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ABSTRACT

The application of compensated foundations is common in engineering,
but significant settlements often occur during the application process. A
foundation pit model supported by a rigid retaining wall was established
based on the Finite Element Method-Discrete Element Method (FEM-
DEM), and a cantilevered layer-by-layer excavation process was simulated.
A rolling resistance linear model was used to simulate the sand, while
a variable particle size method was adopted to establish the foundation
model. It is shown that during the excavation process of the foundation
pit, the stress of the sand at the pit bottom gradually decreases, and the
displacement of the soil changes gradually from settlement to uplift as one
moves from behind the retaining wall to the bottom of the foundation pit.
Moreover, the porosity of the sand at the pit bottom gradually increases. As
a result, the strength of the uplifted sand at the pit bottom decreases due to
over-excavation during the foundation pit excavation stage. The uplifted
sand is finally excavated during the site leveling stage, resulting in a further
decrease in the strength of the sand at the pit bottom. Finally, an inverted
arch bottom plate structure is proposed to mitigate the over-excavation
settlement of the compensated foundation.
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1 Introduction

With the increasing attention to the development and utilization of underground space, compen-
sated foundations have also been applied more and more widely [1–3]. Compensated foundations are
commonly used for deep foundation pits, in which the effective stress at the pit bottom is enough to
partially or fully overcome the applied load. In other words, the unloading caused by excavation equals
or exceeds the weight of the upper structure [4,5]. The structures on the compensated foundations will
not settle in principle, and sometimes they even uplift. A simplified analysis method for compensated
foundations was proposed by Sales et al. (2010) [6], and they suggested that the analysis of the design
method of this kind of foundation should be combined with the measurement and prediction results.
Four types of deformation of compensated foundations are found according to the case of super high-
rise buildings in Shanghai soft soil foundation: uplift caused by excavation, recompression caused
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by constant load, recompression caused by live load and settlement over time [6]. However, large
settlements of compensated foundations are often encountered in practical engineering. For example,
a settlement of 96 mm occurred under the over-compensation condition during the construction
of Nanjing Metro Line 1, and the stable trend was not clear, so the foundation needed to be re-
strengthened [7–9]. Therefore, the change law of the soil under the compensated foundation after the
foundation pit excavation needs to be further studied.

The foundation pit is generally excavated from top to bottom, and the stress and strain state of
the soil below the foundation pit bottom will undergo significant changes in this process. Retaining
structures are generally used to restrain the soil around the foundation pit during the excavation
process, and the soil at the foundation pit bottom bears unloading in the vertical direction [4]. As
shown in Fig. 1, the stress distribution of the soil after the foundation pit excavation is completed, and
the base will uplift due to the stress release of the soil at the bottom of the foundation pit. In addition,
the tension zone (Pc = γ × D) in the soil appears below the foundation pit bottom, and it decreases
with the depth increasing.

Figure 1: Stress distribution within the soil after excavation

Theoretically, in the process of foundation pit construction, the uplift amount of the soil at
the foundation pit bottom is always kept constant, then as the foundation and upper structure
are constructed, the soil will gradually enter the recompression stage, and also approximate to the
characteristics before the foundation pit excavation. If the foundation is fully compensated or over-
compensated, the unloading amount is enough to counteract the load of the upper structure, and
additional settlement will not occur in the recompression stage [10,11].

However, this is an ideal situation. In practice, for the purpose of construction convenience
and achieving a level foundation pit bottom, the excavated soil at the bottom of the pit is usually
removed. In this case, when the soil undergoes recompression due to constant and variable loads,
settlement is likely to occur since the applied load exceeds the relieved pressure (i.e., the effective
stress). The schematic diagram of over-excavation resulting from the base uplift is shown in Fig. 2.
The upper concave contour of the base represents the height of the pit uplift. The construction
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excavation actually corresponds to an over-excavation, transforming the originally uniform soil layer
into an uneven medium. The soil mass on the side wall of the foundation pit becomes denser, while
it is looser in the middle, and the strength of the soil mass is significantly weakened. Therefore, the
compensated foundation will encounter greater settlement in actual engineering. Building houses on
such over-excavated foundation soil will not only lead to increased settlement of the building, but also
significantly increase the internal force of the foundation slab.

Figure 2: Schematics of over-excavation due to basal heave

The DEM provides an effective approach for analyzing large deformations and discontinuity
problems in geotechnical engineering [12]. DEM has the unique advantage of capturing the motion
behavior of discrete media and has been widely utilized to investigate the micro-behavior of granular
materials [13–15]. Therefore, DEM is regarded as a robust supplement to laboratory experiments and
the FEM [16,17]. In recent years, scholars have used the DEM to study foundation pit excavation.
Lo [18] used the PFC2D to simulate the variation of internal forces and soil displacement during
foundation pit excavation with flexible support structures. Peng [19] used the discrete element method
to simulate the deformation mechanisms of different types of flexible retaining walls in sandy soil,
while Jia et al. [20] analyzed soil deformation during excavation using the discrete element method.
Widuliński et al. [21] investigated the soil pressure pattern of retaining walls based on the rotational
resistance between particles and found that particle rotational resistance can increase the peak and
residual strengths of soil. Jiang et al. [22] considered the twisting force in the particle micro-contact
model to study the passive soil pressure of a rigid retaining wall and revealed the influence of particle
rotational resistance on the magnitude and distribution of soil pressure behind the wall. Based on the
above analysis, it can be observed that the DEM excels in simulating soil failure, post-failure large
deformation problems, as well as microscopic variations that are challenging to measure in actual
engineering scenarios. While the DEM is currently not suitable for practical engineering design, its
analysis results on the excavation process mechanisms of foundation pits have guiding significance.
Therefore, studying the excavation process of foundation pits using the DEM will help to gain a more
profound understanding of the settlement mechanisms in compensated foundations.

The development of the FEM-DEM coupled method, pioneered by Nakashima and Oida [23],
was driven by the need to integrate the advantages of different modeling schemes while minimizing
computational demands, initially for analyzing soil-tire interaction. This hybrid methodology has
since seen progressively wider adoption in geotechnical engineering. It has been successfully applied to
diverse challenges, such as investigating the acoustic emission (AE) mechanisms during excavation [24],
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studying the stability effects of blast-induced damage zones (BIDZ) [25], and simulating tunnel-soil
vibrations under train loads [26].

Building on the versatility of this established framework, our study applies it to the specific
problem of compensated foundations. While conventional continuum models can capture macroscopic
deformation, their inherent homogenization of the soil mass prevents a deeper understanding of the
fundamental particle-scale mechanics. In contrast, the DEM provides a direct pathway to revealing
these core mechanisms by tracking the mechanical behavior of each particle. This allows for the clear
observation of microscopic phenomena such as the evolution of the force chain network, dynamic
changes in the pore structure, and the kinematic behavior of particles. To balance computational
efficiency with physical realism, a hybrid strategy is employed: the computationally efficient FEM
is used for the continuum structure (the retaining wall), while the physically insightful DEM is used
for the granular medium (the soil). The FEM-DEM coupled approach is therefore selected as the
optimal tool for this investigation, as it harnesses the respective strengths of both techniques to tackle
this complex soil-structure interaction challenge.

In summary, this study utilized the FEM-DEM method to simulate the cantilever excavation
process of a three-dimensional gravity retaining wall system, aiming to investigate the settlement
mechanisms of compensated foundations. Firstly, the sand was modeled using the rotational resistance
linear contact model (rrlinear). The microscopic parameters of the sand were calibrated based on
triaxial compression simulations with flexible boundaries. Furthermore, a DEM model of excavation
in a foundation pit was established using the variable particle size method. Finally, a comprehensive
analysis of the numerical simulation results was carried out to derive the settlement mechanisms of
compensated foundations from stress fields, displacement fields, force chains, and energy fields.

2 Establishment of the Discrete Element Model
2.1 Basic Information for the Model of the Foundation Pit

The cantilever excavation process of a foundation pit supported by gravity retaining walls is
simulated in this paper using DEM. The excavation of the actual foundation pit has a width of 20 m,
depth of 10 m, radius of 20 m, and a retaining wall thickness of 1.2 m. The retaining wall extends 20 m
below the excavation face [27]. Considering the spatial symmetry of foundation pit excavation, 1/4 of
the actual foundation pit is taken as the research object. And the horizontal and vertical dimensions
of the soil model are taken as 8 times and 6 times the excavation depth, respectively, to avoid the
influence of size effects on the results. Following the principles of similarity [28,29], a size similarity
ratio of 20 is chosen. The dimensions of the prototype excavation are reduced by a factor of 20, while a
20-fold gravity acceleration is applied to simulate the self-weight stress field of the prototype. Specific
dimensions of the model are presented in Fig. 3.

2.2 Selection of Contact Models
The rolling resistance model was employed in this study to approximate the mechanical behavior

of non-spherical sand particles. This model simulates the energy dissipation and rotational constraints
caused by irregular particle shapes by introducing an additional torque at contact points that opposes
rotation. However, it should be noted that this is a simplification. The model cannot fully replicate
the complex geometric interlocking and multi-point contact phenomena that arise from the intricate
shapes of real, highly angular or elongated particles. Consequently, for materials with very high
angularity, the model may underestimate the shear strength or dilatancy that is heavily dependent
on such interlocking.
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Figure 3: Schematic diagram for dimensions of foundation pit excavation model

Fujian Standard Sand is adopted as the simulated material in this study [30], which is a commonly
used material in the investigation of sandy soil-related issues and finds extensive applications in
model experiments and unit tests. The scanning electron microscope image of the sand reveals a
“subangular” shape, as depicted in Fig. 4 [31]. However, in discrete element method simulations, sand
particles are often simplified as discs (2D) or spheres (3D), failing to capture the actual particle
shape and interlocking behavior. The essence of the particle’s resistance to rotation is a mechanical
effect caused by the irregular shape of soil or sand particles. It also serves as a significant source of
shear strength, as illustrated in Fig. 5. In order to analyze the impact of the actual shape of particles,
studies by Iwashita and Oda [32] have indicated the significant influence of inter-particle resistance
to rotation on the strength and dilation characteristics of sand. Similarly, Jiang et al. [33] studied the
mechanical response of rough particles using DEM, while Mohamed and Gutierrez [34] explained the
important influence of the resistance to rotation of particle material on the formation of shear bands.
Thus, in order to consider the shape effect of sand, this study employs the Rolling Resistance Linear
Model (rrlinear) to establish the excavation model for the foundation pit. Additionally, the contact
model available in DEM is based on a linear model that incorporates a torque to counteract rolling
motion [35]. In contrast to the linear contact model, the rrlinear contact model includes a rotational
contact component in addition to the normal and tangential contact components. This study utilizes
Fujian Standard Sand, a uniform reference material chosen to ensure the repeatability of the results.
However, natural field soils are typically more complex and heterogeneous. Consequently, while this
study reveals fundamental physical mechanisms, the direct application of its quantitative results (e.g.,
specific settlement values) to a field site would require site-specific material characterization and model
calibration.

MRR = krΔϕr (1)

kr = ks

[
R1R2

(R1 + R2)

]2

(2)

where MRR represents the rolling resistance torque, Δϕr represents the relative rotation increment
between the contacting particles, kr and ks represent the relative rotation increments between the
contacting particles, and R1 and R2 are the radii of the two contacting particles [36].
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Figure 4: SEM picture of Fujian sand

Figure 5: Origin of rolling resistance at contact

The principle of FEM-DEM coupling is illustrated in Fig. 6. This approach uses walls/shells as
interaction interfaces. Velocity data from the continuous element nodes are passed to the wall/shell
unit nodes, where they are converted into unbalanced forces, which are then distributed to the DEM
particles via shape functions. Likewise, the unbalanced forces in the DEM are converted into velocity
and sent back to the continuous element nodes through the wall/shell unit nodes, continuing the cycle
until dynamic equilibrium is reached. Once coupling is activated, the calculation must run under large
deformation conditions, and to ensure the balance of forces and moments at the coupling interface,
full computation mode should be activated [37].

2.3 Parameter Calibration
The sand used in this study is Fujian standard sand, which is a common material for investigating

sand-related issues and is widely used in model tests and element tests [21]. Conventional physical
and mechanical tests were conducted on the standard sand in accordance with the “Standard for
Geotechnical Testing Method” (GB/T 50123-2019), and its main physical properties are shown in
Table 1. The non-uniformity coefficient (Cu) of the standard sand is 5.774, the coefficient of curvature
(Cc) is 1.458, and the mean particle size (d50) is 0.524 mm. This indicates that the sand used in the test
is a well-graded medium sand.
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Figure 6: The principle of FEM-DEM coupling

Table 1: Physical parameters of standard sand

Initial dry density ρd

(g/cm3)
Maximum dry density ρdmax

(g/cm3)
Minimum dry density

ρdmin (g/cm3)
Specific

gravity Gs

1.630 1.740 1.416 2.643

To calibrate the microscale parameters of Fujian sand, laboratory drained triaxial tests were
conducted, and a corresponding numerical model for flexible triaxial compression was developed
using the FEM-DEM coupling method (see Fig. 7). The sand sample has a diameter of 30 mm and
a height of 60 mm, prepared using the dry deposition method. Under drained conditions, the sample
is saturated and subjected to shear at a constant rate of εa = 0.04%/ min (where εa represents the
axial strain) under a confining pressure of 100 kPa. In the corresponding discrete element numerical
modeling, a cylindrical specimen is first created with the same gradation as the core region. The
dimensions of the specimen are consistent with the laboratory triaxial test, with rigid loading plates
on the top and bottom surfaces having the same stiffness as the particles. The side walls are modeled
as flexible constraints using shell elements from finite elements [38], with an elastic modulus of
1 × 106 Pa, Poisson’s ratio of 0.25, thickness of 0.25 mm, and a boundary wall friction coefficient
of 0, with the relevant parameters derived from the flexible membrane used in the laboratory test. The
servo control system performs isotropic consolidation by inducing relative motion between the upper
and lower loading plates, with very slow plate velocities to simulate quasi-static loading [39]. The Fish
function is utilized to automatically adjust the stress on the side walls, ensuring a constant confining
pressure. The confining pressure error is strictly controlled to be below 1% throughout the loading
process until the axial strain reaches 10%, at which point the loading process is halted [40].
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Figure 7: Numerical model of FEM-DEM triaxial test

Fig. 8 shows the results of the micro-parameter calibration for the discrete element triaxial
compression test. The simulated deviatoric stress-strain curve is in good agreement with the curve
from the laboratory test, indicating that the flexible triaxial simulation can reflect the physical
and mechanical properties of sand from a micro-scale perspective. The final internal friction angle
obtained from the DEM simulation is 37.44°, which is close to the laboratory test result of 38.33° (an
error of approximately 2.3%). Therefore, these micro-parameters can be used for subsequent DEM
simulations.

Figure 8: Calibration results of DEM micro-parameters for standard sand

2.4 Sample Preparation
To reduce the particle count and enhance computational efficiency, this study employs the

variable particle-size method to construct the discrete element model, referencing the works of
McDowell et al. [41] and Deng et al. [42]. The principle is shown in Fig. 9, and the specific steps are as
follows: (1) The discrete element model is divided into multiple zones, labeled as Z1, Z2, ..., Zn, ranging
from the near-field to the far-field. Small-sized particles are used in the core zone of the near-field to
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simulate its complex physical and mechanical characteristics. (2) The particle size gradually increases in
the other zones to simulate the boundary regions. The zones outside the core region are less affected
by the excavation disturbance, allowing for larger particle sizes to ensure computational efficiency.
Additionally, mixed zones (M12, M23, ..., M(n−1)n) are introduced between adjacent variable particle-size
zones to prevent particle interlocking at the interface. The mixed zone consists of a combination of the
two particle sizes from the adjacent zones, maintaining the same compaction level as the neighboring
zones.

Figure 9: Schematic diagram of the variable particle-size modeling method

The validity of this approach has been verified through a series of numerical tests. The work
by Deng et al. [42] demonstrated that samples with different particle sizes adhering to this scaling
law exhibit nearly identical stress-strain and volumetric strain responses in numerical triaxial tests.
Furthermore, their Cone Penetration Test (CPT) simulations also showed that the results from the
variable-size model were in excellent agreement with those from a reference model using uniformly
fine particles. Therefore, by adopting this rigorously validated modeling method, this study minimizes
the potential deviation in mechanical response that could be introduced by using enlarged particles,
ensuring the reliability of the simulation results.

The process of applying the variable particle-size method in this paper is as follows: Determine
the particle size and its range for the core zone Z1. After extensive calculations, the particle size for
the core zone is determined to be in the range of 23.76–47.52 mm, with a d50 = 40 mm, and the length
of the zone is set to 1.5 m. Fig. 10 compares the particle size distribution (PSD) of the Fujian sand
sample with the particles in the core zone. The uniformity coefficient (Cu) and curvature coefficient
(Cc) of Fujian sand are 1.542 and 1.104, respectively. These values are highly similar to the uniformity
coefficient (Cu) and curvature coefficient (Cc) of the DEM particles used in the core zone, which are
1.51 and 1.12, respectively. And the particle sizes in the intermediate region Z2 and the boundary region
Z3 are 1.5 times (60 mm) and 2 times (80 mm) larger than the median particle size of the core particles.
The particle size distribution in the mixed region is taken from the particle sizes of the two adjacent
regions, with the median particle size taken for the core region. The particle sizes in the two mixed
regions are M12 (0.04–0.06 m) and M23 (0.06–0.08 m), respectively. Despite the fact that the smallest
particles described in this study are larger than the largest sand particles in reality, this deviation from
reality is necessary in order to reduce computational costs [43,44].
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Figure 10: Comparison of particle size distribution between Fujian sand and the numerical sample

Additionally, due to the enlargement of particle sizes, it is necessary to adjust the microscale
parameters according to the scaling relationship to ensure consistency in the corresponding physical
and mechanical properties of different zones. Therefore, by maintaining the ratio of particle normal
contact stiffness (kn) to the average particle size (d), the particle stiffness can be optimized, approx-
imately satisfying macroscopic elastic consistency [45]. The core zone uses the ratio between median
particle sizes as the reference. The wall stiffness is consistent with the particle stiffness in the core zone,
and the friction coefficient is set to zero to eliminate the effect of wall friction. The resulting particle
radius range and microscopic parameters are shown in Table 2.

Table 2: Microscopic parameters of the foundation model

Parameter
assigment

Contact
model

Group Particles radius (mm) Particle
position
range (m)

Density
of

particles
(kg/m)

Normal
stiffness
(N/m)

Shear
stiffness
(N/m)

Friction
coefficient

Rolling
friction

coefficient
(MN · m)

Backfill RRlinear Z1 23.76–47.52 (d50 = 40) 0–1.5 2650 1 × 108 1 × 108 0.3 0.2

M12 40–60 1.5–2 1.5 1.5
Z2 60 2–2.5 2 2

M23 60–80 2.5–3 3 3
Z3 80 3–4 4 4

In the model, the interface friction coefficient between the soil particles and the FEM retaining
wall was set to 0.3. This value was selected based on typical friction characteristics for sand-concrete
interfaces found in geotechnical literature and is consistent with the inter-particle friction coefficient
of 0.3 used for the backfill soil in this study. This parameter is critical for accurately simulating the soil-
structure interaction, as it directly governs the shear stress transfer between the soil mass and the wall,
thereby influencing the distribution of earth pressure acting on the wall and the settlement patterns of
the ground surface behind it.

kn = λkn, ks = λks
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where λ is the particle size enlargement factor, kn and ks are the normal stiffness and shear stiffness,
respectively, between two particles.

The process of generating the model is as follows [46,47]: (1) The discrete element model of
the foundation is generated using the variable particle-size method (Fig. 11a); (2) Multiple iterations
are performed to eliminate the imbalanced forces between particles during the model construction
process. Subsequently, the rigid walls between different regions are removed, and the imbalanced
forces between the regions are re-equilibrated (Fig. 11b); (3) The model’s gravitational acceleration
is gradually increased to 20 g (196 m/s2) following the principle of a centrifuge. The entire equilibrium
process is divided into 20 levels, with each level applying double the gravity acceleration of the previous
level. Sufficient time steps are performed for each level until settlement stabilizes before proceeding
to the next level. The final simulation represents the actual ground stress level equivalent to a depth
of 80 m × 60 m (under 20 g gravitational acceleration). Additionally, the top walls are removed to
simulate a free top boundary (Fig. 11c); (4) Establish the model of a supported retaining wall. Remove
the particles at the location of the retaining wall and use the “zone” command to generate the wall
structure in that position. Simultaneously, apply the “fix” command to restrict the deformation of the
retaining wall. After the completion of the model, reestablish equilibrium under the influence of 20 g
gravitational acceleration. The DEM-FEM coupling method was used to establish the contact surface
between the particles and the finite element retaining wall surface (Fig. 11d). This method enables
the investigation of deformation and failure mechanisms in soil and rock masses while maintaining a
higher level of computational efficiency.

(a) Particle generation using the variable particle-size 

method

(b) Internal stress equilibrium in the foundation model

(c) Ground stress equilibrium in the foundation model (d) Establishment of the retaining wall support model

Figure 11: The process of establishing the excavation model of the foundation pit

The model parameters of the retaining wall are based on the elastic modulus of 25 GPa, Poisson’s
ratio of 0.15, and density of 2500 kg/m3 as presented in reference [40] (see Table 3). The resulting
discrete element method of the foundation pit is shown in Fig. 12.
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Table 3: Finite element parameters of the retaining wall

FEM Model Density
(kg/m3)

Young’s
modulus
(GPa)

Poisson’s
ratio (GPa)

Bulk
modulus
(GPa)

Shear
modulus
(GPa)

Retaining
wall

Linear elastic
model

2500 25 0.15 13.9 10.4

Figure 12: Schematic diagram of discrete element model

A 1/4 symmetry model was adopted in this study to significantly reduce the high computational
cost associated with the three-dimensional discrete element simulation. This simplification is justified
by the axisymmetric geometry of the circular foundation pit being modeled. By modeling only one-
quarter of the domain, the computational efficiency was substantially increased, allowing for a higher
resolution in the zone of interest. However, it should be acknowledged that this assumption of
symmetry precludes the analysis of any potential asymmetric deformation modes that could arise from
local material heterogeneities or non-symmetric construction loads.

The numerical simulations in this study were conducted on a high-performance workstation
equipped with an AMD R7-9700X processor (8-core, 16-thread, 3.80–5.50 GHz). For the three-
dimensional FEM-DEM coupled model presented, the approximate time required to complete a single
full simulation, from sample generation through all excavation steps, was approximately 36 h. This
significant computational cost was the primary constraint that precluded more extensive analyses,
such as a full parametric sensitivity study or multiple realizations for an uncertainty analysis, within
the scope of the current work.

The numerical simulation workflow adopted in this study is summarized in Fig. 13, which consists
of four main stages.
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Figure 13: The numerical simulation workflow

2.5 Assessment of the Discrete Element Foundation Modell
Fig. 14 illustrates the displacement and force chain distribution of the model after gravity

deposition. It can be observed that the settlement displacement is horizontally distributed, and the
force chains exhibit a dense distribution in the lower part and a loose distribution in the upper part,
which is consistent with the actual distribution pattern. The initial porosity, static earth pressure
coefficient K0, and vertical and horizontal stress distributions under the influence of gravity are shown
in Fig. 15. It can be seen from the figure that, under the action of gravity, the porosity of the soil
fluctuates around 0.4 with depth. The static earth pressure coefficient K′

0 is close to the theoretical
value. The horizontal stress and vertical stress change linearly with depth, and their values are basically
consistent with the calculated values by σv = γh and σh = K0γh.

Figure 14: Displacement and force chain distribution of the model after the ground stress equilibrium

As shown in the Table 4, the simulated vertical stresses are in good agreement with the theoretical
values, with all relative errors falling within a small range. This verifies the accuracy of the model in
simulating the self-weight stress field under a 20 g gravitational acceleration.
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Figure 15: Distribution of stress state, porosity and lateral pressure coefficient

Table 4: Comparison of theoretical and simulated vertical stress at various depths

Depth (m) Theoretical vertical stress σ v (kPa) Simulated vertical stress σ v (kPa) Relative error (%)

1.0 167 180 +7.8%
2.0 333 340 +2.1%
3.0 500 490 −2.0%

2.6 Excavation Process
The final excavation depth of the foundation pit is 10 m, divided into 5 layers to reach the

excavation depth, with each layer having a thickness of 2 m. In DEM, the excavation process of
the foundation pit is simulated by progressively removing the sand particles layer by layer. After
completing the excavation of one layer, the calculation is performed until the dissipation of unbalanced
forces and the relative stability of particle displacements before proceeding to excavate the next layer.
After the excavation is completed, in order to simulate the process of leveling the site after the
excavation of the foundation pit in the project, particles are removed again in the range of 0–10 m
so as to keep the bottom of the foundation pit flat. In the following text, 0 step represents the initial
state, 1–5 step represents the excavation process from the first step to the fifth step, and 6 step represents
the leveling process of the site.

3 Analysis of DEM Results
3.1 Stress Analysis of the Foundation Pit

In order to study the variation of bottom stress with depth during the excavation process of the
foundation pit, a set of measurement regions (measurement balls) is deployed within the pit. The
measurement balls have a radius of 0.2 m and are spaced at intervals of 0.2 m, forming a total of 12
measurement circles, as shown in Fig. 16. During the staged excavation process of the cantilevered
foundation pit, the overall stress distribution exhibits a characteristic of lower stress in the upper
part and higher stress in the lower part. The stress in the bottom soil gradually decreases with each
excavation, representing a stress release process caused by excavation. The top soil of the foundation
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pit experiences a larger magnitude of unloading compared to the bottom soil, which is attributed to
the greater stress release at the top during the excavation process. In addition, it can be seen that the
stress reduction is not obvious during the excavation of steps 1 and 2, which is because the excavation
amounts are small, resulting in a relatively small additional stress on the foundation. The changes
are significant from steps 3 to 5, which is because the large excavation amounts of the foundation pit
increases the stress release. From step 5 to 6, the stress remains relatively unchanged because, at this
time, the excavation has ended, and the stress release at the bottom of the foundation pit has also
ended. In summary, there is a stress release process at the bottom of the foundation pit during the
excavation process, and the stress release at the bottom of the pit is most significant. Therefore, it can
be seen that the discrete element method can accurately depict the process of changes in soil pressure
at the bottom of the foundation pit.
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Figure 16: Changes in stress at the bottom of the foundation pit during the excavation process

3.2 Analysis for the Displacement Cloud Map of the Foundation Pit
The displacement cloud map of the foundation pit is shown in Fig. 17. It can be seen from the

figure that with the excavation of the foundation pit, large settlement first appears behind the wall
and gradually develops inward. The maximum settlement value of the ground surface supported by
the retaining wall occurs immediately behind the retaining wall, with a maximum settlement value of
3 cm. The farther away from the retaining wall, the smaller the settlement of the ground surface, which
is consistent with the measured rules of a large number of cantilevered excavation foundation pits. At
2H away from the retaining wall, the settlement of the ground surface begins to converge and tends
to zero. The settlement of the ground surface in this support method is consistent with the “triangle”
settlement in the actual engineering rules, indicating that the deformation behavior of this type of
foundation pit support in the discrete element simulation is feasible. After the excavation of step 3,
obvious uplift appears at the bottom of the pit, and the uplift displacement is larger near the center of
the foundation pit, with a maximum displacement of 4.4 cm. The soil behind the wall mainly shows
settlement. From behind the retaining wall to the bottom of the excavation, the vertical displacement
of the soil gradually transitions from settlement to upward uplift. The uplift of the soil at the bottom
of the foundation pit is caused by the stress release resulting from excavation of the overlying soil. The
maximum uplift of the soil at the center of the foundation pit is consistent with the actual engineering
situation. In summary, a certain amount of uplift will occur during the step-by-step excavation of
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the foundation pit, and each excavation level will exceed the uplift of the previous excavation level.
Therefore, the over-excavation at the bottom during the excavation of the foundation pit cannot be
ignored.

(a) 1 step (b) 2 step (c) 3 step

(d) 4 step (e) 5 step (f) 6 step

Figure 17: Displacement cloud map of foundation pit excavation (Unit: cm)

3.3 Vector Analysis for the Displacement of the Foundation Pit
Fig. 18 shows the distribution of the velocity field of the sandy soil foundation after each

excavation level is completed, which can be divided into the settlement area, the retaining wall
influenced area, and the foundation pit uplift area according to the distribution of velocity vectors.
During the excavation of step 1, the particles behind the wall settle, the particles in the influence area
move upward, and the particles at the bottom of the pit move downward under the action of gravity.
Therefore, during step 1, the particles mainly sink due to gravity. At step 2, the particles behind the wall
continue to move downward, and the particles in the influence area show a vortex-like velocity vector
under the joint action of stress release and gravity, while the particles at the bottom of the pit start to
uplift. As the excavation continues, the range and velocity of the uplift area gradually increase, and the
vortex-like vectors in the influenced area become more obvious, which is the result of the joint action
of gravity and stress release. Finally, the velocity gradually decreases, and the foundation pit model
tends to be in equilibrium. The influence depth of the uplift area at the bottom of the foundation pit is
greater than the final depth of the burying depth of the retaining wall support. The use of retaining wall
support has a poor effect on suppressing the plastic deformation of the soil, and there is a tendency for
the soil outside the pit to move inward by passing the bottom of the retaining wall. The velocity vector
at the center of the bottom of the pit is the largest, and its direction is vertical upward, indicating that
the disturbance of particles in this area is the most obvious. Therefore, the uplift in this area during
construction will cause over-excavation and make the soil looser.
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(a) 1 step (b) 2 step (c) 3 step

(d) 4 step (e) 5 step (f) 6 step

Figure 18: Vector analysis of displacement during foundation pit excavation (Unit: m/s)

3.4 Analysis for Porosity at the Bottom of the Foundation Pit
A measuring circle was set at the bottom of the foundation pit to measure the changes in porosity

during excavation, as shown in Fig. 19. It can be seen from the figure that the porosity gradually
increases as the excavation progresses. This is because the foundation pit gradually uplifts after
excavation, and the loose contact between particles increases the porosity. The increase in porosity is
most significant at step 4 and 5, which also reflects the change in soil properties due to over-excavation
of particles at the bottom of the foundation pit. At step 6, the porosity change is not significant
due to the equilibrium of the model, which is consistent with the change in stress. Therefore, during
foundation pit excavation, the porosity gradually increases due to the combined effects of the uplift of
particles and over-excavation, which reduces the strength of the soil at the bottom of the pit. From a
soil mechanics perspective, this increase in porosity directly corresponds to a decrease in soil stiffness
and an increase in its compressibility. Consequently, this excavation-induced soil loosening heightens
the potential for greater consolidation under subsequent superstructure loads, leading to significant
post-construction settlement.
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Figure 19: Curve of porosity variation at the bottom of the foundation pit with excavation

3.5 Analysis of Particle Displacement Paths
To investigate the displacement paths of particles during foundation pit excavation, typical

particles at three positions, located at the top of the foundation pit, the bottom of the retaining
wall, and behind the retaining wall, were selected for study. As shown in Fig. 20a, the particles
gradually uplifted as the excavation progressed, with the smallest displacement at step 1 and the largest
displacement at steps 3–5, which is similar to the distribution of stress at the bottom of the foundation
pit, indicating that the displacement of particles at the bottom of the foundation pit increased gradually
with the release of stress. As shown in Fig. 20b, the particles gradually moved towards the downward
slope as the foundation pit was excavated, indicating that the particles at the bottom of the retaining
wall moved under the joint action of gravity and the pushing force of particles behind the wall during
excavation. As shown in Fig. 20c, the particles gradually moved downward as the foundation pit was
excavated, and the settlement of the foundation pit was relatively close with each excavation step.

(a) The bottom of the foundation pit (b) The bottom of the retaining wall (c) The rear part of the retaining wall

Figure 20: Analysis of particle displacement paths at different locations

3.6 Analysis for Displacement of Monitoring Layers
To further understand the spatial variation characteristics of the soil inside the embankment, a

deformation monitoring layer was set in the model at a position of Z = 1.9 m. After the calculation
was completed, the displacement information in the Z direction of the particles was recorded, and
then the vertical displacement cloud map was interpolated, as shown in Fig. 21. It can be seen from
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the figure that due to the constraint effect of the support structure, the uplift value near the foundation
pit support structure is smaller than that in the middle of the foundation pit. As the foundation pit
is excavated, the deformation of the monitoring layer gradually increases, with the most significant
uplift occurring in the middle of the foundation pit. In summary, during the cantilever excavation of
the foundation pit, the soil behind the retaining wall within a certain range mainly shows downward
displacement towards the inside of the foundation pit, and the displacement of this part of the soil
shows a triangular distribution. The soil in the center of the pit mainly shows upward uplift, and the
displacement of the uplifted part at the bottom of the pit is greater than the settlement behind the wall.

Figure 21: Changes in displacement of monitoring layers during foundation pit excavation

3.7 Force Chain Analysis
One advantage of the discrete element method is its ability to obtain micro-scale data that is

not easily measured in experiments, making it particularly suitable for analyzing particle skeleton
structures and force chain networks. Fig. 22 shows the contact force chains between particles during
the foundation pit excavation process. The color and thickness of the lines indicate the magnitude of
the contact force; thicker lines represent greater forces. Overall, the force chain distribution is sparse
in the upper part and dense in the lower part.

(a) 1 step (b) 2 step (c) 3 step

Figure 22: (Continued)
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(d) 4 step (e) 5 step (f) 6 step

Figure 22: Force chain analysis during foundation pit excavation (Unit: N)

To provide a more quantitative assessment of the mechanical changes induced by excavation, we
analyzed micro-parameters within a measurement region at the pit bottom. The analysis revealed
a consistent decreasing trend in the average coordination number of the particles as the excavation
progressed. This reduction in coordination number directly quantifies the decrease in particle contacts,
confirming the loosening of the particle fabric. Regarding the magnitude of the contact forces, the
maximum contact force observed throughout the process was approximately 1.8 × 104 N, located
deep beneath the excavated pit bottom. However, despite these localized stress concentrations, the
number of strong force chains (those carrying significant loads) in the pit bottom region diminished
as a result of stress release. Therefore, the quantitative analysis of micro-parameters confirms that
the force chains at the pit bottom become sparse due to stress release during the excavation process,
reflecting a weakening of the soil’s load-bearing skeleton. In contrast, although the soil behind the wall
settled, the particle contacts did not change significantly, and thus the force chain network remained
largely unaltered.

3.8 Analysis of Retaining Wall Displacement
Fig. 23 shows the horizontal lateral displacement cloud map of the retaining wall at different

excavation depths. Since the wall is completely elastic, the retaining wall tilts towards the pit in a
combination of rigid body translation and rotation. During the cantilever layered excavation of the
foundation pit, due to the unloading of the soil, the soil behind the wall acts as active earth pressure on
the retaining wall, and the soil inside the foundation pit acts as passive earth pressure on the retaining
wall. The larger displacements occur at the bottom of the retaining wall, indicating that the bottom of
the retaining wall is significantly stressed under the action of soil pressure. When the foundation pit is
excavated shallowly, the horizontal displacement of the retaining wall develops relatively slowly. As the
depth of the foundation pit excavation increases, the displacement also increases, as can be seen from
the lateral movement of the wall at the bottom. Overall, the bottom of the retaining wall gradually
deforms outward under the action of soil pressure.
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Figure 23: Lateral displacement cloud map of retaining wall during foundation pit excavation
(Unit: mm)

Based on the discrete element method simulation, it can be concluded that the foundation pit
mainly undergoes two processes during excavation: the excavation of the foundation pit and the
construction leveling process. During the excavation phase of the foundation pit (steps 1–5), the soil
at the bottom of the pit is uplifted, and due to the over-digging during construction, the strength of
the soil is reduced. During the construction leveling phase (step 6), the final uplifted soil is excavated,
causing further reduction in the strength of the soil at the bottom of the pit, especially at the center
of the foundation pit. Therefore, for the compensated foundation that is subjected to structural loads
after construction leveling, the same amount of settlement as the uplift during excavation will occur
at the bottom of the pit.

4 Discussion

It is important to acknowledge the limitations and assumptions inherent in this numerical study.
The simulated soil is an idealization of real sand; spherical particles were used, with a rolling resistance
model to approximate the effects of angularity, and particle breakage was omitted due to the relatively
low stress levels. The material parameters were also calibrated solely against triaxial compression tests.

Several numerical simplifications were adopted, primarily due to the high computational cost
of 3D DEM. A formal convergence study for particle count and a mesh sensitivity analysis for the
FEM wall were not performed; parameters were instead selected based on established best practices.
The study is also based on a single, deterministic simulation, precluding an analysis of uncertainty.
Furthermore, the excavation was modeled by instantaneous particle removal, an approach suitable
for the cohesionless sand simulated but not for cohesive soils where consolidation is significant.

Finally, the study’s scope is defined by the simulation of dry sand conditions without considering
groundwater and the use of a specific model with a rigid wall and uniform soil. Consequently, the
findings reveal fundamental mechanisms applicable to these conditions. Extending these conclusions
to more complex scenarios-such as soft clays, flexible retaining structures, or saturated soils-will
require developing more advanced models and validating them against physical tests and field case
studies.
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5 Conclusions

This study successfully simulated the cantilever excavation process of a foundation pit supported
by a rigid retaining wall using the discrete element method, aiming to reveal the settlement mechanism
of compensated foundations from a micro-mechanical perspective. The core novelty of this work
lies in systematically revealing the intrinsic link from macroscopic phenomena to micro-mechanical
mechanisms and elucidating the complete mechanical chain of events leading to the reduction of soil
strength at the pit bottom. The main conclusions are as follows:

A Micro-Mechanical Mechanism of Soil Strength Degradation was Revealed: The study found
that foundation pit excavation is not only a macroscopic process of stress release and basal heave,
but also a mechanical process that leads to the progressive degradation of the soil’s microstructure.
This process manifests as a chain of events: stress release—upward particle movement—increased
porosity—weakened contact forces and a sparser force chain network. This sequence of changes
collectively causes a reduction in the bearing capacity of the foundation soil, with the most severe
structural weakening occurring at the center of the pit where the heave is largest.

The Critical Impact of the “Site Leveling” Phase was Identified: This study specifically dis-
tinguishes between the effects of the “excavation phase” and the “site leveling phase”. During the
excavation phase, the soil loosens due to heave. The subsequent site leveling phase, where the uplifted
soil is removed, acts as a second disturbance to the already weakened foundation soil, causing its
strength to be further reduced. This is a critical step often overlooked in conventional analysis.

A Practical Engineering Countermeasure was Proposed: These findings have significant practical
implications for understanding and mitigating excessive settlement in compensated foundations. The
non-uniform heave pattern-largest in the middle and smaller at the sides-explains why theoretically
compensated foundations still settle under structural loads, as the soil at the center is the loosest.
Based on this mechanism, this study proposes the use of an inverted arch bottom plate structure
as an effective countermeasure. The geometry of an inverted arch is opposite to the non-uniform
heave profile, providing greater bending stiffness to resist the upward thrust of the central soil. This
not only controls the non-uniform uplift but, more importantly, suppresses excessive soil loosening,
thereby preserving the bearing capacity of the foundation soil and ultimately reducing long-term post-
construction settlement.
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