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Abstract: The three-dimensional finite difference method was used in this study to analyze the
deformation and stresses of a passive pile under surcharge load in extensively deep soft soil. A three-
dimensional numerical model was proposed and verified by a field test. The horizontal displacements
of the pile agreed well with the field results. This study investigated the pile-foundation soil
interaction, the load transfer mechanism, the excess pore water pressure (EPWP), and the horizontal
resistance of the foundation soil. The results show that the soil in the corner of the loading area
developed a large uplift deformation, while the center of the loading area developed a large settlement.
The lateral displacement of the pile decreased sharply with the increase of the depth and increased
with the surcharge load. The lateral displacement of the soil was negligible when the depth exceeded
30 m. The EPWP increased in a nonlinear way with the increase of the surcharge load and accumulated
with the placement of the new lift. The distribution of the lateral earth pressure in the shallow soil
layer was complex, and the negative value was observed under a high surcharge load due to the
suction effect. The proportion coefficient of the horizontal resistance coefficient showed much
smaller value in the situation of large lateral deformation and high surcharge load. The design
code overestimated the horizontal resistance of the shallow foundation soil, which should be given
attention for the design and analysis of the laterally loaded structures in extensively soft soil.

Keywords: passive pile; surcharge load; horizontal resistance; extensively soft soil; pile-soil interaction

1. Introduction

Pile foundations have been extensively used in soft soil to support bridges, buildings,
and highways. The active pile has in general carried the vertical (e.g., superstructure)
and lateral (e.g., wind) loads, which were imposed onto the pile head. Such loads were
considered in the initial design for the active pile. In some situations, the pile founda-
tion was also subject to the soil movement resulting from adjacent surcharge loading [1],
excavation [2], and landslide [3], known as the passive-pile. Several studies [4–9] have
been conducted to investigate the response of the passive pile under adjacent surcharge
loading. They concluded that the motion effect of the soil acting on the pile would result in
large deformations or even failure of the structure. The failure of such piles was usually
governed by the lateral deformation, which was different from the design of the active pile.
However, the pile-foundation soil interaction was an extraordinarily complex topic due to
the soil movement induced by adjacent surcharge loading.

In recent decades, researchers have conducted laboratory tests [10–17] and theoretical
calculations [12,16,18–21] to understand the characteristics of pile foundation-soil interac-
tion. However, the mechanism of pile-soil interactions due to lateral soil movement still
lacks clarity. Most theoretical methods for prediction have not been validated due to the
lack of field test data, which resulted in passive features being often neglected in the de-
sign [22]. Tavenas, et al. [23] established the least-square regression prediction model based
on 21 different embankments tests. They concluded that the lateral deformation at the end
of construction was hard to predict. The neglect of initial consolidation could cause the
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failure of the previous prediction of lateral displacements during construction. Poulos [24]
found that the predicted horizontal displacement showed considerable inconsistency with
the measured data, based on summarized cases. Despite all this, the field data were usually
of great value, e.g., they could be used to check the authenticity of the pile-soil interaction.
Li, et al. [25] pointed out that field tests could coincide more with the real condition and
reflect the actual behavior of the piles subject to adjacent surcharge loading, though those
tests were expensive and time-consuming.

Nicu, et al. [26] measured the abutment pile foundation built on 13.5 m of thick hard
clay in the field. They gave the limit value of the abutment. Ong, et al. [27] proposed an
empirical equation for estimating the maximum net lateral displacement in the preliminary
design based on 18 field cases. However, it was difficult to provide totally reliable data
and conclusions through laboratory and field tests because the soil characteristics and the
superstructure were complex. Numerical analysis [10,28] has become a favorite method
for solving such problems. Yang, et al. [29] employed two different modeling methods
verified by field tests to simulate the pile-soil interaction. Their results demonstrated that
a larger loading rate usually led to a higher earth pressure on the front pile. Al-abboodi
and Sabbagh [30] applied the commercial software (PLAXIS 3D) to analyze the passive
piles. They concluded that there were some differences between the test and predicted
results because the relative lateral displacement of pile-soil was not considered. Zhang
and Sun [31] investigated the influence of landfill loading on the bridge pile foundation
near the expressway using the finite element method (FEM). Abo-Youssef, et al. [32] used
the three-dimensional FEM to study the behavior of the abutment pile and considered the
secondary consolidation of the soil. They found that the secondary compression had a slight
effect on the maximum moment value and the lateral soil movement was time dependent.

This paper employed the three-dimensional finite difference method to analyze the
deformation and stresses of a passive pile under a surcharge load in extensively deep soft
soil. The numerical model was verified by the corresponding field test reported by Yi,
et al. [33]. The pile foundation-soil interaction, the load transfer mechanism, the excess
pore water pressure (EPWP), and the horizontal resistance of the foundation soil were
investigated in this study.

2. Field Test

The project site was in Zhongshan City, Guangdong Province, China. Extensively
soft soil stratum was widely distributed in this coastal area. The thickness of the soft soil
layer could reach 35–40 m. The marine deposit was composed of the sea-land sedimentary
silt and mud layers. The thickness of the sea-land sedimentary silt layer was 5.2 m. The
cohesion and friction angle of the silt were 8.4 kPa and 0.5 degrees based on laboratory
tests. The thickness of the mud layer was 31.8 m. The cohesion and friction angle of the
mud were 13.6 kPa and 6.8 degrees. A new highway was designed to cross this region,
which was composed of ponds, farmland, and rivers. Reinforced concrete pile foundations
with elevated caps were designed for the bridge to cross the extensively deep soft soil in
this region. On the other hand, the interchange ramp was designed at some locations and
was close to the existing bridge foundation. The interchange ramp was constructed by a
4 m thick embankment, and it led to high lateral loads on the adjacent pile foundation.
Apparently, the newly built subgrade would affect the existing piles and result in settlement,
displacement, and even failure of the pile foundations [34].

Therefore, a field test was carried out using a single steel pipe pile with a diameter of
630 mm and a length of 35 m to investigate the behavior of the existing pile under newly
placed surcharge loads. The steel pipe pile was used to simulate the reinforced concrete
pile for the bridge foundation in the field. The open-ended steel pipe pile penetrated the
soft soil using the vibrosinking method. An embankment with the thickness of 4 m was
constructed in 5 lifts. Each lift was placed with the 0.8 m thick soil and maintained for
3 days until the placement of the next lift. Figure 1 shows the construction sequence of
the surcharge. The embankment fill was distributed within a rectangle zone (e.g., 16 m
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in width and 24 m in length). The slope gradient of the embankment was kept at 1:1.5.
The surcharge load was calculated as the gravity of the embankment fill divided by the
loading area (e.g., 16 m × 24 m = 384 m2). Figure 2 shows the layout of the field test and
the positions calculated in the numerical model, which included the profile view, plan view,
and the instrumentations. The detailed information of the field test and the measurement
results can be found in Yi, et al. [33] and was not introduced in here for purposes of brevity.
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Figure 1. The surcharge load versus the construction time in the field and the numerical analysis.
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3. Numerical Modelling
3.1. General

The three-dimensional Fast Lagrangian Analysis of Continuum (FLAC3D, Itasca [35])
was used in this paper to study the performance of a single pile installed in an extensively
soft soil layer under surcharge loading. The numerical method can solve complex geotech-
nical problems for three-dimensional analysis of slope stability, earthquake simulations,
and underground excavation. The large-strain simulation was used and node locations
were updated during each calculation cycle to capture the full extent of pile and soil de-
formations. The displacements and forces were solved numerically using an explicit finite
difference formulation in time. The proposed numerical model was calibrated against the
field test results. Figure 3 shows the schematic diagram of the numerical model, which
included the profile view and the plan view. The three-dimensional size of the numerical
model was determined as 46 m in width, 50 m in depth, and 162.63 m in length. The normal
velocity of the foundation soil’s bottom and side surfaces was fixed to zero to simulate the
actual boundary conditions in the field situation. The 37 m thick, soft soil was divided into
six layers in the numerical model to capture the actual soil properties. The thickness of
each layer was 2 m, 3 m, 2 m, 3 m, 10 m, and 17 m, respectively, from the top to the bottom
layers. The mesh created for the pile and surcharge zone was densified. The total number
of 48,208 elements was created in the FLAC3D model.
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In the field construction, the 35 m long steel pipe pile was welded by three short steel
pipes. As shown in Figure 4, the mechanical strength of the welding joints was weakened.
The bending stiffness of the pile decreased at the welding zone due to the construction
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defect. The effect of the welding joints was considered in the numerical model by reducing
Young’s modulus of the welding zone to 2.0 × 109 Pa.
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3.2. Soil and Structure Properties

The soil, steel pipe pile, and inclinometer tube were simulated using the zone-type,
shell-type, and pile-type elements, respectively. The shell-type element can reflect the actual
geometric size of the steel pipe pile and be used in the numerical model. The material
properties were determined based on experimental test results [33] and are summarized in
Table 1. The Mohr-Coulomb constitutive model was used to model the 1st, 4th, and 5th
soil layers of gravel, sandy silt, and silty sand. The Drucker-Prager model was used to
model the 2nd and 3rd soil layers of sea-land sedimentary silt and mud. The steel pipe
pile and the inclinometer tube were modeled as elastic materials. The external and internal
diameters of the steel pipe pile were 0.63 and 0.62 m, respectively.

Table 1. Material parameter.

Materials
Cohesion Friction Angle Density Young’s Modulus

Poisson Constitutive
Model(kPa) (◦) (g/cm3) (Pa)

1st layer 0 37 1.65 1.0 ×107 0.37 Mohr-Coulomb

2nd layer 8.81 0.06 1.59 1.5 × 106 0.45

Drucker-Prager

8.81 0.07 1.59 1.6 × 106 0.45

3rd layer

5.46 0.08 1.69 8 × 106 0.30
7.46 0.12 1.69 9 × 106 0.30
10.46 0.20 1.69 1 × 107 0.30
20.46 0.45 1.69 2 × 107 0.30

4th layer 3.0 32 2.05 5.2 × 108 0.30
Mohr-Coulomb5th layer 60 45 2.25 1 × 109 0.30

Steel pipe pile - - - 2.0 × 1011 0.31 Elastic
Inclinometer
tube - - - 4.28 × 108 0.30 Elastic
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The foundation soil and structure elements (e.g., the steel pipe pile and the inclinome-
ter tube) were generated first and initially reached force balance under gravity. The effect
of the underground water was then introduced by setting the water table at 1 m below
the ground surface, which was consistent with the actual water table in the field test. The
fluid command was activated in the numerical model, and the permeability (isotropy),
fluid density, fluid-modulus, and porosity were assigned for the foundation soil. Since no
additional drainage method was used during the field test, the water table was set to the
drainage surface (i.e., the shallow gravel soil layer). The pore water pressure at the bottom
surface of the 1st layer was fixed to zero in the numerical model. The fluid-density, fluid-
modulus, and porosity were determined as 1000 kg/m3, 2.18 × 109 Pa, and 0.60, respectively.
The permeability of the 2nd, 3rd, 4th, and 5th soil layers were determined as 1 × 10−10,
1 × 10−8, 1 × 10−2, and 1 × 10−2 m/s, respectively. The initial fluid balance was achieved
within the allowable convergence value. The interface element was not introduced for the
pile-soil interaction in the study. The steel pipe pile and its surrounding soft soil always
stuck together even in situations involving large deformations. The flow and cohesion
characteristics of the silt and mud were difficult to capture in the numerical modeling.

The fill was simulated in five lifts using the zone-type element with the elastic consti-
tutive model. Young’s modulus, the density, and Poisson’s ratio of the fill were determined
as 1.0 × 107 Pa, 1940 kg/m3, and 0.3, respectively. The surcharge loading was then carried
out by activating each plain fill layer in the same sequence of the field construction. The
whole model was calculated to reach a balance state (i.e., both the force and fluid balance)
after the placement of each new fill layer. Each lift was kept for three days, and then the
next lift was placed. The gravity force of the fill layers was transferred to the underlying
foundation soil and the steel pipe pile. The deformation of the foundation soil and the
structure, the excess pore water pressure, and the earth pressure acting at the surface of the
pile were recorded by writing the fish function and history command.

4. Results and Discussion
4.1. Model Verification

Figure 5 shows the horizontal displacements of the steel pipe pile at the ground surface
measured by the field test and calculated by the proposed numerical model after each
loading, respectively. The displacement of the numerical results during the first three lift
loadings was in good agreement with the field results. The horizontal displacement of the
steel pipe pile increased significantly in the fifth lift loading in the field test and even could
not reach a stable state after three days’ observation. The numerical results showed good
convergence after the placement of each new lift. The maximum horizontal displacements
calculated by the numerical model and the field test were 236.1 mm and 273.0 mm, respec-
tively, at the end of the fifth lift loading. The maximum displacement calculated from the
numerical model was 13.5% smaller than the field results. Figure 6 shows the horizontal
displacements along the steel pipe pile obtained by the field test and numerical model,
respectively, after the fifth lift loading. The field result was measured by the inclinometer
tube in the field test. The shapes of the displacement profile were agreed upon between the
field test and the numerical results, especially for the pile depth deeper than 20 m. Overall,
the horizontal displacement behavior of the numerical model matched the field results
from a practical point of view. The accuracy and reliability of the proposed numerical
model were verified.



Buildings 2022, 12, 1988 7 of 14

Buildings 2022, 12, x FOR PEER REVIEW 7 of 15 
 

4. Results and Discussion 
4.1. Model Verification 

Figure 5 shows the horizontal displacements of the steel pipe pile at the ground sur-
face measured by the field test and calculated by the proposed numerical model after each 
loading, respectively. The displacement of the numerical results during the first three lift 
loadings was in good agreement with the field results. The horizontal displacement of the 
steel pipe pile increased significantly in the fifth lift loading in the field test and even could 
not reach a stable state after three days’ observation. The numerical results showed good 
convergence after the placement of each new lift. The maximum horizontal displacements 
calculated by the numerical model and the field test were 236.1 mm and 273.0 mm, re-
spectively, at the end of the fifth lift loading. The maximum displacement calculated from 
the numerical model was 13.5% smaller than the field results. Figure 6 shows the horizon-
tal displacements along the steel pipe pile obtained by the field test and numerical model, 
respectively, after the fifth lift loading. The field result was measured by the inclinometer 
tube in the field test. The shapes of the displacement profile were agreed upon between 
the field test and the numerical results, especially for the pile depth deeper than 20 m. 
Overall, the horizontal displacement behavior of the numerical model matched the field 
results from a practical point of view. The accuracy and reliability of the proposed numer-
ical model were verified. 

 
Figure 5. The comparison of the measured and calculated horizontal displacement of the pile at the 
ground surface. 

0

50

100

150

200

250

300

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

H
or

iz
on

ta
l d

is
pl

ac
m

en
t  

(m
m

)

Construction time (Days)

FDM simulation

Field test (PVC 5#)

Calculated

Measured

Figure 5. The comparison of the measured and calculated horizontal displacement of the pile at the
ground surface.

Buildings 2022, 12, x FOR PEER REVIEW 8 of 15 
 

 
Figure 6. The horizontal displacements along the steel pipe pile obtained by the field test and nu-
merical model. 

4.2. The Vertical Displacement of the Foundation Soil 
Figure 7 shows the vertical displacement curves of the foundation soil at different 

depths below the loading area. The vertical displacement was calculated at the end of the 
5th lift loading from the numerical model. Two sections were considered and shown in 
Figure 2. A-A section was the short edge of the loading area. B-B section was at the center 
of the loading area. As shown in Figure 7a, the center of the loading area developed down-
ward displacement (i.e., positive settlement). The corner of the loading area developed 
upward displacement (i.e., uplift). The distribution of vertical displacement was symmet-
rical at the center of the loading area. The maximum uplift and settlement happened at 
the ground surface (i.e., the depth was 0 m). Their values were 74 mm and 110 mm, re-
spectively. The distribution width of the settlement deformation was approximately 12 m 
in the center of the A-A section. The uplift deformation only happened within a shallow 
depth of 6 m. The vertical displacement of the foundation soil typically decreased with 
the increase in depth. The distribution of the vertical displacement was close to uniform 
for the depth deeper than 10 m. Due to the existence of the steel pipe pile, the vertical 
displacement of the soil adjacent to the pile (e.g., the uplift deformation) was slightly 
larger than that for the soil on the opposite side. For example, the vertical displacements 
of the soil at a depth of 0 m were −82 mm and −74 mm, respectively, for the location adja-
cent to the pile and the location on the opposite side. 

Figure 7b shows the vertical displacement curves of the foundation soil at the B-B 
section. The B-B section always developed downward displacement (i.e., the positive set-
tlement) at different depths. The foundation soil at the center of the loading area devel-
oped more settlement than the foundation soil at the edge of the loading area. The maxi-
mum settlements were 535, 462, 394, 318, 240, 180, 144, 102, 76, 55, 38, and 25 mm for 
depths of 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 14 and 16m, respectively. Settlement decreased with 
the increase in depth and showed uniform distribution for depths deeper than 10 m. Due 
to the constraint of the steel pipe pile, the settlement at the right edge (i.e., adjacent to the 
pile) was significantly smaller than the settlement at the left edge. For example, the verti-
cal displacements of the soil at a depth of 0 m were 170 mm and 257 mm, respectively, at 
the right and the left edge. The vertical displacement of the foundation soil was con-
strained by the adjacent pile. 

0

5

10

15

20

25

30

35

0 50 100 150 200 250 300

D
ep

th
 (m

)

Displacement (mm)

FDM simulation

Field test

Calculated

Measured

Figure 6. The horizontal displacements along the steel pipe pile obtained by the field test and
numerical model.

4.2. The Vertical Displacement of the Foundation Soil

Figure 7 shows the vertical displacement curves of the foundation soil at different
depths below the loading area. The vertical displacement was calculated at the end of the
5th lift loading from the numerical model. Two sections were considered and shown in
Figure 2. A-A section was the short edge of the loading area. B-B section was at the center of
the loading area. As shown in Figure 7a, the center of the loading area developed downward
displacement (i.e., positive settlement). The corner of the loading area developed upward
displacement (i.e., uplift). The distribution of vertical displacement was symmetrical at the
center of the loading area. The maximum uplift and settlement happened at the ground
surface (i.e., the depth was 0 m). Their values were 74 mm and 110 mm, respectively. The
distribution width of the settlement deformation was approximately 12 m in the center of
the A-A section. The uplift deformation only happened within a shallow depth of 6 m. The
vertical displacement of the foundation soil typically decreased with the increase in depth.
The distribution of the vertical displacement was close to uniform for the depth deeper
than 10 m. Due to the existence of the steel pipe pile, the vertical displacement of the soil
adjacent to the pile (e.g., the uplift deformation) was slightly larger than that for the soil on
the opposite side. For example, the vertical displacements of the soil at a depth of 0 m were
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−82 mm and −74 mm, respectively, for the location adjacent to the pile and the location on
the opposite side.
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Figure 7b shows the vertical displacement curves of the foundation soil at the B-B
section. The B-B section always developed downward displacement (i.e., the positive
settlement) at different depths. The foundation soil at the center of the loading area
developed more settlement than the foundation soil at the edge of the loading area. The
maximum settlements were 535, 462, 394, 318, 240, 180, 144, 102, 76, 55, 38, and 25 mm for
depths of 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 14 and 16m, respectively. Settlement decreased with
the increase in depth and showed uniform distribution for depths deeper than 10 m. Due
to the constraint of the steel pipe pile, the settlement at the right edge (i.e., adjacent to the
pile) was significantly smaller than the settlement at the left edge. For example, the vertical
displacements of the soil at a depth of 0 m were 170 mm and 257 mm, respectively, at the
right and the left edge. The vertical displacement of the foundation soil was constrained by
the adjacent pile.
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4.3. The Lateral Displacement of the Pile and the Foundation Soil

Figure 8 shows the distribution of the lateral displacement of the steel pipe pile
along the depth. The displacement was calculated at the end of each lift loading from the
numerical model. A large amount of displacement happened within a shallow depth of
10 m. The lateral displacement decreased with the increase in depth and increased with the
placement of the new lift loading. The reduction rate of the lateral displacement was great
when the depth was within 10 m. The maximum lateral displacements of the pile at the
ground surface were 25.8, 72.5, 137.0, 194.3, and 236.1 mm after each loading, respectively.
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Figure 8. The lateral displacement of the steel pipe pile along the depth after each loading.

Figure 9 shows the distribution of the lateral displacement of the foundation soil at the
end of the 5th lift loading. Six locations were marked in Figure 2. Their horizontal distances
away from the center of the pile were 1, 6, 11, 16, 21, and 36 m, respectively. The distribution
pattern of the lateral displacement of the foundation soil was different from that for the steel
pipe pile. The maximum lateral displacement happening in relation to the depth varied
from 1 to 4 m in different cases rather than the ground surface. The lateral displacement
first increased to a maximum value with the increase in depth and then decreased to zero
with the increase in depth. The lateral displacement was slight when the depth exceeded
30 m—the position of the maximum lateral displacement moved downward and was not
on the ground surface. The maximum lateral displacement decreased with the increase
in distance away from the center of the pile. The maximum lateral displacement of the
foundation soil was 191.0, 153.0, 103.0, 28.6, 20.7, and 6.4 mm, respectively, for cases with
horizontal distances of 1, 6, 11, 16, 21, and 36 m. Interestingly, the lateral displacement at
the ground surface sharply decreased as the distance increased from 1 to 6 m. It can be
concluded that the major influence zone of the lift loading was about 11 m in horizontal
distance away from the center of the pile.
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Figure 9. The lateral displacement of the foundation soil after the 5th loading.
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4.4. Excess Pore Water Pressure

Figure 10 shows the variation of the excess pore water pressure (EPWP) with construc-
tion time at different depths. The EPWP was calculated based on the numerical model.
For the purpose of brevity, only the location at the center of the surcharge loading region
was investigated. The EPWP typically increased with the increase in depth, except for the
location at a depth of 2 m. This location (at a depth of 2 m) was close to the water table (e.g.,
at a depth of 1 m) and the fill loading zone. Its EPWP increased rapidly and then dissipated
to a low value after the placement of each new lift loading. The EPWP at a depth of 2 m
was larger than those at depths of 4 m or even 6 m during loading. The EPWP typically
increased with the elapse of the construction time except for the location at a depth of 2 m
during each loading. The increments of EPWP at a depth of 2 m were 33.5, 23.5, 12.2, 7.9,
and 4.7 kPa after each lift loading, respectively. The increment of EPWP at the depth of
4 m was 39.6, 15.2, 9.7, 6.4, and 3.7 kPa after each lift loading, respectively. The increment
of EPWP at the depth of 6m was 51.8, 14.7, 10.5, 6.6, and 3.7 kPa after each lift loading,
respectively. Increments of EPWP at a depth of 8 m were 65.2, 13.2, 10.6, 6.5, and 3.6 kPa
after each lift loading, respectively. The increment of the EPWP was not linear with the
increase of the applied surcharge loading. The initial EPWP increased significantly just after
the placement of the 1st lift loading. Dissipation of the EPWP requires years to reach the full
consolidation state due to the extremely low permeability coefficient of the soft foundation
soil. It was obvious that a period of three days was not enough for the foundation soil
to consolidate. The value of the EPWP continued to increase and accumulated with the
placement of the new lift loading.
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Figure 10. Variations in EPWP with construction time at the center of the surcharge loading region.

4.5. Lateral Earth Pressure

The lateral earth pressure was important for the understanding of the interaction effect
and load transfer mechanism of the pile foundation constructed in extensively soft soil.
The soil zone adjacent to the steel pipe pile was selected and its horizontal stress was the
lateral earth pressure acting at the pile. Figure 11 shows the distribution of the lateral earth
pressure under different lift loading. The lateral earth pressure typically increased with the
increase of the depth at the end of the 1st lift loading. However, the lateral earth pressure
within the shallow depth of 15 m decreased with the increase in surcharge load (i.e., at
the end of the 3rd and 5th lift loadings). For soil deeper than 15 m, the change in lateral
earth pressure with increases in surcharge loading was not significant. The distribution of
lateral earth pressure in the shallow soil layer was complicated, and even a negative value
of lateral earth pressure was developed under a high surcharge load. The positive value of
the lateral earth pressure indicated that the soil and the pile contacted each other. The soil
transferred the surcharge and lateral loads to the adjacent pile. The earth pressure at the
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depth of 9 m decreased from 282.9 kPa at the end of the 1st lift loading to −291.1 kPa at
the end of the 5th lift loading. The negative value of the lateral earth pressure indicated
that the suction effect was dominant at the soil-pile interface. The decrease in lateral earth
pressure in the shallow depth was also found in the centrifuge experiment [36] and in the
numerical analysis [29]. The soil applied negative lateral earth pressure on the adjacent pile.
It can be concluded that the negative lateral earth pressure only happened in a situation of
high surcharge loads and extensive soil movement.
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4.6. Variation of the m Value

Based on the hypothesis of the elastic foundation soil [37], the horizontal resistance
(σzx) provided by the foundation soil can be calculated as follows:

σzx = Cxz (1)

where C = mz was the horizontal resistance coefficient of soil (kN/m3); xz was the hori-
zontal displacement of the soil at a depth of z; and m was the proportion coefficient of the
horizontal resistance coefficient of soil (kN/m4).

The determination of m was complicated and challenging in the field. The design
code in many countries and regions only provided empirical values for the geotechnical
applications. The m value changed significantly with different types of soil and varied with
the depth of the soil. Reasonable determination of the m value was essential for the design
of laterally loaded structures, especially in the extensively soft soil. The numerical method
provided an alternative approach to investigating the variation of the m value and was
presented in this study. The horizontal resistance along the pile in this study was the lateral
earth pressure acting at the surface of the steel pipe pile. The value and distribution of the
horizontal resistance were presented in Figure 11. The horizontal displacement of the soil
can be drawn from the numerical model. Therefore, the variation of the m value with depth
was calculated based on Equation (1).

Figure 12 shows the distribution of the m value along the piles at the end of different
lift loadings. The calculated m value was compared with the recommended m value from
the technical code for building pile foundations in China (JGJ 94-2008). The recommended
values of m for the silt and mud soil were between 2 and 4.5 MN/m4. It was clear that the
values of m decreased with the increase in depth. The m value in the shallow soil layer was
typically smaller than the lower limit of the recommended value (e.g., 2 MN/m4) due to
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the large lateral displacement of the foundation soil. The m value in the deep soil layer
was significantly higher than the upper limit of the recommended value (e.g., 4.5 MN/m4)
because of the small lateral displacement and the high earth pressure of the foundation soil.
The design code may overestimate the horizontal resistance of the shallow foundation soil,
which was dangerous for the laterally loaded structures.
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Figure 12 also shows that the value of m decreased with the increase of the surcharge
loads. Higher surcharge loads caused larger lateral displacement of the pile and the
foundation soil. The m value at the end of the 5th lift loading was smaller than the lower
limit of the recommended value (e.g., 2 MN/m4) until the depth reached 25 m. The average
m values along the depth were 11.4, 3.5, and 2.2 MN/m4, respectively, at the end of the 1st,
3rd, and 5th loadings. The horizontal resistance of the shallow foundation soil at a high
surcharge load (i.e., caused large lateral displacement) was further overestimated by the
design code. Attention should be given for the design and analysis of the laterally loaded
structures in such geotechnical situations.

5. Conclusions

In this paper, the finite difference (FD) numerical method was used to investigate the
behavior of the steel pipe pile constructed in extensively soft soil under high lateral loads.
The vertical and lateral displacement of the foundation soil and pile, the excess pore water
pressure (EPWP), the lateral earth pressure, and the proportion coefficient of the horizontal
resistance coefficient of soil (m) were analyzed using the proposed numerical model. The
following conclusions can be drawn:

(1) The corner of the loading area developed large uplift deformation. The uplift de-
formation only happened within a shallow depth of 6 m for the foundation soil at
the short edge of the loading area. The foundation soil at the center section always
developed downward displacement at different depths.

(2) The pile developed large lateral displacement for a shallow depth of 10 m. The lateral
displacement decreased sharply with the increase in depth and increased with the
placement of the new lift loading. The foundation soil developed the maximum lateral
displacement at depths varying from 1 to 4 m in different cases instead of the ground
surface. The lateral displacement of the soil was slight when the depth exceeded 30 m.

(3) The EPWP initially increased significantly after the placement of the 1st lift loading.
The increment of the EPWP was not linear with the increase of the surcharge load.
The value of the EPWP continued to increase and accumulated with the placement of
the new lift loading.
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(4) The lateral earth pressure typically increased with the increase in depth at the end of
the 1st lift loading. The distribution of the lateral earth pressure in the shallow soil
layer was complicated and a negative value was observed under a high surcharge
load. The suction effect could be dominant at the soil-pile interface in the situation of
high surcharge load and large soil movement.

(5) The m value in the shallow soil layer was typically smaller than the lower limit of
the recommended value, while the m value in the deep soil layer was significantly
higher than the upper limit of the recommended value. The value of m decreased
with the increase of the surcharge load. The design code overestimated the horizontal
resistance of the shallow foundation soil at a high surcharge load and large lateral
displacement.
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