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Soldier pile support is an important tool for supporting deep foundation pits in the sand-gravel layer. However, since the sand-
gravel layer itself is an aggregate of particles, its noncontinuity will cause extremely complex changes in the properties of the
surrounding soils during pile supporting, and the changes in the mechanical properties of the soil behind the piles can also affect
the safety and stability of the pit. To study the changing pattern of the surrounding soil in the course of pile supporting, we used the
numerical method to simulate an excavation in the sand-gravel layer, followed by an analysis of the movement and stress
distribution of the surrounding rocks. A photoelastic experiment was carried out to simulate the excavation process and study the
force chain network of the surrounding soil as well as its changing characteristics. As shown by the results, (1) during the
excavation of a deep foundation pit supported by soldier piles, on the same horizontal plane, the force chain changed most
dramatically at the position that was 13.8m (depth of the foundation pit) away from the edge of the foundation pit; (2) during the
excavation, the force chain structure of the surrounding soil changed from vertical development to both vertical and horizontal
developments; when there was a hard rock layer at the bottom of the soldier piles, the supporting effect of the piles was mainly
provided by the hard rock layer; (3) the free face should be reinforced, and the excavation face should be adjusted based on the
underground conditions of surrounding buildings (structures).

1. Introduction

Excavating or supporting a deep foundation pit in the sand-
gravel layer is extremely difficult because of some basic issues
involved, such as internal stability, external stability [1, 2],
deformation [3–5], seepage [6], and structural form selection
[7–9]. Especially for excavations in soils with multiple sand
and gravel layers, problems exist such as high cost, easy
deformation of the supporting structure, and adverse im-
pacts on the environment. For instance, a foundation pit
collapsed in the sand-gravel layer below a residential
building in Yuxi, Yunnan Province, in 2009, causing loss of
life and property. During the excavation in the sand-gravel
layer at a Beijing metro station in 2010, due to design defect,
noncompliant construction, the failure to monitor in time,
and other reasons, the supporting structure of the deep

foundation pit fell, resulting in casualties. In February 2012,
cracks appeared in the foundation pit of a municipal project
in Wuhan City and spread rapidly, eventually leading to the
collapse of the pit. )ese cases remind us that further re-
search is still needed to meet the safety requirements for
excavating deep foundation pit in the sand-gravel layer.

)e research on foundation pit involves phys-
icomechanical issues at macro and micro levels. Tradi-
tionally, soil is often treated as a continuous medium from a
macroscopic perspective. Terzaghi [10] pointed out the
continuous medium method’s limitations back in the early
twentieth century. Yang [11,12] believed that the basic
comprehension of rock mechanics must also begin with
knowing the granular nature of rocks and soils; it is uniquely
advantageous to study the force chain network structure and
the evolutionary process during excavation from the particle
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point of view. Zhou [13,14] used PFC to build a particle flow
model for supporting the side slope of a foundation pit and
adopted the discrete element method to study the pit’s in-
ternal mechanical properties. )e simulation of a project
conducted by Jia [15] using a discrete element software
showed great consistency with the monitoring data. With
the discovery of photoelastic materials, photoelastic exper-
iment has become an effective method to study the internal
force chain of granular media. Kruyt and Radjai [16]
mentioned that force chains can be divided into strong and
weak ones and analyzed their structural forms. Kondic [17]
described the force chain network with topological invari-
ants. Meanwhile, the discrete element software PFC is also a
useful instrument to study particle aggregates such as gravel
soil [18, 19].

Scholars have conducted research on the soil of the sand-
gravel layer. Li [20] studied the propagation of hydraulic
fractures in glutenite and concluded that the presence of
gravels increased the possibility of propagation and that
gravels affected the macroscopic heterogeneity of the rocks.
Ni et al. [21] built two simplified models and compared their
respective seepage by using the classic sectional combination
method and considering the seepage refraction law sepa-
rately. )e results suggested that the model with the seepage
refraction law was more practical. )rough similar model
tests, He [22] discovered the development pattern and
structural failing process of the cracks when the tunnel was
under stress, as well as the stress differences with or without
the grouting reinforcement ring. Wang [23] conducted an
experiment to explore the relationship between the per-
meation coefficient and the gravel soil porosity. )e results
suggested that the permeation coefficient experiment was of
great practical significance for the in-depth exploration of
the combined element forecast model initiated by debris
flow. Chen et al. [24] studied the gravels’ permeation pattern
in the debris flow source regions. Zhou’s [25] research
revealed a relationship between the permeation coefficient of
gravel soils and the initial void ratio of soil and fine particle
content. Alikarami et al. [26] crushed quartz sand and other
gravel particles with X-rays to form a shear zone and an-
alyzed its characteristics. Cao [27] gives an analytical so-
lution for the resistance of saturated soil on the side of the
pile based on the normal stress assumption.

)e above-mentioned studies on gravel soils certainly
have significant implications. However, most studies focused
on the propagation of cracks in the sand-gravel layer, the
permeation pattern, and the void ratio. )ere are still some
unresolved issues in the complexity and particularity of the
sand-gravel layer. For example, if the gravel soil is taken as
an aggregate of particles, how should we determine the size
and direction of its internal force chains? [28–30]. For
another example, when a deep foundation pit is excavated on
the sand-gravel layer, is there any special effect the soil has
on the supporting structure.

Judging from the noncontinuous and heterogeneous
physiomechanical state of the gravel soil, the authors sim-
ulated the excavation process of a deep foundation pit in
Chengdu through PFC and photoelastic experiment, em-
phatically analyzed the force chain network structure of the

surrounding soil during the excavation in the sand-gravel
layer, and quantitatively described the force chain network
structure of the soil and the supporting structure.

2. Overview of the Project

)is foundation pit was located in the Phase-II project of a
hospital in Chengdu. Geological exploration data showed
the site’s leveling elevation on the north side of the pit was
517.25m to 517.95m, and the excavation depth was 13.8m.
Municipal sewage and rainwater pipelines are crossing
under this section. )e maximum burial depth of the pipe
bottom was -5.0m.

)e solums on the project site consisted of the fill layer,
the sandstone layer, and the pebble layer. )e underground
water on this site was mainly the pore water in the qua-
ternary alluvial-diluvial sand-gravel layer.)e water-bearing
layers were the sandstones and the pebbles layers, the latter
of which features a good water permeability. As shown by
the geological exploration data, the average bulk density of
the surrounding soil was 18,000 kN/m3, there were buildings
near the foundation pit, and the additional load at the edge
of the pit was about 20 kN/m.

2.1. FoundationPit Support Scheme. Since the project is quite
close to the surrounding buildings, their stability should be
regarded as an important issue. Soil nailing might damage
the foundation of the surrounding buildings. Based on our
experience in foundation pit projects in this region and
considering the environmental conditions of this project, the
soldier pile support was applied, with the pile diameter of
1.2m, the pile spacing of 2.0m, the pile length of 26.8m, and
the burial depth of 13m.

3. PFC Simulation of the Deep Foundation Pit
Supported by Soldier Piles

A numerical simulation analysis was performed with the
PFC2D particle element software to study the microscopic
mechanical characteristics, including changes of the sur-
rounding soil during excavation, and to record the inter-
actions between the soil and the pile.

3.1. Establishment of the Basic Particle Flow Model

3.1.1. Model Size. Due to symmetry, half of the simulated
foundation pit was selected for the study. )e model length
was 46m and the width was three times of the pit depth
(36m). )e specific size is detailed in Figure 1.

3.1.2. Selection of Model Parameters. Circular particles were
used for simulation. To reduce particle deformation’s impact
on the results, we set the stiffness and shear strength at 1e9
N/m. )e piles were horizontally bonded, 22 balls with a
radius of 0.6m were used to simulate the piles, and the
particles were bonded horizontally. )e specific parameters
are shown in Table 1.
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3.1.3. Soil Simulation. )e soil was formed by generating
particles with a small radius, setting the density, and filling
the space with the radius expansion method. Firstly, the
number of particles was determined. )e total area S was
46× 36m2, the porosity of the soil n was known to be 0.72,
and the number of particles N can be calculated through the
following formula:

N �
S(1 − n)

S−particle
. (1)

S-particle represents the average area of particles. )e
average radius of particles was 0.045m and the particle area
was 0.0063m2. )e number of particles was determined to
be 39,000.

50,000 particles numbered from 1 to 50,000 were gen-
erated within the area of 46× 36m2 to ensure the particles
can be distributed throughout the area. )e particles’s
density was set at 18,000 kg/m3, the stiffness at 1e9 N/m, the
intensity at 1e9 N/m, and the friction coefficient at 0.5. )e
particles were allowed to fall freely after the gravity was set.
)e particles were expanded with the radius expansion
method, and when the model reached equilibrium, ball
particles above the model width of 36m were deleted.

)e rock layer at the pile bottom was simulated as
follows: the above particles were reinforced at the range of X
(0,46) and Y (11,14) at the bottom of the model to make the
soil in the coordinate region set in a parallel bonding mode.
After the model became stable, the simulation of the
foundation soil was formed.

3.1.4. Simulation of Boundary Conditions. )e simulation of
the upper load is as follows: the upper load was 20 kN/m and
the model length was 46m, so the total upper load was
calculated at 720 kN. )e upper load was generated by
uniformly placing high-density particles on the upper part,
so 36 balls with a radius of 0.5m were placed within the

range of 0 to 36m.)e density of the balls was 2.56 kg/m3, so
the upper load was 720KN. )e model is shown in Figure 2.

3.2. Data Monitoring. To find out the movements of the
surrounding soil during the excavation in loose soil, we need
tomonitor the displacement of particles at the pile top and in
the surrounding soil. Meanwhile, if we want to study how
the force chain of the surrounding soil evolves, we need to
analyze the evolution of the entire force chain diagram and
set up displacement monitoring points at the following
locations.

Monitoring points were set at places 0m, 13.8m (depth
of the foundation pit), and 27.6m (twice of pit depth) away
from the supporting structure on the horizontal plane and
5m and 13.8m (depth of the foundation pit) away from the
ground in the vertical direction. )e location of the mon-
itoring points is shown in Figure 3.

3.3. Displacement Analysis. )e particles at the pile top in
the model had a vertical displacement of 0.052m and a
horizontal displacement of 0.08m. )e field measured data
showed that the piles had a vertical displacement of 0.03m
and a horizontal displacement of 0.06m. A negligible dif-
ference was seen between the field measured data and the
simulated data, indicating this simulation was a successful
one and reasonable model parameters and pile bonding
mode were selected.

An analysis of the displacement field reveals that
foundation pit excavation is a complicated process. )e
displacement of the particles behind the supporting struc-
ture changed from downward movement to horizontal
movement during the excavation. )e displacement field of
positions near the ground changed dramatically. )e dis-
placement field had little changes in the place 13.8m (depth
of the foundation pit) below the ground, especially in the
place 26.8m (depth of the supporting structure) below the
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Figure 1: Illustration of the model.

Table 1: Particle parameter.

Stiffness (N/m) Shear strength (N/m) Unit weight (kN/m3) Model type
Soil particles 1× 109 1× 109 18,000 Stiffness model
Piles 1.2×1010 3.9×1010 25,000 Parallel bonding model
Reinforced soil 1.5×1011 3.9×1011 20,000 Parallel bonding model
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ground. On the same horizontal plane, the displacement
field witnessed bigger changes in the place closer to the
supporting structure (as shown in Figure 4).

)e particle displacement of the pit surrounding rocks
had the following characteristics: within the range of 13.8m
(depth of the foundation pit) away from the supporting
structure in the horizontal direction, larger movement ve-
locities were seen in the place closer to the supporting
structure. Areas with large velocities were concentrated near
the piles in the upper part of the rock layer at the bottom of
the foundation pit. Within the range of 26.8m (length of the
supporting structure) away from the ground in the vertical
direction, the particles at the bottom of the excavated
foundation pit moved upward in an uplift state. )is sug-
gested that, during excavation, the largest soil displacement
was seen in areas at the intersection of the excavation face
and the rock layer. From the analysis results, it can be
concluded that the choice of excavation interface has great
influence on the soil behind pile. As a result, it is necessary to
take proper measures such as drainage, reinforcement, and
sectional excavation before construction to avoid foundation
pit instability caused by soil movements.

3.4. StressMonitoring. )e force chain values of monitoring
points are shown in Table 2. In the same vertical direction,
the force chain of the place 13.8m away from the edge of the
supporting structure witnessed the largest change. )e

internal force of the place 27.6m away from the pit’s edge
had the smallest change during excavation.

In the same horizontal direction, the mean force chain
value in the place 13.8m from the ground was the largest.
)e stress of the lower particles was greater than that of the
upper ones because the force chain had carried all the
particle gravity.

)e force chain value changed the most in the place
13.8m away from the foundation pit. )is indicated that the
soil in the place 13.8m from the piles had the largest stress
change during excavation. From the analysis results of the
monitoring points, it can also be concluded that the choice of
excavation interface has a great influence on the soil behind
the pile.

4. Photoelastic Experimental Simulation on the
Excavation of the Deep Foundation Pit
Supported by Soldier Piles

Judging from the noncontinuous and heterogeneous
physiomechanical state of the gravel soil around the project,
we simulated the excavation with a photoelastic experiment
to analyze the structure and evolutionary characteristics of
the force chain network and quantitatively describe the force
chain structure and its changing pattern.

An appropriate similarity ratio was established based on
the maximum size and load limit of the experimental ma-
chine. )e model width was 760mm and the length simi-
larity ratio was taken as 47, equivalent to the actual length of
35.72m. )e actual formation density was 1.8 g/cm3, the
photoelastic material density was 1.2 g/cm3, and the density
similarity ratio was 1.5. )e soil of 36m× 36m was simu-
lated in a bidirectional loading and bidirectional flow device
of 76 cm× 76 cm. )e layout is as follows. )e excavation

Figure 2: )e initial state of the model.

1

4

7

2

5

8

3

6

9

Figure 3: Location of monitoring points.

Area with
large particle
displacement

Figure 4: Illustration of particle displacement.

Table 2: Stress change values at monitoring points (unit: ×105N).
1 2 3
1.3 1.3 0.3
4 5 6
0.9 1.8 2
7 8 9
1.8 4.5 4
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section was filled with circular particles. Square particles
were laid at the bottom (52–58 cm) to simulate the rock
layer. )e pile length was 65 cm, the depth of the foundation
pit was 38 cm, the piles were 15 cm away from the right
discharge port, and the pile was of the same height as the
particles. 70N servo pressure was applied on the left side and
200N servo pressure was applied on the left side of the pile
top. )e excavation was simulated by the discharge of cir-
cular particles from the discharge port. )e schematic di-
agram of equipment is shown in Figure 5.

)e experimental process is as follows: the excavation
consists of two phases, that is, excavation and support.
Limited by the experimental conditions, this paper only
focused on studying the characteristics and evolutionary
pattern of the force chains behind the piles in the sur-
rounding soil during excavation. Since the size of the particle
discharge port of the photoelastic device was 5 cm, the
excavation depth that can be simulated each time was
2.35m.)e excavation process of foundation pit is shown in
Table 3.

4.1. Research on Force Chain Direction. Force chain diagram
of foundation pit excavation process is shown in Figures 6–9.
Rose diagrams were obtained by using MATLAB to analyze
and process the above force chain diagrams. For instance, 18°
was set as an interval. Compared with the data before ex-
cavation, the number of force chains after the excavation in

the horizontal direction (-9°–9°, 81°–90°, and 152–170°) re-
duced by 28, or 9 in each interval on average, and reduced by
5 in the vertical direction (81°–98°); the number of force
chains in the middle direction (9°–27°, 27°–45°, 45°–63°,
63°–81°, 98°–116°, 116°–134°, and 134°–152°) increased by 13,
or 2 in each interval on average, as shown in Figures 10 and
11. Only vertical and horizontal loads were applied in this
experiment.)is suggested that, in granular media, when the
vertical and horizontal loads remained unchanged, the
number of strong force chains was reduced in both vertical
and horizontal directions during excavation, and such
chains were turned towards the direction where no stress
would be applied. )is was because after the foundation pit
was excavated in the sand-gravel layer, the crustal stress was
released, and a large rebound deformation began to occur
towards the free face. From this, suggestion can be made
that, during the excavation of foundation pit in the soil
composed primarily of loose gravels with a free face, the soil
should be reinforced by grouting, steel wire mesh laying, or
other means, to prevent the soil from collapsing towards the
free face or the direction with little stress (the foundation pit
accident in Beijing mentioned in the Introduction was
caused by a similar situation).

4.2. Diagrams of Force Chains behind Piles. )e following
characteristics can be obtained during excavation by
quantitatively extracting the force chains behind the piles:
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Figure 5: Illustration of the photoelastic experiment.
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Table 3: Excavation sequence.

Discharge port Propulsion depth (m) Equivalent excavation depth (m) Equivalent excavation area (m)
First excavation A2 5 5 35.252

Second excavation A4 5 5 35.252

)ird excavation A5 3.8 3.8 26.782

Figure 6: Force chains before excavation.

Figure 7: Force chains after the first excavation.

Figure 8: Force chains after the second excavation.
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Figure 10: Rose diagram before excavation.
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Figure 11: Rose diagram after excavation.

Figure 9: Force chains after the third excavation (excavation completed).
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Figure 12: Continued.
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(1) Before excavation, the force chains took the shape
of small ends and a large middle. After the second
excavation, the force chains in the square particles
were constantly strong, and the force chain reached
the strongest in the place near the top of the square
particles. As the excavation proceeded, this force
chain strength basically remained unchanged and
the strength was greater than that of the bottom-
most layer. )is indicated that when there was a
rock layer at the bottom, the embedding force of the
piles was mostly provided by the hard rock layer
near the bottom. It is thus suggested that the pile
bottom should be rested on the rock layer during
construction if conditions permit. Refer to
Figure 12.

(2) After each excavation, in the place 1.5 cm above the
bottom end of the excavation (corresponding to
about 0.5m in the actual situation), the force chain
value reached the maximum within that short in-
terval. In the meantime, we found that as excavation
continued, the force chain value of the previous
excavation interface remained the maximum in the

short interval. )is suggested that the selection of the
interface bottom had continuous impacts on the
surrounding soil. )e excavation bottom should not
be set on vulnerable planes to prevent important
buildings or structures from being affected.

5. Conclusion

)e following conclusions can be obtained by analyzing the
force chains of the soils surrounding the foundation pit
supported by soldier piles during excavation:

(1) )e displacement field analysis showed that dis-
placements were concentrated on the places 13.8m
(depth of the foundation pit) away from the sup-
porting structure horizontally and 26.8m (length of
the supporting structure) vertically. Stress analysis
suggested that, in the same horizontal direction, the
least stress change was seen at the point 27.6m away
from the foundation pit. In the same vertical di-
rection, the largest stress change was recorded at the
point 13.8m away from the piles.
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Figure 12: Size of force chains behind piles.
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(2) Structural analysis of the force chain diagrams in-
dicated that, during excavation, the force chains of
the surrounding soils changed from mainly vertical
development to both vertical and horizontal devel-
opments. Force chains developed more in the di-
rection without direct stress. When excavating a
foundation pit composed primarily of loose gravels,
the soil should be reinforced by grouting, steel wire
mesh laying, or other means, to prevent the soil from
collapsing towards the free face or the direction with
smaller stress.

(3) Compared to other supportingmeans such as bolting
support, soldier pile support is often considered to
have fewer disturbances to the surrounding envi-
ronment. As can be seen from the simulation, the
force chains within the range of 13.8m changed
considerably, indicating that soldier pile support also
significantly impacts the surrounding environment
within the range, especially on the internal stress of
the underground soil. )e excavation face selection
dramatically influences the stress of surrounding
objects, so it is suggested not to set up an excavation
face on the same horizontal plane as the vulnerable
object to prevent threats to neighboring pipelines
and buildings (structures).
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