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Progressive failure mechanisms
and dynamic load redistribution in
asymmetric excavation with partial
bracing collapse

Jixin Chong?, Fengbin Su®, Huanwei Wei%3, Xiao Zheng®3 & Fuyuan Liu%3"*

Current research on the progressive failure mechanisms and dynamic load transfer paths induced by
localized failure in asymmetrical excavation support systems re-mains insufficient. This study, based
on the “component removal method,” designs a model test for local failure of internal supports in an
asymmetrically excavated foundation pit. Through refined three-dimensional numerical modeling,
multi-condition comparative validation is conducted, revealing the coordinated evolution mechanism
of deformation and internal force response following local support failure. Key findings demonstrate:
post-failure reduction in lateral stiffness of supporting slabs induces inward dis-placements, amplifying
surrounding soil settlement, with significantly greater dis-placement increments observed in deeper
excavation zones compared to shallower regions; Axial force redistribution follows a proximity
amplification and distal attenuation pattern, with adjacent struts experiencing force increases to 1.48
times after single strut failure, while distant struts show reductions to 0.93 times; Bending moments
increase in remote support structures due to soil arching effects, reaching up to 427 N-m on the shallow
side, whereas near-field structures exhibit moment reductions attributed to pronounced unloading
effects from significant slab displacement; The secondary retaining wall exhibits cantilever-like
behavior, with bending moments rising to 450 N-m post-failure.

Keywords Asymmetric excavation, Partial strut failure, Scaled physical model experiment, Numerical
simulation

As a core discipline in underground space development, excavation engineering faces significant challenges
due to intricate geological conditions and complex structural responses!. With accelerating urbanization,
numerous excavation projects exhibit asymmetrical characteristics due to their specific functional requirements.
This geometrical particularity complicates the stress distribution patterns of supporting members, potentially
triggering localized soil instability or partial failure of retaining structures, which may ultimately lead to
progressive failure of the entire excavation system.

Current research on deformation analysis of deep and large-scale excavations with symmetrical depth
configurations has been extensively conducted globally. Chen, et al.? investigated the potential of microbially
induced carbonate precipitation (MICP) to enhance the shear strength of loess soil, highlighting the significance
of biologically mediated approaches in improving soil properties. Cui, et al.> employed an integrated approach
combining field monitoring with numerical simulations to comparatively analyse the spatiotemporal evolution
of structural forces in reinforced concrete retaining walls during ultra-deep excavations. Liu, et al.* investigated
the “corner effect” in rectangular deep excavations, systematically evaluating deformation patterns of retaining
structures and adjacent building settlements, thereby optimizing strutted system designs. Yang, et al®
explored the depth-dependent and spatial effects of various retaining schemes in soft soil regions, revealing
significant spatiotemporal heterogeneity in structural deformations under unsupported excavation conditions.
With increasing complexity in excavation engineering requirements, asymmetrical excavations with depth
discrepancies have become prevalent in practice, where retaining structures exhibit pronounced deflection
effects during excavation processes®, posing critical safety concerns. Xu, et al.”® addressed redundancy design
issues in asymmetrical excavations through numerical analyses of peripheral soil settlements, developing depth
calculation formulas for strutted retaining systems with differential excavation depths using the equivalent beam
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method. Their findings demonstrate that deeper excavation sides exhibit substantially greater ground settlement
magnitudes and influence ranges compared to shallower sides, with soil thrust from deeper zones increasing
the embedment ratio of retaining structures on shallower sides. Fan, et al.? modified earth pressure calculations
using non-limit state displacement theory, identifying significant errors in embedment ratio predictions derived
from limit-state earth pressure assumptions within the equivalent beam method, particularly under large
soil-structure stiffness contrasts. Kong, et al.' conducted finite element analyses investigating the mechanical
responses of asymmetrical excavation retaining systems to multiple factors, including strut positions, pile
stiffness variations, and soil heterogeneity, ultimately proposing optimal embedment ratios for bilateral retaining
structures under asymmetrical excavation conditions.

Retaining structures in excavations are classified as temporary structures with inherently low safety margins,
exhibiting significant contingencies and uncertainties. Multiple documented cases globally'""'* demonstrate
that localized support instability can trigger the catastrophic collapse of entire excavation systems, resulting in
substantial economic losses and casualties. Consequently, progressive failure mechanisms induced by partial
support component failures have garnered increasing research attention. Cheng, et al.!* employed explicit finite
difference methods, discrete element modelling, and physical testing to analyze earth pressure redistribution
and structural load variations following localized support failures. Zheng, et al.'*"1¢ conducted comprehensive
simulations and experimental studies on strut-pile systems, cantilever walls with spatial effects, and anchor-
failure scenarios, elucidating the progressive collapse mechanisms under localized structural damage. Cheng,
et al.!”!® performed comparative analyses using finite difference modelling and scaled tests to investigate
mechanical responses during cantilever pile failures, establishing empirical correlations between load transfer
coeflicients and pile safety factors. Choosrithong, et al.'’ implemented 3D parametric finite element modelling
of a marine clay excavation, evaluating diaphragm wall integrity under single-strut failure conditions in soft
soil environments. Yang, et al.?° utilized a visualized half-model test integrated with digital image correlation
(DIC) techniques to reveal the progressive failure mechanisms of the foundation under combined vertical
and horizontal (V-H) loading conditions for caisson foundations. Cheng, et al.?! developed discrete element
models to investigate multi-level support collapse mechanisms, proposing dynamic redundant bracing systems
to temporarily reinforce vulnerable excavation zones and enhance global resistance against progressive failure.

Currently, extensive research has been conducted by domestic and international scholars on the deformation
characteristics of asymmetrically excavated foundation pits and the failure of local support structures in deep
excavations with uniform excavation depths. However, studies on the holistic dynamic failure process induced
by local support failures in asymmetrical excavations remain scarce. Only a limited number of researchers, such
as Huanwei Wei??, have investigated the response of integrated support systems under local component failures
in asymmetric excavations. While they proposed a design methodology enhancing structural redundancy by
amplifying reinforcement moments of retaining piles considering progressive collapse, the progressive failure
mechanisms and dynamic load transfer pathways remain insufficiently elucidated. This study focuses on
asymmetric excavation pits and investigates the mechanical response of retaining structures and the evolution of
soil failure under local support component failure. By integrating physical modelling and numerical simulations,
cross-validated for accuracy, the research examines the effects of these failures on soil settlement at the pit edge,
top displacement of the retaining structure, axial forces in the supports, and bending moments in the retaining
structure. These findings aim to provide constructive guidance for the design and management of similar future
engineering projects, offering practical insights for engineers.

Overview of model experiments

This study employed a steel model box for the laboratory model tests. The box measures 1.1 m in length, 0.9 m
in width, and 1.2 m in height. To ensure adequate structural strength and rigidity, three sides of the model box
are fabricated from 10 mm thick steel plates. In contrast the fourth side is made of 19 mm thick high-strength
tempered glass, allowing for visual observation of the soil layer thickness and soil behaviour during testing.

Fujian standard sand was used as the test soil. During the preparation stage, the specific physical parameters
of the sand were determined through laboratory testing, as summarized in Table 1. Taking into account both
the operability and mechanical properties of support materials in laboratory model testing, PVC pipes with a
diameter of 20 mm, a wall thickness of 2 mm, and an elastic modulus of 3.44 x 10° Pa were selected to simulate
the internal support system of the foundation pit. PVC plates with a thickness of 5 mm were used to simulate
the retaining piles, and tensile tests conducted prior to the experiment yielded an elastic modulus of 3.14x 10°
Pa for the plates.

Considering the limitations of scaled model tests and the boundary effects inherent in laboratory experiments,
the excavation depth on the deeper side of the foundation pit in this study was set to 500 mm, while the shallower
side was excavated to a depth of 300 mm. The embedded depth of the primary and secondary retaining plates
on the deeper side was 300 mm, whereas the embedded depth of the retaining plates on the shallower side was
500 mm. All retaining plates were first installed by embedding and then filled with soil in layers. A single row of
internal supports was installed at the top of both side walls, with a horizontal spacing of 250 mm and a length of

Relative density/G s

Mean particle size/ D5o/mm

Coefficient of uniformity/C,,

Maximum void ratio/€,mqx

Minimum void ratio/€,in

Peak friction angle/¢ /(°)

2.62

0.17

5.46

0.852

0.607

40.67

Table 1. Technical parameters of the standard sand used in the experiment.
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Fig. 1. 3D Arrangement schematic of model test components.

Test phase | Mode description Excavation depth (mm)
Condition 1 | Excavation from the top of the pit to the first strut level | 50

Condition 2 | Excavation zone A and zone B 300

Condition 3 | Excavation zone C 500

Condition 4 | Failure of strut no. 1 500

Condition 5 | Simultaneous failure of struts no. I and 2 500

Condition 6 | Complete failure of struts no. 1, 2, and 3 500

Table 2. Summary of experimental test modes.

300 mm. These supports were sequentially labeled as Supports 1, 2, 3, and 4, starting from the side nearest to the
glass panel. A schematic diagram of the model setup is shown in Fig. 1.

Axial force sensors (AFS) were symmetrically installed along the internal struts to monitor the performance
of the model, while displacement meters (DPM) were arranged at equal intervals on the ground surface.
Additionally, linear variable differential transformers (LVDT) were affixed to the top of the retaining plates to
monitor soil deformation around the excavation. Strain gauges (SG) were uniformly installed on the retaining
plates with a vertical spacing of 150 mm and a horizontal spacing of 250 mm to monitor bending moments. The
strain gauges on the deep-side retaining plate, secondary retaining plate, and shallow-side retaining plate were
designated as SG1, SG2, and SG3, respectively. SG3 was installed at the same positions as SG1. The detailed
layout of the monitoring instruments is also shown in Fig. 1. Specific testing conditions are listed in Table 2.

Analysis of test results

Analysis of displacement and settlement data

The variations in dial gauge and displacement meter readings are presented in Fig. 2. According to Working
Condition 1, no significant ground settlement or lateral displacement of the retaining plates was observed when
excavation reached the strut elevation. Upon excavation to the elevation corresponding to the shallow side, both
retaining plates exhibited inward lateral displacement, accompanied by minor settlement of the surrounding soil.
As excavation proceeded to the design depth on the deep side, active earth pressure on the deep-side retaining
plate increased, causing further inward movement of the soil on that side. The excavation depth on the shallow
side remained unchanged, but the load from the deep-side retaining plate was transferred through the internal
struts, resulting in outward displacement at the top of the shallow-side retaining plate. Following the failure of
Strut No. 1, the excavation remained relatively stable. However, under Working Condition 5, when Struts No. 1
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Fig. 2. Spatiotemporal evolution of incremental soil displacements around the asymmetrically excavated pit.
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Fig. 3. Variations of strut axial forces in the asymmetrically excavated pit under different test conditions.

and No. 2 failed simultaneously, the Displacement Meters 1 and 2 readings in the failure zone showed marked
changes, with displacements decreasing by approximately 7 mm and 9 mm, respectively. After Struts No. 1, 2,
and 3 failed, significant influence on the surrounding soil was observed, with settlements at the corresponding
displacement monitoring points increasing by 18 mm and 29 mm, respectively. At monitoring points 5 and 6,
which were located farther from the failed components, the increase in soil displacement was comparatively
smaller, at approximately 6 mm and 4 mm, respectively. These observations can be attributed to the substantial
reduction in lateral stiffness of the retaining plates following strut failure. The plates’ inward displacement led
to the adjacent soil’s settlement. The deep-side retaining plate experienced larger displacements and greater
associated settlements due to its relatively shallow embedment depth.

Analysis of strut axial force data

As shown in Fig. 3, the axial forces of the struts under different working conditions are illustrated. For Strut No.
2, the axial force continued to increase prior to failure, reaching a peak value of 62.98 N after the failure of Strut
No. 1. The axial force in Strut No. 3 peaked at 70.24 N following the failure of Strut No. 2. Strut No. 4 reached
a maximum axial force of 93.18 N after the failure of Strut No. 3. Based on the variation in the axial forces of
the remaining struts after localized strut failures, it was observed that the failure of adjacent struts leads to an
increase in the axial force of the remaining struts. In contrast, the failure of non-adjacent struts tends to cause a
decrease in the axial force. To quantitatively analyze the variation in axial force due to strut failure, according to
the research of Goch et al??, a load transfer coefficient (as listed in Table 3) is introduced to evaluate the influence
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Condition 1 | Condition 2 | Condition 3 | Condition 4 | Condition 5 | Condition 6
Strut No.1 | 2.94 5.33 1.66 - - -
Strut No.2 | 2.84 5.73 1.64 1.48 - -
Strut No.3 | 2.98 5.62 1.63 0.93 1.86 -
Strut No.4 | 2.93 5.62 1.66 1.03 0.86 2.11

Table 3. Variation coefficients of strut axial forces.
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Fig. 4. Development of bending moments at monitoring points on the retaining wall of the deeper excavation
side. (a) Variation of bending moments at the top two rows of monitoring points. (b) Variation of bending
moments at the bottom two rows of monitoring points.

of localized strut failure on both adjacent and non-adjacent struts. Let [V, represent the internal axial force in
a non-failed strut before the failure, Npos: represent the axial force in the same strut after the failure, and Nyqi;
represent the axial force in the failed strut immediately prior to failure. The load transfer coefficient is defined
by the following equation:

LoadTrans fer (%) = ~eest—Nere » 100% (1)

Nyail

As shown by the coefficients in Table 3, all struts’ axial force variations were relatively consistent before excavation
reached the final depth. Under Working Conditions 1, 2, and 3, the average load transfer coefficients of the four
struts were 2.92, 5.58, and 1.65, respectively. After the failure of Strut No. 1, the axial force in Strut No. 2 increased
to 1.48 times its original value. Meanwhile, the axial force in Strut No. 3 decreased to 0.93 times its initial value,
and Strut No. 4 exhibited minimal change, reaching 1.03 times its original force. Following the failure of both
Struts No. 1 and No. 2, the axial force in Strut No. 3 increased to 1.86 times its pre-failure value, while the axial
force in Strut No. 4 decreased to 0.86 times its original value. In Working Condition 6, after three struts (No. 1,
2, and 3) failed, the remaining strut—Strut No. 4—experienced an increase in axial force to 2.11 times its initial
value. These results indicate that when a strut fails, the load it originally carried is redistributed to the adjacent
struts, causing an increase in their axial forces. As the number of failed struts increases, the redistributed load on
the remaining struts becomes larger, leading to more pronounced increases in axial forces. This, in turn, elevates
the risk of progressive failure due to insufficient load-bearing capacity of the remaining struts.

Analysis of bending moment data

In the test results, bending moments are defined as positive when the inner side of the retaining structure (facing
the excavation) is under tension. For ease of interpretation, the bending moment measurements on both sides of
the retaining plates are plotted separately, with the top two and bottom two rows of monitoring points displayed.
The variations in bending moments at different measuring points on the deep-side retaining plate under various
working conditions are shown in Fig. 4. From the initial stage through Working Condition 3, the positive bending
moments above the excavation level increased, while the negative bending moments below the excavation level
also increased. The deformation pattern of the retaining plate exhibited an “S” shape. After the failure of Strut
No. 1, the bending moments at measuring points 1 and 5—located near the failure zone—decreased, with point
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1 showing the most significant reduction. This is attributed to the loss of the moment-resisting effect provided
by the failed strut.

Additionally, the inward displacement of the retaining plate induced an unloading effect, leading to a decrease
in bending moment. In other areas, the bending moment increased due to the soil arching effect caused by local
soil instability, which increased earth pressure behind the wall. Consequently, the inner side of the retaining
plate experienced greater tensile stress above the excavation level and greater compressive stress below, resulting
in an overall increase in bending moment. Although the unloading effect from lateral displacement also existed
in these regions, the soil arching effect was dominant. Under Working Condition 6, after the simultaneous failure
of Struts No. 1, 2, and 3, the lateral stiffness of the retaining plate was significantly reduced. The plate exhibited
substantial inward displacement, which triggered a pronounced unloading effect, leading to an overall reduction
in bending moment above the excavation level.

The bending moment variations at different measuring points on the shallow-side retaining plate under
various working conditions are shown in Fig. 5. Due to the relatively greater embedment depth of the shallow-
side plate, the inward lateral displacement following strut failure primarily occurred at the top of the plate and
was significantly smaller than that of the deep-side plate. As a result, the stress state near the strut failure zone
resembled that of a cantilevered pile. The tension side of the plate gradually shifted from the inner to the outer
face, leading to a reversal in the bending moment. As shown in Fig. 5(a), after the failure of Strut No. 1, the
bending moment at measuring point 1 changed from 306 N-m to -38 N-m, and at point 2 from 62 N-m to -131
N-m. As the number of failed struts increased, the soil arching effect became increasingly prominent, resulting
in larger increments in the bending moment. Under Working Condition 6, the bending moment at point 1
increased by 427 N-m compared to that in Working Condition 4. In Fig. 5(b), a decrease in bending moment is
observed below the excavation surface when the excavation reaches the final depth. This is due to the reduction
in passive earth pressure in the shallow-side passive zone, which weakens the resistance of the soil and leads to
a decline in the bending moment.

Prior to Working Condition 3 (pre-excavation to deep-side base elevation), monitoring points on the
secondary retaining panel remained essentially undeformed with bending moments approximating zero (Fig. 6).
A significant bending moment surge occurred during the transition from shallow-side elevation excavation
to base formation, during which all monitoring points exhibited bending moment increments of varying
magnitudes, with Monitoring Point 4 demonstrating a maximum increase of approximately 450 N-m. At base
excavation completion, the mechanical behaviour of the secondary retaining panel became analogous to that of
cantilever piles. Throughout subsequent Working Conditions 4-6, post-failure degradation of lateral stiffness
in bilateral panels permitted inward displacement of the shallow-side panel. This kinematic response imposed
additional stresses on active zone soils adjacent to the secondary panel, amplifying active earth pressures and
consequently elevating bending moments in the secondary retaining structure.

Numerical simulation results and verification

Numerical model parameters

Following the methodology established by Goh et al*?>, when modelling sheet pile wall-supported excavations
in Plaxis finite element software, the wall thickness can be arbitrarily assigned while maintaining equivalence to
actual engineering conditions through preservation of the moment of inertia (/) and cross-sectional area (A).
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Fig. 5. Development of bending moments at monitoring points on the retaining wall of the shallower
excavation side. (a) Variation of bending moments at the top two rows of monitoring points. (b) Variation of
bending moments at the bottom two rows of monitoring points.
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Fig. 6. Bending moment responses of the secondary retaining wall.

Parameter | Definition Unit | Sand
E;g ! Reference secant modulus MP, |12
E:: 5 Reference tangent modulus MP, |12
E;if Reference loading and unloading modulus | MP,, | 40
m Stiffness stress level related power exponent | /

e Effective cohesion kP, |3

@’ Effective internal friction angle ° 30
P Dilatancy angle ° 0

R f Damage ratio / 0.68
Ko Static side pressure coefficient / 0.58
Var Load-unload Poisson’s ratio / 0.3

Table 4. Summary of HS constitutive model parameters.

A dimensionless scaling factor (S) is introduced to modulate the elastic modulus (E) of the structural elements,
enabling simulation of retaining piles with varying stiffness characteristics:

S == )

Ywhgoug

In this model, ET represents the stiffness of the retaining plate, vy« represents the unit weight of groundwater,
and hqog represents the spacing between the supports. A soil hardening (HS) model, which effectively reflects
the stress path changes during the excavation process?, was used to simulate the asymmetric excavation of the
foundation pit under localized strut failure. Based on the parameter calibration studies of the soil hardening
model by Chen et al.?>%, and taking into account the loading characteristics of the asymmetrically excavated
foundation pit, the HS model parameters adopted in this study are presented in Table 4.

Plate elements were used to model the retaining piles and beam elements were employed to simulate the
internal struts. The soil’s material properties, excavation, support sequences, and strut failure conditions were
kept consistent with those in the laboratory model tests. To simulate the localized failure of internal supports
in an asymmetrical excavation, the method of sequential removal of structural elements was employed to
progressively destroy the internal supports in one direction. Since the failure of one support significantly affects
the adjacent supports in the horizontal direction?’, the numerical model in this study assumes that the internal
supports fail in the sequence illustrated in Fig. 7.

Structural internal force

Analysis of the laboratory model test results indicates that, due to the relatively high safety redundancy of the
foundation pit support system, the failure of a single horizontal strut has a limited impact on the overall stability
of the excavation®®. However, when three struts fail simultaneously, a continuous plastic zone develops in the soil
on the deeper excavation side, extending from the bottom of the pit to the ground surface, ultimately leading to
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Fig. 8. Comparative analysis of residual axial forces in remaining struts under simultaneous failure of struts
no. 1and 2.

global instability of the foundation pit. Therefore, the condition involving the failure of two struts is selected as a
representative working case for analysing the mechanical response of the retaining structure.

Figure 8 illustrates the axial force variation curves of the remaining functional struts (Struts 3 and 4) in
the retaining system under the simultaneous failure of Struts 1 and 2 during asymmetric excavation. From
Working Conditions 1 to 3, it can be observed that with increasing excavation depth, the axial forces in the
horizontal support system increase uniformly and linearly. When Strut 1 fails (Working Condition 4), stress
redistribution occurs in the surrounding soil, reducing axial forces in Struts 3 and 4, which are located farther
from the failure zone. When both Struts 1 and 2 fail, localized tensile stress concentration develops in parts of
the soil, causing a significant surge in axial forces in adjacent struts, while in areas farther from the failure zone,
the deformation of the retaining plates and the release of discrete soil stress result in a general trend of increasing
axial forces near the failure and decreasing axial forces farther away. The axial force contour plots of the retaining
structure further reveal that regions of high axial force are concentrated at the ends and contact interfaces of
struts adjacent to the failed components, indicating a clear stress concentration zone. This observation provides
additional evidence that localized failure induces spatially heterogeneous and nonlinear responses in the overall
stability of the supporting system.
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Characteristic deformations in asymmetric foundation pit excavations

The excavation face remained rectangular before reaching the shallow side excavation surface, and the retaining
structures were symmetrically arranged. Under these conditions, the surrounding soil exhibited similar stress
characteristics, resulting in uniform settlement. Due to active earth pressure, the deflection profile of the retaining
wall showed a convex pattern towards the excavation face, with the maximum deflection occurring at the
interface between the excavation base and the retaining wall?. Figure 9 illustrates the isosurface characteristics
of deformation induced by asymmetric excavation of the foundation pit. Positive values are observed along
the positive directions of the coordinate axes, while negative values appear along the opposite directions.
With further excavation toward the deeper side, the embedment depth of the retaining structure on the deep
side gradually became less than that on the shallow side, and the earth pressure on the deep side increased
significantly, indicating a clear trend of horizontal soil movement toward the excavation. The maximum soil
displacement on the deep side reached 14.77 mm, compared to only 6.4 mm on the shallow side, indicating
significant asymmetry in soil deformation on both sides of the excavation. This observation further confirms
the accuracy of the deformation characteristics observed under Working Condition 3 in the laboratory model
test. Beneath the excavated area, a distinct “depression” shape formed by displacement contours can be observed,
indicating localized inward and downward deformation of the soil mass, characteristic of a typical “arching
collapse” mechanism. This deformation pattern reveals that, without adequate support, the plastic zone in the
deep-side soil rapidly expands and forms a sliding surface, leading to a significant increase in the deformation
of the surrounding soil. Due to the lateral restraint provided by the horizontal struts, soil displacement was
relatively small at the strut locations. However, in areas farther away from the struts, particularly where flexible
or low stiffness retaining structures were used, the soil control effectiveness significantly decreased, resulting in
more severe soil failure. After the original stress equilibrium was disturbed, the soil experienced a pronounced
unloading effect.

Shear failure characteristics

The formation and evolution of shear failure zones in the surrounding soil under various working conditions of
the asymmetrical excavation are illustrated in Fig. 10. The dimensionless constant y represents the tangent of
the soil particle displacement angle, where a larger value of 7y indicates more severe shear failure of the soil in
the excavation. The process begins with the disruption of geostatic equilibrium during excavation to the deeper
side, as shown in Fig. 10(a). The removal of soil induces an unloading effect, reducing confining pressure and
triggering plastic deformation in the deeper soil layers. This is driven by the additional active earth pressure on
the deep retaining wall, which has undergone significant shear failure up to a value of 0.015. The resulting shear
strain concentration indicates the onset of a potential sliding trend in the deeper zone.

With the introduction of strut failure, the process is exacerbated due to the reduced lateral stiffness of the
support system. Figure 10(b) illustrates the formation of an irregular elliptical shear slip zone near the failure
region, where the dimensionless constant v equals 0.01, attributed to weakened soil constraints and inward
displacement of the retaining wall. This displacement amplifies shear stresses at the soil-structure interface,
promoting upward propagation of the failure zone. As shown in Fig. 10(c), the concurrent failure of two
struts results in the coalescence of plastic zones, forming a continuous failure band. This is driven by stress
redistribution, where adjacent struts experience increased axial forces, such as Strut No. 3 increases to 1.86
times its pre-failure value, and localized tensile stress concentrations develop in the soil. Finally, as illustrated in
Fig. 10(d), under Condition 6, a wedge-shaped sliding zone forms, extending from the pit bottom to the ground
surface. The severe reduction in lateral support causes scattered shear strain distribution, with plastic failure
emerging on the shallower side due to stress transfer through the secondary retaining wall. The progressive
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Fig. 9. Isosurface characterization of deformation in asymmetric foundation pit excavations.
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Fig. 10. Evolution characteristics of shear strain of foundation pit soil under local support failure conditions.
(a) Condition 3. (b) Condition 4. (¢) Condition 5. (d) Condition 6.

failure induced by local support collapse in asymmetrical excavations exhibits a spatial development trend—
propagating from local to global and from the deeper to the shallower side.

Conclusion

This study employed a combination of physical model tests and numerical simulations to investigate the
mechanical response of an asymmetrically excavated foundation pit under localized support failure. The
"component removal method" was adopted to simulate the progressive failure process of internal supports. The
main conclusions are as follows:
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Excavation to the deeper side’s design depth of 500 mm significantly increased active earth pressure,
causing inward displacement of the deep-side retaining wall, with maximum soil displacement reaching
14.77 mm compared to 6.4 mm on the shallow side. Strut failure reduced lateral stiffness, amplifying inward
wall movements and soil settlements, particularly on the deep side due to its shallower 300 mm embed-
ment, with settlements increasing by up to 29 mm after three struts failed.

Localized strut failure triggered a “proximity amplification and distal attenuation” pattern in axial force
redistribution. After Strut No. 1’s failure, Strut No. 2’s axial force increased by 1.48 times to 62.98 N, while
Strut No. 3’s decreased to 0.93 times. With three struts failed, Strut No. 4’s axial force surged 2.11 times to
93.18 N. This highlights the spatial heterogeneity and nonlinear nature of the structural response regarding
overall stability.

Strut failure reduced earth pressure near failed struts but increased it in distant regions, with pressure in-
crements proportional to the number of failed struts. Active earth pressure behind the secondary retaining
wall also rose post-failure.

Near failed struts, inward wall displacement induced stress relief, reducing bending moments, e.g., a sig-
nificant drop at deep-side monitoring point 1 after Strut No. 1’s failure. Conversely, soil arching in distant
regions increased earth pressure, elevating bending moments. After three struts failed, reduced lateral stiff-
ness caused substantial inward movement, lowering bending moments above the excavation face due to
unloading effects.

On the shallow side, with a 500 mm embedment, strut failure shifted wall tension from the excavation side
to the outer face, reversing bending moments — for example, bending moments at point 1 changed from
306 N-m to -38 N-m after Strut No. Is failure.. Increased strut failures amplified soil arching, raising bend-
ing moments by up to 427 N-m at point 1 under Condition 6. Below the excavation surface, reduced passive
earth resistance decreased bending moments.

The secondary retaining wall exhibited cantilever-pile-like behaviour. Post-failure , reduced lateral stiffness
and inward shallow-side wall movement increased active earth pressure, elevating bending moments, with
a maximum increment of 450 N-m at monitoring point 4.

These findings elucidate the coupled deformation-internal force responses and load transfer pathways in
asymmetrical excavations, providing valuable insights for enhancing structural redundancy and safety in similar
engineering projects.
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