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ABSTRACT

This study investigates ground movements resulting from diaphragm wall (D-wall)
excavation during the construction of an underground metro station in Heliopolis,
Cairo. In a densely populated urban environment, horizontal soil displacement and
additional pressure on support systems present major geotechnical concerns.
Influencing factors include subsurface conditions, excavation depth, wall stiffness,
construction sequence, nearby infrastructure, and surface loading. Field data
collected over two years were analyzed and compared with numerical simulations
using both Mohr-Coulomb and Hardening Soil models through two-dimensional (2D)
and three-dimensional (3D) finite element methods. The study aims to assess the
predictive accuracy of these models and evaluate the potential risks to surrounding
structures. Findings indicate maximum horizontal wall displacements between
0.04% and 0.06% of excavation depth, with surface settlements ranging from 6% to
32% of lateral wall movement. The outcomes enhance understanding of soil-
structure interaction and contribute to safer design, planning, and monitoring of deep
excavations in urban metro development.

KEYWORDS: Deep excavation, Diaphragm wall, Lateral wall deformation, Finite
element analysis and Surface settlement.
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1. INTRODUCTION

The increasing scarcity of surface space in major urban centers has resulted in complex traffic systems
and intensified transportation demands. In response to these challenges, underground construction
has emerged as a strategic solution to alleviate surface congestion and expand usable urban
infrastructure. In Cairo a city recognized as one of the most densely populated not only in Egypt but
globally such developments have been essential. The expansion of the Cairo Metro Line 3 (CML3),
which stretches from Imbaba to Cairo International Airport, represents a key effort to enhance urban
mobility. Specifically, Phase 4A of CML3 extends approximately 5.1 kilometers, from Heliopolis
Station to the Exit Shaft. The general layout of Heliopolis Station, which serves as the focal point of
this study, is part of this effort to alleviate the growing transportation demand. In tunneling projects,
a primary engineering objective is to minimize ground surface settlement resulting from excavation
activities.

The foremost concern in such operations is often the prevention of excavation collapse [1,2].
Accurately estimating the maximum surface settlement is essential, as it supports the nonlinear
calibration of input parameters across multiple observational targets. However, the reliability of
stability assessments is closely tied to the accuracy of the soil behavior representation within the
chosen numerical simulation model. In densely populated urban environments, deep excavations are
often carried out in close proximity to existing structures. Such activities can lead to unanticipated
ground movements, posing a significant risk of damage to nearby buildings. The behavior of retaining
walls and the deformation of surrounding soil have been extensively investigated in past studies [3-
6].

These investigations commonly employ the Finite Element Method (FEM) to model and
predict subsurface ground responses resulting from excavation processes. Many researchers have
relied on the Finite Element Method (FEM) to model subsurface ground variations resulting from
excavation activities. Field measurements have confirmed that ground movement induced by
diaphragm wall installation can represent a significant portion of overall soil displacement [7,8]. A
study approach, combining 3D nonlinear analysis due to unexpected deflection values with a
constitutive model to account for variations in bulk and shear moduli based on stress loading scales,
was proposed by Comodromos et al. [9]. It was observed that the most substantial ground movement
occurs at the onset of panel installation, with lateral movements in subsequent panels being notably
reduced. Hsiung and Dao [10] emphasized that more accurate predictions of ground surface
settlements can be achieved by adopting advanced constitutive models that incorporate the small
strain characteristics of soil in numerical analyses.

By utilizing such models, engineers can better predict ground surface settlements while
considering the soil's response at small strains. However, the input parameters for these models often
require complex and detailed testing. In the present study, the authors assessed the applicability of
their predictive model by comparing its results with observed field data. Due to unexpected deflection
values recorded in the diaphragm walls, the authors recommend a comprehensive soil characterization
to better understand the subsoil conditions. This approach will help delineate the failure zones within
the soil and mitigate the risk of future damage at Heliopolis Station, thereby reducing potential
hazards.

2. CASE STUDY

This section presents an overview of the project, including its main features, the site's soil conditions,
the sequence of construction stages, and the field measurements conducted to monitor performance
and validate design assumptions.
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2.1.Project Description

Cairo is one of the most populous cities in the world. Several years ago, the Egyptian government
began the development of a metro transportation network, leading to the creation of the Cairo Metro
system. The system currently comprises three operational lines: Line 1 (the main line), Line 2, and
Line 3, with a fourth line still under construction. This study focuses on Line 3, which consists of 27
stations. Specifically, we investigate the Heliopolis Tunneling Station, one of the largest metro
stations in both the Middle East and Africa. The station spans from Haroun to El Nozha 1. Fig. 1
presents the station layout, which includes two intersecting rectangular plots in phases 4A and 4C,
with approximate dimensions of 225 m by 23 m. The excavation dimensions for this station are 20.74
m in width, 225 m in length, and approximately 28.5 m in depth. Fig. 2 illustrates the static cross-
sectional system of the specified case, which features a rectangular diaphragm wall with a depth of
41 meters and a thickness of 1.20 meters. The wall is supported by four levels of reinforced concrete
slabs constructed sequentially: the roof slab, ticket slab, intermediate slab, and raft slab. These slabs
provide lateral support to the diaphragm wall at different excavation stages. Additionally, a series of
temporary inclined struts, spaced approximately every 3 meters horizontally, are installed between
the intermediate and raft foundation. These struts enhance the wall’s stability at deeper levels, as
shown in Fig.2.
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Fig. 1: Layout of Heliopolis Underground Station Fig. 2: Cross Section X-X in Heliopolis Station

2.2. Soil Profile

Fig. 3 and Fig. 4 depict locations and the specifics of Bore hole with standard penetration test, which
used in this case study. The underground water level is -28.30 m under the ground surface, according
to the results of in-situ and laboratory investigations. Soil stratification is defined as follows: Layer
(1) a two- meter-thick layer emerged at elevations ranging about 2m. This stratum is fill contains
asphalt, sand, gritty gravel and sand with gravel. Layer (2) following the fill top layer, the thickness
about 9.80m. This layer is dense to very dense, fine to coarse sand and gravel, with traces of silt and
calcareous. Layer (3) the thickness of the subsequent layer is altered 9.20m. This layer is stiff, silty
clay. The liquid limit, plasticity index and water content are 54%, 21%and 22%, individually. Layer(4)
the thickness of the subsequent layer is 29.5m, this layer is dense sand.
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Fig. 3: Soil Lithology locations BH 103 & 104
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Fig. 4: Soil Lithology BH 103&104
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2.3. Construction Stages

Fig. 5 depicts the methodology of top-down works used in the construction of station [11]. First,
install a diaphragm wall around the station, as indicated in Fig. 5.a. Second, as indicated in Fig. 5.b,
soil injection is used to create a non-porous pluge under the raft. Third, as indicated in Fig. 4.c,
excavate beneath the roof slab to construct a concrete roof slab. Fourth, as illustrated in Fig 5.d,
excavate beneath the ticket slab to construct the concrete ticket slab. Fifth, as indicated in Fig. 5.e,
excavate beneath intermediate slab to construct a concrete intermediate slab. Six, excavation under-
steel inclined strut supports, as illustrated in Fig. 5.f to create the inclined steel struts. Seventh,
excavate beneath the raft slab to construct a concrete raft slab, as indicated in Fig. 5.9. Eight, as
illustrated in Fig. 5.h, remove the inclined struts.
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Fig. 5: Stages of adopted construction of deep excavation system

2.4. Field Measurement

To measure the actual field deformation during the top-down diaphragm wall construction,
inclinometer devices were installed along the panels of the station, as shown in Fig. 6. It is important
to note that the inclinometer readings (1) were taken after the completion of the station construction
stages. The final four readings indicate a stabilization of the measurements, with the maximum lateral
deformation of the wall recorded at 16.58 mm, as illustrated in Fig. 6.
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Fig. 6: Inclinometer locations of Station phase (4A)

3. ANALYSIS METHOD OF NUMERICAL MODEL

This research utilized Plaxis 2D&3D as the primary software for conducting numerical analyses. Two
different soil constitutive models were employed—namely, the Mohr-Coulomb (MC), Hardening Soil
(HS) to represent the soil layers and assess their effectiveness in forecasting wall deformations, and
surface settlements caused by station construction. While all models shared identical strength
parameters, their stiffness parameters varied. In the MC model, stiffness values were fixed, whereas
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in the HS models, it depended on stress levels. As a consequence, the lateral deformation and settlement
results of both numerical models (2D and 3D) are compared to field measurements in Fig. 7.
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Fig. 7: Last measurements of Inclinometer (1) at Year 2019

3.1.Method Settlement and Adapted Constitutive Models

Soils exhibit non-linear behavior when subjected to variations in strain or stress, with their stiffness
being influenced by several factors, including the applied stress state, the loading path, and the strain
level. The Mohr-Coulomb (MC) model, which is a basic linear elastic model, assumes completely
plastic behavior following yielding, making it suitable for preliminary evaluations based on isotropic
elasticity, as described by Hooke's law. This model is often used in cases where simplification is
required for initial design or analysis. In contrast, the Hardening Soil (HS) model, proposed by Schanz
et al. (1998), offers a more advanced approach for modeling the behavior of soils, ranging from soft
to hard materials. The HS model accounts for the reduction in stiffness and the development of
irreversible plastic strains under primary deviatoric loading. Unlike the MC model, the HS model
incorporates plasticity theory, improving upon the hyperbolic model, which is based solely on
elasticity. The HS model also incorporates soil dilatancy and introduces a yield surface, enabling it to
better capture the non-linear stress-strain behavior of soils during loading and unloading phases. This
model represents soil behavior using three distinct stress-dependent moduli: the oedometer modulus
(Eoed), the secant modulus at 50% of the maximum stress (E50), and the unloading/reloading
modulus (Eur). These moduli are essential for capturing the highly non-linear relationship between
stress and strain during the initial loading phase, as well as for modeling the unloading effects [11].
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For the MC model, stiffness parameters are typically derived from correlations with the Standard Penetration
Test (SPT) N-values [12]. For the HS model, the stiffness moduli are defined as follows in Equation (1)

and Equation (2):

Eso = Eogp = E' Eq (1)
Where represents the stiffness parameter used in the MC model.
Eur = 3ESO Eq (2)

Where representing the unloading/reloading modulus, which is three times the E50 value.
The stress-level dependency of stiffness is described by the relationship

m = 0.45 + 0.003Dr (%) Eq (3)
where Dr is the relative density of the soil, as established by Teo and Wong [13].

Table 1 shows the main basic parameters for the two models related by the soil layers.

Table 1: Soil Data Sets Parameters
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3.2.2D&3D Numerical Model Geometry

The two-dimensional finite element method (2D FEM) proves to be particularly advantageous in
geotechnical engineering applications where the primary focus lies on horizontal ground surfaces.
In this study, the subsurface soil strata were modeled using high-order 15-noded two-dimensional
elements, allowing for accurate representation of the soil behavior. Structural components such as
diaphragm walls and concrete slabs were simulated using plate elements to adequately capture their
flexural response. Numerical model was configured with dimensions of 115 meters in width and
96 meters in depth, as illustrated in Fig. 8. The 3D model is used to represent the whole geometry
of soil structure. providing a more realistic depiction of field condition. The 3D FM model's soil
layers are represented by high order 10-noded mesh elements with the same mesh and dimensions
which used in 2D model as shown in Fig. 9.

115m

21.00 m Diaphragm wall

96 m

Fig. 8: Geometry of 2D FE Model

Fig. 9: Dimension and boundary of 3D FE Model

3.3.Design considerations

Finite element analyses were carried out using PLAXIS 2D and PLAXIS 3D to model the structural
response of various components within the excavation support system during the construction of
the underground metro station. The diaphragm wall (D-wall), structural columns, roof slab,
concourse slab, and base slab were modeled as plate elements to adequately capture their flexural
stiffness and membrane behavior. The elastic modulus E for these components was assigned based
on characteristic concrete grades, with M40 used for the D-wall and M35 for all slab elements,
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consistent with standard design specifications [14]. To reflect field conditions more accurately, a
20% reduction in the effective strength of the diaphragm wall was introduced. This adjustment
accounts for quality degradation typically observed in tremie concrete placement, particularly
under submerged conditions or in deep trench environments [15]. Temporary steel struts, designed
to resist axial forces generated by lateral earth pressures during excavation stages, were simulated
using node-to-node anchor elements with axial stiffness properties calibrated according to typical
steel bracing design practice [16]. The excavation sequence and support installation were modeled
in a staged construction framework, enabling detailed evaluation of stress redistribution, wall
deflections, and structural forces at each excavation level. Table 2 summarizes key structural
properties of various slab elements used in the design of a substructure, including diaphragm walls
(D-walls), roof slabs, ticket level slabs, intermediate slabs, and raft foundations. For each slab,
important parameters such as thickness, axial stiffness (EA), flexural stiffness (EI), unit weight,
and Poisson’s ratio are provided. These properties are essential for accurate structural modeling
and analysis.

Table 2: Material properties for Structure elements and design considerations

. . . Flexural weight  Poisson’s
Thickness Identification Axial force (EA) stiffness (l) W) ratio (v)
(m) of slab (kN/m) (kNm2/m) (k'\r‘r{)m/ A
12 D-Wall 2.30E407 2.87E+06 30 0.2
Continuous
1.2 Roof Continuous 2.80E+07 3.36E+06 25 0.2
Ticket &
15 Intermediate 3.50E+07 6.56E+06 25 0.2
Continuous
1.5 Raft Continuous 3.50E+07 6.56E+06 25 0.2
Surcharge Construction Uniform surcharge of 20 kPa for 2m width is directly applied on the ground level.

loads

Full water table at ground level has been considered in the analyses behind the diaphragm
Ground wall.

water table
The water table is modelled 1m below the excavated level for the excavation side.
Uniform surcharge of 50 kPa with minimum 20 m width behind.

Building loads . . L -
the excavation has been applied on the active side (1.5 m below ground level) of the retaining
system.

Surcharge

Minimum 20 kPa surcharge above station box and entrances if any, is applied after backfilling

Vehicular loads
to ground level.
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4. Ground Surface Settlement

This part presents real measured settlement data from nearby buildings to evaluate actual ground
movements during construction. It then estimates the ground surface settlement using the Peak
Method, which relies on empirical formulas. Finally, a numerical study is conducted to predict
settlement, comparing these results with both measured data and analytical estimates for accuracy.

4.1 Settlement Real Measured Data for Surrounding Buildings

This study investigated six buildings with in the Heliopolis station’s influence zone: Hel 2, Hel 8,
Hel 9, Hel18, Hel 23, and Hel 25 as in Fig. 10. The Elevation Reference Point (ERP) technique
was applied to monitor vertical movements in these structures. Time-displacement graphs were
generated to track soil movement over time, with the results for the respective ERP points shown
in Fig. 11 and Fig. 12. During the pre-drilling phase, elevating the ground level near the excavation
perimeter significantly influences the upper soil layers, often resulting in a loss of captured data
related to surface displacements due to construction activities. Vertical displacements at greater
depths are particularly critical, especially for structures with deep foundations. This phenomenon
may be attributed to the reduced influence zone, which is approximately half the depth of the
excavation (Aye et al., 2006). The displacement monitoring in this study commenced in August
2016 and concluded in May 2019, covering a duration of over two years. The recorded data
exhibited variability both between buildings and at different monitoring points within the same
building. For instance, at point "a" of building Hel 2, there was a slight increase in subsidence over
time (Fig. 11a), whereas a more pronounced displacement was observed at corner “A” of the same
structure. In contrast, corner point “A” of building Hel 23 demonstrated a consistent increase in
displacement, beginning in May 2017 and continuing thereafter (Fig. 12c). For building Hel 18, a
stabilization in settlement was observed after November 2019 at points “A,” “B,” and “C” (Fig.
12a). Table 3 indicates the max measured settlements for surrounding buildings.

Fig. 10: General layout of Heliopolis Station
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Table 3: Max monitoring settlement for Surrounding Building

surrounding Building Max. actual Settlement

(mm)
HELO2 point(A) 4
HEL08 point(D) 3
HELO09 point(C) 1
HEL18 point(A) 2
HEL23 point(D) 2
HEL25 point(A) 2

4.2 Estimating of Ground Settlement Surface (Peak method)

In order to estimate the ground settlement induced by diaphragm wall construction, the
methodology adopted in this study is based on empirical models derived from field observations,
particularly those proposed by Peck (1969). The total settlement is considered as the combination
of two primary components: the settlement caused by trenching for diaphragm wall installation,
and the settlement resulting from subsequent excavation behind the wall.

The maximum vertical settlement S,,,,, at the ground surface is estimated as a proportion
of the final excavation depth H, using the following empirical relationship as in Equation (4):

Smax = a.H Eq (4)
Where:

(o) is a coefficient dependent on soil type and construction technique, typically ranging
between 0.001 and 0.01. Lower values of o are associated with stiffer soils (e.g., dense sands, stiff
clays) and high-quality construction techniques (e.g., well-controlled slurry trenching and robust
support systems), while higher values are often observed in softer soils and less controlled
construction environments.

The total settlement at any point is obtained by summing the settlement components associated
with wall trenching and deep excavation as Equation (5):

Stotar(x) = Strenching (%) + Sexcavation(x) Eq (5)
Where:

(Strenching (x) is the settlement due to diaphragm wall trenching (typically shallow and
localized),

(Sexcavation (%)) is the settlement due to deep excavation behind the wall (typically larger and
more widespread).

1. Settlement Due to Diaphragm Wall Trenching S;yenching

This is typically shallow and localized settlement occurring during panel excavation and slurry
support. It can be estimated as Equation (6):
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Strenching,max = Og. H ECI(G)
Where:

() is the trenching settlement coefficient (typically 0.001-0.004, or 0.1-0.4% of
excavation depth). Lower values are observed in dense granular soils or stiff clays with
minimal soil loss, while higher values occur in soft clays or unstable trenching conditions.

(H) is the depth of the diaphragm wall trench (often the full depth of wall panel installation,
even before excavation behind the wall).

Then the settlement at any distance x from the wall as in Equation (7):

x2
Strenching(x) = Strenching,max- exp <_ F) Eq (7)
t

Where i, is the trenching settlement trough width, typically 0.3-0.5H.

2. Settlement Due to Excavation Behind the Wall S.,cavation

This is the more significant component and occurs after excavation starts behind the wall, causing
wall deflection and ground movements. Estimated as Equation (8):

Sexcavation,max(x) = a,. He Eq (8)
Where:

() is the excavation settlement coefficient, typically 0.003-0.008 (or 0.3-0.8% of the
final excavation depth),

(He) is the final depth of excavation behind the diaphragm wall as Equation (9)

2
Sexcavation (X) = Sexcavatian,max- eXp (_ 2)57) Eq (9)

Table 4 shows the summary of the values of settlement coefficients related with the soil
type.

Table 4: Values of settlement coefficients

Trenching Settlement Excavation Total
Soil Type Coeh?icient t Settlement Settlement
@ Coefficient ae Coefficient a
Very stiff clay / Dense sand 0.001 -0.002 0.003 - 0.004 0.004 - 0.006
Stiff clay / Medium dense sand 0.0015-0.003 0.004-0.006  0.0055-0.009
Soft clay / Loose sand 0.002 - 0.004 0.006 —0.008 0.008 -0.012
Very soft clay / Organic soils 0.003-0.004 0.007-0.010+  0.010-0.014

In order to estimate the ground settlement case study induced by diaphragm wall
construction, which depth (H) is 41m , excavation depth (He) is 28m for the three buildings (HELS8
point (D)& HEL23 point (D)& HEL25 point (A)) at surface distance (x) from diaphragm wall
25.70 m, 45.70m and 31.40m respectively total settlement is considered as the sum of two primary
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components: settlement due to diaphragm wall trenching and settlement caused by excavation
behind the wall, as expressed in Equation (5):

The trenching settlement is a localized effect occurring during panel excavation and slurry
support, calculated by first determining the maximum settlement S enchingmax at the wall face
using Equation (6):

Strenching,max = 0.0015 x 41 = 0.0615m = 61.5mm

The settlement at any horizontal distance x from the wall is then given by Equation (7):
where i, is the trenching settlement trough width, taken as 0.4 times the trench depth H, i.e.,
iy =04%x41=164m

The second component, settlement due to excavation behind the diaphragm wall, is
generally more significant. Its maximum settlement S,,.cqvationmax 1S €Stimated from Equation

(8):

where o, is the excavation settlement coefficient, typically between 0.003 and 0.008, taken
as .0035 was adopted

Sexcavationmax = 0.0035 x 280.0980 m = 98.0 mm

The excavation-induced settlement at any distance (X) is modeled by Equation (9):

with i, as the excavation settlement trough width, assumed here as 0.5 times the excavation depth
(He)

ip =05%x28=140m

For x = 25.70m
25.702
StI‘enching(25-70) =615 xexp _m =18.02mm
25.70?
Sexcavation(25-70) =98 * exp _W = 18.26 mm
Stora1(25.70) = 18.02 + 18.26 = 36.28 mm
For x =31.40m
31.402
Strenching(:-)’1-40) =61.5x*exp T 5%1642 = 9.85mm
31.40?
Sexcavation(31-40) = 98 * exp —m =7.95mm
Siora1(31.40) = 9.85 + 7.95 = 36.28 mm
For x=45.70m
45.707?
Strenching(45.70) =615=exp 5 1642 =126 mm
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45702
2 %142

Sexcavation(45.70) = 98 * exp <— ) = 47 mm

Stora(45.70) = 9.85+ 7.95 = 1.73m

These previous results indicate that settlement reduces with increasing distance from the
diaphragm wall, dominated by excavation effects near the wall and diminishing significantly
beyond 40 m. The methodology provides a reliable, field-validated approach for predicting
settlements induced by diaphragm wall construction in dense granular soils. Table 5 shows the
Comparison of the Peak results and the measured data field.

Table 5: Peak results and the measured data field.

S di Distance Strenching,max Sexcavation,max Stotal(x) Max.
urroundin
buildings m (mm) (mm)  (mm) actual(rSnertT:;ement
HELO8 3
point(D) 25.7 18.02 18.26 36.28
HEL23
point(D) 31.4 9.85 7.95 17.8 2
HEL25
poiNt(A) 457 1.26 0.47 1.73 2

4.3 Numerical Study for Predicted Settlement

A combination of three-dimensional Hardening Soil (HS) and Mohr-Coulomb (MC) models was
employed to evaluate the settlement behavior of the surrounding buildings. The input parameters
used for both models are identical and are provided in Table 1, based on consistent soil
characteristics. Fig 13 illustrates the spatial configuration of the surrounding structures
incorporated into the 3D numerical simulation. The analysis focuses on three representative
buildings HEL 8 (Point D), HEL 23 (Point D), and HEL 25 (Point A) located at horizontal distances
of 25.7 m, 45.7 m, and 31.4 m, respectively, from the diaphragm wall. These cases were selected
to highlight the differences between the numerically predicted and the actual measured settlements.

Point A

Point A Point D ' - ‘ Pointl

Fig. 13: 3D model for the surroundings building locations for the station of Heliopolis
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5. RESULTS

This section presents the lateral deformation results, highlighting the horizontal displacements of
retaining elements under various loading conditions. Section 5.2 introduces the Plane Strain Ratio
(PSR), used to assess how closely the 2D plane strain model approximates real 3D behavior.
Section 5.3 summarizes settlement results, focusing on vertical ground movement and its impact
on surrounding structures and serviceability.

5.1.Lateral Deformation Results

Fig. 14 shows the 2D and 3D deformed shape results. Fig.15a illustrates the correlation between
depth and lateral wall deformation based on the Mohr-Coulomb (MC) numerical models in both
two-dimensional (2D) and three-dimensional (3D) analyses. For both 2D and 3D MC models, the
peak lateral displacement is observed near the mid-height of the diaphragm wall. The maximum
deformation predicted by the 2D MC model is 18.52 mm, which exceeds the field measurement by
approximately 11%. In contrast, the 3D MC model estimates a maximum deformation of 15.13
mm, which is 8.74% lower than the observed field value. Similarly, Fig.15b presents the depth—
lateral deformation relationship for the Hardening Soil (HS) model in both 2D and 3D forms. As
with the MC models, the highest deformation in the HS models also occurs around the diaphragm
wall’s mid-height. The 3D HS model predicts the smallest lateral deformation, with a value of
12.442 mm, which is 24.90% less than the field measurement. Among the HS models, the 2D
version shows a maximum lateral deformation that more closely aligns with the measured field
inclinometer data, making it a more accurate representation in this context.

(@) (b)
‘”IDLLUIJ: - 16

LR

2000

L8]
L]

125 loodl

D. viall left side study

Fig. 14: Deformed shape (a) Two-dimensional model; (b) three-dimensional model
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Fig 15: Comparison between field measurements and numerical simulation results: (a) Two-dimensional and
three-dimensional Mohr-Coulomb (MC) models; (b) Two-dimensional and three-dimensional Hardening Soil
(HS) models

5.2.Plane Strain Ratio (PSR)

According to Finno et al. (2006) and Ou et al. (2006), the Plane Strain Ratio (PSR) is defined as
the ratio of the maximum deflection predicted by a three-dimensional (3D) analysis to that obtained
from a two-dimensional (2D) analysis. This study evaluates the PSR values for different soil
constitutive models, to assess the influence of soil behavior on displacement predictions.

_ Deflection computed via 3D analyses

PSR

Eq (10)

" Deflections computed via 2D analyses

The calculated Plane Strain Ratio (PSR) for the Mohr-Coulomb (MC) model is approximately
0.956, while for the Hardening Soil (HS) model, it is approximately 0.702.

5.3.Settlement Results

Fig.16 presents the comparison between the measured ground settlement at point D of the HEL8
section and the predictions obtained from the 3D Hardening Soil (HS) and Mohr-Coulomb (MC)
models. The 3D Mohr-Coulomb model provides the closest estimation, predicting a maximum
settlement of 3.73 mm at a distance of 25.7 m from the diaphragm wall, which exceeds the
measured settlement by approximately 19%. Fig. 17 compares the measured ground settlement at
Point D of the HEL23 section with the predictions generated by the 3D Hardening Soil (HS) and
Mohr-Coulomb (MC) models. The 3D Mohr-Coulomb model produces an identical estimate,
predicting a maximum settlement of 1.90 mm at a distance of 45.70 m from the diaphragm wall.
Similarly, Fig.18 illustrates the comparison for Point A of the HEL25 section. In this case, the 3D
Mohr-Coulomb model again yields the closest approximation, predicting a maximum settlement of
5.23 mm at a distance of 31.40 m from the diaphragm wall, approximately 38% higher than the
observed settlement. Table 6 presents a comparison between the settlement results obtained from
the 3D Mohr-Coulomb (MC) and 3D Hardening Soil (HS) models and the measured settlement
values.
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Fig. 16: 3D HS & MC The predicted settlement at the location of HEL8



Fig. 17: 3D HS & MC The predicted settlement at the location of HEL23
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Fig. 18: 3D HS & MC The predicted settlement at the location of HEL25

Table 6: Comparison between Measured Settlement and Predicted Settlement from 3D Mohr-Coulomb (MC)
and Hardening Soil (HS) Models

% Max
Max Max % Max
. . measured /  settlement/
Surrounding measured predicted - ; settlement /
L Predicted horizontal
Building Settlement  Settlement - Depth of
Settlement  displaceme .
(mm) (mm) nt excavation
3D-MC
HELO08
] 3 21.73 0.138 19.828 0.105
point(D)
HEL23 2 1.9 1.053 13.219 0.07
point(D)
HEL 25 point (A) 2 5 0.4 13.219 0.07
3D-HS
HELO08 3 8.53 0.352 24.11 0.0299298
HEL23 2 6.07 0.329 16 0.0212983
HEL25 2 8.49 0.236 16 0.0297895
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6. DISCUSSION

This section of the study looks at how well computer models can predict ground settlement caused
by diaphragm wall construction. It starts by explaining why the study is important and compares
the goals of 2D and 3D models. Then, it shows the results from both types of models and looks at
how different they are. A PSR ratio is used to help compare the 2D and 3D results. The model
predictions are checked against real field data to see how accurate they are. Finally, the performance
of the models is reviewed to see how well they work.

6.1.Study Significance and Objective

This study addresses a critical gap in understanding the spatial behavior of diaphragm wall-
supported deep excavations by performing a comparative analysis of two-dimensional (2D) and
three-dimensional (3D) numerical simulations using Mohr—Coulomb (MC) and Hardening Soil
(HS) models. While numerous studies have employed 2D modeling due to its simplicity and
computational efficiency, fewer have quantified the variation introduced by transitioning to 3D,
especially for complex urban excavations with significant structural interaction. By integrating real
field data from multiple monitoring points in the Halophils Metro Station project, this study
provides a reliable calibration benchmark for advanced numerical models. These insights are
particularly valuable for geotechnical engineers, researchers, and designers seeking to optimize
support systems while maintaining safety and serviceability standards in congested urban
environments.

6.2.Comparison of 2D and 3D Numerical Results

Fig. 15 illustrates the differences in the deformed shapes produced by 2D and 3D numerical models.
The results confirm that 3D simulations provide more realistic deformation patterns, especially in
the vicinity of corners and complex structural boundaries. This is consistent with the findings of
Hsiung et al. (2024), who demonstrated that 3D models are more accurately capture stress
redistribution and deformation profiles in urban excavations [17]. Fig. 16a & 16b show that, for
both MC and HS models, the peak lateral deflection occurs near the mid-height of the diaphragm
wall. Ou et al. (2006) observed similar trends in field-monitored wall systems, emphasizing the
mid-depth as the most critical point for displacement [18]. In this study, the 2D MC model
overestimated displacement by 11%, while the 3D MC model underestimated it by 8.74%,
reinforcing the view of Bondareva et al. (2024) that 3D modeling provides improved accuracy in
simulating excavation-induced deformations [19].

6.3.Plane Strain Ratio (PSR) Evaluation

The Plane Strain Ratio (PSR), which measures the ratio of maximum deflection from 3D to 2D
simulations, offers a quantitative assessment of modeling dimensionality. This study reports a PSR
of 0.956 for the MC model and 0.702 for the HS model, indicating significant sensitivity of the HS
model to dimensional assumptions. As noted by Finno et al. (2006), PSR values substantially below
unity suggest that 2D simulations may over-predict wall deformation unless calibrated [20].

6.4.Settlement Predictions and Model Validation

Figures 17 to 19 and Table 6 present a detailed comparison of measured versus predicted
settlements for points in buildings HEL8, HEL23, and HEL25. The 3D MC model consistently
provided predictions closer to the field data, with a maximum deviation of 38%. Similar findings
were reported by Lee et al. (2022), who highlighted the MC model's ability to approximate
settlements in mixed soil conditions with reasonable accuracy [21]. Meanwhile, the 3D HS model
produced more conservative estimates, underestimating settlements by up to 70%. This behavior
aligns with the study by Hashash and Whittle (2002), who noted that the HS model, due to its
nonlinear stress-dependent stiffness properties, often provides safer, though less accurate,
settlement predictions [22].

6.5.Model Performance Assessment

In conclusion, while the 3D Mohr—Coulomb model offered superior accuracy in predicting ground
deformation and settlement magnitudes, the 2D HS model aligned more closely with inclinometer
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data for wall displacement. These findings validate the dual-approach methodology employing
both 2D and 3D models for more comprehensive design and assessment of excavation systems, a
strategy strongly recommended by previous scholars including Ou et al. (2006) and Finno et al.
(2006) [18-20]. This study thus contributes meaningful benchmarks and evaluation metrics for
modeling practices, particularly in metro construction and urban geotechnics, where empirical data
are essential to validate simulation frameworks.

CONCLUSIONS

1. This study demonstrates that accurate numerical prediction of ground deformations associated
with deep excavations is essential for the safe design and performance assessment of diaphragm
walls, particularly in urban environments with closely spaced buildings and sensitive
underground utilities. Using both the Mohr—Coulomb (MC) and Hardening Soil (HS) models
implemented in PLAXIS, two-dimensional (2D) and three-dimensional (3D) simulations were
conducted and benchmarked against field instrumentation data from the Halophils metro station
project.

2. The analyses reveal that maximum lateral wall deformations consistently occur near the mid-
height of the diaphragm wall approximately 20 to 25 meters below ground level which
corresponds well with inclinometer data. Among all models, the 3D Hardening Soil model
produced the most accurate predictions, with deviations from field-measured lateral
displacements limited to 8.74%. In contrast, the 2D Mohr-Coulomb model overestimated
displacements by about 11%, highlighting the limitations of simplified plane strain assumptions
in complex excavation scenarios.

3. Settlement analysis at three instrumented buildings (HEL8, HEL23, and HEL25) further
supports the conclusion that 3D models, particularly those incorporating elasto-plastic
hardening behavior, offer significantly improved agreement with observed data. While the 3D
MC model captured general trends, it consistently overpredicted settlement magnitudes.
Ground surface settlements were found to range between 6% and 32% of the corresponding
maximum lateral wall displacements, indicating a substantial dependence on construction
staging and soil-structure interaction.

4. The Plane Strain Ratio (PSR) values of 0.956 for the MC model and 0.702 for the HS model
fall within the range reported by Lee et al. (1998) and other researchers, underscoring the
importance of dimensional considerations in deformation prediction. These results reinforce the
necessity of adopting 3D numerical approaches particularly with advanced constitutive models
like Hardening Soil for reliable and performance-based design of retaining systems in
geotechnical practice.

5. In conclusion, the study provides critical benchmarks for lateral deformation ratios and
settlement- to-wall movement relationships that can guide future excavation designs. The
findings also support the adoption of HS-based 3D modeling as a practical and validated tool for
enhancing the predictive accuracy and safety of deep urban excavations.
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