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This study aims to identify and evaluate the significance of the key design factors
that impact the stability of Earth retainingwall anchor-supported structures during
excavations in urban areas. Although there are many previous studies on the
deformation of Earth retaining walls during excavation, there is a lack of
verification studies that quantitatively examine the stability of various
influencing factors such as wall, ground characteristics, and external
influencing factors. To this end, finite-element analyses were conducted, and
their results were compared and validated with field measurements. These
comparisons demonstrated that the numerical modeling technique employed
in this study effectively simulates the wall’s behavior under excavation conditions.
Subsequently, the impact of the main design factors, including ground properties,
external conditions, and structural stiffness, on the behavior of the wall was
quantitatively assessed by applying variation ratios. The findings indicate that
the horizontal displacement of the wall, induced by excavation, is significantly
dependent on the unit weight and shear strength of the soil. Conversely, the
groundwater level location, surcharge load, and structural stiffness exhibit a
relatively minor effect. Finally, the variability of the main design parameters was
investigated, considering the specific ground layer where the wall is installed,
revealing distinct influences of these variables across different ground layers.
Consequently, it is expected that the importance of the influencing geotechnical
factors will be selected and used for predicting the behavior of Earth retaining
walls and actual design, which will help to efficient wall design.
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1 Introduction

Although the advance in civil engineering technologies has led to a decrease in the
number of work accidents at construction sites, collapse-type accidents during Earth
retaining wall excavations continue to occur with some frequency. This can be attributed
to various factors, including the inherent uncertainty in the properties of the ground
compared to those of other structures and the scale of the excavation.

In the design of Earth retaining wall, prediction methods for lateral displacement have
been applied by conventional researches. It is essential to accurately predict the behavior of
the ground and wall according to the excavation for the efficient design of the Earth retaining
wall, and the change of the ground and the wall displacement during the step-by-step
excavation should also be accurately predicted in advance and considered in the design
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(Hsiung, 2009; Khoiri and Ou, 2013; Bhatkar et al., 2017; Dong et al.,
2018). The methods used for design are studied for clay or sandy
ground, so it is difficult to predict wall displacement under various
ground conditions. During construction, the stability of the Earth
retaining wall is evaluated by the wall displacement measured by
instrumentation (Ran et al., 2011; Fearnhead et al., 2014; Wu et al.,
2015). However, there is a difference between the predicted
displacement and the actual displacement during construction
due to the fundamental problem that the methods proposed by
conventional researches cannot properly describe the site conditions
with various characteristics (Dmochowski and szolomicki 2021).
The factors affecting the wall displacement during excavation are
influenced by several parameters such as groundmaterial properties,
external influences such as groundwater level (GL) and surcharge
load at the back and structure stiffness (Do and Ou, 2020; Zhang
et al., 2020).

Previous researchers have conducted numerous studies on the
behavior of retaining walls during the excavation of the surrounding
ground. Caspe (1966) investigated wall displacement and Poisson’s
ratio in a viscous clay ground, Peck (1969) studied settlement
characteristics based on actual measurements, Bowles (1996)
proposed a simplified method, and Clough and O’Rourke (1990)
used field measurements and the finite-element method to analyze
settlement levels considering the separation between different
ground layers. Yoo et al. (2000) conducted a study in Korea
analyzing wall displacement and surrounding ground behavior at
three stages of the excavation process: pre-excavation, excavation,
and support beam removal. Other studies on the response of
adjacent structures to ground displacement caused by excavation
include Boscardin and Cording’s (1989) investigation of the effect of
horizontal ground displacement on the deformation of adjacent
structures, Son and Cording (2005, 2007) research on the

TABLE 1 Parametric numerical analyses.

Condition Soil properties Retaining wall Support Water level

Parametric Unit weight Types Anchor Steady state flow

Cohesion

Friction angle Stiffness Strut

Poisson’s ratio Embedded depth Raker

Young’s modulus Empty

FIGURE 1
FEM model implemented in Plaxis 2D.
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relationship between ground settlement, deformation rate, and
damage level in adjacent structures, and Lee et al. (2007)
assessment of damage risk to adjacent buildings during
excavation by combining the Peck and Bowles methods.

Peck (1969) demonstrated that ground settlement depends on the
stiffness of the soil, showing that stiffer soils, such as sandy soil and
hard clay, exhibit lower settlement compared to softer soils like soft to
medium clay. Clough and Tsui (1974) and Mana and Clough (1981)
found that the overall behavior of the ground depends on soil stiffness,
with lateral displacement rates and magnitudes increasing as the risk
of uplift augments or the excavation failure safety factor approaches
one. Song and Yoo (2018) conducted an indoor model experiment to
analyze the impact of groundwater levels (GLs) on retaining walls
during excavation. Their findings revealed that as the GL increased,
wall displacement increased while wall stiffness decreased. Park and
Joung (2020) conducted a numerical study on the excavation width
and deformation characteristics of retaining walls, identifying the
extent of mutual interference caused by Earth pressure using two-
dimensional numerical analyses. St John (1975) determined that
compared to three-dimensional simulations, two-dimensional
analyses tend to overestimate the deformation of retaining walls in
stiff clay excavations. Naylor and Pande (1981) compared three- and
two-dimensional analyses and found that, while ground settlement
did not differ significantly between the two analyses, the horizontal
wall displacement was approximately twice as large in the three-
dimensional analysis. Jeong and Kim (2009) confirmed the suitability
of the three-dimensional numerical methods for considering the
characteristics of retaining walls and support materials. They
suggested that the depth to consider in the analysis should be set
at more than twice the excavation depth to achieve more accurate
results in three-dimensional numerical analysis. Yoo and Kim (2000)

examined the influence of factors such as ground stiffness, wall
bending stiffness, and over-excavation on the behavior of retaining
walls using indoor model experiments and finite-element analysis.
The results revealed that the behavior of retaining walls is highly
affected by the construction process, the stiffness of wall components,
and whether over-excavation occurs. Reducing the installation gap
proved more effective in suppressing wall displacement than
increasing the stiffness of the support structure. The influence area
of settlement expanded as the degree of over-excavation increased,
with the maximum settlement reaching approximately 70% of the
maximum horizontal wall displacement.

Chen et al. (2014) conducted a three-dimensional numerical
analysis to study changes in effective horizontal stress and interstitial
water pressure during the installation of a diaphragm wall. The
installation of diaphragm walls in soft ground resulted in significant
ground settlement, reduced ground stress, and changes in interstitial
water pressure (Ng, 1992; Symons and Carder, 1993; Powrie and
Kantartzi, 1996; Poh and Wong, 1998). These changes in ground
conditions depend on factors such as the thickness and length of the
basement continuation wall, soil type, and construction techniques.
Schäfer and Triantafylidis (2004, 2006) analyzed the effects of deep
excavation on the behavior and stress evolution of basement
continuation walls in normally consolidated clay (NC) and found
significant stress evolution in the ground prior to construction.

The behavior of Earth retaining walls is influenced by various
factors, including soil type, excavation shape, wall type, support system,

FIGURE 2
CIP and H-pile wall section transformation.

TABLE 4 Interface reduction factor.

Soil/Material Rinter

Sandy soil/Steel material 2/3

Cohesive soil/Steel material 0.5

Sandy soil/Concrete 0.8–1.0

Cohesive soil/Concrete 0.7–1.0

Soil/Geogrid 1.0

Soil/Geotextile 0.5–0.9

TABLE 3 Material properties.

Type Properties

Cast-in-place (CIP) wall Diameter, D = 0.5 m

Young’s modulus, E = 2.8 × 103 kPa

H-pile Dimensionsa, H-300 mm x 305 mm × 15 mm × 15 mm

Horizontal spacing, SH = 1.8 m

Young’s modulus, E = 2.1 × 104 kPa

aH-pile size description: H-height x flange widthxweb thicknessxflange thickness.

TABLE 2 Soil properties.

Soil type γ
(kN/m3)

E (MPa) c (kPa) Φ (°) ν Rinter

Fill layer 17 16.8 0 26 0.3 0.67

Sedimentary
layer

18 19.2 0 28

Weathered soil 18 24.0 10 28

Weathered rock 20 100.0 30 33 1.0

Soft rock 23 500.0 40 35
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and construction technique (Ou et al., 1993; Poh and Wong, 1998;
Wong and Poh, 2000; Zhang et al., 2015, 2018). Additionally, the impact
of deep excavation on ground behavior is contingent upon the length
and depth of the wall, the depth of the support layer, and the stiffness of
the support material (Ou et al., 1993; Goh et al., 2020). Recent studies
have focused on corner joints of retaining walls, employing three-
dimensional numerical analyses. Tanner Blackburn and Finno (2007)
observed that horizontal deformation and ground settlement increase

from the corner to the center of the retaining walls. Hsieh and Ou
(1998) reported a reduction of 20%–60% in horizontal wall
displacement at the corner compared to the maximum settlement at
the center. In addition, a recent study analyzed the factors affecting the
behavior of embedded retaining wall through inverse analysis. Through
inverse analysis of post-construction monitoring data, it was reported
that the nonlinear soil stiffness has the largest impact on wall
deformation in stiff clay condition (Foo et al., 2023).

FIGURE 3
Numerical simulation procedure: (A) Initial, (B) Installed H-pile, (C) First excavation, (D) Second excavation, (E) Final excavation.
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As mentioned above, there are many previous studies on the
deformation of Earth retaining walls during excavation, however
there is lack of validation study that examines the stability of
various influencing factors such as wall, soil properties, and external
influencing factors. This study aims to thoroughly analyze the factors
that influence the response of retaining walls during ground excavations
based on the results obtained from numerical analyses of a single
process at an earthwork excavation site. Prior to the numerical analyses,
the results obtained from field applications and finite-element analysis
were compared to validate the numerical modeling scheme used for
analyzing the wall behavior. The finite-element analyses were
conducted setting as parameters the factors that affect the horizontal
displacement of the wall during excavation, including ground material
properties, external influences (such as GL location and surcharge load
at the back), and structural stiffness. Subsequently, the significance of
these influencing factors was determined by analyzing the behavior
characteristics of the wall and the magnitude of deformation due to
excavation, and the results were utilized to predict the horizontal wall
displacement during the design process.

2 Methodology

2.1 Elastic-plastic beam-on-foundation and
finite-element analysis (FEA)

Among the analysis methods used for stability assessment of
continuous underground walls, the elastic-plastic beam-on-

foundation analysis method is commonly employed in design
due to the simplicity and minimal expertise requirements for the
input data. However, this method combines the wall and ground
after analyzing separately their structural failure points.
Consequently, accurately calculating the active failure surface,
while considering the effects of the wall, Earth anchors, and
surrounding ground, becomes challenging, particularly in inverse
analysis scenarios such as when determining the cause of retaining
wall collapses. To address this limitation, this study adopts the finite-
element method (FEM), which incorporates the shear strength
reduction method to automatically consider changes in the active
failure surface. This is achieved by performing a continuum analysis
that accounts for the excavation and construction stages.
Accordingly, the influencing factors for the elastic-plastic beam-
on-foundation analysis method and the FEM model were selected
differently. The input data required to characterize the geotechnical
properties for the elastic-plastic beam-on-foundation analysis
included the wet unit weight, underwater unit weight, adhesion,
internal friction angle, and coefficient of transverse ground reaction
force (Ks). On the other hand, the geotechnical properties utilized
for the finite-element analysis included the wet unit weight,
underwater unit weight, adhesion, internal friction angle, and
elastic modulus (E). Previous research results Jeong and Kim
(2009) have indicated that the elastic-plastic beam-on-foundation
analysis method has the disadvantage of not being able to
simultaneously consider the resistance of the structure and the
ground at each analysis point. Consequently, it does not account
for the continuity of the analysis or the soil-structure interaction.

FIGURE 4
Influence factor for retaining wall and Earth anchor in 2D FE model.
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Notably, the difference between the transverse ground reaction force
coefficient and elastic modulus represents a significant distinction
between the two analysis methods.

2.2 Selection of influence factors

The excavation site data were based on field measurements,
whereas the basic data were selected using the input values from
SUNEX, a beam–column program widely used in practical
applications. The ground properties considered were the type,
wet unit weight, underwater unit weight, adhesion, internal
friction angle, transverse ground reaction coefficient, depth, layer
thickness, and average N-value. To account for water pressure on the
wall during design, the initial GL was expressed from the ground
surface.

The input properties, such as elastic modulus, cross-sectional
area, and cross-sectional secondary moment, were based on the
same values as those used for vertical walls. Regarding the anchors,
the initial tensile force is known to impact the final behavior of the
wall. The pouring of the building wall, which occurs after excavation
is completed, has negligible contribution to the stability evaluation
of the wall. Dependent on its location and size, the background load
influences the horizontal displacement of the wall during excavation
and can act as an external force along with the GL (Ou et al., 1993;
Goh et al., 2020). Based on a literature review and field data, four
major influencing factors were selected for this study. The types of
wall and support materials were reviewed according to their axial
and bending stiffnesses (EA and EI, respectively). It is important to

note that the nature of the analysis program used in the design led to
variations from the actual site conditions. Therefore, the behavior of
each type of wall and support material was analyzed by considering
the quantitative variations, rather than analyzing each type
separately using different methods. Table 1 lists the influencing
factors considered in the analysis.

2.3 Numerical modeling

The numerical analysis utilizes the commercial FE software
PLAXIS 2D (2022). The typical 2D FE model used in this study
is shown in Figure 1. The soil and rock are composed of 15-node
triangular elements, while the retaining wall is modeled using 5-
node plate elements. The model employs fourth-order interpolation
for displacements and twelve Gauss points for numerical integration
(stress points). The interfaces consist of five pairs of 10-node
interface elements that can connect with 15-node soil elements.
The numerical model has a total height equal to the height of the
retaining wall (L) plus an additional 1.0L below the retaining toe
level, and extends three times the excavation width (H) from the
retaining wall center. These dimensions were chosen to minimize
boundary effects on the retaining wall’s behavior. A finer mesh was
used near the retaining wall and surrounding soil interface, while a
coarser mesh was used further away. The typical retaining wall had a
width of 0.3 m and a length of 12 m. The bearing end of the wall was
on weathered rock and continued into a layer of sand. The mesh
consisted of 40,110 nodes and 4,848 fifteen-node triangular
elements. Assuming a rigid, unyielding strata, such as a rock

FIGURE 5
Horizontal displacement for Sections (A,B).
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layer, the vertical boundaries are allowed to move only in the vertical
direction, while the bottom boundary is fixed in both the horizontal
and vertical directions.

The conditions for the finite-element analysis were as follows.
TheMohr–Coulomb (M–C)model, commonly used in practice, was
applied to the ground model, while an elastic model was employed

for the retaining wall. Underground anchors were modeled using
node-to-node anchor elements and embedded piles. The ground and
structural properties used in the finite-element analysis are listed in
Tables 2, 3.

Although the cast-in-place (CIP) wall consists of a continuous
arrangement of concrete columns with rebars and H-piles, the

FIGURE 6
Results of numerical analysis of soil properties: (A) unit weight; (B) cohesion, (C) friction angle; and (D) elastic modulus.
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analysis was performed in two-dimensional plane strain due to the
characteristics of a continuous wall where the differences in stiffness
among the concrete columns are minimal. The equivalent physical
properties were calculated using Equation (1) to replace the elastic
modulus (E) and sectional secondary moment (I) of the continuous
wall. In Figure 2, the earth-membrane wall represents a unit width
of 1 m.

EpIp × Np × EcIc × Nc � EaIa

where,

Ep = modulus of elasticity of H-pile (kPa);
Ip = cross-sectional secondary moment of H-pile (m4);
Np = number of H-piles per unit width;

FIGURE 7
Results of numerical analysis of external force and structure stiffness: (A) surcharge loading, (B) initial GL, (C) wall stiffness, and (D) strut stiffness.
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TABLE 5 Comparison of the shear strain for Earth retaining wall with variation ratio changes (Shear strain for theminimum andmaximum changes of variation rate
by influencing factor under the geometric conditions shown in Figure 4).

Factors Minimum variation ratio 0.8 Maximum variation ratio 1.2

Unit weight

Cohesion

Friction angle

Elastic modulus

Surcharge loading

(Continued on following page)
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Ec = modulus of elasticity of the concrete wall (kPa); and
Ic = secondary moment of a concrete wall section (m4).

For the analysis area, the boundary conditions were defined as
vertical displacement constraints for the lower boundary,
horizontal displacement constraints for the left and right
boundaries, and a free surface for the upper boundary along the
axial direction of the global coordinate system. After the
construction of the earth-membrane wall, the ground area
inside the wall entered a stress-relieved state due to excavation.
To simulate the separation behavior between the ground and wall,
an interface element was applied. The interface element allowed for
modeling the relative displacement between the soil and wall.
Without the use of the interface element, the ground near the
wall did not settle due to the arching effect between the elements.
Table 4 summarizes the strength reduction factors for each soil and
structural material when employing the interface element.

A step-by-step analysis was conducted to examine the
displacement and external stability of the retaining wall in
accordance with the actual construction stages. The construction
stages were simulated as follows: Step 1: H-pile construction, Step 2:
step-by-step excavation, Step 3: anchor installation, Step 4:
repetition of Steps 2 and 3, and final excavation, based on the
construction system at the site, as shown in Figure 3.

2.4 Numerical analysis with influence factors

To analyze the influencing factors, specific influence factor selection
and analysis cases were determined, as illustrated in Figure 4.
Verification was previously conducted using field measurement data,
and an additional analysis was carried out. When subdividing the
influencing factors, the ground physical properties encompassed unit
weight, adhesion, friction angle, and elastic modulus, with the analysis

TABLE 5 (Continued) Comparison of the shear strain for Earth retaining wall with variation ratio changes (Shear strain for the minimum and maximum changes of
variation rate by influencing factor under the geometric conditions shown in Figure 4).

Factors Minimum variation ratio 0.8 Maximum variation ratio 1.2

Initial GL

wall stiffness

strut stiffness
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performed considering the magnitude of the surcharge load at the back.
Additionally, the GL required adjustment based on the step-by-step
analysis. However, for this project, only the initial GL (−3.2 m) was
selected and reviewed, and the influence factor analysis was conducted
by varying the position of the GL accordingly. Lastly, the stiffness of the
Earth wall was chosen as an influencing factor, and the EA andEI values
were analyzed.

For the influence factor analysis method, a representative cross-
section was selected based on validated field cases, and weights were
assigned to each factor for assessment. To ensure the properties of
the influencing factors remained within a reasonable range, the
assigned weights were limited. In other words, the range is chosen to
ensure that no exceptional properties are assigned. The analysis was
conducted using the same properties as those used for validation. In
this study, each influence factor was assigned a weight ranging from
80% to 120%, and a variation ratio of 0.8–1.2 was applied to examine
the effect on the horizontal displacement of the retaining wall.

3 Test results

3.1 Validation of numerical analysis

This section presents the comparison and analysis of the
behavioral characteristics of the Earth shield excavation method
based on field application cases, along with the verification of the
validity of the 2D finite-element analysis technique and
beam–column analysis employed in this study. The parameters
and properties of the retaining wall and ground structures used
in the numerical analysis were consistent with those employed in the
field. Verification was conducted for Sites A and B, and the results of
the field measurement and numerical analysis are depicted in
Figure 5, illustrating the horizontal displacement of the retaining
wall caused by ground excavation. As observed in the figure, the
horizontal displacement resulting from step-by-step excavation
progressively increased. For the validation, specific representative
cross-sections of Sites A and B were selected, and the field
measurements were based on the inclinometer readings from
those cross-sections. The inclinometers were measured on a bi-
weekly basis and the measurement reports for these sites were
utilized.

However, the maximum horizontal displacements for Sites A
and B, at the final stage of excavation, were measured at 10.86 mm
and 10.13 mm, respectively. These values fall within the allowable
standard (δh,max < 0.2%H, where H represents the excavation
depth). With increasing excavation depth, the finite-element
analysis indicated a continuous increase in displacement, while
the Elastic-Plastic Beam-on-Foundation analysis exhibited a
tendency to decrease to approximately 0.0 mm. This disparity
can be attributed to the fact that beam–column analysis is a
one-dimensional approach, lacking the continuity analysis that
considers the interaction between the ground and the structure.
Consequently, it is inferred that as the excavation stage progressed,
the combined force of the member force and Earth pressure on the
upper analysis point of the wall became excessive in the
beam–column analysis.

As a result, it was found that the finite-element analysis results
were generally similar to the actual inclinometer measurements

compared to the results of beam–column analysis. In fact, even if
the inverse analysis is performed, it is a very demanding task to
perfectly match the numerical analysis results with the measured
values, and it is difficult to consider all site conditions such as
ground material properties. This numerical analysis is a
conservative result of the 2D analysis, and Figure 5A shows
that the measured values at the final excavation stage are in
error at 2 m and 4 m. In addition, it is judged that the
calculation of ground properties does not reflect 100% of the
actual ground properties. However, the validity of the finite
element analysis was confirmed by the maximum displacement
and the shape of the deformation profile of the wall.

3.2 Results of influence factors analysis

The numerical analysis results were utilized to compare the
horizontal displacement of the wall for each influencing factor, as
depicted in Figure 6. In terms of unit weight, it was observed that
the horizontal displacement tended to increase with an increase in

FIGURE 8
Relationship between variation ratio and maximum
displacement: (A) soil properties and (B) external force and structural
stiffness.
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weight. This can be attributed to the larger load on the wall
resulting from the higher unit weight. For adhesion and friction
angle, factors indicating the shear strength of the ground, the
horizontal displacement decreased with increasing values due to
the improved ground stiffness. Notably, the friction angle had a
more pronounced effect on the horizontal displacement of the wall
compared to the adhesion force. This finding can be attributed to
the presence of a fill layer in most excavation sites, where adhesion
force is absent. As indicated in Table 2, the absence of adhesion in
the fill and sedimentary layers confirms their minimal impact on
the wall relative to the friction angle. In regard to the elastic
modulus, its impact was smaller than that of unit weight and
friction angle, but still greater than that of adhesion. Based on these
results, the priority of the influencing factors in terms of subgrade
properties was determined as follows: friction angle > unit
weight > elastic modulus > adhesion. The effects of surcharge
load and initial GL, which can be categorized as external
influencing factors, were found to be smaller compared to those
of the ground material. Specifically, the horizontal displacement of
the wall exhibited similar behavior regardless of the size of the
surcharge load. Concerning the initial GL, it was observed that a
higher initial GL led to larger horizontal displacement of the wall,
attributed to the water pressure exerted on the wall (Figure 7B).

The results related to the stiffness of the structure are presented in
Figures 7C, D, indicating that the horizontal displacement of the
wall was not significantly affected. While the stiffness of the
members may have a substantial impact when considering
member forces, the horizontal displacement of the wall is
primarily influenced by the ground properties rather than the
stiffness of the members. This is in line with the results of a
research case analyzed through reverse analysis of an actual
embedded retaining wall (Foo et al., 2023). In this study, each
influencing factor was quantitatively analyzed and prioritized to
provide information that can be used in actual design. Table 5
shows the shear strain results when the variation ratio for each
influencing factor is set to the minimum (0.8) and maximum (1.2),
and it is helpful to visually understand the effect of the change of
each factor on the retaining walls.

4 Discussion

4.1 Sensitivity analysis of influencing factors

The sensitivity of the influencing factors was examined based on
the displacement changes of the retaining wall as described in the

FIGURE 9
Relationship between variation ratio and maximum displacement by soil layer: (A) unit weight; (B) cohesion; (C) friction angle; and (D) elastic
modulus.
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previous section. Figure 8 illustrates the maximum displacement of
the retaining wall in relation to the variation ratio of each influencing
factor, including both increasing and decreasing ratios based on a
reference ratio of one. As depicted in Figure 8A, the displacement
demonstrated a substantial increase with an increase in unit weight.
Conversely, as cohesion and elastic modulus values increased, the
displacement exhibited a linear decrease. The friction angle displayed
a significant impact on wall displacement, particularly when the value
fell below the design constant. This finding is consistent with the
results of the finite-element analysis conducted in this study, which
demonstrated the direct influence of shear strength and friction angle
on wall behavior, attributable to the M–C model. It should be noted
that while this study focused on sandy soil and rocky ground, the
impact of adhesion force is likely to be more pronounced in clay
ground, unlike in the current investigation. Figure 8B reveals that an
increase in the surcharge load and initial GL of the backfill ground
corresponded to a decrease in the strength of the wall and support.
This suggests that the influence of wall stiffness and support material

strength, which directly affect the design of the excavation for
retaining walls, is considered insignificant due to the role of the
temporary structure (support material). However, the initial GL and
surcharge load, acting as external loads, exhibited a substantial effect
on the wall behavior.

4.2 Analyzing influencing factors by ground
type

This study revealed that the variations in influencing factors
had different effects depending on the soil type. Figure 9 illustrates
the maximum displacement generated by each ground type as the
variation ratio of the influencing factors changes. It can be
observed that the extent of maximum displacement differs for
each subgrade layer as the subgrade properties vary. When the
variation ratio of unit weight is set to 0.8, indicating a 20%
reduction from the design constant, the sedimentary layer

FIGURE 10
Variability of retaining wall displacement with soil type and influencing factors: (A) soil type and (B) external force and structural stiffness.
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exhibits the highest maximum displacement. The unit weights of
the fill layer and the sedimentary layer, which are significantly
lower in magnitude, measure 13.6 kN/m3 and 14.4 kN/m3,
respectively. The lower degree of displacement change can be
attributed to the presence of anchors constructed in the upper
fill layer. Furthermore, it was observed that the maximum
horizontal displacement occurs outside the range of anchor
support during excavation with a maximum depth of 6.9 m. In
terms of cohesion variability, no significant differences were
observed among the various ground types, and the impact was
negligible in weathered rock. Conversely, similar to unit weight,
the friction angle exhibited a substantial effect on wall behavior as
it increased or decreased compared to the design constant.
Notably, in the fill layer, a significant change in maximum wall
displacement occurs when the friction angle deviates more than
10% from the design constant. Furthermore, when the friction
angle exceeds 1.2 times the design constant, the maximum
displacement is observed in the sedimentary layer. This suggests
that a decrease of more than 10% in the friction angle of the fill
layer leads to a substantial displacement of 23°, exceeding the
typical range of ground properties and resulting in displacements
greater than 10 mm. In the sediment layer, with a 20% reduction in
the design constant, the friction angle measures 22.4°, resulting in a
wall displacement of approximately 12 mm. The relatively smaller
displacement observed when the friction angle exceeds 1.2 times
can be attributed to the influence of unit weight due to the presence
of anchors in the upper fill layer. The effect of changes in elastic
modulus value was found to be similar across the various ground
types.

4.3 Coefficient of variation for influencing
factors

Figure 10A displays the distribution of displacement data for the
retaining wall based on the variation ratio of subgrade properties
according to the subgrade type. The displacement values for each
subgrade layer, as influenced by the variations in the four subgrade
properties, follow the order of fill, sedimentary, weathered soil, and
weathered rock. Regardless of the subgrade material, the average
displacement value decreases from the fill layer to the weathered
rock layer as the depth of excavation increases. The friction angle
exerts the most significant influence among the subgrade properties,
and outliers in displacement values can be observed in the
sedimentary and weathered soil layers. In terms of the impact
degree of subgrade type, the displacement value changes for unit
weight and friction angle appear significant in the fill and
sedimentary layers, while the overall subgrade material seems to
be evenly affected in the weathered soil and weathered rock layers.
Figure 10B presents the displacement data for the retaining wall
according to ground type, considering external forces (surcharge
pressure and initial GL) and structural stiffness. Unlike the results
based on ground properties, it is challenging to discern specific
variations in data distribution for influencing factors or ground
types. However, the largest data distribution is observed in the
weathered soil layer.

To assess the variability of data, we calculated the coefficient of
variation (CV), a unitless measure widely used in various research

fields to demonstrate data variation. The CV is obtained by
dividing the standard deviation of the sample by the arithmetic
mean. When units differ or data exhibit significant scale
differences, the CV provides a means to compare variation
equality. Figure 11 illustrates the CV for various influencing
factors and subgrade types. Figure 11A displays the CV for all
influencing factors, revealing similar variations except for the
ground physical properties. The CV for subgrade material is
greater compared to other influencing factors. The fill layer and
sedimentary layer exhibit high variability in unit weight and
friction angle, suggesting that these two properties significantly
influence wall displacement in these ground types. In the
weathered soil layer, the variability of all four geotechnical
properties is similar, indicating that each property influences
wall displacement. The weathered rock layer, located at the
deepest level, demonstrates overall low variability. Unlike the
other layers, the weathered rock layer exhibits a high CV for
unit weight and elastic modulus.

The results proposed in this paper can be applied to the
calculation of geotechnical properties in the design stage of
masonry walls. In the actual masonry wall design stage, the

FIGURE 11
Coefficient of variation (CV) with influencing factors and soil
type: (A) CV for influencing factors and (B) CV for soil properties and
layers.
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geotechnical properties are calculated based on the SPT N value for
convenience, which is difficult to fully reflect the actual
geotechnical properties. Therefore, it is believed that a more
reliable wall design can be achieved if a minimum geotechnical
investigation is performed for the influential factors as shown in
Figure 11A.

5 Conclusion

This study aimed to analyze the key design factors influencing
the stability of retaining wall-anchor-support structures during
excavation in urban areas by considering field application results
and conducting finite-element analysis. Based on the findings, the
following conclusions can be drawn:

1) The finite-element analysis provided more accurate results
compared to the conventional beam–column analysis in terms
of considering soil pressure and displacement during ground
excavation. The beam–column analysis, being one-
dimensional, yielded a displacement of approximately
0 mm at the top of the wall, which does not correspond to
the actual value. This discrepancy arises due to the excessive
application of combined anchor force and Earth pressure as
the excavation stage progressed. In contrast, the finite-
element analysis accounted for the interaction between the
ground and the structure, resulting in more realistic
displacement values.

2) The selected influencing factors for the excavation of retaining
walls included ground properties, external loads (such as GL and
surcharge load), and structural stiffness. Variation ratios ranging
from 0.8 to 1.2 were used to compare the quantitative results. The
analysis revealed that an increase in unit weight and shear
strength of the ground led to a decrease in the maximum
horizontal displacement of the wall. On the other hand, the
position of the GL, surcharge load, and structural stiffness had a
negligible effect on wall displacement.

3) Sensitivity analysis of the influencing factors demonstrated that
unit weight exhibited a positive correlation with ground
properties, while cohesion, friction angle, and elastic modulus
showed a negative correlation. Furthermore, the surcharge load
and initial GL exhibited a positive correlation, whereas the
stiffness exhibited a negative correlation. Of particular note is
the friction angle, which proved to be a critical design variable as
even small changes in its value resulted in significant variations
in wall displacement.

4) The CV analysis highlighted the significance of the friction angle,
unit weight, and elastic modulus as influential variables
impacting the behavior of earth-membrane walls due to their
substantial variability. The analysis also revealed that the fill layer
exhibited variability in both friction angle and unit weight, while
the weathered soil layer demonstrated uniform variability across
all ground properties. Therefore, accurate property calculations
for the corresponding ground layer are essential for the precise
design of retaining walls.

5) A quantitative analysis of geotechnical factors affecting wall
displacement during excavation was conducted to determine
the ranking of factors with large influence. The calculation of

ground physical parameters during the design phase of an actual
Earth retaining wall is thought to be possible using this
conclusion. Currently, there are limitations in considering the
actual ground physical properties by calculating the ground
physical properties based on SPT N-values in the design.
Based on the findings of this study, it is determined that if a
minimal ground survey is carried out for highly influential
ground features, a more dependable wall design may be
feasible. In conclusion, it is determined that by carrying out a
design based on the accurate calculation of parameters, it is
possible to design economically while providing stability by
changing the cross section of the wall and the type of support
material (anchor, strut etc.).

6) Although there are many previous studies on the deformation of
Earth retaining walls during excavation, there is lack of
validation study that examines the stability of various
influencing factors such as wall, soil properties, and external
influencing factors. Furthermore, there is no study that
prioritizes these factors and presents them as a basis for Earth
retaining wall design. Based on the results obtained at a specific
site, this study conducted an examination of the influence for
geotechnical parameters. In addition, based on an actual field
case, this study conducted an influence factor analysis on one
typical site for Earth retaining walls using a variety of
combinations of wall types, ground conditions, and support
material types. In order to execute the analysis properly,
different wall types and ground conditions should be taken
into consideration. However, because there are limitless
combinations of these circumstances, this study concentrated
on site characteristics and wall construction techniques that are
primarily employed in South Korea. Further study is expected to
be able to offer data that may be used to enhance the actual
design effectiveness of various Earth retaining wall construction
techniques.
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