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Abstract: In the realm of geotechnical engineering, deep excavation projects face intricate challenges, especially
concerning the stability of barrette walls, which are highly susceptible to deformation and stress at their joints.
This study focuses on evaluating the deformation and force behavior of barrette wall joints at the position of
greatest deformation. The Finite Element Method (FEM) is utilized to simulate the behavior of these structures
under various load conditions. The Analysis of Variance (ANOVA) method is employed to statistically analyze
the FEM data, assessing the impact of different factors on deformation and force distributions within the barrette
wall joints. The specific objective of this study is to determine the statistical significance of the observed
deformations and understand the influence of construction stages on joint integrity. This methodological synergy
enhances the predictability of engineering assessments and ensures that design and construction decisions are
grounded in solid empirical evidence. The study's findings emphasize the importance of precise monitoring and
advanced predictive techniques to mitigate potential risks associated with deep excavations, particularly at
critical joint locations. The results indicate that the deformation patterns are primarily influenced by the
geometrical setup of the walls and the mechanical properties of the soils. The greatest deformations were
typically observed where the wall joints experienced the highest bending moments and shear forces, conditions
exacerbated by unfavorable soil mechanics and hydrostatic pressures. The clear and consistent increase in total
displacement highlights the progressive destabilization of the wall as the excavation depth increases. By
integrating ANOVA with FEM, this study contributes to enhancing safety and efficiency in deep excavation
projects by ensuring that decisions are grounded in empirical evidence.

Keywords: Barrette walls, Deep excavation, Finite element method, Wall thickness optimization, ANOVA tests,
Deformation, Construction strategies
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AnHoTanusi: B cdepe reorexHHUEeCKOil HHKCHEPHH, MPH MPOCKTHPOBAHUN OOBEKTOB TIIyOOKHX 3aJI0KCHHS
CTAJIKABAIOTCS CO CJIOKHBIMU MPOOJIEMaMK, 0OCOOCHHO KaCAIOIIUXCsl YCTOWYUBOCTH OAPPETHBIX CTCHOK, KOTOPBIC
OUCHb UYYBCTBHUTCIBHBI K Jc(opMamusiM ¥ HaNpsDKCHHSIM B MeCTaX HMX CTHIKOB. JlaHHOE HCClieIoBaHUC
HATIPABJIICHO Ha OICHKY Jc(OpMaIliil W CHJIOBOTO IOBCACHUS COCJAWHCHHNA CTCHOBBIX 3aKOJIOK B COCTOSIHUU
HanOompIuX nmedopmanuii. Mertoq KoHEYHBIX AneMeHTOB (MKD) wmcnonp3yercs mis MOACTHPOBAHUS
MOBEACHUS OSTUX KOHCTPYKLMH MpU Pa3IMYHBIX YCIOBHUSX HArpy3kd. MeToJ AUCIEepPCUOHHOTO aHaau3a
(ANOVA) wucnonp3yercst Ui CTaTUCTUYECKOTO aHANW3a JMaHHBIX NOXy4YeHHBIXx MKD, OIeHKH BIHSIHUSA
pa3muyHBIX ()aKTOPOB Ha MeQOPMAIIUIO M paclpelelieHHe YCHINA BHYTPHU 3aKOJIOYHBIX COCTUHCHUN CTEHOK.
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KoHkpeTHast menb [TaHHOTO WCCIIEIOBaHUS — ONPENCNIUTh CTaTUCTUYECKYI0 3HAYMMOCTH HAOIIOJaeMBIX
nedopmanuii ¥ TOHSTH BIMSIHUAE STAallOB CTPOUTEIHCTBA Ha IIEIIOCTHOCTD COeTMHEHUH. Takas MeTooorndeckas
CHUHEprusi MOBBIIIAET MPEACKAa3yeMOCTb HWH)KEHEPHBIX OLIGHOK U TrapaHTHpPYeT, 4YTO pEeLIeHHUs IO
MIPOCKTUPOBAHUIO W CTPOUTEILCTBY OCHOBBIBAIOTCS HA HANEKHBIX OMIIMPHYECKUX JAHHBIX. Pe3ynbTarsl
WCCIICIOBAHMS TTO{YEPKUBAIOT BAYKHOCTh TOYHOTO MOHMTOPHHTA W TIEPEJOBBIX METOJI0B IIPOTHO3UPOBAHUS JUIS
CHIKCHUSI TOTEHINAIBHBIX PUCKOB, CBSI3aHHBIX C HKCILUIyaTalleil 00bEeKTOB TITyOOKOTr0 3aJI0KEHHUS, OCOOESHHO B
KPUTHYECKHUX MECTaX COeAMHEHHMI. Pe3ybTaThl MOKa3bpIBalOT, YTO Ha XapakTep AedopManuii B mepByro ouepenp
BIIMSIIOT TEOMETPUYECKOE PACHONIOKEHNE CTEH M MEXaHHUYECKHe cBoicTBa rpyHTOB. Hanbonemue nedopmarin
0OBIYHO HAOIIONAINCH TaM, TAE CTHIKA CTCH HCIBITBIBAIN CaMbIe BBICOKHE M3THOAIONINE MOMEHTBHI M YCHIIHA
C/IBUTA, MPUYEM JTO COCTOSIHUE YCYryOIsuIoCh HEOJaronpusiTHOM MEXaHMKOH TPyHTa M THIPOCTATHYECKUM
JaBJIeHHEM. SIBHOE M IOCIENOBATEIbHOE YBEINYCHUE OOLIEro CMEIICHUS MOJYEPKHBACT MPOrPECCHPYIOLIYIO
JecTaOMITN3aIMIO CTEHBI 110 Mepe yBEIMUYCHUS ITyOHHBI ookeHHst 00bekTa. MuTerpupanus ANOVA ¢ MKO B
9TOM HCCJICIOBAHUM CHOCOOCTBYET TIIOBBIILICHNUIO 0€30macHOCTH M 3((PEKTUBHOCTH MPOEKTOB OOBEKTOB
rIIyOOKHX 3aJI0KEHUS], TAPAHTHPYSL, UTO PEIICHHUS OCHOBAHbI HA YMIIUPUYECKHUX JTAHHBIX.

KiroueBblie ciioBa: CteHbI-0appeTsl, ITyOOKO€ 3aJI0’KEHNE, METO]] KOHEUHBIX 3JIEMEHTOB,
ONITUMHU3AIHS TONIIMHBI cTeH, TecTsl ANOVA, nedopmariyst, crpaTeriy CTpOUTENBCTBA

1. INTRODUCTION

In the realm of geotechnical engineering, the
structural stability of deep excavation projects
presents a complex interplay of challenges that
demand rigorous analysis and precise
monitoring [1]. As urban centers grow and the
demand for underground space increases, so too
does the complexity of ensuring the safety and
integrity of deep foundations such as barrette
walls [2, 3]. These structures, crucial for
supporting large loads in poor soil conditions,
are particularly susceptible to deformation and
stress at their joints, which can compromise the
overall stability of the construction project. The
evaluation of deformation and forces at the most
critical points of these structures is not just a
technical necessity but a safety imperative. This
study focuses on providing a comprehensive
evaluation of the deformation and force
behavior of barrette wall joints at the point of
greatest deformation, utilizing the Finite
Element Method (FEM) to simulate the intricate
behaviors of these structures under various load
conditions. The FEM is renowned for its ability
to provide detailed insights into the stress-strain
relationships and deformation characteristics of

complex structures [4, 5], making it an
indispensable tool in modern geotechnical
engineering.
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However, the vast amount of data generated by
FEM simulations poses a significant challenge
in terms of analysis and interpretation. This is
where the Analysis of Variance (ANOVA)
method comes into play [6, 7]. ANOVA is
employed in this research to statistically analyze
the FEM data, allowing us to systematically
assess the impact of different factors on the
deformation and force distributions within the
barrette wall joints [8]. This statistical approach
not only enhances the reliability of the
simulation results but also helps in identifying
key patterns and anomalies that could inform
better  construction practices and risk
management strategies. The criticality of this
approach stems from recent failures observed in
similar engineering projects, where unforeseen
deformations led to catastrophic failures,
causing not only financial losses but also
endangering human lives. Such incidents
underscore the wurgent need for advanced
predictive and analytical techniques that can
provide a more accurate and comprehensive
understanding of potential risks associated with
deep excavations.

By integrating ANOVA with FEM, this study
aims to evaluate the overall deformation and
force of the diaphragm wall joint at the weakest
position [9, 10]. The specific objectives are to
determine the statistical significance of the
observed deformations and understand the
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influence of different construction stages on
joint integrity. This methodological synergy
enhances the predictability of engineering
assessments and ensures that design and
construction decisions are grounded in solid
empirical evidence.

2. METHODS

2.1. Materials

The geological setup of the excavation site
comprises two primary layers: the upper layer
consists of mixed clay extending 7.5 meters
deep, followed by a sandy soil layer with a
thickness of 32.5 meters. At this site, an
excavation pit measuring 11 meters by 44
meters is situated adjacent to a single-story
building, with a targeted depth of 15 meters.
Excavation activities are initiated from both
ends of the site to optimize access and
efficiency [11, 12].

To ensure the stability of the excavation walls
and prevent any structural failures, a
comprehensive shoring system consisting of
four layers is strategically employed. These
layers are positioned at various depths: -1 meter,
-4.6 meters, -7.1 meters, and -9.6 meters. The
structure of the shoring system is reinforced
with H-beam steel sections, each measuring
400x400 mm, which are critical in maintaining
the structural integrity of the excavation walls
(Table 1).

Table 1. Parameters describing shoring
system materials

Parameter Value
Material type Elastic

Y (kN/m3) 78.5

A (m2) 0.02187
12 (m4) 0.666E-3
I3 (m4) 0.224E-3
E (kN/m2) 210.0E6

Above these walls, a cap beam with dimensions
of 800x800 mm is installed to connect the
barrette walls, further enhancing the stability of
the overall structure. The barrette walls
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themselves are 800 mm thick and extend down
to a length of 25 meters (Table 2). The presence
of groundwater at a depth of -4 meters adds an
additional layer of complexity to the excavation
process [13].

The methodology employed for excavating this
site starts with the installation of the cap beam,
which is crucial for providing lateral support
and stability from the outset. This initial step
forms the foundation for all subsequent
excavation and shoring activities. After the cap
beam is securely in place, excavation begins
with the careful removal of the soil layer (Table
3). Following this, the first layer of the shoring
system is constructed. This system is vital as it
offers temporary support to the excavation
walls, effectively preventing their collapse.

As the excavation progresses deeper, careful
management of the groundwater table is
necessary [14-16]. The water table is gradually
lowered to counteract hydrostatic pressure, thus
mitigating the risk of water inflow that could
destabilize the excavation site. This iterative
process of excavation, shoring installation, and
water table management is  repeated
meticulously with each descending layer of soil,
ensuring that the excavation progresses in a
controlled and safe manner toward the desired
depth (Figure 1).

Table 2. Cap beam material description

parameters
Parameter Value
Material type Elastic
Y (kN/m3) 25
Height (m) 0.8
Width (m) 0.8
A (m2) 0.02187
12 (m4) 0.666E-3
I3 (m4) 0.224E-3
E (kN/m2) 210.0E6

Table 3. Altitude of excavated soil layers

No The soil layer Altitude (m)

1 Layer 1 0-(-2)

2 Layer 2 (-2)-(-5.1)

3 Layer 3 (-5.1)=(-7.6)
4 Layer 4 (-7.6) — (-10.1)
5 Layer 5 (-10.1)—(-13.1)
6 Laver 6 (-13.1) = (-15)
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Figure 1. Overview of excavation pit models

2.2. Methods

This research meticulously investigates the
deformation of barrette wall joints in deep
excavation sites, employing the Finite Element
Method (FEM) to conduct a detailed analysis of
the soil-structure interactions under various
loading and environmental conditions [17, 18].
The complex dynamics inherent in such
constructions require a nuanced understanding

of how different stressors—such as soil
pressure, moisture variations, and adjacent
structural activities—affect the structural

integrity and behavior of excavation walls.

In the methodological framework of this
study, a generic FEM model is constructed to
represent both the geometry and material
properties of the barrette walls and the
surrounding soil (Table 4) [19].

This model effectively incorporates key
parameters, including the elasticity,
permeability, and plasticity of the soil, as well
as the mechanical properties of the concrete
used in the barrette walls and diaphragm wall
joints has a length of 200 mm (Table 5).

By simulating the excavation process, a
comprehensive analysis of how deformations
collectively affect the barrette wall joint and the
overall structural integrity of the walls is
enabled.

In this study, we employed the Analysis of
Variance (ANOVA) to examine whether there
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are statistically significant differences in
technical parameters across various
excavation stages (Figure 2) [20]. Data were
collected for axial forces, bending moments,
shear forces, and torsion moments from six
distinct stages of excavation. Each parameter
was measured at specific nodes and elements,
providing a comprehensive dataset suitable for
multivariate analysis. The primary goal was to
evaluate the impact of changes in excavation
techniques and geotechnical conditions on
structural integrity and to identify any patterns
or anomalies.

Table 4. Soil description parameters with
Hardening soil model

Soil type

Parameter Clay Sand

Soil model Hardening soil Hardening soil

Drainage Undrained Undrained

Yw (KN/m?) 20.25 20.12

Ysat 20.57 20.55

Cinit 0.5879 0.5810

Ninit 0.3702 0.3675

Esof 6875 13.45E3

Eode ™ 6875 13.45E3

By ™ 20.63E3 40.35E3

Var 0.2 0.2

Power (m) 0.8 0.65

pref 38 400

Cref 7.1 5.7

¢ (°) 30.40 30

Y (©) 0.4 0

K, 1.43E-05 6.91E-6

(m/day)
Ky =Ky 3.59E-05 0.138E-3

Table 5. Description parameters of barrette
wall and diaphragm wall joints material

Parameter Barrette Diaphragm
Walls Wall Joints

Material type Elastic Elastic

Y (kN/m3) 8 8

E1 (kN/m2) 32.50E6 32.50E6

E2 (kN/m2) 32.50E6 32.50E6

D (m) 0.8 0.8

G12 (kN/m2) 16.25E6 0.0001

G13 (kN/m2) 16.25E6 13.54E6

G23 (kN/m2) 16.25E6 0.0001
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2.3. ANOVA Analysis

ANOVA was conducted by first ensuring that the
data met the assumptions of normality and
homogeneity of variances, which were assessed
using Levene’s test, respectively [21]. After
confirming the assumptions, one-way ANOVA
was applied to compare the mean values of each
technical parameter between different stages [22,
23]. Post-hoc comparisons were performed using
the Games-Howell test to determine which stages
differed significantly from each other [24, 25]. This
statistical approach provided a robust framework
for interpreting the complexities of geotechnical
behavior during progressive excavation stages [26].

Sig Levene
Test
4
Sig
r Levene 1
Yes >0.05 No
\ 4
ANOVA Robust
r Test Test 1
g Sig
S:)gOF: Welch
- <0.05
rYesJ_No_l rYCS_I_NO_l
There's There's no There's There's no

difference difference difference difference

Figure 2. ANOVA General Inspection Process

3. RESULTS AND DISCUSSION

3.1. Analyze model deformation and forces

The research, through the application of the Finite
Element Method (FEM), reveals that the
deformation of barrette walls is significantly
influenced by a combination of soil characteristics,
wall geometry, and external loading conditions

(Figure 3).

Total displacements |U| The largest is 0.0555 m
at the red spot in Figure 3. This is the
deformation analyzed at the time when it was
dug to a height of -15 m.

The position of the coupling wall joint
has the largest deformation
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Figure 3. Deformation |U| of the barrette wall
and the location of the largest deformed
diaphragm wall joints

The research conducts an analysis of the
deformation, shear force, and moment
parameters at this diaphragm wall joint site.
From the initial to the final stage of excavation,
there is a clear and consistent increase in the total
displacement (|U|), which suggests a progressive
destabilization of the wall as the excavation depth
increases (Table 6). Starting from a minimal
displacement of 0.0063 meters in the first stage,
the displacement escalates to 0.0532 meters by the
sixth stage. This pattern of increasing
displacement is a typical response in excavation
projects, reflecting the cumulative effect of stress
and strain on the structure as more soil layers are
removed. Deformation [U| through the stages of
earthdigging are depicted in Figure 4.

Table 6. Deformation statistics of diaphragm wall joints during earthworks

Total Total displacements Ux Total displacements Uy Total displacements Uz
Stages displacements [U| min max min max min max
1 6.30E-03 -1.22E-05 1.21E-05 1.66E-03 4.55E-03 4.30E-03 4.37E-03
2 0.01707 -3.7E-05 3.97E-05 0.003566 0.0128 0.0112 0.0113
3 2.64E-02 -6.16E-05 5.78E-05 2.44E-03 2.10E-02 1.59E-02 1.61E-02
4 3.46E-02 -9.41E-05 7.23E-05 1.47E-03 2.83E-02 1.98E-02 2.00E-02
5 4.41E-02 -1.41E-04 8.38E-05 6.80E-04 3.78E-02 2.25E-02 2.28E-02
6 532E-02 -1.73E-04 R 7RE-05 1.53E-04 4 ROE-0?2 2.27E-02. 2 30E-0?2
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Displacements in the Ux axis (lateral) show a
fluctuation within a narrow range, but there's a
noticeable trend where the maximum
displacement slightly increases from 0.0000121
meters in the first stage to 0.0000878 meters in
the last stage. This indicates lateral movements
are relatively controlled but do increase as the

excavation  progresses. Uy and Uz
displacements (vertical and longitudinal),
however, exhibit more substantial changes. The
vertical displacement (Uz) increases

significantly from 0.0043 meters in the first
stage to 0.023 meters in the sixth stage,
highlighting a notable vertical settling or
sinking of the wall under the excavation load.

e

| ! |

(2)

(D 3) @ S (©
Figure 4. Deformation change |U| through the

stages

The observed displacement patterns across Ux,
Uy, and Uz axes suggest that while lateral
stability is maintained to a certain extent, the
primary challenge lies in managing vertical and
longitudinal stresses. The consistent increase in
these displacements indicates that the wall
experiences significant downward and outward
forces, which could be attributed to the
unloading of soil and the consequent
redistribution of stresses within the soil mass
and the wall structure.

Throughout these stages of earthwork, there is a
noticeable trend of increasing absolute values in
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both minimum and maximum axial forces for
N1 and N2 (Table 7). This suggests a
progressive escalation in structural loads as the
excavation deepens, which is typical in such
operations due to the increasing depth and the
subsequent impact on lateral earth pressures.

Table 7. Axial forces value statistics

Axial forces N1 Axial forces N2
Stages min max min max
1 -81.04 55.05 -327 248.1
2 -257 264.5 -553.5 4472
3 -418.6 416.4 -611.2 507.1
4 -662.8 536.6 -620.7 522.2
5 -1050 627.3 -612 519.1
6 -1329 653.7 -839.3 502.8

In the initial stage, axial forces are relatively
low, indicating lesser stress and strain on the
structure. As the excavation progresses to stages
2 through 6, there is a significant increase in
both the compressive and tensile forces. This
increment points towards growing challenges in
maintaining structural stability, demanding
enhanced reinforcement or support systems in
deeper excavation stages.

For axial force N1, the shift from predominantly
negative values in the early stages to a mixed
range in the later stages highlights varying stress
conditions, possibly due to changes in earth
pressure or the activation of support systems
like anchors or struts. Similarly, axial force N2
shows a broadening range between the
minimum and maximum values, reflecting the
uneven distribution of loads across the structure,
which could be attributed to asymmetrical
excavation or irregular soil conditions.

Notably, as the stages progress, both M11 and
M22 show substantial increases in their
maximum  values, indicating heightened
structural stresses due to deeper excavation
(Table 8).

For M11, the minimum value starts at -14.07
kN/m in the first stage and drops slightly to -
29.4 kN/m by the sixth stage, showing a
moderate downward trend. On the other hand,
the maximum value significantly increases from
20.5 kN/m in the first stage to 229.5 kN/m in
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the sixth stage. This sharp rise suggests that
elements experiencing MI11 forces are
increasingly subjected to tensile stress as the
excavation deepens.

as lateral earth pressures intensify with each
subsequent stage of excavation.

Table 8. Moment value statistics through mining

M22 illustrates a more pronounced trend with stages
even larger fluctuations. Starting from a Bending M11 Bending M22

minimum of -28.51 kN/m in stage one and __Stages min max min max
plummeting to -716.5 kN/m in stage six, 1 -14.07 20.5 -28.51 10.53
coupled with a maximum of 10.53 kN/m in the 2 124 43.08 -33.6 289.2
. . 3 -7.627 87.1 -124.4 527.9
first stage surging to 130‘6 kN/m in the‘ .last 4 102 116.7 51 4 688.5
stage. These values are indicative of the critical 5 21.14 174.8 -479.9 930.5
bending loads that the structure must withstand 6 -29.4 229.5 -716.5 1306
Table 9. Shear forces value statistics

Shear Q12 Shear Q13 Shear Q23
Stages min max min max min max

1 1.47E-07 -13.92 19.96 1.25E-07
2 5E-07 -62.69 53.48 5.13E-08 1.11E-06
3 -2.89E-07 7.82E-07 -112.6 89.9 6.50E-08 1.90E-06
4 -2.90E-07 8.73E-07 -173.6 108.6 7.09E-08 2.62E-06
5 -2.91E-07 8.46E-07 -265.8 112.8 7.10E-08 3.63E-06
6 -2.93E-07 7.88E-07 -414.3 167.6 7.08E-08 4.59E-06
The values presented indicate significant Similarly, the maximum values for Shear Q23

differences in the behavior of shear forces
across three different shear directions, namely
Q12, Q13, and Q23, across all stages (Table 9).
In the case of Shear QI2, the values remain
relatively small and consistent, exhibiting
minimal variations from 1.47E-07 to 8.73E-07
kN/m. This consistency suggests that the
excavation process does not significantly affect
shear forces in this direction, possibly due to the
orientation of the excavation or the inherent
structural properties resisting changes in this
shear direction.

Conversely, Shear QI3 shows a substantial
increase in both the maximum and minimum
shear values as the excavation progresses,
ranging from -13.92 kN/m to 19.96 kN/m in the
first stage to -414.3 kN/m to 167.6 kN/m in the
sixth stage. This trend indicates a growing
imbalance or redistribution of forces within the
structure as deeper layers are excavated,
highlighting potential areas of structural stress
or failure that could require reinforcement or
careful monitoring.

Volume 20, Issue 2, 2024

escalate dramatically from 1.25E-07 kN/m in
the initial stage to 4.59E-06 kN/m in the final
stage. This progressive increase in shear forces
could be indicative of increasing lateral
pressures as the excavation depth increases,
potentially compromising the stability of the
excavation sides and necessitating the
implementation of adequate shoring systems to
prevent collapse.

Table 10. Torsion moments M12 value statistics

Torsion moments M12

Stages min max
1 1.98E-07
2 -1.8E-06 1.81E-06
3 -3.05E-06 3.04E-06
4 -4.18E-06 4.16E-06
5 -5.78E-06 5.76E-06
6 -7.30E-06 7.27E-06

The analysis of torsion moments M 12 across the
six stages of excavation reveals a consistent
pattern of increase in both the maximum and
minimum values (Table 10). Initially, the
torsion moments are extremely low, with the
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first stage having a maximum value of only
1.98E-07 kN/m. This indicates minimal
torsional stress at the commencement of
excavation.

As excavation progresses to deeper levels, there
is a significant increase in torsional moments,
indicating increased structural stress. By the
second stage, torsion moments fluctuate around
zero, showing a slight increase to -0.000001812
kN/m and 0.000001808 kN/m for the minimum
and maximum values, respectively. This shift
from nearly negligible initial values suggests
that the torsional demands on the structure begin
to become more significant as the depth of
excavation increases.

The trend continues with more pronounced
increases through stages three to six. The third
stage shows torsion moments at -3.05E-06
kN/m and 3.04E-06 kN/m, nearly doubling by
the fourth stage to -4.18E-06 kN/m and 4.16E-
06 kN/m. The increasing trend underscores the
cumulative effect of excavation depth on
torsional stresses within the structure.

By the fifth and sixth stages, torsion moments
reach -5.78E-06 kN/m and 5.76E-06 kN/m, and
-7.30E-06 kN/m and 7.27E-06 kN/m,
respectively. These values illustrate a steady
increase in torsional demands, reflecting the
ongoing impact of successive excavation layers
on structural integrity.

3.2. Statistical analysis of inspection

The results of ANOVA analysis given with the
independent variable are the parameters Torsion
moments, shear force, Bending moment, Axial
forces, U, Ux, Uy, and Uz deformation values.
The dependent variable is the stages.

The variables Ux, Uy, Uz, U, N1, N2, Q12,
Q23, Q13, M11, M22, and M12 all have a P-
value of 0.000, which indicates that there is a
significant difference in variance between
groups for each variable (Table 11). This
implies that the assumption of homogeneity of
variance is rejected at the level of statistical
significance. Therefore, reviewing the Robust
Test analysis results is necessary (Figure 2) in
Table 12.

170

Table 11. Test of Homogeneity of Variances

Levene
Statistic dfl df2 Sig.
Ux 388,483 5 2730 ,000
Uy 550,886 5 2730 ,000
Uz 246,247 5 2730 ,000
U 741,690 5 2730 ,000
N1 401,832 5 2730 ,000
N2 139,325 5 2730 ,000
Q12 130,977 5 2730 ,000
Q23 320,255 5 2730 ,000
Q13 123,458 5 2730 ,000
Mil1 423,197 5 2730 ,000
M22 195,237 5 2730 ,000
MI12 83,469 5 2730 ,000

Table 12. Robust Tests of Equality of Means

Statistic® dfl df2 Sig.
Ux Welch 264,606 5 1109,881 ,000
Uy Welch 1600,059 5 1115,924  ,000
Uz Welch 12643168,594 5 1197,841 ,000
U Welch 8531,537 5 1111,466 ,000
N1 Welch 340,604 5 1098,680  ,000
N2 Welch 269,004 5 1200,865 ,000
Q12 Welch 364,783 5 1197,433 ,000
Q23 Welch 550,395 5 1067,969 ,000
Q13 Welch 10,313 5 1100,477 ,000
M1l Welch 1233,368 5 1193,499 ,000
M22 Welch 14,136 5 1068,621 ,000
M12 Welch ,096 5 1069,925 ,993

a. Asymptotically F distributed.

In the Robust Test table, the Sig values of the
variables Ux, Uy, Uz, U, N1, N2, Q12, Q23,
QI13, M11, and M22 are all 0, proving that these
variables have differences between stages. Only
variable M12 has Sig = 0.993, this variable has
no difference between digging stages.

Use Games-Howell analysis to post-test to find
the variable with the largest difference among
the variables with differences between
construction stages. The results of the Ux
variable compared between stages have a
significant difference (Sig. = 0.000), the Uy
variable decreases significantly as the stages
progress (from Stage 1 to Stage 2 the difference
is -0.006072711, Sig. = 0.000), Uz is similar to
Uy, Uz also decreases significantly in later
stages (from Stage 1 to Stage 6, the difference is
-0.018497660, Sig. = 0.000), U changes greatly
across stages. Period (significant decrease from
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Period 1 to Period 6, difference is -
0.032850999, Sig. = 0.000), Group of variables
N1 and N2 show a significant increase in later
periods compared to previous periods ( NI
increases from 121,921 at Stage 1 to Stage 2 up
to 460,343 from Stage 1 to Stage 6 with Sig =
0.000), Groups Q12 and Q23 show a significant
change, although the actual values are very
different. small, reflecting small but statistically
significant differences (Q12 from Phase 1 to
Phase 2 is -0.000000187, Sig. = 0.000), M11
and M22 show significant changes across
phases (M11 decreased from -27,638 in Stage 1
to Stage 2 to -134,048 from Stage 1 to Stage 6
with Sig. = 0.000).

In the analysis from the Games-Howell post hoc
tests, the wvariable Uz exhibits the most
substantial differences between stages. This
difference is quantitatively significant and is
represented with very precise statistical values.
For instance, the mean difference between Stage
1 and Stage 3 for Uz is -0.011647417, with an
exceptionally  low  standard  error  of
0.000002713 and a significance level (Sig.) of
0.000, indicating not only a significant
difference but also one with high precision. The
magnitude of the changes in Uz is notably larger
than those observed in other variables, with p-
values consistently indicating these differences
are statistically significant.
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Figure 5. Mean plot of deformation Uy and Uz
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Figure 6. Mean plot of Ux

In addition to the variable Uz, which shows the
most significant differences among the stages
studied, attention should also be directed
towards the variable Uy. This variable, similar
to Uz, displays substantial stage-to-stage
variations with consistently significant results,
indicating its critical role in the study. Uy
demonstrates a clear creasing trend as the stages
progress, which could suggest a systematic
change in the experimental conditions or the
effect of accumulating variables across stages.
The increment in Uy from Stage 1 to Stage 6 is
notably significant, with the difference marked
at 0.025413693, a p-value of 0.000 underscoring
its importance in reflecting the underlying
phenomena being studied (Figure 5).

Besides the variables that increase according to
the stage, the variable Ux also decreases
according to the construction stage (Figure 6).

3.3. Discussion

This research has underscored the critical
importance of monitoring and evaluating
deformations within geotechnical engineering
projects, particularly those involving deep
excavations like the one studied. The detailed
analysis of deformation across different stages of
the excavation process has  highlighted
significant transformations in the structure's
behavior under varying geotechnical conditions.
Integrating the Finite Element Method (FEM)
with the Analysis of Variance (ANOVA),
provides a nuanced understanding of the
structural ~ behaviors  underpinning  deep
excavation projects, specifically focusing on
barrette wall joints. The significance of the
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deformations observed at these joints, the
underlying causes, and their implications for
structural safety are crucial for refining
construction practices and enhancing project
outcomes. Through the FEM, we have been able
to simulate detailed scenarios that reflect real-
world conditions under which these deep
excavations are subjected. The FEM results
reveal that the deformation patterns are primarily
influenced by the geometrical setup of the walls
and the mechanical properties of the soils. For
instance, the greatest deformations were typically
observed where the wall joints experienced the
highest bending moments and shear forces,
conditions that are exacerbated by unfavorable
soil mechanics and hydrostatic pressures. The
ANOVA analysis further assists in decoding the
influence of wvarious factors such as load
conditions, soil consistency, and construction
stages on these deformations. Significant
findings from the ANOVA suggest that
variations in soil properties across different
layers significantly affect the deformation
outcomes. For example, softer soil layers were
associated with higher degrees of deformation at
wall joints. This relationship underscores the
necessity for precise soil assessment and
characterization in the planning stages of
construction to mitigate potential risks.

In this context, the variable Uz, which records
vertical displacements, has demonstrated the
largest and most significant changes across all
stages. These findings are particularly important
as they provide clear evidence of the progressive
destabilization that can occur as excavation depths
increase. The substantial increases in deformation
measurements from the earliest to the final stages
suggest that the structural integrity of the
excavation walls could be compromised without
adequate monitoring and intervention.
Additionally, the variable Uy, indicative of lateral
displacements, also shows significant
transformations, reinforcing the necessity of a
comprehensive  monitoring  strategy  that
encompasses multiple axes of deformation. The
clear decreasing trend in Uy values as the
excavation progresses could indicate lateral shifts
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or bending of the walls under load, which, if not
adequately braced, could lead to catastrophic
failures. The interaction of these variables with the
mechanical properties of the soil and the
construction materials used (as detailed in the
earlier tables of material properties and design
specifics) provides a complex picture of the
dynamic interactions within the excavation site.
For instance, changes in soil moisture, which
affect soil stiffness and permeability, could further
exacerbate the deformation rates observed.

By comparing these results with existing
studies, such as those by Arabaninezhad, A., &
Fakher, A. (2021) who investigated similar deep
excavation projects in urban environments, it
becomes evident that our findings align with
broader observations in the field. These studies
also highlighted the critical impact of soil
heterogeneity on wall stability and emphasized
the value of integrated approaches in predicting
and managing structural responses.

One of the critical insights from our study is the
demonstration of how specific deformation
patterns, identified statistically through ANOVA,
correlate strongly with increased risks of structural
failure. For instance, where significant statistical
differences in deformation across stages of
excavation were noted, these often coincided with
stages where historical data indicate a higher
incidence of structural failures. This correlation not
only validates the FEM and ANOVA as effective
tools for this field of study but also enhances our
ability to predict and prevent failures.

Moreover, the application of these analytical
methods allows for a proactive approach to
construction management. By understanding
which stages of the excavation process are most
susceptible to critical deformations, project
managers can implement targeted reinforcement
strategies and adjust construction plans in real
time to ensure structural integrity.

4. CONCLUSIONS

This research has provided comprehensive
insights into the deformation behaviors of barrette
wall joints under various construction conditions
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through the combined use of the Finite Element
Method (FEM) and Analysis of Variance
(ANOVA). By integrating these two powerful
analytical tools, we have been able to pinpoint
critical factors influencing structural deformations
and thereby propose more effective risk
management and mitigation strategies in
geotechnical engineering projects. The application
of FEM has allowed for a detailed simulation of
the complex interplay between soil properties,
wall geometry, and loading conditions. This
method revealed that deformations at the barrette
wall joints are significantly affected by variations
in soil composition and moisture content, as well
as by the physical constraints imposed by the

surrounding  structures. The results have
highlighted the critical need for precise
monitoring and evaluation mechanisms in

geotechnical engineering projects, especially those
involving significant changes in the structural
environment. The variables Uz and Uy, which
measure vertical and lateral displacements
respectively, have shown significant increases in
deformation with Uz experiencing a peak
deformation of 0.0555 meters at the maximum
excavation depth of -15 meters. This significant
deformation  underscores the  progressive
destabilization of the excavation walls as the
depth increases. For instance, the increase in Uz
from 0.0043 meters at the first stage to 0.023
meters in the final stage illustrates a more than
fivefold increase in vertical displacement, which
clearly indicates the gravity of structural shifts that
could potentially lead to wall failures if not
properly managed.

Similarly, Uy presented a significant reduction
from an initial deformation at the first stage to a
decrease by the sixth stage, which corresponds
to the lateral adjustments of the wall under
different loading conditions. These quantitative
changes in Uy from 0.00455 meters in the initial
stage to of 0.0480 meters by the final stage
highlight the lateral movement tendencies that
need continuous monitoring to prevent any
unforeseen structural failures. Furthermore, the
utilization of ANOVA has provided a robust
statistical framework to assess the impact of
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these variables systematically, confirming the
hypothesis that certain construction stages and
soil conditions pose greater risks than others.
The major contributions of this study include the
identification of specific stages in construction that
are prone to critical deformations, and the
clarification of how different soil layers' properties
can drastically influence the stability of deep
excavation sites. Such insights are invaluable for
construction engineers and project managers, as
they highlight the need for tailored construction
strategies based on the specific conditions of each
site. Additionally, the research findings advocate
for the implementation of continuous monitoring
systems at construction sites to dynamically assess
and respond to potential structural failures. Real-
time data obtained from such systems can be
analyzed using the methodologies described in this
study to make immediate adjustments to the
construction process, thereby enhancing safety and
efficiency. For future research, it is recommended
to expand the application of these methodologies to
a wider range of geotechnical structures and
conditions. Investigating different types of soil and
more varied construction scenarios will further
validate the versatility and robustness of the FEM
and ANOVA integration. Moreover, longitudinal
studies that track structural integrity over time post-
construction could provide deeper insights into the
long-term impacts of the identified factors on
structural health and safety.

In practical terms, this study serves as a
foundation for developing advanced predictive
models that can be incorporated into
construction  planning and management
software. These models, equipped with the
ability to simulate various scenarios and predict
outcomes, could significantly improve decision-
making processes in construction projects,
especially those involving complex
underground constructions. By identifying key
factors affecting structural integrity and
demonstrating the effective use of advanced
analytical techniques, this study contributes to
the enhancement of safety standards and the
optimization of construction practices globally.
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