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Abstract

Accurate prediction of retaining wall displacements is essential to ensure safety and protect
adjacent structures in large-scale urban excavations. However, inherent uncertainties in
soil parameters often limit prediction accuracy, and cumulative deviations may result in
significant overestimation or underestimation of wall displacements at the final excavation
stage. Although observational construction methods and inverse analysis approaches
have been proposed to sequentially update parameters using early-stage monitoring data,
these studies have primarily focused on numerical values, such as deformation modulus.
However, limited attention has been paid to the spatial extent over which these parameters
are assigned. This study introduces a method for optimizing the zoning width of the
soil deformation modulus by incorporating monitoring data from the initial excavation
stages into finite element analysis. A Mohr–Coulomb constitutive model was adopted, and
the maximum wall displacement was used as the primary evaluation index. The optimal
zoning width was defined as the condition that minimized the difference between measured
and simulated displacements. The results demonstrate that the proposed optimization
approach improves the predictive accuracy of wall displacements in later excavation stages.
The proposed method was validated using a single excavation case; therefore, further
verification using multiple case histories is required to confirm its broader applicability.

Keywords: finite element method; deep excavation; observational method; zoning width;
deformation modulus

1. Introduction
In large-scale urban excavation projects, accurate prediction of retaining wall and sur-

rounding ground deformation behaviour is essential to ensure safety and protect adjacent
structures. However, soil parameters used in excavation analyses are subject to significant
uncertainty, and predictions based solely on laboratory tests or standard design values
often fail to achieve sufficient accuracy. As construction progresses, prediction errors may
accumulate, leading to overestimation or underestimation of displacements at the final
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excavation stage. This issue has been widely recognized as a critical challenge in excavation
engineering. To address this problem, previous studies have proposed methods for sequen-
tially updating soil parameters using early-stage measurement data within the framework
of observational construction methods and back analysis [1,2]. Recent studies have further
improved prediction accuracy through inverse analysis using field monitoring data and
intelligent optimization techniques [3,4]. In addition, advanced constitutive models con-
sidering small-strain stiffness have been successfully applied to improve the prediction
of wall deformation and ground movements around deep excavations [5]. While these
approaches have demonstrated effectiveness, most existing studies have primarily focused
on numerical parameters, such as deformation modulus [6,7]. However, soil stiffness is not
uniformly distributed in excavation problems because the stress state and strain level vary
significantly with distance from the retaining wall and excavation depth. As excavation
progresses, changes in confining pressure and strain levels lead to spatial variations in soil
stiffness. If a single deformation modulus is assigned to a wide region, the numerical model
may fail to capture these spatial variations, resulting in discrepancies between predicted
and observed displacements. Therefore, appropriate zoning of the deformation modulus is
important to represent the spatial variability in soil stiffness and to improve the predictive
capability of numerical simulations. Nevertheless, only limited studies have investigated
how the spatial extent of these zones should be determined.

Meanwhile, fundamental concepts related to ground deformation and stress redis-
tribution during excavation have been well established in classical soil mechanics and
excavation studies [8–10].

A preliminary version of this study was presented in the Proceedings of GEOTECH
HANOI 2023 [11], where the behavior of retaining walls and surrounding ground in soft
cohesive soil was investigated using two-dimensional finite element analysis. Building
on that work, the present study substantially extends the previous conference paper by
introducing an optimization method for the zoning width of the soil deformation modulus
using monitoring data obtained during the early excavation stages. In addition, the present
paper includes expanded numerical analyses, validation of the proposed method, and more
comprehensive discussions.

This study proposes a method for adjusting the zoning width of the soil deformation
modulus using monitoring data obtained during the early excavation stages. Finite element
analysis (FEM) with a Mohr–Coulomb constitutive model is employed, and the maximum
wall displacement is used as the evaluation index. The zoning width is optimized by
minimizing the difference between measured and simulated displacements, with the aim
of improving prediction accuracy at the final excavation stage.

2. Background and Literature Review
The observational construction method is a framework that uses measurement

data collected during construction to sequentially modify design values and has been
widely applied in engineering practice. In the field of inverse analysis, various stud-
ies have sought to identify ground parameters from measured data using approaches
such as Bayesian updating and Kalman filtering [12,13]. These approaches have been
proven effective in improving consistency between numerical analyses and field measure-
ments. Numerous studies have investigated the mechanisms of wall deformation and
ground settlement induced by excavations through field measurements and numerical
analyses [14–16]. Furthermore, several extensions of inverse analysis and observational con-
struction frameworks have been proposed to improve the consistency between numerical
predictions and field measurements in excavation problems [17–20].

https://doi.org/10.3390/buildings16153090

https://doi.org/10.3390/buildings16153090


Buildings 2026, 16, 3090 3 of 18

Despite these advances, most existing studies have focused on identifying parameter
values, while systematic investigations into the determination of zoning ranges have
been limited. In practice, zoning ranges are often determined based on the designer’s
experience. If their validity is not adequately ensured, there is a risk that errors may expand
as the excavation progresses, even if consistency is achieved at the early stages. Although
recent studies have proposed dynamic inverse analysis frameworks that utilize real-time
construction data for sequential updating, the optimization of parameter application ranges
has not been explicitly addressed.

Therefore, this study has both academic and practical significance, as it presents a
new framework that treats zoning ranges as design variables and optimizes them using
measurement data. The limit state of the soil was evaluated using the Mohr–Coulomb
constitutive model, and soil behavior was assumed to remain elastic until the failure
criterion was reached. The Mohr–Coulomb model was adopted because it is widely
used in practical excavation analyses and requires a limited number of input parameters.
Although soil behavior during excavation is inherently nonlinear, the nonlinear response
was approximated by reducing the elastic stiffness within the defined zoning regions.

3. Materials and Methods
3.1. Optimized Zoning Method for Soil Deformation Modulus in 2D FEM

In actual ground conditions, the deformation modulus during excavation varies
depending on the excavation stage and location due to changes in confining pressure and
shear strain levels within the ground. However, in FEM analyses used for practical design,
it is difficult to assign deformation moduli to each individual mesh element. Therefore,
this study introduced a zoning approach as a simplified method to represent the spatial
distribution of ground stiffness, and the ground was divided into five areas. Specifically,
Areas 1–3 represent regions below the excavation base where both confining pressure
changes and shear strain effects were considered, Area 4 represents a region where stiffness
reduction due to shear strain was considered, and Area 5 represents a region assumed to
be unaffected by excavation.

The deformation modulus E in Areas 1 to 4 was set by multiplying the initial deforma-
tion modulus Eed by the stiffness reduction rate α. The representative stiffness reduction
rate α for each area can be set based on the change in confining pressure and shear strain
at the representative position of each area. On the other hand, on the excavation side, the
extent of the stiffness reduction zone is complex due to stress release and shear deformation
induced by excavation, making it difficult to uniquely define the extent of the affected
region. Furthermore, the width of the zone defined adjacent to the retaining wall on the
excavation side influences the distribution of the apparent deformation modulus in the
numerical model, which in tune affects the prediction of retaining wall displacement.

Therefore, in this study, the deformation modulus in each area (X) was fixed, while the
zoning width Xi, representing the spatial extent of the stiffness reduction zone, was varied
to investigate prediction accuracy. The evaluation criterion was defined as the absolute
error between the measured and simulated maximum wall displacements, and the zoning
width was optimized to minimize this error (Figure 1). In this study, the width of the ground
behind the retaining wall (Xb) was fixed to the excavation depth, based on the assumption
that significant shear strains occur within a zone extending at 45◦ from the excavation base.
The excavation region width (Xe) was also fixed at half of the excavation width because
a half-model was employed under symmetric boundary conditions. Consequently, the
width of the zone adjacent to the retaining wall (Xi) was treated as the primary parameter
in the parametric study. Specifically, monitoring data obtained during the second and third
excavation stages were used to determine the optimal zoning width at each stage. The
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optimized zoning configuration was then applied to subsequent analyses to evaluate its
effectiveness in improving prediction accuracy at the final excavation stage.

The region width for assigning the deformation modulus
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Figure 1. Optimization zoning method for soil deformation modulus.

Although geometric nonlinearity is also important, the present analysis was not
considered a large deformation problem. Therefore, the analysis was treated as a small
deformation problem using PLAXIS (Seequent, Bentley Systems).

3.2. Study Area and Project Overview

The case study was conducted at a deep excavation site with a plan dimension of
87 m × 56 m and an excavation depth of GL-12.1 m (GL: ground level). The site is located
in proximity to a subway structure that is 14.3 m wide and extends to a basement level
of GL-14.7 m. The horizontal distance between the subway structure and the retaining
wall ranged from 5 to 10 m. To minimize the construction duration and mitigate its impact
on the surrounding environment, an underground construction method known as the
top-down approach was implemented.

The retaining wall was constructed using a soil–cement mixture incorporating H-
shaped steel beams, with due consideration given to water permeability. The toe depth
of the soil–cement wall was set at GL-38.0 m, while the toe depth of the H-shaped steel
beams was set at GL-32.5 m. The plan layout of the site is shown in Figure 2, and the
cross-sectional views are shown in Figure 3.

The subsurface profile includes fill, alluvial sand, and alluvial silt extending to ap-
proximately GL-24 m. Below this depth, layers of diluvial silt and diluvial gravel are
present (Figure 3). The primary soil layer excavated in this project is an alluvial cohe-
sive (AC) layer, characterized by an N-value of approximately 1–3, a shear wave velocity
(Vs) of approximately 140 m/s (measured by PS logging test), and a thickness exceeding
10 m. The alluvial cohesive layer is characterized by low stiffness and high compressibility,
making it the dominant layer governing excavation-induced deformation. In contrast, the
underlying diluvial deposits exhibit significantly higher stiffness and act as the primary
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bearing stratum. The groundwater level was observed at GL-1.0 m, while the pressure
head of the diluvial gravel layer was approximately GL-1.6 m.
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Figure 2. Plan view of construction and measurements.
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Figure 3. Soil profile and construction scheme.

3.3. Field Measurements

Figures 2 and 3 present comprehensive overviews of the measurement scheme em-
ployed in this study. The measurements included horizontal displacements of the retaining
wall and variations in groundwater level. Specifically, the ground water level was measured
at locations approximately 1.5 m from the wall.

The fixed inclinometers were used to measure the displacement of the retaining wall,
and piezometers was used to measure the water pressure in the behind ground.

Figure 4 illustrates the measured horizontal displacement profiles of the retaining
walls and the surrounding ground. The maximum displacement recorded for the retaining
wall was 53 mm, occurring at a depth of approximately GL-12 m, which corresponds to the
excavation level. Additionally, the groundwater level behind the retaining wall remained
stable and was not affected by pumping activities within the excavation area.
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Figure 4. Horizontal displacement measurement results of the retaining wall.

3.4. 2D Finite Element Analysis

The behavior of the retaining wall and the surrounding ground was analyzed using
the two-dimensional (2D) finite-element software PLAXIS 2D version 2025.1.3.5 (Seequent,
Bentley Systems). Figure 5 shows the FEM analysis model employed in this study. The
analyzed area extended 60 m horizontally from the retaining wall, which corresponds to
approximately five times the excavation depth of 12.1 m. Vertically, the analysis covered
a distance of 48 m from the excavation bottom, which is approximately 0.9 times the
excavation width of 56 m.

Figure 5. Finite element model.

The applicability of 2D FEM and the constitutive soil models employed in this study
has been verified in numerous excavation analyses reported in the literature.

The boundary conditions were defined such that vertical rollers were applied to the
lateral boundaries and fixed constraints were imposed at the bottom boundary. This 2D
analysis involved a step-by-step approach to simulate the behavior of the retaining wall
and surrounding ground during each excavation stage. Soil behavior was modeled using
an elastic–perfectly plastic constitutive model for all soil layers. In this model, soil responds
elastically up to the yield stress τ, beyond which plastic deformation occurs while the
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stress remains constant. The yield stress was determined using the Mohr–Coulomb failure
criterion. The Mohr–Coulomb model was selected because it requires a relatively small
number of input parameters and is widely used in practical geotechnical engineering.
In addition, it is implemented as a standard constitutive model in many commercial
finite element programs, not only PLAXIS, making the proposed zoning approach readily
applicable to various numerical analysis platforms. Although more advanced constitutive
models, such as the Hardening Soil (HS) and Hardening Soil with Small-Strain Stiffness
(HSS) models, may further improve prediction accuracy by considering stress-dependent
stiffness and unloading–reloading behaviour, they require a larger number of material
parameters. Therefore, the application of the proposed zoning approach to these advanced
constitutive models will be investigated in future studies. The retaining wall and floor
slabs, which act as supports, were modeled using linear-elastic plate elements. In addition,
a spring element was used to represent the shore strut installed at GL-9 m.

Table 1 summarizes the soil parameters used in this analysis. All soil layers were
modeled under drained conditions. Poisson’s ratio was set to 0.3 for sandy soils and 0.4 for
cohesive soils. Regarding the Poisson ratio, the change in the process of strain change is
not taken into account in the design of the retaining wall, so the Poisson ratio is treated as
constant in this study. The cohesion (c) and internal friction angle (φ) of the AC layer were
determined based on consolidated undrained triaxial compression test with pore pressure
measurement results. The coefficient of earth pressure at rest K0 was determined using
Jaky’s formula, expressed as K0 = 1 − sinφ [21]. Table 2 summarizes the specifications of
the retaining wall and struts.

Table 1. Soil types and their geotechnical parameters.

Soil
Layer

Layer
Bottom
Level
(m)

Unit
Weight
(kN/m3)

Poisson’s
Ratio

c
(kN/m2)

φ

(◦)
Eed

(MPa) K0

F 2.0 18.5 0.4 10.0 29 233 0.52

As1 ※ 5.8 18.5 0.3 0 31 126 0.48

Ac1 ※※ 12.1 17.0 0.4 8.3 31 95 0.48

Ac2 ※※ 19.9 17.0 0.4 7.2 29 95 0.52

Aalt ※※ 23.9 17.0 0.4 9.9 32 95 0.47

As2 24.8 19.0 0.3 0 36 278 0.41

As3 32.3 19.0 0.3 0 42 300 0.33

Dg 35.9 20.5 0.3 0 45 666 0.29

Dc1 41.0 17.0 0.4 87.0 0 328 1.0

Ds1 46.0 18.3 0.3 0 45 437 0.29

Dg 55.0 20.0 0.3 0 45 1027 0.29

Ds2 58.0 19.5 0.3 0 45 563 0.29

Dc2 62.0 16.5 0.4 200.0 0 344 1.0
※: The values cohesion (c) and internal friction angle (φ) of were determined based on CD triaxial compression
test result. ※※: The values cohesion (c) and internal friction angle (φ) of were determined based on CU triaxial
compression test with pore pressure measurement result.

The detailed assignment of the deformation modulus is described in Section 3.4. For
the hydraulic boundary conditions, the groundwater level was maintained at GL-1.0 m.
During excavation, the groundwater level in the excavation area was set to GL-3.0 m in the
first stage, GL-9.0 m in the second stage, and GL-13.0 m in the third and fourth stages. In
addition, the building load was applied as an average contact pressure at a depth of GL-29
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m in the excavation area. The applied building load was updated at each construction
stage to represent the increase in structural dead load associated with the progress of the
top-down construction method. Table 3 summarizes the construction steps and applied
loads used in the analysis.

Table 2. Specifications of the retaining wall and struts.

Young’s Modulus
(kN/m2)

The Second Moment of Area
(m4/m)

Cross-Sectional Area
(m2/m)

Retaining wall (H-beam) 2.1 × 108 1.97 × 10−3 0.0385

Strut

1F RC Slab 2.1 × 107 1.3 × 10−3 0.25

B1F RC Slab 2.1 × 107 1.3 × 10−3 0.25

Strut (H-beam) 2.1 × 108 0.006

Table 3. Analysis steps and load.

Step Status Groundwater Level
Behind the Wall

Groundwater Level in
Excavation Area

Building Load
(kN/m2)

Step1 Initial stress analysis

GL-1 m

GL-1 m -

Step2 Installation of retaining wall and
nearby structures GL-1 m -

Step3 1st Excavation (GL-2.5 m) GL-3 m -

Step4 1F Slab construction GL-3 m -

Step5 2nd Excavation (GL-7.0 m) GL-9 m 15

Step6 B1F Slab construction GL-9 m 15

Step7 3rd Excavation (GL-10.0 m) GL-13 m 47.4

Step8 Installation of shore strut GL-13 m 47.4

Step9 4th Excavation (GL-10.0 m) GL-13 m 100.2

Different deformation modulus values were assigned to specific zones within the
ground. Figure 6 shows the zoning scheme used in the analysis. The zoning configuration
consisted of the following areas: The widths of Areas 4 and 1 were set to 12 m, which is
approximately equivalent to the excavation depth. This value was adopted based on the
assumption that stiffness reduction caused by shear strain is likely to occur within a zone
of this extent around the excavation. A preliminary sensitivity analysis was conducted by
changing the widths of Areas 1 and 4 from 6 m to 12 m. The calculated maximum wall
displacement differed by less than 1 mm, indicating that the influence of these widths
on the predicted wall behavior was negligible within the investigated range. Therefore,
the widths of Areas 1 and 4 were fixed at 12 m to reduce the number of optimization
parameters, and only the width of Area 2 was treated as the optimization parameter.

• Area 1: Behind the retaining wall and deeper than the excavation;
• Area 2: Near the retaining wall on the excavation side;
• Area 3: Center of excavation area;
• Area 4: Shallower than excavation depth;
• Area 5: An area 12 m or more away from the retaining wall to the behind side, which

corresponds to the excavation depth.

Notably, the parametric study focused on optimizing the width X of Area 2, which
was considered to have a dominant influence on wall deformation. The zoning width X
was varied from 1 to 12 m, and representative values of 1, 2, 4, 6, 8, 10, and 12 m were
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examined. The range of zoning width X (1–12 m) was determined based on preliminary
parametric analyses conducted prior to the main analysis.

Figure 6. Zoning of the deformation modulus.

The deformation modulus for Areas 1 to 3 was determined by considering the initial
deformation modulus (Eed) and the stiffness reduction rate (α) induced by excavation. The
value of Eed was calculated from the shear wave velocity Vs obtained from PS logging
using Equation (1). Since it is a deformation modulus due to excavation and unloading,
it is thought that the deformation modulus does not change even if the stress state of the
ground is overconsolidated state or normally consolidated state. The stiffness reduction rate
(α) was calculated using Steinbrenner’s elastic solution [22] by evaluating the changes in
confining pressure and shear strain during excavation (for example, unloading: 214 kN/m2;
building load: 100 kN/m2). α is calculated by multiplying the stiffness reduction rate αmR

due to changes in confining pressure by the stiffness reduction rate αs due to strain. αmR is
calculated using Equation (3), and αs is calculated using Equation (4). Figure 7a illustrates
the calculation line for the stiffness reduction rate, while Figure 7b shows the resulting
stiffness reduction rate α. For each excavation stage, the calculations were performed at
a representative point located 2 m below the excavation bottom, where the influence of
excavation-induced stress release was considered to be significant. The stiffness reduction
rate α was calculated for each excavation stage, and the average value obtained from
all excavation stages was assigned to each zoning region as an input parameter before
performing the FEM analysis. The deformation modulus of Area 4, located shallower
than the excavation depth behind the retaining wall, was set to one-quarter of the initial
deformation modulus (Eed) obtained from shear wave velocity measurements. It has
been reported that in the shear strain range of 10−4 to 10−3, the shear stiffness of the
ground decreases to approximately 20–40% of the initial shear stiffness. Based on this, it
is thought that a similar strain level will occur in the ground behind the earth retaining
wall due to excavation, so the reduction rate for Area 4 was set to 0.25 in this analysis. The
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deformation modulus of Area 5 was assigned as the small-strain deformation modulus Eed.
Previous studies have extensively investigated strain-dependent stiffness characteristics
and small-strain soil behavior, providing a basis for evaluating stiffness reduction during
excavation [23–25]. Figure 8 shows the deformation modulus assigned to each zoning area
at the forth excavation stage.

Eed = 2ρVs2(1 + ν) (1)

where

Eed: Elastic modulus derived from PS logging;
ρ: Density of soil;
Vs: Shear wave velocity;
ν: Poisson’s ratio.

α = αmR × αs (2)

αmR =

√
1 +

√
σ′z0/σ′z

2 × (σ′z0/σ′z)
(3)

αs = γmR/γR (4)

where

α: The stiffness reduction rate;
αmR: The stiffness reduction rate due to changes in confining pressure;
αs: The stiffness reduction rate due to strain;
σ′

z0: Initial effective stress;
σ′

z: Effective stress after excavation;
γmR: Shear strain in the ground considering stiffness changes associated with variations in
confining pressure;
γR: Shear strain considering stiffness reduction due to strain.
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Figure 8. Deformation modulus of each area at the fourth excavation stage.

4. Results and Discussion
4.1. Retaining Wall Displacement

Figure 9 shows the horizontal and vertical displacement contours for a model with
X = 1 m, and Figure 10 shows the horizontal and vertical displacement contours for a model
with X = 12 m.

Figure 11 compares the measured horizontal displacement of the retaining wall with
the results obtained from the FEM-based parametric study. During the first excavation
stage, the maximum measured displacement occurred at the top of the wall, whereas the
FEM analysis indicated the maximum displacement of approximately GL-10 m. From the
second excavation stage onward, both the measured and simulated maximum displace-
ments occurred near the excavation level, indicating that the FEM analysis reasonably
reproduced the overall displacement distribution. Figure 12 shows the relationship be-
tween maximum displacement of retaining wall and excavation depth. Among the analysis
cases, the model with an Area 2 width of X = 12 m exhibited smaller wall displacements
than the model with X = 1 m. This trend can be attributed to the expansion of the zone with
a higher deformation modulus, which increases the apparent stiffness of the excavation
area. In this study, the maximum wall displacement was adopted as the primary evaluation
index because it is one of the most important performance indicators in excavation design
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and construction management. Although the displacement distribution, including the
depth of the maximum displacement and wall-top displacement, is also important for
evaluating retaining wall behavior, the present study focused on the maximum wall dis-
placement to clarify the influence of the zoning width on prediction accuracy. Furthermore,
since this study is based on a single case history, the applicability of the proposed method
should be verified using additional excavation projects. A more comprehensive evalua-
tion incorporating multiple performance indices and case histories will be conducted in
future studies.

(a) 

(b) 

Figure 9. Contour distributions of horizontal and vertical displacement X = 1 m model. (a) Horizontal
displacement. (b) Vertical displacement.
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(a) 

(b) 

Figure 10. Contour distributions of horizontal and vertical displacement X = 12 m model.
(a) Horizontal displacement. (b) Vertical displacement.

4.2. Difference in Maximum Displacement of the Retaining Wall

To determine the optimal zoning width, the absolute errors between the measured
and simulated maximum wall displacements were evaluated for the first time through
three excavation stages (Figure 13). During the first stage, the displacement error remained
below 1 mm for all cases, indicating negligible sensitivity to the zoning width. In the second
stage, the error decreased as the zoning width decreased, reaching nearly zero at X = 2 m.
Conversely, during the third stage, the error decreased with increasing zoning width and
reached a minimum at X = 8 m, after which it increased again. Based on these results, the
optimal zoning widths were identified as 2 m for the second excavation stage and 8 m for
the third stage, corresponding to the conditions that minimized the displacement error.
Compared with the central excavation area, the zone with relatively higher ground stiffness,
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defined as X, expanded from approximately 2 m in the second stage to approximately 8 m
in the third stage.
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Figure 11. Simulated and measured displacements of the retaining wall.
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Figure 13. The maximum displacement error of the retaining wall between the measured and
numerical values.

This difference is attributed to changes in the distance between the excavation bottom
and the lowest strut, which was approximately 6 m in the second stage and approximately
3.5 m in the third stage.

The shorter span between the supports in the third stage enhanced the confinement
effect, suppressing the development of lateral strains near the retaining wall and expanding
the high-stiffness region. For the fourth excavation stage, although the building load
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increased from 47 kN/m2 to 100 kN/m2, an additional analysis showed that the calculated
maximum wall displacement increased only from 47.7 mm to 48.6 mm, corresponding to a
difference of 0.9 mm (approximately 1.9%). This indicates that the influence of the increased
building load was limited. Therefore, because the distance between the excavation bottom
and the lowest strut remained similar to that in the third excavation stage (approximately
3 m), the same region width (X = 8 m) was adopted for the fourth excavation stage. The
corresponding results are presented in the following section.

4.3. Verification of Optimization Effects

To verify the effectiveness of the proposed optimization, a comparison was conducted
between the optimized zoning width (X = 8 m) and a wider zoning case (X = 12 m). The
value of X = 12 m was selected based on surface wave exploration results conducted near the
excavation bottom, which indicated a noticeable change in wave velocity at approximately
10 m from the retaining wall. Accordingly, a width of 12 m was considered representative
of the zone in which ground stiffness was inferred to differ near the excavation base.
Figure 14 shows the depth distribution of retaining wall displacements obtained after
zoning optimization. The optimized zoning width improved the prediction accuracy of
the maximum wall displacement at the final excavation stage. The error in the maximum
wall displacement was reduced from approximately 8 mm for X = 12 m to approximately
3 mm for X = 8 m, quantitatively demonstrating the effectiveness of the proposed zoning
approach. The remaining discrepancy in the displacement profile is considered to be partly
attributable to the assumption of constant stiffness within each zoning region in the Mohr–
Coulomb constitutive model. Nevertheless, the proposed zoning approach effectively
improved the prediction of the maximum wall displacement while maintaining a simple
and practical analysis framework.
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Figure 14. Comparison of wall displacements for two various optimized zoning widths.

5. Conclusions
This study aims to improve the prediction accuracy of retaining wall displacements

during excavation by integrating finite element analysis with early-stage monitoring data,
with particular emphasis on optimizing the zoning width used to assign the deformation
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modulus. The results demonstrated that defining the optimal zoning width as the con-
dition that minimizes the difference between measured and simulated maximum wall
displacements significantly enhances predictive accuracy in subsequent excavation stages.
In this study, the maximum wall displacement was adopted as the primary evaluation
index because it is one of the most important performance indicators in excavation design
and construction management. Although displacement distributions are also important
for evaluating retaining wall behavior, they were not included in the optimization process
and should be considered in future studies. Future research will extend this framework by
optimizing both the zoning width and the deformation modulus, incorporating machine
learning techniques, and applying the proposed zoning approach to advanced constitutive
models, such as the Hardening Soil (HS) and Hardening Soil with Small-Strain Stiffness
(HSS) models. In addition, future studies will address the reproducibility of displacement
distributions along the wall depth by introducing more comprehensive evaluation indices.
These developments are expected to contribute to the development of a real-time system
for assessing excavation performance.

The proposed method was validated using a single excavation case. Therefore, further
verification using multiple excavation projects under different geological and construction
conditions is required to confirm the general applicability and robustness of the proposed
approach. In addition, integrating comprehensive analytical frameworks, case histories
of deep excavations, and three-dimensional effects together with advanced constitutive
models will strengthen the generality of the proposed approach [26–30].
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