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ABSTRACT 

The deep excavation and earth retaining system have almost been an inseparable part 

of a construction project in the area with scarce land resources to seek more 

underground space, however, reasonably and accurately modelling the excavation and 

retaining process considering so many factors is the main point of design to ensure the 

safety of construction and adjacent facilities. 

The deep excavation for Barra Transportation Junction is a well-documented project, 

and there is a significant bedrock slope under most areas of the excavation pit. A finite 

element 2-side model was built to simulate a section with a significant slope with the 

calibrated model parameters by a finite element 1-side model for where the bedrock 

slope is not significant. The computed lateral wall displacements show a good 

consistency with observations, and the 2-side model obtains a behavior that the 

retaining wall is pushed outward, which can not be simulated by the 1-side model. 

Then parametric studies were conducted for bedrock under retaining and excavation 

sides, respectively. It was found that the effects of the bedrock slope on lateral wall 

displacement were limited, and the bedrock slope under the excavation side mainly 

impacts lateral wall displacement by the interactions between two sides due to the 

difference of soil mass through layers of struts. Finally , some recommendations were 

made for practical deep excavation design based on the previous findings. 
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CHAPTER 1 INTRODUCTION 

1.1. Background 

In cities with scarce land resources like Macau, or the congested central business 

districts of large cities like Hong Kong, Shenzhen, and Guangzhou, the underground 

space is expanded for different purposes like transport systems, parking lots, utility 

networks, and so on, so construction projects are almost inseparable from deep 

excavations and retaining systems. At the same time, these deep excavations are 

always conducted very close to surrounding existing architectures, especially those 

high-rise buildings. A recent example of failure due to nearby excavation is the 

overturning failure of a 13-storey residential building in Shanghai, China (2009). Chai 

et al. (2014) explained the main reason for the failure, that the foundation design and 

the on-site construction neither consider nor take into account the effect of temporary 

dumping of the excavated soil on the opposite side of the building. The lesson is that 

not only the final loading conditions but also any temporary and transient loading 

conditions possible during the excavation should be considered, which inflects how 

vital is the accurate prediction of the impact of deep excavation on surrounding 

buildings. Therefore, predictions of soil deformations supported by retaining facilities 

at each stage are particularly important to ensure smooth and safe construction and 

avoid unacceptable settlements of surrounding buildings. 

On the other hand, numerous factors are affecting the wall behavior and soil 

deformation, and one of the more significant factors is the geometry of the building pit. 

The plane strain ratio (PSR) that was first proposed by Ou et al. (1996), is the ratio of 
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the maximum wall deflection of a certain section of a wall (δ) to the maximum wall 

deflection (δps) of the section under plane strain conditions. The PSR quantified the 

impact of the corner onto a section, and the corner effects are caused due to the 

retaining structures near building pit corners being stiffer to resist deformation than 

those distant away as a result of spatial arching effects across the building pit corners. 

Many other researchers also adapted this concept to quantify the 3D effects and 

develop the PSR chart (relationship between B/L and d for various PSR values) for an 

excavation with certain characteristics. 

Another aspect of the geometry of the building pit is the terrain of the underlying 

bedrock. If the bedrock is assumed to be stiff enough that no considerable deformation 

occurs during excavation progress, then it will determine the condition at the bottom 

surface of the soil, which definitely affects its behavior during excavation. However, 

there is almost no research on this issue, and the soil profile shows that the bedrock in 

this project has a certain gradient in the N-S direction as a whole and larger gradients 

at local positions, so this thesis will investigate the influence of bedrock gradient on 

wall deformation and ground settlement. 

1.2. Barra Transportation Junction of Macau 

The construction project is located to the south of the Macau Maritime Museum and 

the Doca D. Carlos I, opposite the Barra Fort, and west of the Avenida Panorâmica do 

Lago Sai Van. After completion, it will work as a key transportation distribution 

center in the southwest of the Macau Peninsula. It integrates various public 

transportation services to provide convenience for residents and tourists. 
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This deep excavation project is contracted jointly by Zhen Hwa Harbour Construction 

Co. Ltd. and China Construction Engineering (Macau) Co. Ltd. and further designed 

by CCCC-FHDI (Macau) Engineering Co. Ltd. The reasons to choose this project as a 

case study are not only because of its bedrock terrain property but also because its on-

site observation is relatively well-documented and reliable. 

 

Figure 1-1 Geographic relative position of Macau Barra Transportation Junction 

 

Figure 1-2 Macau Barra Transportation Junction construction project 
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1.3. Research Objects 

First, it is supposed to calibrate all parameters that should be input into a numerical 

model by an appropriate model with complete corresponding observations. After a 

good agreement between the field measurement and results of the two-dimensional 

finite element model is obtained, the influence of bedrock gradient on lateral wall 

displacement will be investigated. Finally, recommendations can be made for practical 

excavation design based on the findings. 

1.4. Outline of the Progress Report 

This thesis is divided into six chapters. The first chapter introduces the background 

information, motivation, and objects of this study. The second chapter gives either 

introduction or development status of the keywords over this thesis with related pieces 

of literature. The third chapter states the research method and theoretical knowledge 

involved. The fourth chapter provides the project background for the case study and 

shows the model parameters calibration results. The fifth chapter lists the analysis 

results and presents some discussions. The final chapter is the summary of this report 

and discusses further work needed to finish the whole research. 
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CHAPTER 2 LITERATURE REVIEW 

2.1. Finvite Element Analysis of Deep Excavation 

2.1.1. Finite element method (FEM) 

The invention of FEM did not happen overnight, but it was a development and 

evolution process over decades. The initial attempt for finite elements can be traced 

back to the early 1940s, Courant (1943) proposed to integrate the variational theorem 

of Dirichlet and Green and piecewise linear functions defined on triangular meshes to 

so solve the St. Venant problem. The first successful attempt for modern FEM was the 

results obtained by Turner et al. (1956), who extended the matrix stiffness method to 

plane problems of mechanics of elasticity for the structural analysis of aircraft. Clough 

(1960) took the plane stress analysis further and named the method the Finite Element 

Method, so the analysis based on this method is called Finite Element Analysis (FEA).  

However, the FEM by this period utilized the matrix stiffness method, so it could only 

deal with some simple structural problems. Besseling (1963), Melosh (1963), and 

Jones (1973) proved that the finite element is another form of the Ritz Method based 

on variational theorem so that all theoretical foundations of the Ritz Method are 

applicable to FEM, therefore it can be used to deal with complex continuum problems.  

After 1960, with the development of electronic computers, the development speed of 

FEM accelerated significantly. Later, the emergency of a lot of finite element analysis 

programs like NASTRAN, ANSYS, and ABAQUS provides the impetus for the 

application of FEM in actual cases. FEM is perhaps being widely used in every major 

engineering design and each branch of scientific research (Bathe, 2008). 
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2.1.2. Potts and Fourie (1984, 1985) 

The performances of wished-in place retaining wall single propped at the top were 

analyzed by employing FEM. Elasto-plastic constitutive law and over-consolidated 

drained conditions are assumed for the soil. The influence of construction type 

(excavated or backfilled), soil initial stress (K0) prior to construction, and wall 

stiffness is investigated in comparison with simple limit equilibrium design. The 

results indicated that in soils with a low K0 value, approximate limit equilibrium 

design showed more conservative values of either prop force, bending moments, or 

wall displacement compared with computed values and bending moments approach 

the limit equilibrium values as the wall stiffness increases; in soils with a high K0 

value, approximate limit equilibrium design would underestimate bending moments 

and prop force for stiff retaining walls. The authors also concluded that the behavior 

of the wall is dominated by vertical unloading due to the excavation process. 

2.1.3. Ou and Lai (1994) 

The 2D finite element analysis was carried out to deep excavation in layered sandy 

and clayed soil deposits. The sandy or cohesionless soil was simulated by the 

hyperbolic model and assumed to be in drained condition. The clayed or cohesive soil 

was modelled by the Modified Cam clay model and assumed to be in undrained 

condition. The soil parameters of each model were determined by a rational procedure. 

The dewatering process was simulated by applying equivalent nodal forces. The 

results indicated that analyses considering pore water pressure dissipation offered 

smaller wall displacements and ground settlement than that in undrained analysis, 

which will have better agreement with real case records over relatively long-term 

excavation. 
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2.1.4. Bose and Som (1998) 

Bose and Som (1998) analyzed an instrumented test section in the Calcutta Metro for 

a 13.6 m deep braced cut by 2D finite element analysis. The stratified soil was 

assumed under undrained conditions and soil nonlinearity was simulated by the 

Modified Cam-clay constitutive relationship. Calibration of parameters involved in the 

excavation study was carried out. The authors concluded that the increase of wall 

penetration could generate fixity of the wall toe and reduce its deflection without 

altering the deformation above the final strut level; the wall deflection and ground 

settlement would increase with the increase of excavation width; the strut prestressing 

could considerably change the wall deflection of the upper portion, while no 

significant effect on the bottom portion. 

2.1.5. Teparaksa et al. (1998) 

A deep excavation case supported by short embedded due to updated requirements 

associated with additional excavation in Bangkok was analyzed. The analysis was 

carried out by both FEM and the finite difference method to simulate the staged 

construction and predict the wall performance. The computed results are compared 

with on-site measurements to conclude that construction practice played important 

role in the wall movement in this particular project, and initial movement would 

govern the performance of the diaphragm wall as further excavation progressed. 

2.1.6. Hou et al. (2009) 

The 3D finite element analyses were conducted for a zoned excavation of the north 

square underground shopping center in Shanghai, which was close to the operating 

metro lines. The soil was assumed to be elastic and the effects of the anisotropic soil 
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stiffness were considered. The results revealed that the numerical modelling with 

anisotropic soil stiffness yielded a better prediction, and zoned excavation could 

greatly reduce wall displacement, but it was also worth mentioning that only the zone 

excavation at the first stage significantly affected the wall deformation and the effect 

of zoned excavation became minor with the increase of excavation depth. 

 

Figure 2-1 Effect of the anisotropic soil stiffness on the wall deflections at inclinometer I6 and 

inclinometer I29 (Hou et al., 2009) 

 

Figure 2-2 Effect of zoned excavation on the wall deflections at inclinometer I6 (Hou et al., 2009) 
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2.1.7. Ng (2009) 

Ng (2009) analyzed a deep excavation project for the market of S. Domingo in Macau 

employing FEM. For this project, the soil profile consisted of one layer of about 2 m 

backfill and another layer of 10 m sandy alluvium deposit over CDG/MDG. The 

excavation was supported by the concrete diaphragm wall which was penetrated to 18 

m deep with 3 levels of struts. The author used 5 popular soil constitutive models to 

simulate the Macau alluvium and study its behavior. And two sets of stiffness 

parameters are selected in Equivalent Elastic Young’s Modulus Approach and Shear 

Wave Velocity Approach, respectively. The results indicated that mean soil stiffness 

was appropriate for the Isotropic Linear Elastic model (ILE), Mohr-Coulomb model 

(MC), Modified Cam clay model (MCC), and Three Surface Kinematics Hardening 

model (3SKH), while high soil stiffness with degradation parameters was proper for 

Duncan Hyperbolic model (EB), Lade model (LD) at the early stage in terms of wall 

deflection. The performance of EB and LD can simulate the soil volume change better 

in terms of ground settlement. 

2.1.8. Lim et al. (2010) 

The performance of 5 commonly used constitutive soil models of clay in a deep 

excavation under undrained conditions was evaluated through the TNEC excavation 

case history with well-documented monitoring data and soil parameters. The authors 

concluded that the MCC model, HS model, Hardening Soil Small Strain model, and 

MC model only can result in good predictions with specific parameters set for 

wall deflections and cannot predict ground settlement well. The Undrained Soft Clay 
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(USC) model with the parameters directly from tests can predict both wall deflections 

and ground settlements well. 

 

Figure 2-3 The comparison of completed results using the USC model with the observed wall 

deflections and ground settlements at each stage (Lim et al., 2010) 

2.1.9. Hsiung and Dao (2014) 

Hsiung and Dao (2014) analyzed a deep excavation project over sands in Kaohsiung 

city, Taiwan, and predicted wall displacements and ground settlements induced by the 

excavation by using FEM with three soil models, i.e., MC model, HS model and HSS 

model. Because some soil parameters could not be directly obtained from tests or 

reliable empirical equations reasonably, the back analysis was applied to determine 

these parameters. In addition, the sensitivity analysis was conducted for the important 

input parameters. The results showed that the predictions of the wall deflections and 

ground settlements from the HSS model were the best, and the MC model gave the 

worst results. 
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Figure 2-4 Table of the input parameters of each soil model (Hsiung et al., 2014) 

2.2. Soil Constitutive Model 

2.2.1. Mohr-Coulomb (MC) model 

Mohr-Coulomb Model, the oldest but still popular soil constitutive model to most 

geotechnical engineers, was proposed by Coulomb (1776) and generalized by Mohr at 

the end of the 19th century. The Coulomb’s failure criterion is defined when the shear 

strength τ and normal stress σ on a certain potential plane satisfy the equation in Eq. 

2.1. 

  Eq. 2.1 

For Mohr’s circle, it has that 

  Eq. 2.2 

   Eq. 2.3 
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where 

   Eq. 2.4 

Finally, the Mohr-Coulomb criterion can be expressed as in Eq. 2.4 by combining Eq. 

2.1, Eq. 2.2 and Eq. 2.3, which is only valid for the failure on the plane parallel to the 

σ2 direction. 

   Eq. 2.5 

The full Mohr-Coulomb criterion in three dimensions is expressed with 6 equations 

formulated in terms of principle stresses. 

   Eq. 2.6.1 

   Eq. 2.6.2 

   Eq. 2.6.3 

   Eq. 2.6.4 

   Eq. 2.6.5 

   Eq. 2.6.6 

These six equations represent a hexagonal cone criterion in principal stress space as 

shown in Figure 2-6. Since the Elasto-plastic behavior is assumed in the model, when 

any stress state reaches the cone surface, the soil begins to yield so that deformation 
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keeps going with constant stress. The unloading path will be a line parallel to the 

virgin elastic loading path as shown in Figure 2-5. 

 

Figure 2-5 2-D failure criterion of Mohr-Coulomb model with c = 0 (1776) 

 

Figure 2-6 3-D failure surface of Mohr-Coulomb model with c = 0 

2.2.2. Duncan Hyperbolic Model 

In terms of common sense for soils subjected to primary deviatoric loading, the soils 

will undergo irreversible plastic deformations and show a decreasing stiffness. Konder 

(1963) first formulated this relationship in the special case of a drained triaxial test by 

a hyperbola. Based on this, Duncan and Chang (1970) later developed the famous 

hyperbolic model. This model can be viewed systematically in three models: The 

strength model, constitutive model, and volumetric model. 
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For the strength model, it still applied Mohr-Coulomb criteria, but modified the 

relationship between friction angle and confining pressure for sandy soil based on the 

fact of particle breakage: 

   Eq. 2.7 

where 

 is the atmospheric pressure. 

  is the friction angle at atmospheric pressure. 

  is the change of friction angle over one log cycle of confining pressure . 

For the constitutive model, the stress-strain relationship can be approximated by a 

hyperbola. 

             

Figure 2-7 Hyperbolic forms of stress-strain relationship: (a) real; (b) transformed (Mei et al., 

2010) 

The hyperbola equation is: 

   Eq. 2.8 

It can also be transformed into the linear form: 

   Eq. 2.9 
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In the FEA, one more factor that reflects soil volume changes is needed, that is the 

volumetric stiffness, B. Initially, Duncan and Chang (1970) assumed Poisson's ratio to 

be constant and applied: 

   Eq. 2.10 

But it was not so ideal, because the Poisson's ratio would not be constant. Therefore, 

Duncan et al. (1980) proposed it in another way, that is, in the triaxial test, the 

volumetric stiffness can be expressed as 

   Eq. 2.11 

where 

 is the bulk modulus exponent. 

  is the bulk modulus number. 

2.2.3. Hardening Soil (HS) Model 

However, the restrictions of this model are that a purely hypo-elastic model cannot 

consistently distinguish between loading and unloading. In addition, the model is not 

suitable for collapse load computation in the fully plastic range (Schanz, 1998). The 

Hardening Soil model gets advanced in three aspects, which are using the theory of 

plasticity rather than the theory of elasticity, introducing a yield cap, and including 

soil dilatancy. Since this model would be mainly used to simulate in this study, more 

detailed formulas and theories are presented in Chapter 3. 
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2.2.4. Hardening Soil Model with Small-Strain Stiffness (HSS) 

One shortcoming that the original HS model has is it assumes soil's perfect elastic 

behavior during loading and unloading and ignores that the strain range where soil can 

recover from applied straining almost completely is very small. Therefore, it is not so 

accurate to use the soil stiffness that relates to the strain range at the end of 

construction in the analysis. Instead, very small-strain soil stiffness and its non-linear 

dependency on strain amplitude should be properly considered. The HSS model offers 

the possibility to do so. Figure 2-8 shows the non-linear soil stiffness decay against 

log(strain) which yields a characteristic S-shaped curve. 

 

Figure 2-8 Characteristic stiffness-strain behavior of soil with typical strain ranges for laboratory 

tests and structures (Atkinson and Sallfors, 1991) 

HSS model requires two additional parameters to describe the variation of stiffness 

with strain based on the HS model, that is, the very small-strain shear modulus  and 

the shear strain level . Santos and Correia (2001) proposed a very straightforward 

and less prone to error method to describe the relationship: 

   Eq. 2.12 

where . 
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2.3. Corner Effects on Deep Excavation Analysis 

2.3.1. Ou et al. (1996) 

The authors proposed a nonlinear, three-dimensional deep excavation finite element 

analysis over soft to medium clayey subsoil stratum. The corner effect on the wall 

deflection which can be regarded as three-dimensional wall behavior was studied in 

detail. A series of parametric studies were conducted to draw a tentative relationship 

for estimating maximum wall deflection based on two-dimensional analysis results. 

The relationship was developed between the ratio of the maximum wall deflection of a 

section with a different distance from the corner to the maximum wall deflection of 

the section under plane strain conditions, which was first proposed by Ou et al. (1996), 

for various aspects ratios as shown in Figure 2-9. 

 

Figure 2-9 The relationship between B/L and distance from the corner for various PSR (Ou et al., 

1996) 
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2.3.2. Hsiung et al. (2016) 

A deep excavation case history in the central part of Kaohsiung city, Taiwan over 

loose to medium dense sands was analyzed by employing FEM. The Mohr-Coulomb 

soil model and drained condition were assumed for the sand. It was verified that 

predictions from the model were reasonable. The PSR for different aspect ratios and 

the plane with different distances to the corner was determined and their relationship 

was established through a series of parametric studies. The authors concluded that the 

soil types and analysis types had significant effects on wall deflections of deep 

excavations, especially for cases with a large distance from the corner d and aspect 

ratio B/L, by comparing with the previous study on clay by Ou et al. (1996).  

   

Figure 2-10 PSR chart (a) excavation on loose to medium dense sands (b) Comparision of PSR on 

clay and sand (Hsiung et al., 2016) 

2.3.3. Hefny et al. (2020) 

Both two-dimensional and three-dimensional finite element models were built to 

model the behavior of the retaining system based on the same geotechnical 

engineering properties of the deep excavation in the construction of an underground 
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metro station Rod El Farrag project (Egypt). The computed results of the two- and 

three-dimensional FE model were compared with on-site observations. The 

comparison results indicated that the 3D stiffening effect at corners and cross walls 

had significant effects on not only the wall deflections but also the adjacent ground 

settlement. This effect was decreased with increased distance from both wall corners 

and the cross walls. 

 

Figure 2-11 Comparison between computed numerical results and on-site observations (a) 

Results of lateral wall deformation (b) Results of vertical ground settlement (Hefny et al., 2020) 
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CHAPTER 3 METHODOLOGY 

3.1. Research methods and procedure 

In this study, the commercial software PLAXIS 2D-version AE (2019), a finite 

element analysis product of the PLAXIS BV Company, was used for the numerical 

analysis of deep excavation. And the formulas and theory of the soil constitutive 

model applied and detailed modelling method will be mentioned in this chapter later. 

First of all, the soil parameters determination together with raw data processing from 

the ground investigation was done by referring to the original design of the project. 

Next, a site along the retaining wall without a significant underlying bedrock slope 

was selected to be modelled in 2D-1-side mode. Then, all the factors of the model 

would be calibrated with on-site observation for further research, including soil 

parameters, parameters of retaining wall and struts, and surcharge. After that, a section 

of the excavation site on a steep slope was selected to bemodelledd in both 2D-1-side 

and 2D-2-side mode. The analysis results from the  2-side model were compared with 

observational results. Finally, a parametric study of the bedrock slope effect was 

conducted to obtain some referential conclusions for practical deep excavation 

engineering. 

3.2. PLAXIS 

PLAXIS was named after combining plane strain and axial symmetry, which 

indicates the geometric types handled in its original code. The development of 

PLAXIS began in 1987, when, to solve the engineering problems on the locally 

unique soft soil foundations in the Netherlands, and Technische Universiteit Delft then 
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started to develop the software under the proposal of the Dutch Public Utilities and 

Water Management Committee.  

It has an interactive graphical interface that is friendly and easy to operate. The 

INPUT module includes Soil, Structures, Mesh, Flow conditions, and Staged 

construction, five tabs in order, where the entire modelling and calculation process can 

be carried out in sequence according to this procedure. Its OUTPUT module is also 

powerful that helps to visualize the analysis results to facilitate timely inspection and 

correction of models. Moreover, the PLAXIS is the first to adopt the two advanced 

constitutive models, HS and HSS in the program, which has been widely recognized 

around the world after comparison with the monitoring data of many engineering 

examples. 

3.3. Finite element modelling 

3.3.1. Boundary condition 

The whole excavation site was modelled in plain strain for FEA. The model was 

assumed to be normally fixed at two vertical boundaries, fully fixed at the bottom and 

free at the top. For groundwater flow conditions, it was assumed open at the top and 

two vertical boundaries, and closed at the bottom. As for the horizontal dimension of 

the model, 50 m for both excavated and retaining sides should be enough not to 

influence the key part that really deforms during staged construction proceeding from 

experience. Because the bottom of the model was assumed fully fixed for deformation 

and closed for groundwater flow, it should be set 20 m below the final excavation 

level to simulate where the deformation and seepage are not significant and will not 

influence the main part much with such a long distance. 
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3.3.2. Soil constitutive model 

The constitutive model chosen for all the layers of soils was the HS model to simulate 

the nonlinear behavior of soil stiffness varying with stress state. In this model, the 

degree of stress dependence is quantified by the power m. The power m should be 

taken as 1.0 for soft clays to simulate a logarithmic compression performance 

(PLAXIS 2D Material Models Manual, 2018). The values of m are taken at around 0.5 

for Norwegian sands and silt, which is reported by Janbu (1963). 

For the bedrock layer, since the loading it bears was still in its elastic range, the elastic 

model was used to simulate. 

3.3.3. Retaining wall and struts modelling 

The diaphragm wall and underground floor slab are both concrete slab structures. In 

the numerical model, the diaphragm wall was simulated with plate elements. 

According to the Code of Practice for Structural Use of Concrete (2013) in Hongkong, 

Young’s modulus of C45 was taken as 26.4 kN/mm2. And the cross-section size of the 

wall was assumed constant from top to bottom, then the axial and flexural stiffness 

can be calculated. However, considering the wall’s cracks, the stiffness can be 

reduced during model calibration. The floor slabs were simulated by anchors with 1 m 

of spacing, but B2, B1, and the ground floor are complex systems composed of main 

beams, secondary beams, and slabs, so their thickness and axial stiffness cannot be 

accurately determined. Since their installment was after the excavation which has no 

effect on the analysis results of interest, it just took the weighted average thickness of 

the floor slab of about 0.9 m, and the EA value of the floor slab was calculated 

according to this thickness. 
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The steel struts were also simulated by anchors, and according to the Code of Practice 

for the Structural Use of Steel (2011) in Hongkong, Young’s modulus was taken as 

205 kN/mm2 to calculate the corresponding axial stiffness for 7 layers of struts. In the 

2D-1-side model, the anchors used were fixed-end anchors, while in the 2D-2-side 

model, the anchors used were node-to-node anchors. 

This project also involved the imposing strut prestress. Prestress is not an inherent 

material property of anchors, but should be applied to anchors during construction, so 

prestress can only be applied in the staged construction mode that defines construction 

phases. 

3.3.4. Groundwater level 

During the excavation, the dewatering process was also proceeding. This can be 

modeled by creating different water levels, and in the staged construction tab, the 

user-customized water level can be applied in different phases.  

3.3.5. Surcharge 

The surcharge can be modeled by adding line load onto the retaining side. And during 

the construction, there must be additional loads due to the stacking of construction 

materials or transport vehicles, so the surcharge should be modified from the original 

design value by model calibration. 

3.3.6. 2D-2-side model and 2D-1-side model 

In practice, most of the finite element modelings of the excavation are two-

dimensional, and for convenience, engineers always simulate only half of the profile 

and explain that it is due to the symmetry of the excavation site. However, this is nor 

always true, especially for where there is a significant bedrock slope. The Figure 3-1 
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shows an example of 2-side model where interactions beween two sides of the pit can 

be simulated together with 2 1-side models corresponding to the 2 sides of where 

interactions do not exist. 

 

Figure 3-1 2D-2-side model and 2D-1-side models 

3.4. Theory of HS model 

3.4.1. The hyperbolic relationship 

The Hardening Soil model also applies the hyperbolic relationship as in Duncan's 

Hyperbolic model. Similarly, it has: 

   Eq. 3.1 

where 

   Eq. 3.2 

   Eq. 3.3 
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where  is a reference stiffness modulus corresponding to the reference 

confining pressure, . 

The ultimate deviatoric stress  and the quantity are defined as: 

   Eq. 3.4 

   Eq. 3.5 

The above relationship of  shows that the failure criterion of the HS model follows 

the Mohr-Coulomb criterion. 

 

Figure 3-2 Hyperbolic stress-strain relation in primary loading for a standard drained triaxial 

test (Schanz, 1998) 

For unloading and reloading stress paths, another stress-dependent stiffness modulus 

is utilized: 

   Eq. 3.6 
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where  is the reference Young’s modulus for unloading and reloading, 

corresponding to the reference pressure, . 

3.4.2. The approximation of hyperbola 

Considering the plastic strains, which stem from a shear hardening yield function of 

the form: 

   Eq. 3.7 

where  is a function of stress and  is a function of plastic strain. 

   Eq. 3.8 

   Eq. 3.9 

where plastic volume changes  are negligible for hard soils. 

Therefore, in the case of primary loading, which implies the yield condition . It 

thus yields  and so the axial plastic strain during primary loading is: 

   Eq. 3.10 

Then the elastic strains during primary and unloading/reloading are: 

   Eq. 3.11 

The yield locus can be plotted with the yield condition  for a given constant 

value of the hardening parameter, . In addition, the loci’s formula should contain   

 and  which will both depend on the exponent m. When , the locus is 

just the MC-failure envelope. When m is less than 1, the loci slightly become curved. 
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For , being typical for hard soils, Figure 3-3 shows the shape of yield loci 

with increasing values of . Therefore,  can be regarded as the plastic shear strain 

related to mobilized shear resistance. 

 

Figure 3-3 Successive yield loci for various constant values of the hardening parameter  and 

failure surface (Schanz, 1998) 

3.4.3. The cap yield surface 

The HS model makes a distinction between two main types of hardening, namely 

shear hardening due to primary deviatoric loading, and compaction hardening due to 

oedometer loading and isotropic loading. The cap yield surface is introduced to close 

the compaction hardening stress paths to completely describe the yield surface as 

shown in Figure 3-3. It can be seen that both the shear locus and the yield cap have the 

same hexagonal shape as in the Mohr-Coulomb failure criterion shown in Figure 2-6. 

The cap yield surface can be expressed as a function of the pre-consolidation stress . 
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Figure 3-4 Representation of total yield contour of the HS model in principal stress space for 

cohesionless soil (Schanz, 1998) 
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CHAPTER 4 PROJECT BACKGROUND 

The project has three storeys of underground garages, in which the first two floors are 

connected to Barra Light Rail Station. And two storeys above the ground, where the 

first floor is a square and the second floor is a garden platform. The excavation site 

has a maximum length of 185.6 m, a maximum width of 74.82 m, and a planar area of 

11787 m2. The elevation of the pit top surface is +3.5 m MSL, and the bottom surface 

is -20.2 m MSL. The total excavation depth is 23.7 m, and the total earth excavated is 

about 305,000 m3.  

Before the excavation, the diaphragm wall around the site had been built first, which 

would also be extended up with either sheet piles or tubular piles at locations 

highlighted in Figure 4-1. The wall thickness is 1.2 m, and the bottom of the wall is 

embedded in a hard rock layer (class III, IV or better) 0.3 m or larger, and shear pins 

are set at the bottom of each wall, and grouting is carried out for about 5 m deep. 

 

Figure 4-1 Construction site plan view and diaphragm wall to be extended up 
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4.1. Geological Profiles 

4.1.1. Borehole arrangement 

The borehole drilling started on May 17, 2010, and all on-site drilling, testing, and 

sampling were completed on June 29 of the same year. Totally 9 boreholes were 

drilled by percussion boring for the site investigation. During the drilling process, the 

standard penetration test (SPT) was carried out every 1.5 m, and blows numbers (N 

value) were recorded. Meanwhile, the distributed and undistributed soil samples were 

retrieved for all certain physical and mechanical properties measurements. Some soil 

samples were also retrieved for on-site chemical nature analysis at the same time. 

In order to grasp the permeability of each layer of soil and bedrock layer, boreholes 

B01 to B06 and B08 were tested in either constant head or dynamic head method for 

soil permeability, and the water pressure test was conducted in boreholes B04 and B07 

for rock’s hydraulic characteristics. After the drilling was completed, two water level 

observation wells were buried in boreholes B02 to B08, and two water pressure 

gauges were buried in boreholes B01 to B03 and B05 to B06 for continuous 3 month 

water level and water pressure measurement. All of the on-site recorded data, on-site 

test results, and laboratory test results are summarized in 媽閣輕軌站綜合交通整體

規劃研究的地質勘探服務工作 地質勘探報告 (Ref. no.: CERT407/2010), which is 

hereinafter called Site Investigation Report.  
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Figure 4-2 Layout of boreholes arrangement in the site investigation 

4.1.2. Brief description of the strata 

The general sequence of the underlying foundation soil layers is the fill, marine clay, 

alluvium, completely decomposed granite (C.D.G.) and highly decomposed granite 

(H.D.G.), and bedrock. According to Site Investigation Report, the strata is stacked by 
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five kinds of soil based on the standard of soil classification and SPT N value, which 

is briefly described below. 

1) Fill 

It is mainly composed of brown backfilled sand and sandy clay. The average thickness 

is about 12 m, the minimum thickness is 8 m (B07), and the maximum thickness is 

14.95 m (B06). The N value is about 2 to 30, and it belongs to the extremely loose to 

moderately dense soil. 

2) Marine Clay 

It is mainly composed of brown and grey clay. The average thickness is 2.6 m, where 

the marine clay was not found in B07 and B08, the minimum thickness is 1.05 m 

(B06), and the maximum thickness is 5.5 m (B01). The N value is about 2 to 12, and it 

belongs to the soft to dense soil. 

3) Alluvium 

It is mainly composed of grey, greyish-black, and yellow-brown silty clay and silty 

coarse, medium, and fine sand with quartz crystals. The average thickness is about 

12.4 m, the minimum thickness is 1.5 m (B08), and the maximum thickness is 21.05 

m (B01). The N value is about 4 to 79. It belongs to the loose to extremely dense soil. 

4) C.D.G. and H.D.G. 

It is mainly composed of yellow-brown with white and black silty coarse to medium 

sand, gravel, and quartz crystals. Among them, B01 and B02 have H.D.G., where the 

average thickness is about 10.7 m, the minimum thickness is 1.67 m (B07), and the 
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maximum thickness is 18.46 m (B01). The N value is about 18 to more than 100, 

which is the medium to extremely dense soil. 

5) Bedrock-M.D.G. and S.D.G. 

It is mainly composed of yellow-brown, grey-purple granite, which is highly 

weathered to fresh. It appeared approximately 15.15 m (B07) to 54.46 m (B01) below 

where the drilling began. The unconfined compressive strength of the rock core is 

81.6 MPa (B01) to 198.1 MPa (B04). 

The elevation, thickness, and SPT N value distribution of each soil layer in the 

boreholes that are inside the excavation site are summarized in Table 4-1. The 

simplified soil profiles of each borehole are shown in Figure 4-3. 

Table 4-1 Summary of geological information (LECM, 2010) 

Borehole 
No. B04 B05 

Soil type 
Top 

surface (m 
MSL) 

Thickness 
(m) 

SPT N 
values 

Top 
surface (m 

MSL) 

Thickness 
(m) 

SPT N 
values 

Fill 3.18 11.5 5 to 10 3.57 9.0 9 to 15 

Marine clay -8.32 4.5 4 -10.43 2.5 / 

Alluvium -12.82 10.5 4 to 57 -5.43 10.5 (5.0) 7 to 57 

C.D.G. and 
H.D.G. -23.32 11.66 25 to78 -20.93 10.79 38 to over 

100 

Borehole 
No. B07 B08 

Soil type 
Top 

surface (m 
MSL) 

Thickness 
(m) 

SPT N 
values 

Top 
surface (m 

MSL) 

Thickness 
(m) 

SPT N 
values 

Fill 3.8 8 4 to 14 3.78 14.5 6 to 12 

Marine clay / / / / / / 

Alluvium -4.2 5.5 11 to19 -10.72 1.5 20 

C.D.G. and 
H.D.G. -9.7 1.65 18 to over 

100 -12.22 2.15 31 

Note 1: There is no marine clay in B07 and B08; 
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Note 2: In borehole B05, the marine clay layer is sandwiched in the alluvium layer, 

the thickness of the upper alluvium layer part is 5 m, and the thickness of the lower 

part is 10.5 m. 

 

Figure 4-3 Simplified soil profiles of each borehole 

4.1.3. SPT N values against elevation diagram 

Figure 4-4 is the diagram of the SPT N values against elevation in all different 8 

boreholes, where the data point from the same boreholes are plotted in the same 

symbol. In addition, those several pairs of horizontal lines in the same color are the 

elevation boundaries for different soil layers. The range for different soil layers may 

overlap because they have uneven thicknesses and overall slope to the horizontal 

resulting in the upper and lower boundaries varying in different boreholes. 
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Figure 4-4 SPT N values from all 8 boreholes against elevation 
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4.2. Construction Sequence 

The top-down method was applied for this excavation project, with 7 layers of steel 

struts installed as temporary supports while the excavation progressed downward, and 

when it was excavated to the designed elevation, 4 permanent slabs, including base 

slab, B1, B2 floor slab and ground slab, are constructed with temporary supports 

removed sequentially. In this case, a total of 24 phases are set to describe the whole 

construction process, which will also be adopted in later FEM analysis. Table 4-2 

gives the construction sequence and construction periods for these phases.  

For the ease of later FEM model verification, Phase 1 to Phase 16, which is the 

excavation and retaining process, is divided into three stages. And because the 

analysis is not focused on permanent slab construction and temporary struts removal, 

those phases will be classified as stage-4.  

The constructed diaphragm wall had been installed into the bedrock which has such a 

low permeability that it is seen as an impermeable layer, so the groundwater level 

outside the site can be assumed constant when do dewatering inside the site and 

seepage analysis is no need. Table 4-3 shows the dewatering level corresponding to 

each excavation level. 
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Table 4-2 Construction activities and sequence of the excavation in this study 

Construction sequence  Construction period 

 Start End 
Phase 0    

Diaphragm wall installation   
Stage-1 (Phase 1 to 2)   

Dewatering & Excavation to +1.5 m MSL 08/2015  
1st level strut installation at +2.0 m MSL  10/2015 
Stage-2 (Phase 3 to 8)   

Dewatering & Excavation to -1.5 m MSL 10/2015  
2nd level strut installation at -1.0 m MSL  12/2015 
Dewatering & Excavation to -5.0 m MSL 12/2015  
3rd level strut installation at -4.5 m MSL  02/2016 
Dewatering & Excavation to -8.5 m MSL 02/2016  
4th level strut installation at -8.0 m MSL  04/2016 
Stage-3 (Phase 9 to 15)   

Dewatering & Excavation to -12.0 m MSL 04/2016  
5th level strut installation at -11.5 m MSL  06/2016 
Dewatering & Excavation to -15.5 m MSL 06/2016  
6th level strut installation at -15.0 m MSL  08/2016 
Dewatering & Excavation to -17.5 m MSL 08/2016  
7th level strut installation at -17.0 m MSL  10/2016 
Dewatering & Excavation to -20.2 m MSL 10/2016 11/2016 
Stage-4 (Phase 16 to 24)   

Casting of the base slab   
Removal of 7th level strut   
Casting of the B2 floor slab   
Removal of 6th and 7th level struts   
Casting of the B1 floor slab   
Removal of 4th, 3rd, and 1st level struts   
Casting of the ground slab   
Removal of 2nd level strut   

Note: The period of permanent structure construction is unavailable. 
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Table 4-3 Construction activities and sequence of the excavation in this study 

Excavation elevation (m MSL) GW level inside site (m MSL) 
+1.5 +1.0 
-1.5 -2.0 
-5.0 -6.5 
-8.5 -10.0 
-12.0 -13.5 
-15.5 -17.0 
-17.5 -20.7 

4.3. On-site Monitoring and Observations 

4.3.1. Monitoring system 

The monitoring system was set to provide safety for not only the excavation and 

retaining system but also the surrounding buildings and public facilities, in addition, it 

also can be used to assess whether the performance of the ground and structure 

expected in design is followed.  

For this project, a series of inclinometers were installed around the wall to monitor the 

horizontal displacement of the retaining system. The settlement gages were set around 

the wall and surrounding buildings and public facilities to measure their settlement 

due to either excavation or dewatering. Several tiltmeters are installed at some 

important buildings to monitor their serviceability limit states. The fluctuated 

groundwater table and pressure are investigated by standpipes and piezometers, 

respectively. Detailed information for monitoring items, instruments, duration, and 

instruments’ serial numbers are summarized in Table 4-4. 

Figure 4-5 shows the layout of inclinometers and settlement gages installed around the 

site, which measured the main comparison objects in this research. 
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Table 4-4 The detailed information for the monitoring system 

Monitoring 
Items 

Monitoring 
Instruments Serial No. Monitoring 

duration 

Retaining 
wall’s 

inclination 
Inclinometer 

IN1 ~ IN19 
(19 totally) 

2015-03-02 ~ 
2019-10-11 

Ground 
settlement 

Settlement 
gage 

GS1 ~ GS22, GS24 
AGS2, 3, 7, 8, 9 

NAGS5 ~ 7, 10, 11, 25 ~ 37  
D1 ~ D4, P8-1 ~ 3, SJ1, 2 

(80 totally, and some serial nos. 
have multiple suffixes such as 

GS11A, GS11B) 

2015-02-06 ~ 
2020-03-17 

Surrounding 
structure’s 
settlement 

Settlement 
gage 

ST1 ~ 9 
(15 totally, and some serial nos. 
have multiple suffixes such as 

ST7-1, ST7-2) 

2015-04-03 ~ 
2020-03-17 

Surrounding 
structure’s 

tilt 
Tiltmeter 

TC-1 ~ TC-9 
(9 totally) 

2015-04-01 ~ 
2020-03-13 

Public 
facilities’ 
settlement 

Settlement 
gage 

VP1 ~ 5, AVP4, 5 
(7 totally) 

2015-07-07 ~ 
2020-03-17 

Water level 
& pressure 

Standpipe & 
piezometer 

SP1 ~ 14, ASP3 ~ 8 
(20 totally) 

2015-03-29 ~ 
2019-10-11 

Note: 
 As the construction requirement, the monitoring instruments would be added 

or terminated for each monitoring item. The serial no. summaries all the 
instruments served, and the duration records the time from the first 
instruments started to the last instruments ended. 

 For settlement monitoring, NGP024 is set as the leveling control station. 
 The monitoring frequency is not fixed, and the general rule is that reading is 

recorded every day from the beginning of the installation, and gradually 
decreases when the reading is stable until the instruments are scrapped and 
retired. 
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(a) Inclinometers (IN) 

 

(b) Ground settlement gages (GS) 

Figure 4-5 Layout of the monitoring system: (a) inclinometers and (b) ground settlement gages 

around the site 

4.3.2. Observed wall displacement and ground settlement 

In this study, observational results from three inclinometers are sorted out for 

comparison with FEA results.  
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One corresponds to which the bedrock slope is not significant to calibrate the model 

parameters and the other two correspond to a section of the pit with a significant 

bedrock slope for the research on the slope effects. Additionally, these inclinometers 

should also have at least one nearby ground settlement gauge to evaluate the ground 

settlement response during excavation. Therefore, the final selection is IN5 for model 

calibration, and IN1 and IN11 for research. 

  (a)  

 (b)       (c) 

Figure 4-6 Observations of inclinometer (a) IN5; (b) IN1; and (c) IN11 
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It should be noted that for the wall displacement, positive (+) means towards the 

inside of the pit and negative (-) means towards the outside of the pit. The figure also 

shows the excavation level for each stage. Because the bedrock layer around IN11 is 

much higher, the monitoring data was only covered to about -5.5 m MSL and even 

part of the data at the lower level was discarded as excavated deeper. So only the 

excavation level at the end of Stage-1 is marked for (c) in Figure 4-6. 

Before the excavation, the drilling for column installation may also cause the wall’s 

slight movement, and there was also certain inevitable disturbance for inclinometers 

during the construction of the retaining wall, therefore, all these observations should 

be initialized by deducting the wall displacement when excavation was not started. 

Moreover, the wall was also likely to move at the bedrock layer, which could result in 

the overall additional displacement of the wall. However, the bedrock simulated in the 

model was tough enough to have almost no deformation for this case. To make a more 

reasonable comparison between observation and numerical model by just considering 

soils’ contribution to the wall displacement, the displacement at the bedrock would 

also be deducted. What is shown in Figure 4-6 is the modified observational results 

with the considerations talked above. 

4.3.3. Response for ground settlement during excavation 

Chan (2010) had summarized maximum ground surface settlement versus maximum 

horizontal wall displacement recorded of recent construction projects in Macau, 

Hongkong, and Taipei, and plotted these records in one diagram together with higher 

and lower limits. For evaluation of the response of ground settlement, the maximum 

ground settlement monitored by GS15A versus maximum wall displacement 

monitored by IN5, and the maximum ground settlement monitored by GS12A versus 
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maximum wall displacement monitored by IN1 are also plotted as shown in Figure 4-

7.  Since the wall monitored by IN11 was finally pushed toward the soil by struts, 

yielding passive lateral earth pressure and the soil’s stress state was different, this data 

was not plotted for comparison. 

It can be seen that from this diagram, the results at two locations are between the 

lower limit and the average for soft clay which is similar to all the construction 

projects in Macau presented. 

 

Figure 4-7 Maximum ground surface settlement (δv(max)) versus Maximum horizontal wall 

displacement (δh(max)) (Chan, 2010) 
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4.4. Material Parameters Determination 

4.4.1. Soil bulk density 

The Site Investigation Report contains the test results of bulk density for each layer of 

soil, so the soil bulk density parameter was generally taken as their average values. 

4.4.2. Soil cohesion and internal friction angle 

For marine clay, alluvium-clay, CDG, and HDG, the Site Investigation Report 

provides the triaxial shear test results of  and with confining pressure of 100, 200, 

and 300 kPa. According to GEOSPEC 3 Model Specification for Soil Testing,  and 

, are defined as: 

   Eq. 4.1 

   Eq. 4.2 

Then plot the test results using as the abscissa and as the ordinate, and apply Least 

Squares Method to calculate the slope angle  and the intercept on the  axis, . 

Then cohesion and internal friction angle can be calculated: 

   Eq. 4.3 

   Eq. 4.4 

To determine the soil strength parameters, for this case that the number of 

geotechnical tests is relatively less, it is better to apply the statistical method, in which 

and for each soil sample are determined individually, calculate these two sets of 
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and data’s average value, standard deviation, coefficient of variation and the 

statistical coefficient for all and , and finally the characteristic value is obtained: 

   Eq. 4.5 

   Eq. 4.6 

   Eq. 4.7 

   Eq. 4.8 

   Eq. 4.9 

where n is the number of statistical samples; 

           is the average value of soil parameters; 

           is the standard deviation of soil parameters; 

           is the coefficient of variation of soil parameters; 

           is the statistical coefficient of soil parameters, which is the approximate 

formula obtained by fitting considering the limit value of the Student’s t-

distribution; 

 is the characteristic value of soil parameters. 

For fill and alluvium-sand, there is only one test result provided. To obtain a more 

reasonable design value, the correlation between SPT N value and internal friction 

angle in Geotechnical Engineering Calculations and Rules of Thumb by Ruwan 

Rajapakse (2016) is applied to infer : 
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The result will also be compared with the test result. For conservative consideration, 

all sandy soils are assumed to be fine sand. 

For C.D.G., there are no shear tests conducted for it, so its strength parameter is also 

based on experience. 

4.4.3. Soil stiffness 

According to the Review of Design Methods for Excavations, the experience of 

recently completed projects, and in consideration of the H.K. PB proposal also, the 

relationship between Young's modulus E and the SPT N value is: 

   Eq. 4.10 

where is taken as the value in Table 4-5. 

Table 4-5 Correction factor value of different soils 

Soil type Correction factor Soil type Correction factor 
Fill 1.0 Alluvium 1.5 
Marine clay 1.0 C.D.G. 2.0 

Moreover, the SPT N value used to estimate stiffness for each layer of soil and 

bedrock is also processed by applying the statistical method to get the characteristic 

SPT N value. 

For the bedrock layer. since the loading on it is still in its elastic range, only the bulk 

density and stiffness are required to model it. The stiffness parameter of the bedrock 

layer is estimated by . In addition, the Site Investigation Report 

does not give the bulk density of bedrock, so its value is 25 kN/m3 according to 

experience. Table 4-6 shows the general material table of soil parameters taken. 
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Table 4-6 General soil parameters taken 

Soil type 
Bulk density 

(kN/m3) 

Cohesion 

(kPa) 

Internal friction 

angle (°) 

Stiffness 

(MPa) 
SPT N 

Fill 19.1 0 31.3 10.4 10.4 

Marine clay 18.7 1.8 23.6 3.1 3.1 

Alluvium-sand 

(above -11 m MSL) 
20.9 0 33.5 15.0 15.0 

Alluvium-sand 

(below -11 m MSL) 
20.9 0 40.1 32.9 32.9 

Alluvium-clay 20.9 1.8 23.0 9.7 9.7 

C.D.G. 19.0 6.0 38.0 161.0 80.5 

Bedrock 25.0   25000 25000 

4.4.4. Parameters of retaining wall and struts 

The retaining diaphragm wall is a concrete plate structure, which can be modeled by a 

plate unit. The struts are I-steel, which can be modeled by anchors. For more detailed 

information about section and stiffness, refer to the table below. 

Table 4-7 Parameters of retaining wall and struts 

Plate unit Section 
Young’s 

modulus (GPa) 
Sectional 
area (m2) EA (kN/m) 

EI 
(kNm2/m) 

Diaphragm 
wall 1.2 m × 1.0 m 26.4 1.2 3.168E7 3.802E6 

Anchor unit Section Young’s 
modulus (GPa) 

Sectional 
area (m2) 

EA (kN) Spacing 
(m) 

1st layer of 
struts 

UC305×305×198 205 0.02524 5.174E6 9 

2nd layer of 
struts 

2 nos. 
UC356×406×393 

205 0.10012 2.052E7 9 

3rd layer of 
struts 

2 nos. 
UC356×406×393 205 0.10012 2.052E7 9 

4th layer of 
struts 

2 nos. 
UC356×406×467 205 0.11898 2.439E7 9 

5th layer of 
struts 

2 nos. 
UC356×406×467 

205 0.11898 2.439E7 9 

6th layer of 
struts 

2 nos. 
UC356×406×467 

205 0.11898 2.439E7 9 

7th layer of 
struts 

2 nos. 
UC356×406×393 

205 0.10012 2.052E7 9 
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4.4.5. Surcharge 

For most general cases, the surcharge is often taken as 20 kN/m2, and for the area with 

a relatively thicker soil layer, the surcharge is taken as 10 kN/m2. 

4.5. Calibration of the Numerical Model from Observations 

Based on determined either soil parameters, wall and struts’ stiffnesses or surcharge 

talked before, a 2D-1-side FE model was built with PLAXIS to simulate the location 

without bedrock slope (as shown in Figure 4-8), which is hereafter called model 

1SDIN5. And by comparing with the actual observations of IN5, the model’s 

parameters can be calibrated. 

During the calibration, the parameters mainly tuned were ,  and  of 

C.D.G. which were over-estimated by the correction factor provided in Table 4-5, 

reducing the retaining wall’s flexural stiffness by about 50% considering its cracking, 

and gradually adding the surcharge to the design value to simulate construction 

materials’ increasing staking as the construction proceeding in reality.  

 

Figure 4-8 Finite element mesh diagram of model 1SDIN5 
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Figure 4-9 shows the comparison between analysis and observed results of three 

stages to evaluate the calibrated model. It shows that both of analysis and actual wall 

behaved in cantilever mode firstly and then changed to prop-mode as struts were 

gradually installed. In this case, the observed maximum lateral wall displacements 

gradually increased as excavation progressed to 30.23 mm, and the computed 

maximum wall displacements increased to 33.23 mm. where the difference was 

largely caused by corner effects. Therefore, the model with calibrated parameters can 

be regarded as reasonable for the scope of this study. 

 

Figure 4-9 Comparison between analysis and observed lateral wall displacements 
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CHAPTER 5 ANALYSIS AND DISCUSSION 

In this chapter, with the calibrated model parameters, one 2D-2-side FE model was 

built to simulate the section with a significant bedrock slope which is hereafter called 

2SDIN1-11. First, the computed and observed results will be compared to verify 

whether the modeling is good or not. Then two 2D-1-side FE models were built which 

are hereafter called 1SDIN1 and 1SDIN11 to study the difference between 1-side and 

2-side modeling and the interactions between the 2 sides. 

5.1. Evaluation of Model 2SDIN1-11 with Observations from IN1 and IN11 

The soil layer sequences and thicknesses of deep and shallow sides are referred to as 

B05 and B07, but with a slight adjustment of soil thickness because the section has a 

certain distance to the two boreholes. The elevation of bedrock can be inferred by 

observed wall displacement, where no obvious deflections occur. As for the bedrock 

slope behind the retaining wall, 5.2.1 will talk about its effect that the bedrock slope at 

the retaining side has very little impact on wall displacement which can be ignored, so 

the bedrock behind the wall is assumed to be horizontal and can be consistent with 1-

side models.  

 

Figure 5-1 Finite element mesh diagram of model 2SDIN1-11 
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(a)                                                                          (b) 

Figure 5-2 Comparison between (a) analysis results of deep side with and observations of IN1; (b) 

analysis results of shallow side and observations of IN11 

The computed results show a good consistency with observations, except that the 

computed result is relatively larger than observations for stage-1, which may be due to 

either the soil model’s limitation or that the initial observations are susceptible to 

disturbance. Compared with the deep side, the shallow side’s wall was deflected 

inward the pit in cantilever mode at Stage-1 but deflected outward at Stage-2 and 

Stage-3. The mechanism of this will be explained in detail in the next section by struts 

force variation during excavation. 

It was the only force yielding from the lateral soil pressure at the deep side that can 

push the retaining wall toward the soil body through struts. And only the first two 

layers of struts were against the soil at the shallow side, and the rest of the struts were 

against bedrock that has not much influence on the wall deflections. Hence, the first 

two layers of struts forces versus phases specified in Table 4-2 are plotted. Then these 



 

52 

 

two layers of struts’ thrust making the wall deflect in cantilever mode are quantified as 

the bending moment about the elevation of bedrock due to two layers of struts’ force, 

which is also plotted against phases. 

 

Figure 5-3 Computed struts forces at each phase and quantified thrust to retaining wall 

As shown in Figure 5-3, at the phase when struts are installed, the struts force is the 

prestress or zero if prestress is not applied, after that, it will be suddenly increased to 

the maximum one phase later duo to the excavation of the soil that the layer of struts 

is against, and then the struts forces are gradually decreased to a small extent because 

of more layers of struts’ installation. 

Focusing on the bending moment, the thrust is not so large at first that lateral soil 

pressure still can push the wall inward the pit, however, during phases 6 to 9, the 

thrust comes to its maximum value which corresponds to the Stage-2 when retaining 

wall has a larger outward deflection, then the thrust gradually decreases so that wall’s 

deflection becomes smaller at Stage-3. 
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5.2. Analysis of Effects of Bedrock Slope 

In this section, the bedrock slope is divided into two categories: one is the bedrock 

slope at retaining side, and another is the bedrock slope at excavation side. The 

bedrock slope at retaining side will be firstly verified that adjusting the slope alone has 

limited impact on the retaining wall. In fact, the slope of bedrock at excavation side 

will significantly change the soil layer thickness on both sides of the excavation pit, 

resulting in a large difference in the lateral earth pressure on both sides, which then 

can have interactions with each other through the connecting struts, and finally change 

the wall deformation. Therefore, a parametric study is conducted that, the slope is 

tuned in the 2-side model by changing the elevations of bedrock at two sides, at the 

same time in two 1-side models of two sides, elevations wee also changed 

correspondingly. The comparison of maximum lateral wall displacement and struts 

force at each stage between the 2-side and 1-side model was made to study the effects 

of bedrock slope effects. And it should be noted that, when changing the elevation of 

bedrock, each layer of soil’s elevation was also changed in proportion. 

Before the analysis, the independent variables, the bedrock slope at retaining and 

excavation side, and ; the dependent variables, either wall deflections or struts 

forces should be stated in the Figures below: 
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Figure 5-4 Bedrock slope schematic for (a) 2SDIN1-11; (b) 1SDIN1; and (c) 1SDIN11 

 

Figure 5-5 Dependent variables schematic for (a) 2SDIN1-11; (b) 1SDIN1; and (c) 1SDIN11 
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5.2.1. Effects of bedrock slope at retaining side 

To verify that the bedrock slope  at the retaining side almost has no impact on the 

wall’s displacement, different bedrock slopes at both deep and shallow sides are set to 

investigate whether the wall’s displacement has obvious change. 

 (a) 

 (b) 

Note: and mean the horizontal wall deflection in model 2SDIN1-11 with no 

bedrock slope at deep and shallow side respectively. 

Figure 5-6 Ratio of lateral wall displacement with various bedrock slopes to lateral wall 

displacement with horizontal bedrock for (a) deep side; (b) shallow side 
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By taking the ratio of maximum lateral wall displacement with various bedrock slopes 

to maximum lateral wall displacement with horizontal bedrock displacement, it shows 

that, though the bedrock slope can influence wall displacement, the influence is 

limited within 10%, and the variation has not an obvious trend to increase as slope 

increasing. And often the effects are minimal at the maximum wall deflection. 

Therefore, the bedrock slope of at two retaining sides model 2SDIN1-11 can be 

assumed horizontal for convenience which can also be kept consistent with the 1-side 

model. 

5.2.2.  

As shown in Figure 5-7 (a), the diagrams of the ratio of maximum wall displacement 

from the 2-side model to that from the 1-side model at the deep and shallow sides are 

plotted versus bedrock slope. When the slope is relatively smaller, the ratio is larger 

than 1.0, which means the 1-side model underestimates the wall displacement 

compared with the 2-side model; but when the slope goes to larger numbers, the ratio 

shows a gradual convergence trend. This is because, for the 1-side model, the struts 

are modelled by fixed-end anchors that can provide infinity reactions, so soil body and 

wall deformation can trigger more struts forces to retain further deformations; 

however, for the 2-side model, the struts are modelled by node-to-node anchors, for 

the one with soil at both ends, to maintain the equilibrium, the struts force can provide 

is limited. As the slope increases, more layers of struts will withstand the very tough 

bedrock, which can be regarded as equivalent to fixed-end anchors, therefore, the 

maximum wall displacements are approaching. 



 

57 

 

Figure 5-7 (b) shows the ratio against bedrock slope at the shallow side, this plot does 

not show a smooth trend, since the factors influencing the wall at the shallow side are 

not single. On the one hand, the excavation can cause the wall deflects inward; on the 

other hand, the increasing struts force as the excavation proceeds will push the wall 

outward. In this case, the stress state will vary from active to passive, which is another 

reason why the curve is not smooth. Although the 1-side model can compute wall 

deflections more conservatively at lower bedrock slope, as slope increases, the 1-side 

model still has the possibility to underestimate wall deflections. 

 

(a) 
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(b) 

Figure 5-7 Ratio of maximum lateral wall displacement from 2-side model to maximum lateral 

wall displacement from 1-side model versus bedrock slope at (a) deep side; (b) shallow side 

5.2.3.  

To corroborate with the analysis by wall deflections, the diagrams of the ratio of 

maximum struts force of each layer of struts from the 2-side model to that from the 1-

side model at the deep and shallow sides are also plotted versus bedrock slope. As 

shown in Figure 5-8 (a), the convergence trend is reflected in the ratios of maximum 

struts forces from 2 to 6 layers which bear more loading are concentrated close to 1 as 

bedrock slope increases. And as shown in Figure 5-8 (b), consistent with the results of 

maximum wall deflections, the struts forces at the shallow side from the 2-side model 

become larger than that from the 1-side model as the slope increases, and it is for this 

reason that the retaining wall is pushed outward in model 2SDIN1-11. It can also be 

seen that the strut force of the first layer is very sensitive to the bedrock slope, which 

means it is easier to be underestimated for the first layer struts force if modelled in a 

1-side model.  
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(a) 

(b) 

Figure 5-8 Ratio of maximum struts force of each layer of struts from 2-side model to maximum 

struts force of each layer of struts from 1-side model versus bedrock slope at (a) deep side; (b) 

shallow side 
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CHAPTER 6 CONCLUSION AND FUTURE STUDY 

6.1. Conclusion of This Study 

A section of the excavation pit was simulated by an FE 2-side model with all kinds of 

parameters calibrated by the comparison of lateral wall displacement results computed 

by a FE 1-side model and from on-site observations at one location without significant 

bedrock slope, and the lateral wall displacement results from the 2-side model show a 

good consistency with the on-site observation. It was also found that the behavior of 

the retaining wall at the shallow side, that the wall would be pushed outward the pit 

analyzed by a 2-side model, which could never be obtained from a 1-side model. 

To further investigate the bedrock slope’s effects on the wall at the retaining side, the 

slope was adjusted to various values. The results showed that the effects of bedrock 

slope at both deep and shallow retaining sides were limited, and the bedrock layer was 

set horizontal under the retaining side in the 2-side model for later studies. 

Finally, the ratio of maximum lateral wall displacement from the 2-side model to 

maximum lateral wall displacement from the 1-side model was plotted against 

different slope values under the excavation side. The curve for the deep side retaining 

wall is smooth and converges gradually, that is because as the slope increases, more 

layers of struts withstand bedrock and can be regarded as fixed-end anchors, the 

results from the 1-side and 2-side models are approaching. But since the influencing 

factors of wall deflections at the shallow side are more complex, the curve looks not 

so smooth. Also, the ratio of maximum struts force from the 2-side model to 

maximum struts force from the 1-side model of each layer of struts was plotted against 
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different slope values under the excavation side as additional evidence of the analysis 

of bedrock slope effects. 

Because the 2-side model includes the interactions through layers of struts between 

two sides, which is closer to reality. By comparing the results from the 1-side and 2-

side model, the results indicated that at lower bedrock slope, the 1-side model would 

underestimate the lateral wall displacement for the deep side but overestimate for the 

shallow side; at higher bedrock slope, the results from 1-side and 2-side got 

approaching, but 1-side model could not obtain that the wall was pushed outward for 

shallow side, and at the same time, 1-side model might underestimate the lateral wall 

displacement and struts force of the first layer. Therefore, when the bedrock slope 

under the excavation site is not so significant, it is recommended that the excavation 

can be simulated by a 1-side model retained by fixed-end anchors, but the design 

should consider the underestimation of the 1-side model; when the bedrock slope is 

significant, it is recommended to simulated by a 2-side model to evaluate the behavior 

of the retaining wall at the shallow side and get a more reasonable result of the first 

layer struts foece. 

6.2. Future Study 

The discovery by this research about the effects of bedrock slope is just based on the 

information of deep excavation for Barra Transportation Junction, which provokes the 

thinking about bedrock slope, further mechanism of the interaction between the 

retaining wall at two sides due to bedrock slope should be researched on a normalized 

model to eliminate the effects of the excavation pits dimensions. Additionally, which 

kind of soils are more sensitive to bedrock slope can also be further studied. 
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