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Abstract - The estimation of diaphragm wall displacements and 

soil movement around the deep excavation of a high-rise building 

during the construction of basement floors plays a crucial role in 

limiting risks that may cause damages to human lives and 

property during the construction process. This study proposes the 

use of Finite Element Analysis (FEA) to accurately predict the 

behavior of soil and diaphragm walls in deep excavations of high-

rise buildings. The model is based on advanced soil models and 

considers the interaction between diaphragm walls and soil, 

enabling the prediction of adverse impacts during the 

construction process, as well as negative effects on adjacent 

buildings. Additionally, the study will analyze and highlight the 

primary parameters that negatively impact the excavation process 

and neighboring constructions. 

Key words - Bottom-up excavation; Top-down/Semi top-down 

excavation; Excavation Support System; Finite-element analysis; 

Hardening soil model; Ground movements. 

1. Introduction 

Due to limited urban space [1], high-rise buildings must 

integrate with underground space to address the increasing 

demand for parking lots, technical systems, and utilities for 

residential areas, as well as to increase stability for tall 

buildings. However, neighboring constructions near deep 

excavations may sustain damage due to the limited allowable 

settling difference during soil excavation [2, 3]. Because 

during the construction of a deep excavation, the soil's initial 

stress will be redistributed [4], resulting in deformation in 

both the diaphragm wall and the ground [5-7]. Therefore, 

when designing deep excavations, it is essential to evaluate 

and control the deformation of diaphragm walls and soil 

settling to ensure the safety of nearby structures [6-9]. In 

recent decades, the bottom-up [10-13] and top-down [14-17] 

methods have become common methods for constructing 

deep excavations (basements) in high-rise buildings. The 

majority of bottom-up methods utilize a bracing system or 

ground anchors to support the excavation walls, while top-

down methods use the basement floors themselves as a 

bracing system for the excavation walls. Other special 

methods, such as the “central island technique” [18, 19] are 

also employed for wide and deep excavation conditions, 

among others. Therefore, evaluating the deformations of 

diaphragm walls and soil settling depend on the method used 

for constructing the basement/deep excavation of the high-

rise building. There are two primary methods to predict soil 

movement and diaphragm wall displacement that may occur 

during soil excavation. The first method is based on 

experience. This method's advantage is that it makes it easy 

to reasonably and accurately predict soil settlement on 

projects with similar geological conditions, construction 

methods, and quality. For instance, Kung [20] describes an 

empirical radius model that can be acknowledged and 

verified through various records of completed quality 

projects. Additionally, this method provides a practical and 

straightforward design tool. Osman and Bolton [21, 22] 

proposed the Mobilizable Strength Design (MSD) method 

based on the deformation mechanism hypothesis between the 

structure and soil, rather than relying solely on the soil 

damage mechanism in which soil displacement is directly 

related to mobilized shear stress within the soil [23]. 

However, this method does not adequately describe the 

physical interaction between wall deflection and displaced 

surfaces, particularly in 3-D analysis [24]. The second 

method is the numerical approach, which generally includes 

the finite element method. Finite element analysis can 

accurately predict the deflection of diaphragm walls, but it 

often lacks accurate evaluation or prediction of ground 

surface settlement [25]. Therefore, this research trend has 

been expanded to many other related aspects. For example, 

FINNO [26] studied the three-dimensional impact caused by 

excavation at the corner of walls. Construction sequences can 

be efficiently simulated using a finite element model 

developed by FINNO [27, 28]. Furthermore, OU [29] 

analyzed the improvement of a certain underlying soil for 

excavation work using the finite element method. 

However, very few studies have examined the 

interaction between diaphragm walls and the ground when 

using numerical methods to simulate the excavation 

process and predict the distribution of deformations of the 

diaphragm wall and the ground. NAKAI studied the sway 

of diaphragm walls without bracing systems with different 

surface roughness using the finite element method [24]. 

The combination of a flexible contact surface between the 

soil and the diaphragm wall was developed by NAKAI, and 

the numerical results were compared with experimental 

results. This showed that the friction between the 

diaphragm wall and the ground contributes to reducing the 

deformation of the wall and the displacement of the 

ground. This indicates that considering the analysis of 

friction on the diaphragm wall, the soil pressure acting on 

the diaphragm wall, and the displacement of the ground is 

crucial [30, 31]. However, further analysis of diaphragm 

walls with bracing systems presents difficulties and there 

are few reference materials available. 

This study was conducted on a commercial center 

located on Ba Trieu Street in Hanoi, consisting of 27 

above-ground floors and 3 basement levels constructed 

using the semi top-down method. The purpose of the study 

is to analyze the behavior of diaphragm walls in bracing 

systems for deep excavations using finite element analysis 
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while considering the interaction between the diaphragm 

wall and the ground in order to predict the displacement of 

the diaphragm wall and the movement of the soil, which 

may cause adverse effects on neighboring structures. A 

finite element model was created, and the contact surface 

between the diaphragm wall and the ground was modeled 

using the commercial software ABAQUS. The maximum 

sway amplitude and deformation of the diaphragm wall, as 

well as the movement of the ground, will be analyzed in 

multiple scenarios. 

2. Description of construction site characteristics 

The actual project is located on a plot of land with its front 

side adjacent to the existing VinCom building-1. One side of 

the project borders a residential area, while the other side is 

adjacent to Doan Tran Nghiep street. The back side of the 

project borders an empty plot of land. The specific location of 

the project is shown in the construction site plan in Figure 1. 

 

Figure 1. Construction site layout and characteristics of  

the surrounding construction area of the project 

 

Figure 2. Site plan, cross-section of the project basement 

The excavation pit has a natural ground level of -0.6m and 

a depth of -12.6m, resulting in a final depth of -13.2m (refer 

to Figure 2). The groundwater level is situated at a height of 

-2.5m. The pit has an area of 3,644.0m2. Inclinometers have 

been installed around the excavation to monitor the 

displacement of the diaphragm wall as well as the soil's 

movement in both vertical and horizontal directions, ensuring 

safety throughout the excavation process. 

3. Development of finite element analysis 

With the development of multiple algorithms for 

computation analysis that offer high accuracy and 

reliability, FEA has become a popular tool for analyzing 

and designing deep excavations in both the design and 

construction stages of high-rise buildings. These findings 

have been supported by highly reliable and accurate field 

monitoring results [32-35]. Therefore, this study suggests 

that FEA is an effective approach for predicting and 

analyzing the impact on neighboring structures during the 

construction of deep excavations/basements in high-rise 

buildings. The soil material model used in this study is the 

Hardening Soil (HS) model, which is an advanced model 

capable of describing all working states of the excavation, 

such as compressive loading, deviatoric/shear loading, and 

unloading (see Figure 3). The FEA background was 

developed and applied to the specific problem of 

constructing deep excavations in high-rise buildings. 

 

Figure 3. Working diagram of the HS model in deep excavation 

3.1. Model and data of Soil 

3.1.1. Hardening soil model 

 

Figure 4. Hyperbolic law for stress-strain relation in 

 a standard drained triaxial test 

The idealized HS model represents the relationship 

between deviatoric stress (𝑞) and vertical strain (𝜀1) as a 

hyperbolic curve, as shown in Figure 4 (Duncan-Chang 

model [36]) during primary loading. Its yield curves are 

obtained from standard drained triaxial tests and can be 

described by equation (1) [37]. 
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In which 𝑞𝑎 represents the asymptotic value of the shear 

strength, calculated as 𝑞𝑎 = 𝑞𝑓/𝑅𝑓, where 𝑅𝑓 is the failure 
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ratio, whose value ranges from 0.75 to 1 [36], with a typical 

standard value of 0.9 [38]. 𝑞𝑓 refers to the ultimate deviatoric 

stress, obtained from the Mohr-Coulomb failure criterion, 

which is dependent on soil strength parameters such as 𝑐 and 

𝜑. The expression for 𝑞𝑓 is determined as follows: 

( )'

3

6sin
cot

3 sin
fq c


 


= +

−
    (2) 

In equation (1), 𝐸50 denotes the confining stress and 

serves as a substitute for the initial modulus (𝐸𝑖) as a 

tangent modulus, especially in small strain applications 

where determining 𝐸𝑖 through testing proves difficult. The 

reference stiffness modulus (𝐸50
𝑟𝑒𝑓

) that corresponds to the 

reference stress (𝑝𝑟𝑒𝑓). It is used to determine 𝐸50, as 

illustrated below: 
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In which 𝜎3
′ represents the minor principal stress and 

corresponds to the effective confining pressure in triaxial 

testing. 𝑚 denotes the exponential stress-level dependency 

of stiffness. The value of 𝑚 ranges from 0.5 to 1.0, with a 

value of 0.5 for sandy soil and a value of 1.0 for clay soil. 

When the soil is in an unloading and reloading state, 

another stress-dependent stiffness modulus is used to 

describe the modulus of the soil as follows: 
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In which 𝐸𝑢𝑟
𝑟𝑒𝑓

 represents the reference Young's modulus 

for both unloading and reloading states, corresponding to a 

reference pressure (𝑝𝑟𝑒𝑓). 

In reality, the behavior of soil models is highly complex 

and dependent on the state of the soil at each point in time. 

Therefore, the HS model uses a stress-strain hyperbolic 

curve instead of the linear curve of the Mohr-Coulomb 

model, which is a significant improvement aimed at 

accurately simulating the soil's behavior. Additionally, the 

HS model enables the control of each stress level's stiffness 

modules. The elasto-plastic HS model cannot describe the 

relationship between the drained triaxial stiffness 𝐸50 and 

oedometer stiffness 𝐸𝑜𝑒𝑑. Instead, these stiffnesses must be 

described independently of each other. The oedometer 

stiffness 𝐸𝑜𝑒𝑑  is a tangent stiffness modulus for primary 

loading, determined through a tangent stiffness at vertical 

stress 𝜎1
′ = 𝑝𝑟𝑒𝑓 , as shown in the equation. 
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3.1.2. Ground data 

Developing a FEA model for the ground involves 

selecting ground dimensions (length, width, height) that are 

large enough to ensure that the diaphragm wall's impact does 

not affect the ground's outer boundary. Typically, the 

distance from the excavation's mouth to the ground's outer 

boundary should be no less than 1.5 to 2.0 times the 

excavation's width. In this project's study, the excavation has 

dimensions of 70.05m×52.02m×12.6m. Therefore, the 

simulated ground sizes have been chosen to be about 

273.0m×202.0m×35.0m (shown in Figure 5). The ground 

used in the analysis model comprises four main layers in the 

following order of decreasing depth: Fill, Clay, Sand, and 

Deep sand. The geometrical and mechanical properties of 

the soil layers were obtained from geological drilling data 

conducted to meet the requirements of design and 

construction appropriate for the intended soil model used for 

analysis and calculation of construction methods for the 

excavation, as shown in Table 1. 

Table 1. Basic mechanical properties of the soil at  

the project construction area 

Parameter Symbol Fill Clay Sand Deep sand Unit 

Material model - HS HS HS HS - 

Drainage type - Drained Undrained Drained Drained - 

Unit weight above 

phreatic level 
𝛾𝑢𝑛𝑠𝑎𝑡  16 16 16.5 17 kN/m3 

Unit weight below 

phreatic level 
𝛾𝑠𝑎𝑡  20 17 20 21 kN/m3 

Secant stiffness for CD 

triaxial test 
𝐸50
𝑟𝑒𝑓

 22 · 10
3

 2.0 · 10
3

 25 · 10
3

 42 · 10
3

 kN/m2 

Tangent oedometer 

stiffness 
𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 22 · 10
3

 2.0 · 10
3

 25 · 10
3

 42 · 10
3

 kN/m2 

Unloading / reloading 

stiffness 
𝐸𝑢𝑟
𝑟𝑒𝑓

 66 · 10
3

 10 · 10
3

 75 · 10
3

 126 · 10
3

 kN/m2 

Power for stress-level 

dependency of stiffness 
𝑚 0.5 1 0.5 0.5 - 

Cohesion 𝑐𝑟𝑒𝑓
′  1 5 0 0 kN/m2 

Friction angle 𝜑′ 30 25 31 35 ° 

Dilatancy angle 𝜓 0 0 1 5 ° 

Poisson's ratio 𝑢𝑟
′  0.2 0.2 0.2 0.2 - 

Strength reduction 

factor 
𝑅𝑖 0.65 0.5 1.0 0.7 - 

Soil layer thickness ℎ 2 10.5 4.0 ≥ 8.0 m 

Table 2. Basic mechanical properties of the soil Danang city 

Parameter Symbol Silt Loam Sand Dense sand Unit 

Material model - HS HS HS HS - 

Drainage type - Drained Undrained Drained Drained - 

Unit weight above 

phreatic level 
𝛾𝑢𝑛𝑠𝑎𝑡  16 17 17 20 kN/m3 

Unit weight below 

phreatic level 
𝛾𝑠𝑎𝑡  20 19 20 22 kN/m3 

Secant stiffness for CD 

triaxial test 
𝐸50
𝑟𝑒𝑓

 20 · 10
3

 12 · 10
3

 30 · 10
3

 45 · 10
3

 kN/m2 

Tangent oedometer 

stiffness 
𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 20 · 10
3

 8.0 · 10
3

 30 · 10
3

 45 · 10
3

 kN/m2 

Unloading / reloading 

stiffness 𝐸𝑢𝑟
𝑟𝑒𝑓

 60 · 10
3

 36 · 10
3

 90 · 10
3

 135 · 10
3

 kN/m2 

Power for stress-level 

dependency of stiffness 
𝑚 0.5 0.8 0.5 0.5 - 

Cohesion 𝑐𝑟𝑒𝑓
′  1 5 0 5 kN/m2 

Friction angle 𝜑′ 30 29 34 35 ° 

Dilatancy angle 𝜓 0 0 4 0 ° 

Poisson's ratio 𝑢𝑟
′  0.2 0.2 0.2 0.2 - 

Strength reduction factor 𝑅𝑖 0.65 1.0 0.7 0.7 - 

Soil layer thickness ℎ 3.0 12.0 6.0 ≥ 10.0 m 

Additionally, this study aims to investigate the behavior 

of the diaphragm wall and soil when there is a change in 

the mechanical properties of the soil. This analysis allows 

us to predict the level of impact that the project will have 

on the surrounding area by using the mechanical properties 

of the soil, as well as the size and structure of the 

excavation. Soil data from Danang was used for this study 

due to its better mechanical properties (refer to Table 2 for 

geological survey data), while the thickness of the soil 

layers is similar to that of the original soil where the project 
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is located (Hanoi city). The study conducted simulations 

and compared the results obtained using the Danang soil 

data with the results obtained using the original soil data. 

The soil data is provided in Table 2. 

3.2. Governing equation and mesh generation for soil 

Soil, covering much of the Earth's crust, is a complex 

system with solid, liquid, and gas phases. The solid phase 

comprises mineral particles of varying sizes occupying 

most of the soil's volume. The liquid phase, predominantly 

water with dissolved salts, fills the voids in the soil. Water 

greatly impacts the soil's mechanical properties, especially 

with smaller mineral particles and organic matter. The gas 

phase, mainly air, occupies the remaining voids and can be 

categorized into free gas and gas dissolved in water, each 

affecting the soil's properties differently [39, 40]. 

Since soil comprises three phases, understanding its 

mechanical properties involves considering the impact of 

both liquid and gas phases. In this study, the groundwater 

level distinguishes soil regions with active or passive pore 

pressures. Below this level, soil is fully saturated with 

positive pore pressure, while above it, the soil is unsaturated 

with negative pore pressure, influenced by surface tension 

and particle size. Fluctuations in pore water pressure alter 

shear strength, crucial for slope stability [41]. Therefore, the 

governing equation describing the behavior of the soil is a 

combination of the solid mechanics equation describing the 

soil skeleton and the fluid mechanics equation describing the 

liquid and gas in the soil's porous space. This equation was 

introduced in Pham's study [42], as follows: 

0

* *

0

0 0

0

n

T

n n ntt

         
= +        

 −         

fK L

p p qL S H

v v
  (6) 

where 𝒗 and 𝒑𝑛 are the discrete nodal values of 

displacement and pore pressure, respectively; ∆ is the finite 

difference operator; 𝑲, 𝑳, 𝒇, 𝑯, 𝑺, 𝒒𝑛, and ∆𝑡 are the 

stiffness matrix, coupling matrix, incremental load vector, 

permeability matrix, compressibility matrix, prescribed 

recharges, and time stepping schema, respectively. All 

expressions are presented in Pham's study [42]. 

  
a) b) 

Figure 5. Generating the mesh for the soil: 

 a) C3D8P element; b) Ground mesh in FEA 

The governing equation (6) describes the diffusion of 

the interacting liquid pressure with the mineral structure of 

the soil as a time-dependent process. Therefore, the 3D 

C3D8P element is used in this analysis, which is a fluid-

porous/stress element with a cube shape and 8 Gauss 

integration points, with degrees of freedom at the nodes of 

the element being displacements in the x, y, z directions, 

and pore pressure. The element type used to generate the 

grid is shown in Figure 5-a, and the results of generating 

the grid for the soil are presented in Figure 5-b. 

3.3. Finite element model of soil diaphragm walls 

The perimeter of the diaphragm wall is a polygonal. 

Moreover, the project in this study was selected the semi 

top-down construction method. Consequently, it requires 

the use of reinforced concrete walls. In this study, the wall 

was 0.8 meters thick and 20.2 meters deep. The concrete 

material properties used in the diaphragm wall was based 

on experimental data from the study by Uwe S. [43]. After 

determining the geometry and material, the diaphragm wall 

was meshed using 8-node 3D-stress C3D8R elements, 

which are cubic elements with a reduced Gauss integration 

point technique to a single integration point. Moreover, due 

to the relatively large thickness of the reinforced concrete 

wall, the use of continuum elements is reasonable because 

these elements accurately describe the physical behavior in 

terms of the stress-strain relationship in the tension and 

compression regions of the wall with high precision. 

Furthermore, C3D8R elements are equipped with a 

reduced integration technique to tackle shear locking. The 

use of this element type provides a high accuracy in the 

stress-strain relationship at each integration point, with the 

integration point located at the element center. Thus, 

smaller element sizes are needed to accurately capture 

stress concentrations at the corner and boundary positions 

of the structure. The generated mesh is shown in Figure 6. 

 

Figure 6. Generating the mesh for the diaphragm wall 

3.4. Finite element model for the bracing system 

The load-bearing and supporting system for the 

diaphragm wall in the semi top-down construction method 

includes the basement-level concrete floor, king-post, and 

shoring system at the floor openings. The 200mm-thick 

reinforced concrete floor and the basement were meshed 

using 8-node 3D-stress C3D8R elements as described in 

section 3.3. The remaining king-post H600×400×30 ×20 

with a length of 14.6m, and shoring H400×300×20 ×10 at 

the construction opening are thin-walled steel structures. 

Hence, the S4R is a shell element recommended for 

meshing these structures. The S4R element can accurately 

describe the physical behavior (stress-strain) of these thin-

walled structures. However, in thin-walled structures, two 

cases should be taken into account: First, reduced 

integration technique is applied. If the ratio of 

column/beam length to the cross-sectional dimension is 

quite large (for example, if the ratio of the column 

length/beam length to the cross-sectional dimension is 

larger than 40 times), the use of reduced integration 

technique can produce better results than using the full 

number of integration points. However, thin-walled 

sections are prone to hour-glassing, which results in 

inaccurate displacement fields. To overcome this, the 

average displacement of the cross-section is commonly 

used; Second, thin-walled structures are prone to large 

translation or rotation deformations. Therefore, in most 

cases, we need to use nonlinear geometric theory for 
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accurate results. The mesh generated for the shoring 

system of the soil barrier is shown in Figure 7. 

 

Figure 7. Generating the mesh for the shoring system, including 

the kingpost and basement floor beams 

The mesh generated for the entire system, including the soil, 

the diaphragm wall, and its shoring-kingpost system, using the 

semi top-down construction method, is shown in Figure 8. 

 

Figure 8. Generating the mesh for the entire excavation system 

of the basement 

3.5. Interaction between the soil and the diaphragm wall 

The interaction between the soil and the diaphragm 

wall is modeled using zero thickness interface elements 

[44] that can describe the physical nature of the interaction 

between the soil and the diaphragm wall, including wall 

friction, slip, and gapping between the soil and the 

structure. The interface material uses a strength reduction 

factor (SRF) (𝑅𝑖) to describe the mechanical properties at 

the contact area between the soil and the diaphragm wall as 

shown in the following equation [45]: 
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where 𝑐, 𝜑, 𝐺, 𝐸 and   are soil cohesion, soil friction 

angle, shear modulus, Young's modulus, and Poisson's 

ratio, respectively; subscript "𝑖" and "𝑠𝑜𝑖𝑙" represent the 

interface material and soil material; 𝐸𝑜𝑒𝑑 is the oedometer 

modulus. Note that in this study, the Poisson's ratio of the 

interface material is assumed to be 𝑖 = 0.45. Depending 

on the type of soil and the material of the diaphragm wall 

structure, the corresponding SRF is proposed as shown in 

Table 3. Therefore, if using equation (7) and the data of the 

soil provided in Table 1, the mechanical properties of the 

interface material can be determined. 

Table 3. SRF by soil type and diaphragm wall structure type 

ID Soil Type Material Type SRF (𝑹𝒊) 

1 Sand Steel 0.6 ÷ 0.7 

2 Clay Steel 0.5 

3 Sand Concrete 0.8 ÷ 1.0 

4 Clay Concrete 0.7 ÷ 1.0 

5 Soil Geotextile 0.5 ÷ 0.9 

6 Soil Geogrid 1.0 

4. Results and discussion 

4.1. Behavior of soil 

4.1.1. Pressure of the soil acting on the diaphragm wall 

The pressure of the soil on the diaphragm wall is 

investigated, and in the study, active and passive soil 

pressures acting on the diaphragm wall are surveyed for 

two types of soil with different geology, as presented in 

section 3.1.2. The results shown in Figure 9 indicate that 

the active soil pressure acting on the diaphragm wall at a 

depth of approximately 8.0m initially increases linearly, 

and after exceeding 8.0m, it develops rapidly in a nonlinear 

rule. This result is due to the fact that the geological layers 

of both types of soil do not change significantly in the first 

8.0m depth, while there are large variations in soil density, 

internal friction angle, and the impact of groundwater 

beyond 8.0m depth. On the other hand, the passive soil 

pressure due to the influence of active soil pressure 

gradually increases in a nonlinear rule. The results also 

indicate that in the good soil of Danang city, the active soil 

pressure on the diaphragm wall is lower than that in the 

weak soil found at the project site in Hanoi. Conversely, 

the passive soil pressure is higher. This difference can be 

attributed to the ability of the good soil in Danang city to 

resist higher pressure from the diaphragm wall, in contrast 

to the weaker soil present at the project location in Hanoi. 

 

Figure 9. Pressure of the soil acting on the diaphragm wall 

Figure 10 shows the law of the lateral pressure's impact 

on the lateral displacement of the diaphragm wall. The 

result is represented in a non-dimensional form (see Figure 

10). When the diaphragm wall displaces out of the mouth 

of excavation pit (with a negative value), the diaphragm 

wall pressure increases significantly with relatively small 

displacement. However, when there is a relatively large 

displacement, the pressure on the diaphragm wall increases 

slowly. Because when the diaphragm wall displaces 

dramatically, it affects the soil, potentially causing soil 

structure damage. Consequently, the soil displacement in 

the direction of the wall displacement, resulting in a slow 

increase in pressure on the diaphragm wall, as described in 

Figure 10. On the other hand, when the diaphragm wall 

displaces into the excavation pit (with a positive value), the 

pressure of the soil on the diaphragm wall decreases. For 

dense sandy soil, the impact of the diaphragm wall's 

displacement on the soil pressure on the diaphragm wall 

increases/decreases, and the absolute value is larger than 
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that of the weak soil. Therefore, the interaction between the 

diaphragm wall and the soil reveals that the displacement 

of the diaphragm wall increases/decreases the pressure of 

the soil on the diaphragm wall, and depending on the 

different geological structures of the soil, the value of the 

pressure on the diaphragm wall also changes. This is also 

an important factor in calculating, designing, and selecting 

the diaphragm wall construction method. 

 

Figure 10. Impact of lateral displacement on the pressure of  

soil acting on the diaphragm wall 

4.1.2. Stress in the soil 

The distribution of the principal stress 𝜎22 parallel to 

the natural ground surface and the shear stress 𝜏 in the soil 

help us determine whether the placement of the diaphragm 

wall is reasonable to ensure that the soil is not damaged, 

causing subsidence that affects the working conditions of 

the diaphragm wall and the construction site. 

 

Figure 11. Distribution of principal stresses 𝜎22 and  

shear stress in the soil 

The results show that the principal stress 𝜎22 and the 

shear stress 𝜏 are concentrated at the base of the diaphragm 

wall (see Figure 11). Therefore, calculating and selecting the 

soil layer to place the base of the diaphragm wall so that the 

allowable principal stress and shear stress of the soil layer at 

the base of the diaphragm wall must ensure that there is no 

occurrence of plastic deformation or sliding at the plane 

where the base of the diaphragm wall is placed. If the shear 

stress exceeds the permissible shear stress line 𝐶𝑢, the soil 

structure will be damaged. The permissible shear stress line 

𝐶𝑢 is determined from the results of soil surveys. 

4.1.3. Lateral displacement of the soil 

The lateral displacement of soil around excavation sites 

has significant importance in the design and construction 

of diaphragm walls. During the simulation process, we can 

predict the lateral displacements to assess their impact on 

neighboring structures, allowing designers to choose 

appropriate handling and construction measures to avoid 

accidents during construction. 

The construction site has a rectangular ground plan with 

a beveled corner (see Figure 1), where we conducted to 

survey lateral displacements on all sides of the site. The 

surveyed sides are labeled as AB, CD, EF, and AF. The 

results show that the lateral displacement of the soil on the 

AF side is the largest, and the EF side is the smallest. The 

results accurately reflect the physical nature of the problem: 

the AF side has the longest length and is closest to the floor 

opening for transporting soil and construction equipment up 

and down with respect to the excavation pit, causing the 

largest lateral displacement for the AF side. The CD side has 

a shorter length than the AF side and has two beveled corners 

that enhance the corner effect compared to the right angle at 

the AF side. Moreover, it is far from the floor opening, 

resulting in smaller displacement than the AF side. The EF 

and AB sides have the same length and working conditions, 

but the AB side is closer to the floor opening, resulting in 

larger soil displacement than the EF side. 

 

Figure 12. Lateral displacement of the diaphragm wall during 

interaction with the soil 

In addition, the research results also compare the impact 

of different types of soil on their lateral displacement. For 

the same project, two different types of soil were surveyed 

with relatively different characteristics: one is weak soil in 

Hanoi city where the project is located, and the second soil, 

with geology chosen from Danang city, has a layer thickness 

that is not significantly different from the soil in Hanoi, but 

it has better physico-mechanical properties (see Table 1 and 

Table 2). The results show that the lateral displacement of 

ground in Danang city decreased by about 10.15%. This 

shows that for the same project placed in areas with different 

geological conditions, the degree of impact on lateral 

displacement of soil is also different, and this will provide us 

with different handling solutions. Therefore, the engineers 

who are responsible for designing the construction methods 

for deep excavations (basements) in high-rise buildings 

should pay attention to this aspect in order to propose 

reasonable and effective construction measures. 

4.1.4. Settlement of the ground 

Similar to lateral displacement, the settlement of the 

ground in the neighboring area of the diaphragm wall is an 

important factor that needs to be surveyed. The results in 

Figure 13 are completely similar to those in lateral 

displacement, meaning that the AF side has the largest 

settlement, and the EF side has the smallest settlement. 

From the survey results, it can also be seen that in all cases, 
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the settlement of the ground in the neighboring area of the 

diaphragm wall, and at a distance from the diaphragm wall 

of between (0.2-0.8) times the excavation depth, has the 

largest settlement. This result can also be explained by the 

fact that at the position where the soil contacts the 

diaphragm wall, the friction between the soil and the 

diaphragm wall prevents the ground from settling 

immediately at the contact position and instead causes the 

ground to settle at a distance from the wall of about 0.2H. 

The results also indicate that the settlement of the 

ground is dependent on the soil type and the structure of 

the diaphragm wall. If the soil is weak and the diaphragm 

wall is not very rigid, the settlement of the soil will be 

relatively high. Using the simulation results, it is possible 

to predict the settlement of the ground, and subsequently 

predict the potential impact on neighboring structures. This 

knowledge can help in proposing appropriate and effective 

design and construction measures. 

 

Figure 13. Simulation results of the settlement of 

 the soil outside the diaphragm wall 

Figure 14 depicts the settlement of the ground of the 

pedestrian way adjacent to the diaphragm wall of a deep 

excavation project in District 8, Ho Chi Minh City. The cause 

of the settlement of the soil is analyzed as the simulation 

results shown in Figure 13. The results demonstrate that 

failing to factor in the settlement of the ground around the 

excavation during the design of basement construction 

methods can result in a significant flaw. This can cause 

neighboring structures to tilt and settle, resulting in significant 

economic damages and safety hazards during the construction 

process, as illustrated in Figure 13 and Figure 14. This study 

illustrates that the utilization of calculation and simulation 

methods, as seen in Figure 13, enables the prediction of severe 

impacts on neighboring constructions beforehand, preventing 

catastrophic incidents that can lead to significant damage to 

nearby structures, as depicted in Figure 14. 

 

Figure 14. Settlement of the soil affects the neighboring 

structures of the actual construction project in District 8,  

Ho Chi Minh City 

 

Figure 15. Investigation of displacements between  

the diaphragm walls and the soil in Hanoi and Danang 

Figure 15 presents the results of the investigation into 

the interaction between the soil and the diaphragm wall. 

The results demonstrate a correlation between the 

displacement of the diaphragm wall and the settlement of 

the soil around the excavation. The study only compares 

this correlation during the initial excavation stage and the 

final stage (end of excavation process). In the initial stage, 

the displacement of the diaphragm wall is significant at the 

top of the wall, but in the final stage, the greatest 

displacement moves down to the bottom of the excavation 

pit and the corresponding settlement changes for each stage 

are described in Figure 15. These results will be analyzed 

in more detail in section 4.2.1. 

4.2. Behavior of the diaphragm wall 

4.2.1. Displacement 

Figure 16 illustrates the horizontal displacement of the 

diaphragm wall for each excavation stage with geological 

data at the project location in Hanoi city. The bracing 

diagram in each construction stage is also described in 

Figure 16. Before excavating the basement floor, the 

diaphragm wall must be constructed with a cap-beam on 

top of it, at a height of 1.2m above natural ground level. In 

stage I, the excavation was carried out to a depth of -1.2m 

to install the formwork scaffolding system for the ground 

floor construction. In stage II, excavation was continued to 

a depth of -3.6m, and then the construction of the first 

basement floor was carried out. In stage III, the excavation 

was carried out to a depth of -7.2m, and then the second 

basement floor was constructed. In stage IV, excavation 

was carried out to a depth of -12.6m to construct the pile 

foundation, pile bracing, and the third basement floor, with 

the diaphragm wall base located at a depth of -20.2m. 

 

Figure 16. The displacement of the diaphragm wall during 

the excavation phases 
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Figure 17. Displacement of the diaphragm wall 

In phase 1, after lowering the ground level to the depth 

of -1.2m for the ground floor construction, the displacement 

of the diaphragm wall was approximately 12.1mm. At this 

point, the ground floor had not been constructed yet, so the 

diaphragm wall was acting as a cantilever diaphragm wall 

with one end pushed into the ground. In phase 2, after 

constructing the ground floor, the excavation continued to a 

depth of -3.6m to construct the first basement floor. At this 

stage, the diaphragm wall was cantilevering from the top, 

braced by the ground floor. The pressure applied on the 

diaphragm wall at this stage consisted not only of the 

construction loads but also of the active earth pressure from 

the natural ground surface to the basement floor level. This 

resulted in a displacement of 17.5mm at the basement floor 

level. Similarly, the displacement increased gradually due to 

the increased active earth pressure on the diaphragm wall at 

the levels of the second basement floor and the excavation 

bottom (foundation pit bottom). The displacement reached 

maximum at the midpoint between each basement floor level 

and achieved its peak at the bottom of the excavation 

(55.4mm). The increasing value of displacement was due to 

the increased active earth pressure acting on the diaphragm 

wall, while the sudden increase in displacement at the 

bottom of the excavation was because of the greater distance 

of the bracing system from the diaphragm wall at this stage, 

resulting from the excavation process and the lowered 

ground level to the base of the foundation. 

In this study, we also compared this correlation 

between two types of soil: one representing good soil in 

Danang city (the soil parameters provided in Table 2) and 

the other representing weaker soil at the construction site 

in Hanoi city (the soil parameters provided in Table 1). The 

results showed that the soil in Danang city resulted in 

significantly smaller displacement of the diaphragm wall 

and less soil settlement compared to the soil in Hanoi city. 

This indicates that the construction site location plays a 

crucial role in designing construction measures for deep 

excavation in high-rise buildings. 

4.2.2. Internal forces in the diaphragm wall 

Firstly, the vertical force in the diaphragm wall is 

analyzed. The vertical force in the diaphragm wall 

increases gradually and attains its maximum value at the 

bottom of the excavation (-214.11kN/m) before decreasing 

towards the bottom of the diaphragm wall (refer to Figure 

18-a). The distribution rule of the vertical force is 

consistent with the physical nature of the interaction 

between the soil and the diaphragm wall. The cause of the 

vertical force in the diaphragm wall is due to the self-

weight of the diaphragm wall and partly due to the load 

transmitted from the ground floor and basement floors. 

These forces are balanced with the frictional force between 

the diaphragm wall and the soil from the start of the 

diaphragm wall to the bottom of the diaphragm wall. As 

the frictional force between the diaphragm wall and the soil 

increases from the bottom of the basement floor to the 

bottom of the diaphragm wall, the vertical force in the 

diaphragm wall decreases correspondingly and ultimately 

becomes negligible at the bottom of the diaphragm wall. 

 

Figure 18. Distribution of internal force in the diaphragm wall 

Shear force is one of the crucial parameters in calculating 

and designing diaphragm wall construction measures. 

Investigating the distribution law of the shear force in the 

diaphragm wall and the diaphragm wall bracing system is 

essential. In this study, through the analysis and calculation 

process, we obtained the distribution law results of the shear 

force in Figure 18-b. The results of the analysis showed that 

the shear force reached its maximum value at the diaphragm 

wall bracing locations and gradually increased to its highest 

value at the third bracing level and the bottom of the 

excavation. This value was approximately 135.58kN/m, after 

which the shear force decreased slowly in the section where 

the diaphragm wall embedded in the soil. The obtained 

results showed a reasonable distribution of the shear force in 

the working diagram and calculation of the diaphragm wall. 

The concentrated shear force at the bracing system is due to 

the reaction force of the bracing system acting on the 

diaphragm wall, which increases at greater depths. It is 

because the active soil pressure acting on the diaphragm wall 

at these depths is greater, resulting in a more substantial load. 

Figure 18-c illustrates the behavior law of the bending 

moment in the diaphragm wall. The bending moment 

reaches its maximum value at the point where the 

diaphragm wall embeds into the basement floor, the 

location between the two basement floors' spans, and 

where the soil changes from one layer to another when the 

diaphragm wall fully embeds into the soil. The maximum 

bending moment is reached at the bottom of the excavation, 

with a value of approximately 349.53kNm/m. 

The internal forces in the diaphragm wall are also 

investigated between the weak soil (at the location of the project 

in Hanoi) and the good soil (taken in Danang). The results 

showed that the weak soil would cause greater internal forces 

than the good soil. Specifically, in this study, the internal force 

in the diaphragm wall for the weak soil in Hanoi increased by 

about 28.7% compared to the good soil in Danang. 
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4.3. Behavior of the bracing system 

 

 

Figure 19. Stress distribution in the bracing system 

Figure 19 illustrates the stress distribution in the 

bracing system constructed using the semi-top-down 

method to support the diaphragm wall. According to the 

simulation results presented in Figure 19, the highest stress 

in the bracing system is mainly concentrated on the second 

basement floor, with a value of 0.443 MPa. This stress is 

less than the compressive strength of the B30 concrete of 

the second-floor beam, which is 17 MPa, indicating that the 

bracing structure can withstand the pressure from the 

diaphragm wall. It is noteworthy that this maximum stress 

is mainly concentrated at the corner positions of the floor, 

the edge of the floor connecting to the soil diaphragm wall, 

and at the openings in the floor. Therefore, during the 

design and construction process, it is necessary to reinforce 

the steel bars at these critical locations. 

5. Conclusion 

Through the process of investigating the interaction 

between soil and diaphragm walls using a contact model to 

construct calculation models based on finite element 

analysis, some conclusions have been drawn: 

• The displacement of the diaphragm wall gradually 

develops towards the bottom of the excavation. Specifically, 

the displacement of the diaphragm wall accumulates through 

each stage of excavation. Therefore, when simulating the 

excavation process, it must be carried out in the construction 

phases that reflect the actual situation on-site. 

• Under weak geological conditions (where the values 

of elastic modulus (𝐸), shear strength (𝑐), and friction 

angle (𝜑) are low, as observed in the geological conditions 

in Hanoi where the project is located), the diaphragm wall 

experiences large displacements and low stress. 

Conversely, under good geological conditions (where the 

values of elastic modulus (𝐸), shear strength (𝑐), and 

friction angle (𝜑) are high, as observed in the geological 

conditions in Danang), the diaphragm wall experiences 

small displacements and high stress. 

• The stiffness of the bracing system is relatively large 

for the first-floor basement and subsequent basement 

floors, and the connection between the diaphragm wall and 

the bracing system is a frictional connection. There is a 

distribution of internal forces in space, so the displacement 

and stress on the diaphragm wall are small. 

• From the investigation of the interaction between soil and 

diaphragm walls using a contact model to construct calculation 

models based on the finite element method, we can determine 

the stress, horizontal displacement of the diaphragm wall, the 

settlement of the diaphragm wall and the surrounding soil. 

Therefore, the proposed construction measures can be used to 

minimize the settlement of adjacent structures. 

• Stability analysis of the diaphragm walls can be 

conducted for each construction method, geological 

structure, and physical properties of the soil. 

• An optimal solution for the construction of 

diaphragm walls in deep excavations can be proposed 

based on the corresponding geological structure and 

physical properties of the soil in different regions. 
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