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ABSTRACT

This study aims to evaluate and predict horizontal displacement (Uyx, Uy) and force (Force) of barrette
walls during excavation through the integration of Finite Element Method (FEM) and Artificial Neural
Networks (ANN). This approach is expected to optimize prediction accuracy, particularly under complex
geological conditions. Initially, the FEM model was used to analyze the displacement and forces on the
barrette walls in each excavation stage. The analysis results provided detailed data on displacement and
forces, including position (X, Y, Z), axial forces (N;, NV,), shear forces (Qy,, Q13, Q13), moments (M;, M,,,
Myi,), and excavation depth (Depth). These data were then used as input to train the ANN model. With a
structure comprising two hidden layers (64 neurons each) and one output layer (2 neurons), the ANN was
evaluated using metrics such as MSE, RMSE, and R2 The results showed that the ANN model achieved
high prediction performance with an R? value of 0.9999, demonstrating its ability to accurately predict
horizontal displacements. The importance analysis of the input features revealed that Y, Depth, and X were
the most influential factors in the prediction results. The error between the predicted and actual values
was minimal, highlighting the model's efficiency and reliability. Integration of FEM and ANN has proven
to be an effective solution for analyzing and predicting the mechanical behavior of barrette walls. This
method has great potential for broad application in the design and construction of geotechnical projects,
especially in complex scenarios that require high accuracy.
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I INTRODUCTION groun(.iwater levlel.s can significantly impact the mechaniqal

behavior of retaining structures. Barrette walls play a crucial

In large-scale construction projects, especially in areas with  role in ensuring the structural stability of the project [1]. The
complex geological ~conditions, factors such as soil  primary function of barrette walls is to control deformation and
stratification, ~ material  heterogeneity, and fluctuating  bear the load from the surrounding soil, particularly during
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deep excavation stages [2-4]. However, one of the greatest
challenges is the occurrence of horizontal displacements and
unexpected forces, which can directly affect structural stability
and pose significant risks to adjacent structures. Precisely
controlling these factors is a critical task in design and
construction.

Traditional analytical methods, which predominantly rely
on theoretical models or empirical formulas, often face
limitations when applied to complex or nonlinear geological
conditions [5-7]. This results in inaccuracies in predicting
displacements and forces, thus reducing the effectiveness and
safety of retaining wall systems [8-10]. In this context, the
combination of the Finite Element Method (FEM) and
Artificial Neural Networks (ANN) has emerged as a promising
approach [11]. FEM is capable of simulating the mechanical
behavior of the system in detail under real-world loading
conditions, while ANN can learn from FEM data to provide
more accurate predictions for various scenarios [12, 13]. This
study aims to analyze the horizontal displacements and forces
acting on barrette walls using the FEM method and develop an
ANN model to predict the wall's behavior during the
excavation phase. Combining these two methods not only
enhances the accuracy of predictions but also offers a more
efficient and flexible solution for the design and management
of geotechnical projects. The results achieved are expected to
contribute to improving the safety and efficiency of
construction projects in the future.

II. MATERIALS AND METHODS

The selected study area is characterized by two distinct soil
layers. The upper layer consists of clay with a thickness of 7.5
m, while the lower layer comprises sand with a thickness of
325 m. These are common soil types in geotechnical
engineering, each exhibiting unique mechanical properties that
significantly influence the load-bearing capacity and
deformation behavior of retaining wall systems. The Hardening
Soil model is used in FEM simulations to accurately reflect the
mechanical behavior of soil during deep excavation,
particularly in terms of soil heterogeneity, groundwater
influence, and non-linear behavior. The excavation area
measures 11x44 m and is designed to reach a depth of 15.1 m.
The site is adjacent to a one-story building, and the
groundwater level is maintained at -4 m. These factors require
the implementation of effective stability measures to minimize
the risks associated with construction activities (Figure 1).

The structural system includes barrette walls, cap beams,
and an H-beam shoring system designed to ensure stability and
minimize wall deformation during excavation. The barrette
walls are 800 mm thick and 25 m deep, capable of
withstanding substantial loads under complex construction
conditions. Above the barrette walls, an 800x800 mm cap
beam is utilized to enhance horizontal stability, evenly
distribute forces, and prevent horizontal wall displacements.
Additionally, a multi-layer H-beam shoring system, with a
cross-sectional dimension of 400x400 mm, is installed at
depths of -1 m, -4.6 m, -7.1 m, and -9.6 m. This system plays a
critical role in mitigating horizontal displacements (Uy, Uy) and
maintaining the stability of the retaining walls throughout the
excavation process.

Fig. 1. 3D simulation of deep excavation pits.

The H-beam material used for shoring has a specific weight
of 78.5 kN/m3, a cross-sectional area of 0.02187 m?2, and a
modulus of elasticity of 210.0E6 kN/m?, ensuring excellent
load-bearing capacity under complex loading conditions. The
cap beam, with a specific weight of 25 kN/m?3 and a similar
modulus of elasticity, significantly enhances the system's
rigidity and horizontal load capacity. The barrette walls are
designed with an elastic modulus of 32.5E6 kN/m? in two
directions and a shear modulus of 1625E6 kN/m2,
demonstrating excellent strength and deformation resistance.

The soil properties were analyzed and modeled using the
Hardening Soil model. The clay layer has a saturated unit
weight (y,,,) of 20.57 kN/m?, a deformation modulus (E50,,y) of
6875 kN/m2?, an internal friction angle (¢") of 30.4°, and
cohesion (C',) of 7.1 kN/m2. For the sand layer, y,, is 20.55
kN/m?, E50,, is 13.45E3 kN/m?, and ¢' is 30° Soil
permeability was carefully defined, with horizontal
permeability coefficients (K, = K,) of 3.59E-05 m/day for clay
and 0.138E-3 m/day for sand, while vertical permeability
coefficients were significantly lower. These parameters form
the basis for building the FEM model and determining the
mechanical behavior of the retaining wall system.

The research method integrates FEM analysis and ANN to
predict horizontal displacements (Ux, Uy) and assess the
impact of forces on barrette wall behavior during excavation.
Initially, the FEM model was developed and implemented in
Plaxis 3D using 10-node mesh elements to perform a detailed
analysis of the mechanical behavior of the barrette wall system.
The FEM model calculated displacements and forces at each
excavation stage, corresponding to excavation depths of -2 m, -
5.1 m, -7.6 m, -10.1 m, -13.1 m, and -15.1 m. The results
included positions (X, Y, Z), forces (N;, N,), shear forces (Q)s,
>3, 013), and moments (My;, M»,, M1,), along with excavation
depths, forming the input database for ANN development.

Subsequently, FEM data were used to train the ANN model
[14]. The input data included 12 key features: positions (X, Y,
7), forces and moments (N, N2, Q12, O3, Q13, My1, M, M),
and excavation depth (Depth). The output data comprised Uy
and Uy, which are critical indicators of barrette wall
displacement during excavation. The ANN model was trained
on 285,264 FEM data points, ensuring representativeness and
high accuracy, and was designed with two hidden layers, each
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containing 64 neurons using the ReLLU activation function and
one output layer with two neurons. The model's performance
was evaluated using metrics such as MSE, RMSE, MAE, R?,
and Adjusted R2 [15]. Besides, the ANN model was validated
using actual observed data during the excavation process,
allowing for an assessment of its accuracy compared to real-
world conditions.

III.  RESULTS

Finite Element Method (FEM) analysis has provided
detailed insights into the horizontal displacement (Uy, Uy) and
forces and moments acting on barrette walls throughout the
excavation process. The results indicate complex distributions
of displacement and forces at different excavation stages,
particularly in deeper layers where the walls are subjected to
greater loads from soil pressure and groundwater.

Table I presents the statistical results of horizontal
displacement Uy and Uy. The mean value of Uy is -0.00396
mm, with a standard deviation of 0.361 mm, indicating minor
deformation but considerable variation across different
positions. Similarly, the mean value of Uy is -0.86 mm, with a
standard deviation of 14.97 mm, reflecting uneven pressure
impacts on the wall. At the sixth excavation stage, the
maximum Uy reached 2.92 mm, while the minimum was -2.98
mm, as shown in Figure 2. For Uy, the displacement ranged
from -0.05 mm to 0.05 mm (Figure 3). These findings show
that maximum displacements tend to occur in deeper
excavation layers.

In addition, forces and moments were analyzed in detail, as
shown in Table II. The mean values of axial forces N; and N,
are -353.12 kN/m and -93.55 kN/m, respectively, while shear
forces Q,, 0,3, and Qi3 exhibit significant variability, with
standard deviations of 58.7 kN/m, 182.4 kN/m, and 171.2
kN/m, respectively. This reflects the complex impacts of soil
pressure at different locations.

Fig. 2.

Fig. 3.
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TABLE L. STATISTICAL DESCRIPTION OF DISPLACEMENT RESULTS FROM FEM
Position (m) Displacement (mm)
Var X Y Z UX Uy Uz U
mean -0.00662 0.016905 -10.9212 -0.00396 -0.86011 15.48028 19.90404
std 13.28192 5.064972 6.910253 0.361034 14.97476 6.346658 1043367
min -20 -5.5 -25 -2.988 -50.888 3.904 3.907
25% -11.875 -5.5 -16.497 -0.129 -8.252 10.821 12.662
50% 0 -0.278 -9.277 -0.004 -0.46 17.133 20.133
75% 11.874 5.5 -5.768 0.121 5.656 21.103 25.327
max 20 5.5 0 2921 48.433 23.04 55.545
TABLE II. STATISTICAL DESCRIPTION OF FORCE RESULTS FROM FEM ANALYSIS
Var N1 (kKN/m) N, (kN/m) Q12 (KN/m) 053 (KN/m) Q13 (KN/m) My (KNm/m) M, (kNm/m) M;; (KNm/m)
count 285264 285264 285264 285264 285264 285264 285264 285264
mean -353.124 -93.5506 -0.16163 -14.1166 0.25432 38.25936 70.20554 -0.19033
std 320.2236 230.1036 58.70827 182.4501 171.2009 273.5645 2420113 112.2483
min -2019.69 -2752.27 -1230.89 -5251.2 -2379.16 -2349.47 -1341.28 -617.85
25% -563.138 -207.108 -10.1013 -34.1948 -36.004 -11.274 -26.036 -24.1693
50% -309.599 -48.4185 0 0 0.023 71.4145 2.861 0
75% -106.284 12.99425 9.54625 29.29525 36.25725 175.8393 107.65 23.91525
max 796.272 2809.171 1220.21 2364.668 2398.451 731.703 1389.799 617.38
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Fig. 4. Bending moment M, at the sixth excavation stage.
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Fig. 5. Bending moment M, at the sixth excavation stage.

0.00

[kN/m]
800.00

600.00
400.00
200.00
0.00
-200.00
-400.00
-600.00
-800.00
-1000.00
-1200.00
-1400.00

-1600.00
-1800.00

Fig. 6. Axial force N at the sixth excavation stage.

Bending moments (M, M,,) and torsional moments (M,,)
also show uneven distributions, with M, reaching a maximum
of 654.5 kN m/m and a minimum of -2338 kN m/m (Figure 4),
while M,, ranges from -956.8 kN-m/m to 1389 kN-m/m
(Figure 5).

Axial force N, varies between -1784 kN/m and 758.2 kKN/m
(Figure 6), while N, ranges from -2558 kN/m to 2809 kN/m
(Figure 7). Notably, shear force Q,, exhibits a large amplitude
variation, from -893.6 kN/m to 897.1 kN/m (Figure 8),
indicating uneven pressure distribution across the soil layers.

Fig. 8.
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Shear force Q, at the sixth excavation stage.

FEM analysis has provided reliable and detailed data for
evaluating lateral displacements and loads on barrette walls
throughout the excavation process. These results not only
validate the accuracy of the finite element model but also serve
as critical inputs for developing and training the ANN model
used in this study.

The ANN model trained on FEM data demonstrated
impressive predictive performance, as shown in Table III. The
MSE value is 0.010959, and the coefficient of determination R?
is as high as 0.999903, indicating that the model can explain
nearly all variations in lateral displacements (Uy, Uy) based on
input features. These metrics affirm that the ANN is not only
highly accurate but also well-suited for real-world data.

TABLE IIL

MODEL PERFORMANCE EVALUATION METRICS
Metrics Value
MSE 0.010959
RMSE 0.104684
MAE 0.066327
R2 0.999903
Adjusted R? 0.999903

Figure 9 compares predicted values with test data (20% of
the data from FEM analysis results), showing that the predicted
data points almost overlap with actual values, with minimal
deviation. The linear regression line between predicted and
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actual values has a slope close to 1, further confirming the
model's high accuracy. Minor errors between predictions and
observations may result from negligible nonlinear factors in the
data.
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Fig. 9. Comparison of predicted values and test data.

Table IV presents an analysis of the importance of input
features in influencing prediction outcomes. Variables Y,
Depth, and X were identified as the most significant factors,
with importance scores of 209.38, 52.19, and 35.35,
respectively. This aligns with geotechnical theory, as factors
such as horizontal position (Y), excavation depth (Depth), and
coordinate (X) strongly affect the displacement of barrette
walls. Other variables, such as moments (M, My,, M,,) and
forces (N;, N,), contributed less, as reflected in their lower
importance scores.

TABLE IV. IMPORTANCE OF FEATURES INFLUENCING
LATERAL DISPLACEMENT
No. Feature Importance

1 Y 209.3804

2 Depth 52.18696

3 X 35.34999

4 Y4 29.82706

5 My, 1.118471

6 N 0.377195

7 My, 0.01844

8 N 0.017819

9 M, 0.00654
10 O3 0.00167
11 On 0.001182
12 O 0.000313

The horizontal position (Y) significantly influences the
displacement of the barrette wall due to the uneven distribution
of the earth pressure along the horizontal axis. Excavation
depth (Depth) plays a crucial role as soil stress increases with
depth, leading to varying degrees of deformation at different
excavation stages. Meanwhile, the longitudinal position (X)
affects the wall displacement due to the influence of the
support system and boundary conditions, altering the
distribution of forces during construction.

The ANN model demonstrated outstanding ability in
accurately predicting the lateral displacements of barrette walls
while providing valuable insights into influential factors. The
strong alignment between predicted values and empirical

observations highlights the potential of ANN in supporting the
design and management of geotechnical structures, particularly
in complex scenarios such as deep excavation projects.

Table V shows a comparison between the predicted
displacements from the ANN model and actual observational
data measured by an inclinometer during the excavation
process for different depths and positions. The discrepancies
between the two values are minimal, with an average deviation
not exceeding 1 mm, underscoring the high precision of the
ANN model. These findings confirm that ANN can effectively
predict and align with empirical data, making it a reliable tool
for practical applications.

TABLE V. COMPARISON OF PREDICTED AND OBSERVED
DISPLACEMENTS
oo Depth | Predicted Monitoring Difference
Position (m)
(m) (mm) (mm) (mm)

X Y Z UX UY UX UY UX UY
60| 5.5 0 -10.1 00 [-7.8]| 0.1 -6.8 -02 | -1.0
60| 55 0 -13.1 00 [-87] 04 -8.1 0.4 -0.6
60| 55 0 -15.1 00 [-91] 05 9.1 -0.5 0.0
60| 55 0 -2 00 [-74]| 0.1 -8.2 -0.1 0.8
60| 55 0 -5.1 00 [-82] 04 -7.2 -04 | -1.0
60| 55 0 -1.6 00 [-78] 0.6 -9.5 0.6 1.6
60| 55| 0 -10.1 02 [32] 0.1 3.7 0.1 -0.5
60| -55] 0 -13.1 04 |37 0.3 33 0.1 0.4
60| 55| 0 -15.1 04 | 4.1 0.5 4.8 -02 | 0.7
60| -55] 0 2 00 [42] 00 3.6 0.0 0.5
60| -55] 0 -5.1 00 |35 0.3 3.3 -0.2 0.2

IV. DISCUSSION

The FEM in this study was proven to be exceptionally
effective in providing accurate data on lateral displacements
(Uy, Uy) and forces acting on barrette walls. The detailed
insights from FEM not only form a reliable basis for analyzing
the mechanical behavior of retaining wall systems but also
directly support the development of the ANN model.
Furthermore, FEM is highly dependent on initial assumptions
about the physical parameters of the soil, leading to prediction
errors if the input data are inaccurate. This approach contrasts
with [6], where FEM was combined with ANOVA to identify
factors influencing displacements and axial forces. Although
both studies utilize FEM to analyze forces and displacements,
the method in this study emphasizes the integration of FEM
and ANN to enhance predictive capabilities.

The ANN model demonstrated superior performance in
predicting lateral displacements, achieving a near-perfect R?
value of 0.999903. This confirms the efficiency of ANN in
learning and generalizing complex nonlinear data. Compared to
[5], which used the Vlasov theoretical model to analyze lateral
displacements of barrette walls in layered isotropic soils, the
ANN model in this study offers wider applicability. It can
accommodate experimental data from various conditions rather
than relying solely on theoretical assumptions, as in the
previous study.

The analysis of the importance of variables in the ANN
model revealed that Y and Depth are the most significant
factors affecting lateral displacements. This finding aligns well
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with geotechnical theory, where horizontal coordinates and
excavation depth play critical roles in the deformation of
barrette walls. This study validated the model using actual
observed data from the excavation process, showing that the
error between predicted and measured values was minimal,
confirming the practical applicability of the approach. The
integration of FEM and ANN enhances the accuracy of
horizontal displacement predictions, especially under complex
geological conditions, compared to traditional methods based
on empirical formulas or theoretical models, while also
reducing computational time. However, this study is not
without limitations. It focuses on a specific type of geological
condition, meaning that the results need to be validated in other
regions with more diverse conditions to enhance
generalizability.

V. CONCLUSIONS

This study demonstrated that the integration of FEM and
ANN:S is an effective solution for analyzing and predicting the
mechanical behavior of barrette walls during excavation. FEM
provides accurate and detailed data on displacements and
forces, while ANN leverages this data to build a high-
performance predictive model. The results of the ANN model,
with an R? value of 0.9999, indicate exceptional accuracy
compared to actual observational data. This underscores the
strong applicability of the method in supporting the design and
management of complex geotechnical projects. The FEM-ANN
approach in this study can be scaled to large-scale geotechnical
projects with multiple excavation stages due to its ability to
learn from FEM data obtained from real-world projects with
various soil types and construction conditions, allowing rapid
predictions across different excavation scenarios. This research
approach is not limited to the specific excavation site studied
but has the potential for broader application to other excavation
projects with similar structures. The ability to accurately
predict lateral displacements and forces reduces construction
risks, optimizes design, and improves the economic efficiency
of construction projects. Future research directions could focus
on expanding the model with real-world data from diverse
locations and geological conditions to enhance the
generalizability of the approach. In addition, integrating
advanced technologies such as deep learning could further
improve accuracy and the ability to handle complex datasets,
enabling more reliable predictions for large-scale geotechnical
construction projects.
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