its stiffness depends upon stress level, strain level, and 
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FIGURE 1.  Configuration of pile load tests.

Diaphragm wall

50 m

FIGURE 2.  Abaqus mesh and boundary conditions.
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path. For this purpose, user sub-routine was implemented and an advanced hypoplastic 
model [11–12] was developed which can capture these behaviours of soil. In total, there 
are 10 important parameters. Five parameters (N, λ*, κ*, φc , and r) consists the basic 
model and five additional parameters (R, βr, χ, mT, and mR) are for intergranular strain 
concept [13]. 

In this study, the parameters for soft clay were adopted. Hypoplastic clay model 
parameters are given in Table 2. Ko (coefficient of lateral earth pressure at rest) was 
calculated by [14]’s equation. 

Ko = (1 – sin ′)

The single pile, diaphragm wall, and props were assumed linear elastic with Young’s 
Modulus and Poisson’s ratio as 35 GPa and 0.3, respectively. 

3. � Effect of Excavation on Pile

3.1. � Pile Capacity
The objective of this research was to investigate the effects of stress relief on pile capacity 
in soft clay. For this purpose, three numerical pile load tests were conducted to compute 
the pile capacity. The failure criterion (Weltman 1980: ISSMFE 1985: BS 1986) was used 
to obtain load carrying capacity of the pile. According to which load at 10% normalized 
pile settlement is interpreted as ultimate bearing capacity. Using FOS equal to 3.0, dividing 
the ultimate load by FOS, the working load is calculated. Using this criterion, capacity of 
unsleeved and sleeved pile at ground level was found to be 9.8 MN and 13.3 MN. However, 
pile capacity after excavation at formation level was found to be 11.35 MN. Figure 3 
illustrates the computed load-settlement curve for all the cases. The excavation depth and 
pile length are 12 m and 20 m, respectively. The pile settlement is normalized by the pile 
diameter (D = 0.8 m) and the load is normalized by the ultimate load of sleeved pile. It is 
found that QLE is 85% of QLS. The main reason of this reduction is the vertical overburden 
stress relief due to excavation. So it is concluded that when tests are conducted by using 
sleeve, pile capacity is over estimated. It is also found that QLG is 74% of QLS which is also 
less than QLE. The reason of this increased capacity of unsleeved pile after excavation is that 

TABLE 2.  Numerical simulation plan

Description Value

φʹ 22o

λ* 0.11
κ* 0.026
N 1.36
R 0.65
mR 14
mT 11
R 1×10−5

βr 0.1
χ 0.7
e 1.05
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soil stiffness and confining pressure increases as the depth increases so after excavation the 
soil particles around the pile are stiffer and the capacity is increased.

3.2. � Axial Load Distribution Along the Pile Length
Figure 4 illustrates the axial load distribution along the pile length in all cases. Axial load 
is normalized by ultimate load capacity of sleeved pile (QLS) and depth below the ground 
surface (Z) is normalized by the pile length (Lp). Figure shows that when test is conducted 
at ground level, at working load shaft carries about 77% load and the end bearing carries 
the remaining 23% load. But, when the load is increased and reaches the ultimate value 
end bearing contributes more than the shaft resistance. It is because shaft resistance has 
been fully mobilized and could not take more load so the end bearing carries the majority 
(about 60%) of the total load. For sleeved pile, at working load shaft and end bearing 
carries about 80 and 20% load respectively. But at ultimate load, shaft carries 55% load 
which is still greater than that carried by end bearing. It is because confining pressure 
increases with depth and thus shaft resistance increases. Shaft of the unsleeved part of 
the pile which is at greater depth can carry more load as compare to the pile at ground 
level. However, after excavation, at working load shaft carries about 86% load. But when 
ultimate load is reached the load distribution is similar to the sleeved pile. But it can also 
be seen that in the case of ground level and excavation, the shaft resistance has been fully 
mobilized at the load less than QLS that is about 74 and 86% of QLS, respectively.
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3.3. � Shaft Resistance Along the Pile Length
Figure 5 shows the shaft resistance along the pile length for all cases. It can be observed 
from the figure that the shaft resistance increases with the depth. It is because the shaft 
resistance depends on the confining pressure which increases with depth. It can also be 
seen that shaft resistance is mobilized with increasing load as shaft resistance for ultimate 
load is more as compare to the working load in all cases. This figure also shows that after 
excavation when load is applied, initially shaft resistance reduces along the depth. It is 
because of the excavation stresses are released and the stress state of soil is changed. But 
when load is increased and it reaches ultimate value the shaft resistance is then mobilized 
hence increases with depth.

4. � Conclusions
The following conclusions are drawn based on the computed results

•	 QLE is 85% of QLS due to stress relief so when tests are conducted by using sleeve, pile 
capacity is over estimated. 

•	 QLG is 74% of QLS which is also less than QLE. The reason is that soil stiffness and con-
fining pressure increases as the depth increases so after excavation the soil particles 
around the pile are stiffer and the capacity is increased.

•	 At ground level, at working load shaft carries about 77% load and the end bearing 
carried remaining 23% load. But, when the load is increased and reaches the ultimate 
value end bearing contributes more than the shaft resistance. On the other hand, for 
sleeved pile, at working load shaft and end bearing carries about 80 and 20 % load 
respectively. But at ultimate load, shaft carries 55% load which is still greater than that 
carried by end bearing. While after excavation, at working load shaft carries about 86% 
load. When ultimate load is reached the load distribution is similar to the sleeved pile

•	 In the case of ground level and excavation, the shaft resistance has been fully mobilized 
at the load less than QLS that is about 74 and 86% of QLS, respectively.
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