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ABSTRACT 

With rapid economic development, the number of braced excavation projects has 

grown in Singapore and other coastal cities. The technology of diaphragm wall is 

widely used in these areas where soil deposits comprise of thick soft clay layers 

overlying stiff clay. However, the traditional empirical methods for predicting wall 

deflection, ground movement, and strut forces for these excavations are mostly based 

on excavations with flexible walls. This project studies the excavation behavior using 

the Finite element method. Uncertainties in the process of design and construction of 

excavations have been considered through reliability analysis. This project aims to 

study the behavior of excavations with diaphragm wall in soft clay and to develop a 

procedure to estimate the reliability index associated with wall and ground movement 

for excavation system. The following are the major aspects of this project. 

1. The small strain effect on excavation problems has been assessed using the HSS 

(Hardening small-strain) model implemented in PLAXIS 8.5 (commercial 

software). The characteristic of small strain behavior is reflected by analysis of 

several case histories with the HSS model and comparisons of the behavior with 

other soil models. A coefficient is introduced to evaluate the small strain effect on 

wall deflections. 

2. Parametric studies have been carried out to study the excavation behavior with 

respect to wall deflection, soil settlement and apparent pressure. The response 

surfaces equations for predicting the maximum wall deflection and soil settlement 

have been proposed. A chart is proposed to estimate the maximum apparent 

pressure for calculating the strut forces. 

3. Reliability analyses on wall deflection and surface settlement have been illustrated 

by two examples. Simplified charts have been proposed to assess the failure 

probability of wall deflection and surface settlement. 
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Chapter 1 

INTRODUCTION 

1.1 Overview 

With rapid growth in urban development, more and more excavations projects for 

high-rise buildings and subway lines are being executed and scheduled. Most of the 

current empirical and semiempirical methods for assessing the excavation behavior 

are mostly based on excavations with flexible walls. There is therefore a need for 

simplified methods to evaluate the behavior of excavations with diaphragm walls in 

soft clay. The first aim of the project is to obtain reasonable predictions on 

excavation behavior by conducting a series of parametric studies. 

 

The second aim of the project is to look at the viability of applying reliability 

analysis in this field for assessing the performance of excavation system with the 

objective of ensuring economy and safety. To minimize the damage to adjacent 

buildings and avoid failure of the excavation itself, wall deflection and soil 

settlement are the most critical factors in the excavation process. So this project will 

focus on these two factors when conducting reliability analysis.  

 

1.2 Objective and Scope of the Research 

This research has three main objectives which are 

1. To reflect the characteristic of wall deflection and soil settlement more 

accurately by considering the small strain behavior of soil. 

2. To set up a simplified model for estimating wall deflection and soil settlement 

after performing a series of practical case studies and hypothetical analyses. And 

3. To assess the reliability of braced excavation systems with focus on the 

deformation assessment. 
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1.3 Outline of the Thesis 

In chapter 2, the relevant literature on the subject of excavations is summarized, 

focusing on the excavation behavior and the basic concepts of reliability. The 

commercial finite element program—PLAXIS mainly used in this paper is 

introduced and the soil models are described. 

 

In chapter 3, cases studies are presented to demonstrate the use of the HSS 

(Hardening small-strain) model in PLAXIS to estimate wall deflection and soil 

settlement. The difference between HSS and HS (Hardening soil) predictions is 

illustrated by a set of parametric studies. A coefficient is provided to assess the 

small strain effect on wall deflection. 

 

In chapter 4 the results of a comprehensive parametric study are presented. The 

factors affecting the excavation behavior are studied. The response surfaces for 

predicting wall deflection and surface settlement are generated by the response 

surface method. A method for predicting the maximum apparent pressure is 

proposed. 

 

In chapter 5 the reliability analyses is illustrated by two examples. The factors 

affecting the failure probability are studied to find the critical factors. Simplified 

charts are provided to assess the failure probability for wall deflections and surface 

settlements. 
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Chapter 2 

LITERATURE REVIEW 

2.1 Overview 

The main aspects in the design of excavation system are the estimation of basal 

heave, the wall deflection, soil settlement, strut forces and wall bending moment. 

These are reviewed in chapter 2, followed by an overview of small strain soil 

behavior, reliability concepts and PLAXIS small strain model. 

 

2.2 Basal Heave Stability 

Terzaghi (1943) developed Eq. (2.1) and Eq. (2.2) to compute the factor of safety 

(FS) for basal heave stability. It is a method applicable for wide excavations B/H 1  with the limitation that the FS is independent of wall penetration, wall 

stiffness and adhesion. 

For 0.7 : 

 . √                         (2.1) 

 

And for 0.7 : 

 .
                         (2.2) 

 

where ,  is the undrained soil shear strength of the soil above and below the 

excavation level respectively, and , ,  are the depth of the excavation, the width 

of the excavation and the depth to firm layer respectively as shown in Figure 2.1.  
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Figure2.1 Bottom Heave Analysis for Wide Excavation B/H 1  (Terzaghi,1943) 

 

Bjerrum and Eide (1956) proposed a method as shown in Figure 2.2 and Eq. (2.3) 

for estimating factor of safety against basal heave for narrow excavations B/H 1 . It has been validated by many case records with different shapes. The 

effect of clay thickness is ignored and the effect of wall penetration and stiffness are 

also not included. 

 

                                                     (2.3) 

 

where  is the bearing capacity coefficient and  is the surcharge load. 

 

 

Figure2.2 Bottom Heave for Deep Excavation B/H 1  

(Bjerrum and Eide, 1956) 
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Goh (1994) suggested an approach considering the effect of wall penetration, wall 

stiffness and clay thickness for wide excavation B/H 1 . However, the 

excavation shape effect is not included and  should be constant. The FS is given 

by 

                           H                      (2.4) 

 

where  is bearing capacity factor, and , ,  are the clay thickness factor, 

wall penetration factor and wall stiffness factor, respectively as shown in Figure 2.3. 

 

Figure 2.3 N , μ , μ , and μ  (Goh, 1994) 
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2.2 Lateral Wall Deflection,  

Mana and Clough (1981) introduced the relationship between the maximum wall 

deflection (δ ) and factor of safety against basal heave defined by Terzaghi (1943) 

after studying a number of excavation case histories in soft to medium clays. As the 

chart in Figure 2.4 shows, when the factor of safety was less than 1.5, the maximum 

wall deflection increased rapidly. 

 

 

Figure 2.4 Relationship between Factor of Safety Against Basal Heave and 

Non-dimensionalized maximum Lateral Wall Movement from Case History Data 

 (Mana and Clough,1981) 

 

Wong and Broms (1989) studied the effects of factor of safety against basal heave, 

excavation width, depth to hard stratum and wall stiffness on lateral wall deflection 

based on several series of finite element analyses. They concluded that the factor of 

safety against basal heave which was related to the soil undrained shear strength 

mainly controlled the lateral displacement as shown in Figure 2.5. They also 

pointed out the structural system including wall stiffness, preloading and strut 

spacing heavily affected the wall deflection. They proposed a simple procedure to 
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estimate the maximum wall deflection for a braced excavation in soft clay. The 

method was based on the important assumptions of no net volume change and the 

yielding of zone  governed the lateral wall movement as shown in Figure 2.6.  

 

 

Figure 2.5 Effect of Factor of Safety on Wall Deflection (Wong and Broms, 1989) 

 

Figure 2.6 Movements around Braced Excavation (Wong and Broms, 1989) 
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Clough and O’Rourke (1990) proposed a semi-empirical chart (Figure 2.7) for 

estimating δ  for soft to medium clays, which can simultaneously consider the 

factor of safety against basal heave and system stiffness ( / , where  is 

wall stiffness,  is average vertical strut spacing and  is unit weight of 

water).  

 

Figure 2.7 Design Curves to Obtain Maximum Lateral Wall Movement for Soft to 

Medium clays (Clough and O’Rourke, 1990) 

 

Wong et al. (1997) presented and discussed the data collected from construction of 

the tunnels in the Central Expressway (CET) Phase Ⅱ of Singapore. The results in 

Figure 2.8 showed the wall movements were less than 0.5%H and 0.35%H, when 

the thickness of soft-soil layers was less than 0.9H and 0.6H overlying stiff soils, 

respectively. The wall types that affected wall deflection were illustrated in the 

Figure 2.8. It indicated that stiffer wall stiffness would reduce the movement 

significantly with thick soft layer at sites if it excluded the two cases supported by 

contiguous bored pile walls where the maximum lateral wall movement was slightly 

less than 0.5%H. They also illustrated and explained the effect of prop type on the 

maximum wall deflection in Figure 2.9, which showed anchored excavations result 

in smaller wall deflection. 
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Figure 2.8 Observed Maximum Lateral Wall Deflection for Excavation by Five 

Types of Walls (left, h<0.9H and right, h<0.6H) in the Construction of CTE  

Phase Ⅱ (Wong et al., 1997) 

 

 

Figure 2.9 Effect of Prop Type on Maximum Lateral Wall Movements for 

Excavations Supported by Five Types of Wall (left, h<0.9H and right, h<0.6H) in 

the Construction of CTE Phase Ⅱ (Wong et al., 1997) 
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Yoo (2001) showed the same effect of wall type, strut type on the wall deflection as 

Wong et al. (1997), which was based on the data collected from sites as well as 

from hypothetical cases performed with FEM in multilayered ground condition of 

residual soils overlying rock stratum. The average value δ 0.12%H they 

concluded is smaller than the 0.2%H reported by Clough and O’Rourke (1990) 

due to the underlying rock constrains the wall movement at toe. The analysis 

showed the effect of system stiffness  /γ  played a significant role on wall 

deflection in Figure 2.10. Figure 2.11 indicated the stiffer system stiffness had more 

pronounced effect on wall movements in a less stiff soil environment. Figure 2.12 

demonstrated the interaction between wall stiffness and strut spacing for wall 

movements. It indicated the efficient way to decrease the wall movement is by 

reducing the support spacing for less stiff wall stiffness.  

 

 

Figure 2.10 Variation of δ , /H with System Stiffness (Yoo, 2001) 
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Figure 2.11 Variation of δ , /H with Retained Soil Stiffness (Yoo, 2001) 

 

 

Figure 2.12 Variation of δ , /H with Strut Spacing (Yoo, 2001) 

 

2.3 Ground Surface Settlement 

The ground settlement behind the wall is very important as it is directly related to 

the safety of adjacent buildings and facilities. The settlement may be caused by 
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excavation behavior, structure installation and dewatering. Because of this complex 

behavior most approaches predicting for the ground settlement are based on 

empirical and semi-empirical method.  

 

Peck (1969) summarized the field observations of ground surface settlement around 

several excavations in a graphical form, this first empirical method to estimate the 

soil settlement, assumes a spandrel-type settlement profile. The settlement curve is 

classified into three zones, Ⅰ, Ⅱ, Ⅲ as it shown in Figure 2.13, depending on the 

type of soil and workmanship. The data shows the settlement is δ 1– 3%H, for 

excavations supported by sheet piles or soldier piles.  

 

 

 

Figure 2.13 Summary of Soil Settlement behind Insitu Walls (Peck, 1969) 

 

The Clough and O’Rourke (1990) charts in Figure 2.14 showed that the surface 

settlement profile for excavations in sandy soil or stiff clay and soft to medium clay 

are triangular and trapezoidal shape, respectively. The corresponding settlement 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



13 
 

influence zones are defined as a ratio of excavation depth. The envelope for 

estimating soil settlement in a practical case can be derived when the maximum 

settlement δ  is known. The authors reported that the average δ  is about 0.15%H. 

 

 

 

Figure 2.14 Dimensionless Settlement Profiles Recommended for Estimating the 

Distribution of Settlement adjacent to Excavations in Different Soil Types 

 (Clough and O’Rourke, 1990) 

 

Ou et.al (1993) observed that the vertical movements of the soil behind the wall 

may extend to a considerable distance. The settlement at a limited distance behind 

the wall is not uniform and increases with the excavation depth. It proposed a 

trilinear line for predicting the spandrel-type settlement profile. It also concluded 

the deformation ratio falls in the range of 0.5 1.0δ  in Taipei. 

 

Hsieh and Ou (1998) proposed a method for estimating the ground surface 

settlement for both concave and spandrel settlement profiles in Figure 2.15, which 

are divided into two parts, the primary influence zone and the secondary influence 

zone. The proposed method much depends on the accuracy of the estimated value of 

maximum lateral wall movement which can be obtained using numerical methods. 
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The types of settlement profiles are related to the magnitude of the cantilever 

component A  and deep inward component A  as shown in Figure 2.16. They 

suggested A 1.6A  was the boundary for the two types from case studies, and A 1.6A  is for spandrel type and A 1.6A  is for concave type. 

 

 

 

Figure 2.15 Proposed Method for Predicting Spandrel and Concave Settlement 

 (Hsieh and Ou, 1998) 

 

Figure 2.16 Definitions of the Area of the Deep Inward Part and the Cantilevered 

Part of the Wall Deflection (Hsieh and Ou, 1998) 

H

Ac2

As

Ac1

Ac= max (Ac1, Ac2)

Early stages where a 
cantilevered deformation is 
produced

Final excavation stage

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



15 
 

Kung et.al (2007a) developed a modified profile of Hsieh and Ou (1998) through a 

number of practical cases records and numerical case studies of braced excavations 

in soft to medium clays. They also proposed that the maximum surface settlement 

can be estimated from the relationship between δ  and δ , which be expressed 

as: δ δ  where  = deformation ratio. The factors affecting the 

deformation ratio  were soil shear strength, Young’s modulus, and the clay-layer 

thickness relative to wall length. Figure 2.17 shows the modified settlement profile, 

which only modifies the magnitude of settlement adjacent the wall compared with 

Hsieh and Ou (1998). 

 

 

Figure 2.17 The Proposed Surface Settlement Profile (trough) and other Data  

(Kung et.al, 2007a) 

 

2.4 Apparent Earth Pressure  

The support system is composed of wall and struts or anchors which are installed 

prior to the process of excavation. Ensuring the safety of the structural system is 

important.  

 

Terzaghi and Peck (1967) and Peck (1969) recommended the widely used apparent 

earth pressure diagram, to estimate the magnitude and distribution of prop loads. 
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They proposed different earth pressure diagrams for braced excavation in sands, 

stiff fissured clays and soft to medium clays as shown in Figure 2.18, where  is 

effective friction angle for sand and NS γH/c  is the stability number for clay. 

This method was developed based on data from flexible wall. The pressure 

diagrams are difficult to use in multi-layered ground conditions. Its applicability to 

long-term conditions also needs to be verified.  

 

 

 

Soil Type b  b b λ KA Normal range of λ

Sand 0 1.0 0 β 0.65KAγ tan 45 2⁄  0.2γ 
Soft to medium clay 

NS 5  6  

0.25 0.75 0 β KAγ 1 m 4c γH⁄  0.4γ~0.8γ 
Stiff fissured clay  NS 4  0.25 0.50 0.25 β 0.2γ~0.4γ ― 0.3γ 

 

Figure 2.18 Apparent Pressure Diagram for Calculating Strut Loads 

(Terzaghi and Peck, 1967) 
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Chang and Wong (1996) pointed out the Terzaghi and Peck method underestimate 

the apparent pressure for diaphragm walls in soft clay. They suggested the 

Terzaghi-Peck APD should be increased by a factor of 2 for deep clay deposit 

(T/B 1) for diaphragm walls in soft clay, and for shallow clay deposit (T/B 1) 

this factor can be reduced. 

 

Twine and Roscoe (1997) presented the CIRIA report for prop loads. They 

recommended the term ‘distributed prop load’ (DPL) rather than apparent pressure 

to estimate the prop load. The DPL includes the maximum loads at each propping 

level, which frequently occur at different stages of excavations. Different DPL 

diagrams were proposed for different scenarios with different wall stiffness and soil 

stiffness. 

 

For the Singapore CTE project, Wong et al. (1997) observed that the maximum 

apparent earth pressure was about 0.6γH, 0.4γH, and 0.25γH for excavation with 

thickness of soft-soil layers of less than 0.9H, 0.8H, and 0.6H overlying stiff soils, 

respectively as shown in Figure 2.19. It suggested that most data were within the 

vertical boundary of the apparent earth pressure diagram proposed by Terzaghi and 

Peck (1967). However, the diagram should extend to the ground surface instead of 

decreasing to zero to fit all data. This trend may be caused by the high position of 

the first prop level (close to ground surface) and the application of preload. 
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Figure 2.19 Apparent Earth Pressure Diagram for Excavation Supported by Five 

Types of Wall (left, h<0.9H and right, h<0.6H) in the Construction of CTE Phase Ⅱ  

(Wong et al., 1997) 

 

 

2.5 Bending Moment 

The bending moments are related with the wall stiffness and curvature of the wall. 

The curvature of the wall is dependent on the wall deflection induced by the soil 

excavation. 

 

Hashash and Whittle (1996) analyzed excavation behavior based on nonlinear 

finite-element analyses considering small strain with MIT-E3 model. It presented a 

variety of the wall bending moment as functions of factors affecting excavation 

performance in Figure 2.20 to Figure 2.21, as wall deflections were also involved. 

One point had been noted that the maximum bending moment could control the 

failure mechanism if it exceeded the ultimate bending moment of the applied wall 

with larger excavation depth and less strut spacing.  
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Figure 2.20 Effect of Wall Length on Maximum Wall Bending Moments, 

Deflections, and Ground Movements (Hashash and Whittle, 1996) 

 

 

Figure 2.21 Effect of Strut Spacing on Maximum Wall Bending Moment and  

Maximum Lateral Deflection (Hashash and Whittle, 1996) 
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2.6 Earth Pressure 

Lambe and Whitman (1969) and Hashash and Whittle (2002) illustrated the arching 

mechanism and its effect on earth pressure distribution which resulted in larger 

pressure in the upper retained soil through numerical analysis as shown in Figure 

2.22 and Figure 2.23, respectively. The hypothetical cases modeled by Hashash and 

Whittle (2002) were in the condition of pure soft clay and with free toe of the wall. 

They also showed the arching mechanism was independent on stress history profile 

and soil model.  

 

 

 

Figure 2.22 Active Arching Mechanism for Braced Excavation 

(Lambe and Whitman, 1969) 
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Figure 2.23 Predictions of Total Lateral Stresses Acting on Diaphragm Wall  

(Hashash and Whittle, 2002) 

 

2.7 Effect of Small Strain on Excavation Behavior 

Jardine et.al (1986) was the first to apply small strain concepts to excavation 

problems. Using a simple empirical expression for soil stiffness (Figure 2.24) from 

the laboratory measured stress-strain relationships, which considered the high 

stiffness at small strain stage, for a simple excavation problem, the finite element 

analysis showed distinct differences between the mentioned model and linearly 

elastic soil model (Figure 2.25).  
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Figure 2.24 Curve and Equation Fitting to Stiffness-Strain Data (Jardine et.al, 1986) 

 

    

Figure 2.25 Wall Deflection and Surface Settlement (Jardine et.al, 1986) 

 

Whittle and Hashash (1994) simulated the ground settlement and movement more 

accurately and realistically with the soil model—MIT-E3 (Whittle & Kavvadas, 

1994) compared with the Modified Cam-Clay model (MCC), which illustrated the 

role of small strain and anisotropic stress-strain behavior in soil. Figure 2.26 

showed the difference between MIT-E3 and MCC in predicting wall deflection and 
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bending moment. The results for the MCC model show that the rate of maximum 

wall deflection actually decreases as excavation proceeds. In contrast, MIT-E3 

predicts rapidly increasing wall deflections and bending moments which reflect the 

development of a failure mechanism. Figure 2.27 presented significant settlements 

and lateral displacements at locations very far from the excavation by MCC while 

MIT-E3 predicts much more realistic settlements occur within 20-30m of the 

excavation.  

 

 

 

Figure 2.26 Maximum Wall Bending Moment and Lateral Deflection 

 (Whittle and Hashash, 1994) 
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Figure 2.27 Summary of Predicted Ground Surface Movements 

 (Whittle and Hashash, 1994) 

 

Kung et.al (2007a) and Kung et.al (2008) showed the importance of stress-strain 

characteristic of soils at small strains with the modified pseudo plasticity (MPP) 

model and the three-Surface Kinematic Hardening model (3-SKH) both through 

back-analysis of the TNEC project in Taipei. The wall deflection and surface 

settlement of TNEC project were both modeled by the two models. Figure 2.28 

showed the predicted results of Type-A with 3-SKH which agreed well with the 

observation and compared with the other predictions which were modeled with 

MCC. 

 

Figure 2.28 Predictions versus Observations of Wall Deflection and Surface  

Settlement in TNEC Excavation Case (Kung et.al, 2008) 
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2.8 Basic Reliability Concept 

2.8.1 Introduction 

The conventional design method used in many geotechnical designs projects relies 

on some forms of safety factor to provide a margin of safety against failure. This 

approach does not reflect the underlying uncertainties and cannot determine the 

performance of the excavation system precisely particularly in relation to wall and 

ground movements. In order to overcome this limitation, a more rational approach 

based on the reliability concepts is used in this project. The section provides an 

overview of the basic concepts underlying reliability analysis. 

 

2.8.2 Reliability Index 

Many researchers assess the safety of a system by establishing a relationship 

between the load  of the system and the resistance R. Typically this is expressed 

as  

 x 0                         (2.5) 

 

where x is the vector of the random variables. Mathematically,  or x 0 

would denote a ‘safe’ domain, and  or x 0 would denote a ’failure’ 

domain. Eq. (2.5) which is the boundary of two states is called the limit state 

function (LSF). If  and  are random in nature, they can be characterized by 

their probability density function (f , f ), as depicted in Figure 2.29, where m  

and m  are the mean value for the two variables  and , respectively. 

 

Due to the uncertainties in the variables of LSF, it is impossible to predict the state 

of system with absolute certainty. The feasible way is to assess the probability of 
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‘failure’. The calculation of the probability of ‘failure’ involves the determination of 

the joint probability distribution of  and  and the integration of the probability 

density function (pdf) over the failure domain as indicated by the volume abcd in 

Figure 2.30 (Goh, et al., 2005). Mathematically, the probability of ‘failure’  is 

assessed as 

                                    (2.6) 

 

where  is the random variable and  is the joint density function of  and 

. 

 

 

Figure 2.29 Probability Density Function of R and S 
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Figure 2.30 Joint Probability Distribution Function (pdf) for Two Variables 

(Goh, et al., 2005) 

 

For a problem with multiple n random variables, the calculation of  involves the 

determination of a multi-dimensional joint probability density function of the 

random variables and the integration of the pdf over the failure domain x 0. 

 

For many geotechnical problems, the pdf of the variables are not known. An 

approximate method to assess  is using the reliability index . Mathematically, 

the reliability index  of the system is often expressed as 

 

                              Φ                       (2.7) 

 

where Φ  is the inverse of the standard normal cumulative distribution function. 

 

Many methods have been developed to assess the reliability index, including the 

First Order Reliability Method (FORM), Second Order Reliability Method (SORM), 

Point Estimate Method (PEM), Monte Carlo Method, and so on. The FORM is 
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widely used in Civil Engineering due to its convenience and efficiency, and is 

adopted herein.  

 

2.8.3 FORM 

2.8.3.1 Basic Concepts 

The term ‘First Order’ indicates that the limit function is linearized as shown in 

Figure 2.31, where x , x  are random variables . The linearization of the limit 

state is carried out at the so called ‘Design Point’, which is the point on the limit 

state ( x 0) with the highest probability density (Schweckendiek, 2006).  

 

 

Figure 2.31 Design Point and Linearized Limit State for Two Dimensions 

(Schweckendiek, 2006). 
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The first to apply this concept is Cornell (1969), where  is expressed as  

 

                                               (2.8) 

 

where ,  and ,    and ,  are the mean value, standard deviation 

for  and R  and S , respectively. The method is limited to statistically 

independent normally or lognormally distributed variables. It is also not invariant to 

the formulation of the limit state. Hence different results are obtained for 

LSF-formulations in terms of safety factors ( ⁄ 1) and in terms of margins of 

safety ( 0) when using this method. 

 

Hasofer and Lind (1974) developed an alternative method known widely as FORM 

to assess the reliability index. The reliability index defined by Hasofer and Lind 

(1974) is illustrated in Figure 2.32 for uncorrelated variables, where m , σ , and m , σ  are the mean value and the standard deviation of variables of  and X . 

The reliability index  can be regard as the distance from (m ,m ) to the 

boundary of the failure region directly in units of standard deviations. Further 

explanations can be found in Ditlevsen (1981), Ang and Tang (1984) and Rackwitz, 

2001.  

 

In this method, the random variables are transformed to equivalent standard 

normally distributed (Gaussian) variables. For normal distributed variables: 

 

                              n                           (2.9) 

 

where m  and σ  are the mean value and standard deviation for variable x .  
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The distance has to be minimized to find the design point and  (Figure 2.32). 

Using a Taylor Series Approach (Beacher and Christian, 2003), the reliability index 

is obtained as 

                          
∑ ·
∑                     (2.10) 

and 

                            ∑                       (2.11) 

 

where  is the ‘directional cosine’ for  or ‘influence factor’ with the 

relationships ∑ ·  and ∑ 1. The reliability index can be worked out 

by the Rackwitz-algorithm method (Rackwitz and Fiessler, 1978) or 

Newton-Raphson scheme.  

 

Figure 2.32 Reliability Index for Noncorrelated Variables in x-space 
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2.8.3.2 Spreadsheet Approach 

A alternative expression for Hasofer and Lind (1974)’s index is Eq. (2.12a) 

(Veneziano, 1974; Ditlevsen, 1981) or equivalently the Eq. (2.12b) (Low and Tang, 

1997) 

. 

                      X F               (2.12a) 

                       X F                 (2.12b) 

 

where  vector of random variables;  vector of mean values;  vector 

of standard deviation;  covariance matrix of the random variables;  

correlation matrix; and  failure region.  

 

Low (1996) provided a practical and efficient way of using a spreadsheet to 

calculate the reliability index    for FORM based on Eq. (2.12a). He presented a 

more intuitive interpretation of the meaning of  as shown in Figure 2.33, where min . It showed the Hasofer-Lind index can be calculated by 

minimizing the quadratic form subject to the constraint that the ellipsoid just 

touches the surface of the failure region F. Low and Tang (1997) used Eq. (2.12b) 

in preference to Eq. (2.12a) to set up the matrix  and convey the correlation of 

structure more explicitly when using spreadsheet method. Low and Tang (2007) 

proposed a new spreadsheet algorithm by changing the dimensionless equivalent 

standard normal vector ( ) rather than the ( ) in the process of invoking the 

spreadsheet ‘Solver’. The method is more efficient and robust compared with the 

previous method. 
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Figure 2.33 Illustrate of Reliability Index  in the Plane (Low, 1996) 

 

Phoon (2004) presented a state-of-the-art review of FORM. He proposed methods 

to model dependent non-Gaussian random vectors for FORM by using the 

spreadsheet approach based on Hermite polynomials. He also recommended the 

concept of Cholesky factorization in calculating the reliability index, which ensures 

the variables are properly scaled and the correlation matrix is positive definite.  

 

2.8.4 Reliability Applied in Excavations 

Limited research work has been done on the subject of reliability applied in 

excavation performance in recently years. Schweiger (2002) used a point estimate 

method together with a finite element model to assess the probability of the 

horizontal displacement of the top of a cantilever sheet pile wall exceeding an 

arbitrarily predefined value.  
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Goh et al. (2005) introduced a method of assessing the serviceability performance 

of excavation system with the reliability index, which can be calculated by using the 

first-order reliability method and by incorporating a response surface model derived 

from parametric studies, using a numerical procedure.  

 

Goh and Kulhawy (2005) provided an integrated neural network-reliability method 

to assess the serviceability performance of braced retaining walls. The reliability 

index was worked out through the non-linear limiting state surface for wall 

deflection with the aid of the spreadsheet approach. The limit state surface is 

obtained through a series of parametric studies by FEM and a neural network model. 

Two examples were illustrated to show the methodology. 

 

Goh et al. (2008) applied reliability concept in evaluating the basal-heave stability 

for wide and deep excavations. The uncertainties of this potential failure mechanism 

were determined by reliability index , which was defined by Hasofer and Lind 

(1974) and calculated in a spreadsheet environment. Mathematical expressions, 

tables, and charts were presented to estimate the probability of basal-heave failure 

for wide and deep excavations. 

 

Hsiao et al. (2008) conducted reliability analysis on excavation-induced ground 

settlement based on the KJHH model which was developed by (Kung et al. 2007b) 

to evaluate the ground settlement. The KJHH model is the response surface with an 

explicit form for ground settlement and the reliability index is calculated by the 

spreadsheet approach. Effects of limiting tolerable settlement, variation in soil 

properties on settlement and sensitivity analysis were analyzed to show the critical 

factors. They also proposed methods to update the predicted settlements through 

observed settlement at the current excavation stage, as well as reliability 

assessment. 
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2.9 Overview of PLAXIS 

2.9.1 PLAXIS 

PLAXIS (Brinkgreve and Vermeer, 2002) is a finite element package specifically 

intended for the simulation and analysis of geotechnical problem. It contains several 

advanced constitutive models that takes the characteristic of soil with nonlinear, 

creep, and small strain into consideration. It is capable of performing excavation 

problem with simple procedures and accurate results. In the following, an overview 

is given of two advanced soil models used in this project. 

2.9.2 Hardening Soil Model 

The hardening-soil (HS) model is an advanced model for simulating the behavior of 

different types of soil, both soft soils and stiff soils (Schanz, 1999). The stress-strain 

relationship can be well approximated by a hyperbola, which is shown in Figure 

2.34. Some basic characteristics of the model are: 

 

, , :  cohesion, friction angle and dilatancy angle according to the 

Mohr-Coulomb model 

m   ：   Power for stress-level dependency of stiffness E  :    Secant stiffness in standard drained triaxial test E  :    Tangent stiffness for primary oedometer loading E  :    Unloading/reloading stiffness at engineering strains (ε 10 ~10 ) 

         (default E 3E ) 

  :    Poisson’s ratio for unloading-reloading (default 0.2) 

 :    Reference stress for stiffness (default 100 stress units) 
  :     Coefficient of earth pressure at rest (default 1 sin ) 
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The relationships between the parameters are as follows: 

 

                    E E ′
                  (2.13) 

                    E E ′
                  (2.14) 

 

 

 

Figure 2.34 Hyperbolic Stress-Strain Relation in Primary Loading for a Standard 

Drained Triaxial Test (Brinkgreve and Vermeer, 2002) 

 

2.9.3 HSS Model 

The model is based on laboratory tests of characteristic stress-strain relationship 

with special instrumentation. As shown in Figure 2.35, the soil shear modulus is 

high at very small and small strains. The HSS model is an extension of the HS 

model. 
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Figure 2.35 Characteristic Stiffness-Strain Behavior of Soil with Typical Strain 

Ranges for Laboratory Tests and Structures (Atkinson & Sallfors, 1991) 

 

Two additional parameters are added to the HS model to describe small strain. 

 ：  reference shear modulus at very small strains (ε 10 ) 

γ .  :    shear strain at which G G  

 

Values and relationships of these two parameters recommended by PLAXIS manual 

are presented in Figure 2.36 and Figure 2.37: 
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Figure 2.36 Influence of Plasticity Index (PI) on Stiffness Reduction  

(Vucetic & Dobry, 1991) 

 

   

 

Figure 2.37 Relation between Dynamic ( ) and Static Soil Stiffness 

( ) (Alpan, 1970) 
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For the case studies in Chapter 3, the G  for soft clays is derived from the chart 

in Figure 2.37 and some relationships presented in the PLAXIS manual and shown 

below. The relationships are: 

 E E ′
                  (2.15) E E ′
                  (2.16) G G φ σ′ φ

φ φ
                   (2.17) E 3E                             (2.18) E 3E                              (2.19) 

                            (2.20) G                              (2.21) 

 

From the chart shown in Figure 2.37: 

                               (2.22) 

                               (2.23) 

                              (2.24) 

 

If 0, ′ ′ ,  we obtain: E E / ′
                         (2.25) E E ′

                          (2.26) G G ′
                          (2.27) G E ′

              (2.28) G G
′

′

′ E E         (2.29) 
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If 0.5,   0.2 : 

                     G 0.42 0.5 E                    (2.30) 

 

A flow chart illustrating the procedure to obtain G  when , ,  and /   are known, is shown in Figure 3.38. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.38 Procedure to Obtain G  

 

For example, for very soft clay, the PLAXIS recommendation is 1, 9. 

Substituting in Eq. (2.30) gives : G 1.89E                         (2.31) 

 

For stiff clay and sand, 0.8, 4 : G 0.96E                         (2.32) 

E   from  E /c  
Obtain E  from Eq. (2.15) 

 and 100 kPa 

Determine σ′  in 

the middle of the 

clay layer  

c  

Assume  E 3E  

G  

E 3E  

Assume 

Obtain  from 

Figure 2.38 

,  
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Chapter 3 

CASE STUDIES 

3.1 Introduction 

In this chapter, seven cases are presented to verify the HSS model in predicting 

excavation behavior. All the cases are for undrained behavior of clay. The HSS 

model in PLAXIS, which has been introduced in Chapter 2 is used for modeling the 

soft clay, stiff clay and sand layers. Some comparisons are also carried out with the 

HS model and the conventional Mohr-Coulomb model. 

 

3.2 Parameters of HSS model 

3.2.1 Undrained Traxial Test Stress-Strain 

The Mohr-Coulomb (MC), HS, HSS stress-strain models can be compared in the 

following simple hypothetical triaxial case for undrained soil behavior, in which the 

initial stress  σ′ 100 kPa. MC-A (method A) and MC-B (method B) are two 

different methods coined by Dr. Andrew Pickles as shown in Table 3.1 for modeling 

undrained soil behavior in PLAXIS. Wong (2003, 2004) further explained these two 

methods and pointed out that MC-A can overestimate the shear strength and 

produce wrong results. All the parameters for the models are shown in Table 3.2. 

The characteristics of small strain behavior are illustrated in the strain-stress curve 

of HSS in Figure 3.1. It demonstrates HSS model can model the nonlinear 

undrained behavior of clays. The HSS model predicts a lower failure deviator stress 

than the HS model because of the different failure criterion assumed.  
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Table 3.1 Parameters for MC-A and MC-B 

Model 
Material 

type 
 

  
(°) kPa  kPa  kPa  

Mohr-Coulomb-A 

(MC-A) 
Undrained 0.35 input 0 – input 

Mohr-Coulomb-B 

(MC-B) 
Undrained 0.35 0 c  input – 

 

Table 3.2 Parameters for Hypothetic Triaxial Case 

model 
 

′

 1 sin ′

′    
υ m R  

 

(°) kPa  kPa kPa kPa kPa kPa kPa
MC-A 30 – 0 0.5 100 5000 – – – 0.35 – – – 

MC-B-0.2 0 0.2 40 1 100 5500 – – – 0.35 – – – 

MC-B-0.3 0 0.3 60 1 100 5500 – – – 0.35 – – – 

HS 30 – 0 0.5 100 5000 5000 5000 15000 0.2 1 0.9 – 

HS-Small 30 – 0 0.5 100 5000 5000 5000 15000 0.2 1 0.9 20000
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Figure 3.1 Comparison of Stress-Strain Curves for CU Triaxial Test 
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3.2.2  for clay 

For some of the case studies, stiff clay layers were present at the sites. Stroud (1974) 

suggested that  is about 4 to 6 NSPT in kPa. In this study,  equals to 5NSPT 

is adopted for the stiffer clays. For some cases which lack NSPT  values, the 

relationship between  and overburden stress  is used. 

 

                                   5NSPT                             (3.1) 

                            ′ 0.2~0.35                           (3.2) 

 

Duncan and Buchigani (1976) proposed relationships between  and  for 

predicting elastic stiffness of clay and silt at 50% of the failure stress ( ), which is 

commonly used for MC model. For the HS-Small model used in this project, 

various correlations of   /  were used by taking   , for 100, 150, 200 and so on, to examine the influence of the   /  ratio. 

 

3.2.3  for Clay 

For the effective friction angle used in HS and HSS models, Wroth and Houlsby 

(1985) suggested Eq. (3.3) for normally consolidated clay.  

 

                          , 0.5743                    (3.3) 

 

where 
,

 is the vertical effective stress,  is the undrained shear strength and 

 is the effective friction angle in triaxial compression at the critical state.  
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3.2.4  for Sand 

Some of the sites contained sand deposits. Bowles (1988) listed a chart (Figure 3.2) 

for estimating  (in unit of kPa) for sand. The linear relationship between  and NSPT 15  is adopted in the analysis herein.  

For silt clay and loose sand,  

 

                          E 320 NSPT 15                   (3.4) 

 

For dense and very dense sand 

 

                           E 600 NSPT 15                  (3.5) 

 

 

Figure 3.2 Equations for stress-strain modulus  by several test methods  

(Bowles, 1988) 
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3.2.5    for Sand 

Peck, Hanson and Thornburn (1974) recommended the relationship between SPT N 

value and  for cohesionless soils as shown in Table 3.3. 

 

Table 3.3 N versus  Relationships 

N Value (blows/ft or 305 mm) Relative Density Approximate  (degrees) 

0 ~ 4 Very loose <28 

4~10 Loose 28~30 

10~30 Medium 30~36 

30~50 Dense 36~41 

>50 Very dense >41 

 

As shown in chapter 2,  and  can be derived from formula 

recommended in the PLAXIS manual and the default values are taken. In this 

chapter, coefficients of permeability adopted are k 1 10  m/sec  and k 1 10  m/sec for drained and undrained material type, respectively. For 

simply, .  is taken as 2 10  for all soils in the analyses as the range of .  

for clay and sand is about 1~5 10   (Fig 2.36). Another reason is that the 

results are not significantly influenced by the .  values. 
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3.3  Case Study 

This section presents the results of the seven case studies. As mentioned in Section 

3.2.2, various ratios of   /  were considered for the soft clays. 

 

3.3.1 Project: Syed Alwi   

A cross-section of the excavation support system and the soil profile are shown in 

Figure 3.3. A 20 m diaphragm wall braced at two levels formed the framework of 

the excavation support system. The original ground water level was about 1.0 m 

below ground surface. The strut spacing is 4.5 m. The HSS soil parameters adopted 

in the analysis and structural properties of the wall and struts are summarized in 

Table 3.4 and Table 3.5, respectively. The maximum predicted wall deflections 

using HSS   150 , HS   150 , and HSS   100  for the 

soft clay are 45, 50 and 57 mm, respectively. The maximum measured wall 

deflection was 49 mm. For the same   / 150, the HSS model results in 

slightly smaller wall deflections than the HS model. 

 

Figure 3.3 Cross-section of Excavation at Syed ALwi Project (Lim et al., 2003) 
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Table 3.4 Soil Properties at Syed Alwi Project for clay, 150 ) 

Soil type model 

 

N 

     

m 

 

γ .  

 k kN/m    
kPa  kPa  kPa  kPa  kPa  kPa  (°) 

(m/sec) 
Silty clay  

(0-2 m) 
HSS 20 – 100 15000 60000 60000 180000 1 220000 0.0002 25 1e-8

Soft marine 

clay (2-5.5 m) 
HSS 15 – 10 1500 8000 8000 24000 1 30000 0.0002 25 1e-8

Sand (5.5-8 

m) 
HSS 20 10 – 15000 60000 60000 18000 0.8 200000 0.0002 30 1e-4

Soft clay  

(8-16 m) 
HSS 17 – 20 3000 5000 5000 15000 1 30000 0.0002 22 1e-8

Dense silty 

sand 

(16-20 m) 

HSS 19 70 350 51000 200000 200000 600000 1 670000 0.0002 42 1e-8

Very dense 

silty sand 

(20-30 m) 

HSS 21 150 750 99000 400000 400000 1200000 1 900000 0.0002 44 1e-8

 

Table 3.5 Structural Properties at Syed Alwi Project 

Structural members E kN/m  A m /m  Preload kN/m  

Strut ( at -2 m ) 2.07 10  0.004125 25 

Strut ( at -5.5 m) 2.07 10  0.004125 100 

Diaphragm wall 600 mm 2.8 10  – – 
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Figure 3.4 Wall Deflection at Syed Alwi Project  

 

3.3.2 Rochor Complex 

Figure 3.5 shows a typical cross-section of this project. The excavation support 

system consisted of a 24 m long sheet pile braced at three levels. The original 

ground water table was about 1.5 m below ground surface. The HSS soil parameters 

and structural properties adopted in the analysis are shown in Table 3.6 and Table 

3.7, respectively. The computed and measured wall deflection profiles are shown in 

Figure 3.6. The computed ground settlements for different soil models are shown in 

Figure 3.7. The results show the shape of the wall deflection is matched well when 

taking 100  for the HSS model in the analysis. The shape of wall 

deflections and soil settlements predicted by HSS with different ratio of /  

are very similar. The soil settlement profile modeled by MC (method B) with 200  is significantly different from HS and HSS even when the 

magnitudes of wall deflection are similar. For the same /  ratio, the HSS 
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model results in slightly smaller wall deflections and settlements than the HS 

model. 

 

 

Figure 3.5 Cross-section of Excavation at Rochor Complex Project  

(Lim et al., 2003) 

 

Table 3.6 Soil Properties at Rochor Complex Project (for clay, 100 ) 

Soil type model 

 

N 

     

m

 

γ .  

k kN/m    
kPa kPa  kPa  kPa  kPa  kPa  (°)

(m/sec) 
Sand  

(0-5.05 m) 
HSS 20 25 – 10000 40000 40000 120000 0.8 15000 0.0002 30 1e-4 

Upper marine 

clay (5.05-18.5 

m) 

HSS 16 – 22.5 2250 3500 3500 10500 1 20000 0.0002 26 1e-8 

Firm clay 

(18.5-21.25 m) 
HSS 17 – 100 27000 40000 40000 120000 0.8 150000 0.0002 38 1e-8 

Lower marine 

clay  

(21.25-24 m) 

HSS 16 – 34 3400 4000 4000 12000 1 20000 0.0002 27 1e-8 

Very stiff silty 

sand (24-40 m) 
HSS 18 – 200 150000 150000 150000 450000 0.8 560000 0.0002 38 1e-8 
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Table 3.7 Structural Properties at Rochor Complex Project 

Structural members E kN/m A m /m I m /m  Preload kN/m
Strut ( at -0.6 m ) 2.07 10 0.004 – 28 

Strut ( at -1.5 m) 2.07 10 0.004 – 104.3 

Strut ( at -3.8m) 2.07 10 0.008 – 175.1 

Diaphragm wall 600 mm 2.07 10 0.0186 0.000228 – 
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Figure 3.6 Wall Deflection at Rochor Complex Project 
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Figure 3.7 Surface settlement at Rochor Complex Project 
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3.3.3 Lavender MRT Station 

A cross-section of the excavation is shown in Figure 3.8. The support system 

consisted of a 1000 mm thick diaphragm wall and six levels of struts. The ground 

water table was about 1.5 m below ground surface. The HSS soil parameters and 

structural properties are listed in Table 3.8 and Table 3.9, respectively. The 

computed and measured wall deflections are presented in Figure 3.9, which show 

good prediction except for the top part of the wall. A smaller displacement is 

predicted at the toe of the wall by the HSS model compared with the HS model. The 

predicted soil settlements by the HSS, HS and MC models are shown in Figure 

3.10. 

 

Figure 3.8 Cross-Section of Excavation at Lavender MRT Station (Lim et al., 2003)  
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Table 3.8 Soil Properties at Lavender MRT Station  for clay, 100  

Soil type model 

 

N 

     

m

 

γ .  

k 

kN/m    kPa kPa kPa kPa kPa  kPa  (°)
(m/sec)

Fill (0-3.6 m) HSS 18 17 – 8000 24000 24000 72000 0.8 80000 0.0002 33 1e-4

Coarse Sand 

(3.6-6 m) 
HSS 20 25 – 10000 80000 80000 240000 0.8 300000 0.0002 38 1e-4

Upper marine clay 

(6-13 m) 
HSS 16 – 23 2500 5200 5200 156000 1 26500 0.0002 25 1e-8

Lower Marine Clay 

(13-17.5 m) 
HSS 16 – 35 3500 5400 5400 16000 1 25000 0.0002 26 1e-8

Dense sand (17.5-30 

m) 
HSS 20 70 – 40000 35000 35000 105000 1 130000 0.0002 40 1e-8

 

Table 3.9 Structural Properties at Lavender MRT Station 

Structural members E kN/m A m /m I m /m  Preload kN/m
Strut ( at -1 m ) 2.07 10  0.0040 – 190 

Strut ( at -4.5 m) 2.07 10  0.0058 – 390 

Strut ( at -7.0m) 2.07 10  0.0073 – 327 

Strut ( at -10.0m) 2.07 10  0.0058 – 260 

Strut ( at -12.0m) 2.07 10  0.0058 – 233 

Strut ( at -14.0 m ) 2.07 10  0.0058 – 220 

Diaphragm wall 1000 mm 2.80 10  1.0000 0.083 – 
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Figure 3.9 Wall Deflection at Lavender MRT Station 
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Figure 3.10 Ground Settlement at Lavender MRT Station 
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3.3.4  Farrer Park–Kandang Kerbau  

The cross-section of the excavation is shown in Figure 3.11. The 800 mm thick 

diaphragm wall was constructed to a depth of 28 m. The excavation width was 21 m. 

The original ground water table was about 1 m below ground surface. The HSS soil 

parameters and structural properties are shown in Table 3.10 and Table 3.11, 

respectively. The computed wall deflection and ground settlement modeled by HSS 

HS and MC are presented in Figure 3.12 and Figure 3.13, respectively. They show 

the predicted result agrees with the maximum measured wall deflection when using 

HSS model with 150 . The plot in Figure 3.12 shows that modeling the 

Old Alluvium (OA) with the HSS model results in slightly smaller wall deflections 

at the wall toe compared with modeling the OA with the Mohr Coulomb model with 

. 

 

 

 

Figure 3.11 Cross-Section of Excavation at Farrer Park–Kandang Kerbau  

(CH 31+895) (Halim, 2008) 
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Table 3.10 Soil Properties at Farrer Park–Kandang Kerbau (CH 31+895) 

 150  

Soil type model 

 

N 

 

.  
    

m

 

γ .  

k 

kN/m  
kPa  kPa  kPa kPa kPa kPa  (°)

(m/sec)
Fill  

(0-3.5 m) 
HSS 19 6 – – 5250 33000 33000 100000 0.8 130000 0.0002 30 1e-4

Fluvial sand 

(3.5-8.5 m) 
HSS 19 15 – – 7500 23000 23000 69000 0.8 67000 0.0002 35 1e-5

Upper 

marine clay 

(8.5-12 m) 

HSS 16 – 25 0.26 3750 6300 6300 19000 1 39000 0.0002 23 1e-8

Fluvial clay 

(12-14.5 m) 
HSS 17 – 30 – 4500 6400 6400 19000 1 29000 0.0002 23 1e-8

Lower 

marine clay 

(14.5-22 m) 

HSS 16 – 44 0.3 6600 7950 7950 23800 1 30000 0.0002 26 1e-8

OA 1 

(22-28.4 m) 
HSS 20 30 150 – 90000 107000 107000 320000 0.8 380000 0.0002 40 1e-8

OA 1 

(28.4-38 m) 
HSS 20 100 500 – 300000 270000 270000 900000 0.8 820000 0.0002 45 1e-8

 

 

Table 3.11 Structural Properties at Farrer Park–Kandang Kerbau(CH 31+895) 

Structural members E kN/m  A m /m  Preload kN/m  

Strut ( at -1 m) 2.07 10  0.0019 No information 

Strut ( at -3.5 m ) 2.07 10  0.00228 No information 

Strut ( at -6 m) 2.07 10  0.00258 No information 

Strut ( at -8.5 m) 2.07 10  0.00396 No information 

Strut ( at -12 m) 2.07 10  0.00396 No information 

Strut ( at -14.5 m) 2.07 10  0.002586 No information 

Diaphragm wall 800 mm 2.8 10    
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Figure 3.12 Wall Deflection of Excavation at Farrer Park– 

Kandang Kerbau (CH 31+895) 
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Figure 3.13 Ground settlement of Excavation at Farrer Park– 

Kandang Kerbau (CH 31+895) 
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3.3.5 Project Kotoku  

This project constructed in Tokyo was reported by Miyoshi (1977) for a subway. A 

typical cross-section is shown in Figure 3.14. The 400 mm thick diaphragm wall 

combined with H piles was braced by five strut levels. The ground water level was 

about 2 m below ground surface. The HSS soil parameters and structural properties 

are summarized in Table 3.12 and Table 3.13, respectively. The computed and 

measured wall deflections are shown in Figure 3.14. The ground surface settlements 

predicted by the HS and HSS model are shown in Figure 3.15. The plots show that 

the magnitude of  for the HSS model affects the wall deflection more 

significantly than the soil settlement when  increases from 30000 kPa to 

40000 kPa. The definition of  which controls the small strain behavior has 

been discussed in Chapter 2. 

 

 

Figure 3.14 Cross-Section of Excavation at Kotoku Project (Halim, 2008) 
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Table 3.12 Soil Properties at Kotoku Project for clay, ′ 0.34, 100  

Soil type model 

 

N 

     

m

 

γ .  

k 

kN/m    kPa kPa  kPa  kPa  kPa  kPa  (°)
(m/sec)

Fill (0-2 m) HSS 19 15 – 7500 40000 40000 120000 0.8 150000 0.0002 30 1e-4

Silt (2-5 m) HSS 16 – 12 1200 30000 30000 90000 1 30000 0.0002 28 1e-8

Marine clay 

(5-30 m) 
HSS 16 – 45 4500 7500 7500 22500 1 

30000 
0.0002 28 1e-8

40000 

Very stiff silty 

clay (30-37 m) 
HSS 16 – 250 150000 150000 150000 450000 0.8 560000 0.0002 33 1e-8

 

Table 3.13 Structural Properties at Kotoku Project 

Structural members E kN/m  A m /m  Preload kN/m  

Strut ( at -1 m) 2.07 10  0.0028 No information 

Strut ( at -3.5 m ) 2.07 10  0.0028 No information 

Strut ( at -6 m) 2.07 10  0.0028 No information 

Strut ( at -9 m) 2.07 10  0.0074 No information 

Strut ( at -11.5 m) 2.07 10  0.0074 No information 

Strut ( at -14 m) 2.07 10  0.0074 No information 

Diaphragm wall 800 mm 2.8 10  – – 
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Figure 3.15 Wall Deflection at Kotoku Project 
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Figure 3.16 Ground Settlement at Kotoku Project 
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3.3.6  Formosa Project in Taipei  

This case was reported by Ou et al. (1993) and Hsieh and Ou (1998). The 

cross-section is shown in Figure 3.17. The excavation is braced by six levels of 

struts with no preloading included. The HSS soil parameters adopted in the analysis 

are shown in Table 3.14. The structural information is presented in Table 3.15. The 

measured and computed results of wall deflection and soil settlement are shown in 

Figure 3.18 and Figure 3.19, respectively. It shows the HS and HSS model can 

match well with the measured wall deformation and soil settlement when taking 

suitable ratio of / . The plots show that shape of the wall deflection is similar 

but not the soil settlement when using the MC model compared with the HS and 

HSS models. For this case, the HSS model does not result in significantly different 

wall deflection compared with the HS model as the  is only slightly larger 

than  for the silty clay. 

 

 

Figure 3.17 Cross-Section of Excavation at Formosa Project (Halim, 2008) 
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Table 3.14 Soil Properties at Formosa Project for clay, 200  

Soil type model 
 

N 
     

m
 

γ .  
 k kN/m    kPa kPa kPa kPa kPa  kPa  (°) (m/sec)

Fill (0-2 m) HSS 19 25 – 10000 80000 80000 240000 0.8 500000 0.0002 33 1e-4 

Silty clay 

(2-22.5 m) 
HSS 19 – 45 9000 20000 20000 60000 1 76000 0.0002 32 1e-8 

Clayey silt 

(22.5-31 m) 
HSS 19 – 100 20000 40000 40000 120000 1 130000 0.0002 40 1e-8 

Gravel  

(31-36 m) 
HSS 20 100 – 69000 60000 60000 180000 0.8 200000 0.0002 44 1e-4 

 

Table 3.15 Structural Properties at Formosa Project 

Structural members E kN/m  A m /m  Preload kN/m  

Strut ( at -1 m) 2.07 10  0.0028 No information 

Strut ( at -3.8 m ) 2.07 10  0.0028 No information 

Strut ( at -6.2 m) 2.07 10  0.0028 No information 

Strut ( at -9.5 m) 2.07 10  0.0028 No information 

Strut ( at -12.4 m) 2.07 10  0.0046 No information 

Strut ( at -15.4 m) 2.07 10  0.0046 No information 

Diaphragm wall 800 mm 2.8 10    
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Figure 3.18 Wall Deflection at Formosa Project 
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Figure 3.19 Soil Settlement at Formosa Project 
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3.3.7  TNEC Project  

This study case was reported by Ou et al. (1998) in Taipei. It used the top-down 

construction method. The cross-section of the project is shown in Figure 3.20. The 

depth and width of excavation were 19.7 m and 43 m, respectively. The wall length 

was 35 m. The HSS soil parameters and structural properties adopted in the analysis 

are shown in Table 3.16 and Table 3.17, respectively. The computed and measured 

wall deflections and ground settlement are shown in Figure 3.21 and Figure 3.22, 

respectively. It illustrates the magnitude of measured maximum wall deflection and 

ground settlement match well with the computed results when using HSS model 

with /  in the range of 100 to 150. 

 

 

 

 

Figure 3.20 Cross-Section of Excavation at TNEC Project (Halim, 2008) 
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Table 3.16 Soil Properties of Excavation at TNEC Project for clay, 100  

Soil type model 

 

N 

     

m

 

γ .  

k 

kN/m    kPa kPa kPa kPa kPa  kPa  (°)
(m/sec)

Silty Clay (0-5.6 m) HSS 19 – 20 2000 6600 6600 19800 1 25000 0.0002 33 1e-8

Silty Sand (5.6-8 m) HSS 20 7 – 5500 15000 15000 45000 0.8 56000 0.0002 35 1e-8

Silty Clay (8-33 m) HSS 19 – 66 6600 6600 6600 19800 1 29000 0.0002 30 1e-8

Medium Dense 

Silty Sand (33-35 m) 
HSS 20 25 – 24000 30000 30000 90000 0.8 112500 0.0002 36 1e-8

Medium to Stiff 

Silty Clay (35-37.5 m) 
HSS 19 – 150 15000 15000 15000 45000 1 33000 0.0002 32 1e-8

Medium to Dense 

Silty Sand (37.5-46 m) 
HSS 20 32 – 47000 40000 40000 120000 0.8 130000 0.0002 38 1e-8

 

 

Table 3.17 Structural Properties of Excavation at TNEC Project 

Structural members E kN/m  A m /m  Preload kN/m  

Strut ( at 0 m) 2.8 10  0.6 – 

Strut ( at -2 m ) 2.07 10  0.0015 98.1 

Strut ( at -3.5 m) 2.8 10  0.6 – 

Strut ( at -7.1 m) 2.8 10  0.6 – 

Strut ( at -10.3 m) 2.8 10  0.6 – 

Strut ( at -13.7 m) 2.8 10  0.6 – 

Strut ( at -16.5 m) 2.07 10  0.0073 392 

Diaphragm wall 800 mm 2.8 10  – – 
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Figure 3.21 Wall Deflection of Excavation at TNEC Project 
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Figure 3.22 Ground Settlement of Excavation at TNEC Project 
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3.4 Comparison of HSS and HS 

3.4.1 Introduction 

Since some of the case studies show that there are small differences in wall 

deflections between using the HS model and HSS model, and at the same time, it is 

difficult to obtain the small strain parameters for different soils in sites when using 

HSS model, parametric studies have been conducted to study the relation of the two 

models, and to see if the HS model can be used in place of the HSS model to give 

reasonable predictions for excavation problems. The studies can also help users 

know when they should use small strain model and when the HS is enough. 

 

3.4.2 Parametric Study 

A series of parametric studies using the HSS model were carried out to investigate 

the influence of small strain behavior with different  compared with the HS 

model. Figure 3.23 shows the geometry of the hypothetical case which is adopted, 

and is typical of a soil profile in coastal areas with stiff clay layer underlying the 

thick soft clay layer. The analyses consider a plane-strain excavation supported by a 

diaphragm wall with thickness of 0.9 m and length of 33 m. The construction 

sequence comprises the following steps: (1) the wall is installed and the soil is 

initially excavated to a depth of 2 m; (2) the strut is then installed at 1 m higher than 

excavation level; (3) subsequent excavation is continued with struts at 3 m vertical 

spacings until the final depth of 20 m is reached. 

 

For simplicity, the water table is assumed to be at ground surface with hydrostatic 

pore pressure and the soil is subject to undrained shearing during excavation. This 

Section focuses on the influence of soil properties on small strain behavior and 

excavation deformation at different excavation stages.  
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Figure 3.23 Excavation Geometry and Soil Properties 

 

Undrained shear strength and stiffness modulus are the two basic parameters to 

model the stress-strain behavior of soil in FEM analysis of undrained excavation 

problems. PLAXIS permits users to model undrained behavior of soil with effective 

parameters. Two coefficients /  and /  in undrained analysis 

are used to describe the HS and the HSS model, where  is the undrained shear 

strength,  is the vertical effective stress and  is the 50% secant stiffness in 

drained triaxial test. The effective friction angle  is obtained from coefficient  

through Eq. (3.3): 

 

                 0.5743              (3.3) 

 

The soil is assumed to be a normally consolidated soft clay. The PLAXIS default 

values are used to define the parameters of ,    and  with 1  , 0.2 and 3 . Table 3.18 lists various values of  and  

for eight groups of different cases. For each HS case which is represented by the 

subscript 0, four different HSS cases are considered and are represented by 
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subscript  with 1, 2, 3 or 4. Table 3.19 shows the variation of parameter  

for HSS cases in each group at the mid-depth in the soft clay layer.  is deduced 

by the coefficients and Eq. (2.21) and Eq. (2.24): 

 

                      (2.21) 

                                               (2.24) 

 

This results in 

 

                                                      (3.6) 

 

The reference value of  and  can be evaluated by stress dependent 

equations Eq. (2.15 ~ 2.17) at 100 kPa. 

 

There were many factors such as strain amplitude, confining stress, void ratio, 

plasticity index, etc affecting the  of soft clay (Benz, 2007). Some relationships 

between  and these factors were proposed to evaluate the  by researchers 

(Hardin & Richard, 1963; Hardin & Black, 1968; Hardin & Drnevich, 1972 and 

Wroth, et al., 1979). Anderson & Woods (1976) suggested the dimensionless soil 

parameter  for many clays were in the range of 300 to 1800, where  is the 

ratio of / . Chew et al. (1997) reported  of about 700 for Singapore marine 

clay. Kung et al. (2008) indicated  for Sungshan Formation in Taipei was 

approximately 1000. Eq. (3.5) indicates the ratio of /  equals to 1.25  or 3 , which is shown in Table 3.19. Table 3.20 shows the value of  for the two 

kinds of clays according to the value of . 
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Table 3.18 Basic Parameters for HS and HSS Model ( 1~4  

Case 
A B C D E F H J A A  B  B C C D D E E F F  H  H  J J/  0.25 0.25 0.25 0.29 0.29 0.29 0.34 0.34/  100 150 200 100 200 300 100 200 

 

Table 3.19 Initial Shear Modulus for HSS Model 

Cases / / /  1 4 1.67 5  525  2 6 2.50 7.5  787  3 8 3.33 10  1050  4 10 4.17 12.5  1312  

 

Table 3.20  Value for the Two Kinds of Clays 

Soft Clay /  100 150 200 

Singapore marine clay 700 2.33 1.56 1.17 

Taipei Sungshan Formation 1000 3.33 2.22 1.67 

 

3.4.3 Wall Deflection 

To illustrate the small strain effect on wall deflection, the maximum wall deflection 

ratio is defined as 

           δHSS δHS⁄                        (3.7) 

 

where δHS is the maximum wall deflection for the cases modeled by the HS model, 

and δHSS is the maximum wall deflection of the cases modeled by HSS model. 
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Table 3.21 shows the value of  for case H , and the values of  

corresponding to cases H  to H . The results of cases H  to H  are shown in the 

following figures. Figure 3.24 shows the shape of lateral wall deflections at 8 m  and final stage 20 m  are similar for the various cases but 

magnitude of wall deflection decreases when small strain effect is distinct because 

of the increasing . The wall deflection ratio  at various excavation stages 

(represented by depth of excavation ) with different maximum horizontal strain ε ,  of case H  is presented in Figure 3.25. It demonstrates the maximum wall 

deflections are similar when ⁄ 1.67  at various stages and decreases 

linearly when the ratio of /  increases. For example for ⁄ 1.67 and 5 m,  is approximately equal to 0.97. For ⁄ 1.67 and 14 m, 

 is close to unity. For ⁄ 4.17 and 5 m,  is approximately 

0.69 compared with 0.85  for 14 m .The reduction effect is more 

distinct at the initial excavation stages because of the small strain effect in which 

the soil has higher stiffness at lower strains. 

 

Table 3.21 Results of Cases H 

Cases kPa  /  8 m 20 m H  10688 ― ― ― ― H  10688 1.67 17850 1 1 H  10688 2.50 26775 0.9 0.97 H  10688 3.33 35700 0.8 0.93 H   10688 4.17 44625 0.73 0.89 
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(a)                             (b) 

Figure 3.24 Wall Deflection at Excavation Depth (a) 8m (b) H 20m 
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 h=20 m , εx,max, H0=0.80%

 

Figure 3.25 Wall Reduction Ratio for Different Cases at Different  

Depths of Excavation  

 

The two important factors that have been found to influence the excavation 

performance are the ratio /  and the excavation stages (which essentially 

reflects the strain level in the soil). Figure 3.26 shows the wall deflection ratio  

at three excavation depths 8 m, 14 m and 20 m for all the cases 
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listed in Table 3.18. Defining ⁄ , the plots in Figure 3.26 can be 

approximated by Eq. (3.8) or the chart in Figure 3.27. Although the other factors 

may affect the strain level of excavations, the influence is relatively smaller 

compared with  and . 

 

                   1 0.4 1.67 1 √               (3.8) 

 

Figure 3.27 or Eq. (3.8) can be used to assess if it is necessary to use the small 

strain HSS model instead of the HS model. For example for 4.17  and 8 m, 0.67 which means that the maximum wall deflection predicted 

using the HSS would be about 2/3 times of the value predicted by the HS model. 

For 4.17  and 18 m , the overestimation by the HS model is 

approximately 16%. For 1.67, 1.0 which means the HS model and the 

HSS model will give similar wall deflections. 
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Figure 3.26 Reduction Ratio  at 8 m, 14 m and 20 m 
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Figure 3.27 Chart for Estimating Reduction Ratio at Different Excavation Depths 

 ( ⁄ , ⁄ ) 

 

3.4.4 Surface Settlement 

Another design consideration is the differential soil settlement behind the wall 

which can potentially damage nearby existing buildings. The settlement in the soil 

is related to the strain distribution, which in turn is related to the small strain 

behavior. Figure 3.28 presents the surface settlement at final excavation depth of 20 

m for cases H , H  and H . The results indicate that the magnitude and settlement 

shape are similar for H  and H . For case H  with the higher value , the shape 

and magnitude of the settlement is more distinct compared with case H , because 

of the small strain effect. The contours of vertical strain and shear strain at final 

depth of case H  and H  are compared in Figure 3.29 and Figure 3.30, 

respectively. The results show the region of lower strain at far distance behind wall 

is smaller in case H  than case H  while the differences are small in the region 

close to the wall. It accounts for the HSS models giving more distinct settlement 

troughs. The settlement ratios for the Case H are plotted in Figure 3.31, where the 
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settlement ratio is δHSS, δHS,⁄ , δHSS,  and δHS,  are the maximum surface 

settlement modeled by HSS and HS, respectively. The results show that small strain 

effect has less influence on the magnitude of the soil settlement when the ratio of /  is low. 
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Figure 3.28 Surface Settlement at H 20 m for Cases H , H  and H  

 

 

    

 

Figure 3.29 Comparison of Vertical Strain for Cases H  and H  
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Figure 3.30 Comparison of Shear Strain for Cases H  and H  
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Figure 3.31 Surface Settlement Ratio for Different Cases at Different  

Excavation Depth  

 

3.4.5 Case History Validation 

Additional analyses were also carried out for two cases from the literature to 

evaluate the influence of . 

 

30 

20 

10 

0 

10 30 020 40  10 30 0 2040

similar different 

Case H2  Case H4 

0.5% 
1.0% 

0% 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



75 
 

3.4.5.1 Formosa Project 

Details of this case are described in Section 3.3.6. In the FEM analyses, all soil 

layers are modeled by HS model first. The small strain effect is then investigated by 

applying HSS model to the dominant silty clay layer. The values for  are shown 

in Table 3.22. Figure 3.32 and Figure 3.33 show the predicted wall deflection and 

surface settlement profiles. The results show the small strain effect is not distinct 

even with high  when the excavation depth is large ( 20 m). The small 

strain influence is more distinct at shallow excavation depth ( 10.15 m). The 

result of  for the two stages in Table 3.22 coincides with the reduction ratio 

shown in Figure 3.37. 

 

Table 3.22 Parameters and Results of Formosa 

Case /  / (kPa)

10.15 m 20 m δ (mm) δ (mm) δ (mm)  δ (mm)

HS ― ― ― 40 ― 28.5 64 ― 48 

HSS-1 4 1.67 29000 38.4 0.96 28.5 64.6 1 49 

HSS-2 6 2.50 45000 35.4 0.88 26.4 61.4 0.96 47 

HSS-3 8 3.33 60000 32.7 0.82 24.6 58.6 0.92 46 

HSS-4 10 4.17 100000 28.3 0.71 21.1 53.8 0.84 42 
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Figure 3.32 (a) Wall Deflection and (b) Surface Settlement for 10.15 m 
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Figure 3.33 (a) Wall deflection and (b) Surface settlement for 20 m 

 

3.4.5.2 Bugis MRT station 

The excavation is located at Bugis MRT station in Singapore. The cross-section 
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adopted in the analysis is shown in Figure 3.34. The excavation was supported by 

1.2 m thick diaphragm walls and seven levels of struts. The ground water table was 

1.5 m below the ground surface. The dominant soft clay layers are the upper marine 

clay and lower marine clay, with soil strength ratio /  of 0.33 and 0.25, 

respectively. The soil stiffness /  for the marine clay in back-analysis is taken 

to be 100. Although the predicted wall deflections shown in Figure 3.36 are less 

than the measured wall deflection which was 135 mm, it can be used to study the 

small strain effect with different initial shear modulus  in Table 3.23. The wall 

deflections and surface settlements at excavation depths of 10.5 m  and 18 m of HS case and HSS cases are shown in Figure 3.35 and Figure 3.36, 

respectively. The maximum shear strains in soil body at 10.5 m  and 18 m are 0.38% and 0.91%, respectively. The results of reduction ratio  

in Table 3.23 at different excavation depths coincide with the reduction curve in 

Figure 3.27. 

 

 

Figure 3.34 Cross-Section of Excavation at Bugis MRT Station (Halim, 2008) 
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Table 3.23 Parameter and Result of Bugis MRT Station 

Case /  /  

(kPa) 10.5 18 
Upper

marine

Lower

marine

δ (mm) δ (mm) δ (mm)  δ (mm)

HS ― ― ― 60.7 ― 44.6 107 ― 80 

HSS-1 4 1.67 16000 58.6 105 0.97 105 0.98 0.98  44.8 

HSS-2 6 2.50 23000 54.4 101 0.90 101 0.94 0.94  42.1 

HSS-3 8 3.33 31000 50 95.8 0.82 95.8 0.90 0.90  39 

HSS-4 10 4.17 39000 41.1 85.3 0.68 85.3 0.80 0.80  31.3 
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Figure 3.35 (a) Wall Deflections and (b) Surface Settlements for 10.5 m 
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(b) 

 

Figure 3.36 (a) Wall Deflections and (b) Surface Settlements for 18 m 

 

3.4.6 Summary of this Section 

Comparisons have been made between HSS and HS through a series of parametric 

study and two case histories. The results show the small strain effect is significantly 

dependent on the ratio  and excavation depth  for excavation problems. A 

coefficient  is introduced to assess the small strain effect if the effect is 

significant. Since the ratio of  for Singapore marine clay and Taipei clay is 

approximately defined in Table 3. This indicates the coefficient  for excavation 

problems in these two cities can be assessed properly. 

 

3.5 Summary  

1. It is suitable to use 100~150  to model the stiffness of soft clay in 

HSS model except for the Formosa project when 200  was more 

suitable. 

2. The wall deflection and soil settlement of the cases modeled by HSS is slightly 

smaller than HS due to larger stiffness at small strain. The difference between 
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these two models is investigated through parametric study, which provides a 

coefficient to measure the small strain effect. 

3. The small strain effect is illustrated in the Project Kotoku case when varying the 

value of small strain parameter   . As explained in Chapter 2, the soft soil 

with smaller stiffness generates larger value of   , which can show distinct 

effect of small strain both in wall deflection and soil settlement. However, for 

Singapore marine clay, the small strain effect is not significant due to lower 

ratio of / . 

4. In the case for Lavender MRT Station and Farrer Park, smaller displacement 

close to the wall toe predicted by the HSS model shows the small strain effect 

compared with HS model and MC model. 

5. The nonlinear effect especially on soil settlements is illustrated in the case 

studies when using the HSS and HS model. The HSS model more closely 

follows the shape of the measured soil settlement profiles compared with the 

MC model.  
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Chapter 4 

PARAMETRIC STUDY FOR DIAPHRAGM  

WALLS IN SOFT CLAY 

4.1 Introduction 

With rapid economic development, more and more excavations are carried out in 

urban areas of coastal cities. The soil profiles in many of these locations comprise 

mostly of thick soft clays overlying stiff clay. To prevent basal heave failure and to 

reduce the movement of the wall toe, extending the wall length in the soft clay layer 

or even penetrating into the stiff clay layer is commonly carried out. Diaphragm 

walls are commonly used in these cases to minimize ground movement. To date, 

many empirical methods that have been proposed assume the wall is “floating” in 

the soft clay, without restraint at the wall toe. This chapter focuses on the specific 

situation of the wall penetrating into the stiff stratum. Parametric studies were 

carried out to evaluate the behavior of excavations with diaphragm walls in soft clay. 

The software PLAXIS 8.5 with the soil model HSS described in Chapter 3 that 

considers the small strain effect is used in all the analyses. Firstly, the influence of 

the various parameters such as soil stiffness and wall stiffness on the excavation 

behavior are investigated. Based on these findings, several simplified models to 

estimate wall deflection, ground movement and apparent pressure (for calculating 

strut forces) are proposed and presented in this Chapter. 

 

4.2 Empirical Methods for Deep Excavations 

Chapter 2 has introduced several empirical and semiempirical methods for 

estimating the excavation-induced maximum wall deflection (Mana and Clough 
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1981; Wong and Broms 1989; Clough and O’Rourke 1990; Hashash and Whittle 

1996; Kung et al. 2007b), surface settlement profile (Peck 1969; Mana and Clough 

1981; Clough and O’Rourke 1990; Ou et al. 1993; Hsieh and Ou 1998; Kung et al. 

2007b) and apparent earth pressure diagrams (Terzaghi and Peck 1967; Peck 1969; 

Chang and Wong 1996). From these studies, the following factors have been shown 

to affect the excavation performance: excavation width and depth, wall stiffness, 

strut spacing, stiffness and preloading, depth to an underlying hard stratum, soil 

stiffness and strength distribution, dewatering operation, adjacent surcharge, soil 

consolidation and creep, and quality of workmanship.  

 

4.3 Parametric Study 

4.3.1 Factors Affecting Excavation Behavior 

In this study, only the excavation geometry, soil parameters, and structural 

parameters are considered to evaluate their influence on the behavior of the 

specified profile of excavation. The seven factors evaluated are the excavation 

width , excavation depth , soil shear strength ratio / , soil stiffness / , system stiffness ⁄ , and the soft clay thickness  as shown in 

Figure 4.1. The ranges of the parameters are shown in Table 4.1. 

 

4.3.2 Geometry and Soil Conditions 

Figure 4.1 shows the geometry of the hypothetical problem considered. The 

construction sequence comprises the following steps: (1) the wall is installed and 

the soil is initially excavated to a depth of 2 m; (2) the strut is then installed at 1 m 

higher than excavation level; (3) subsequent excavation is continued with struts at 3 

m vertical spacing until the final excavation depth of 20 m is reached. For simplicity, 
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the water table is assumed to be at ground surface with hydrostatic pore pressure 

and the soil is subject to undrained shearing during excavation. 

Figure 4.1 Geometry of Parametric Study 

 

Table 4.1 Range of Parameters 

Parameter Range /  0.21, 0.25, 0.29, 0.34/  100, 200, 300   kN m⁄  15, 17, 19 m  25, 30, 35 m  20, 30, 40, 50, 60 m  8, 11, 14, 17, 20 

Wall stiffness 10 kNm m⁄ 0.36, 1.21, 2.88, 5.63
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4.3.3 Soil Parameters Adopted in FEM 

As described in Chapter 2, the main parameters of the HSS model are the effective 

friction angle , the reference secant stiffness , and the reference initial shear 

modulus . When the ground water table is at the ground surface and assuming m 1, ⁄ , ⁄  and  in the HSS model,  is the 

same for different  and  in Eq. (4.1). The value of  is derived from Eq. (3.3). 

The various  and  values are shown in Table 4.2 and 4.3, respectively. 

 

                                   (4.1) 

 

Table 4.2 Effective Friction Angle for Soft Clay in HSS 

 

 

Table 4.3 Reference Secant Stiffness for Soft Clay in HSS 

⁄  

kPa    100 200 300 400 

0.21 3114 6228 9342 12456 

0.25 4031 8062 12093 16124 

0.29 5105 10210 15315 20420 

0.34 6721 13442 20163 26884 

 

/  0.21 0.25 0.29 0.34 °  19 22.3 25.6 29.6 

 0.67 0.62 0.57 0.51 
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The small strain parameters   .  is assumed to be 2 10  and  is obtained 

from the following equation which is described in Section 2.9.3: 

 

                           0.42                      (4.2) 

 

4.4 Results of Parametric Study 

More than 200 hypothetical cases were analyzed in this study and the results are 

presented in this section. Sensitivity studies of the various parameters on the wall 

deflection were also carried out.  

4.4.1 Effect of Wall Penetration on Deflection 

Hashash and Whittle (1996) pointed out that the wall length has a minimal effect on 

the prefailure deformations for excavations in deep deposits of clay where there is 

no restraint on toe movement, although it is believed to have a significant influence 

on the location of the failure mechanism within the soil. Ashraf and Bolton (2006) 

proposed a method to predict wall deflection depending on the defined relationship 

of wall length and ‘wavelength’ according to whether the wall toe is fixed or free, 

suggesting that the wall deflection is very much related with its fixity condition. In 

this study, the wall is assumed to penetrate into the stiff clay stratum resulting in a 

restraint of the wall toe movement. To study the influence of the wall toe restraint, 

cases for   40 m , 20 m , ⁄ 0.29,   ⁄ 200, 17  kN m⁄ , and    30 m with different penetration depths 2 m~5 m,  positive represents 

penetrating into the stiff clay) were analyzed to investigate the penetration effect on 

excavation behavior. The results in Figure 4.2 with penetration depths of -2 m and 5 

m show that the penetration effect significantly influences the profiles of wall 

deflection for deep excavation depths 17 m  whereas the wall deflection 
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profiles are similar during the initial excavation stages. Defining the deflection ratio 

 as the maximum wall deflection divided by the maximum wall deflection for 

the case with 3 m, Figure 4.3 presents  at two different excavation depths 

with two different wall thickness . The plot indicates that as long as the wall 

penetrates into the stiff clay (positive D values)  is almost constant for different 

wall penetration depths. The reason for the different performance of wall 

deflections with different penetration depths is analogous to the different 

deformation mechanisms for cantilever and simply supported beams. 
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Figure 4.2 Wall Deflection for (a) 2 m and (b) 5 m 
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Figure 4.3  Plots at (a) 11 m and (b) 20 m  

 

4.4.2 Effect of Strut Stiffness on Wall Deflection 

The excavation strutting system is one of structural components affecting the wall 

deflection. In this study, the vertical strut spacing  is fixed at 3 m as is 

common in many excavation sites. The strut type adopted in the analysis is a typical 

steel column with width 350 mm, flange thickness 19 mm, web thickness 12 mm 

and weight 137 kg/m. The sectional area is 17400 mm . Assuming the Young’s 

modulus  of the strut is 2 10  kN/m  and horizontal strut spacing as 4 m, the 
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strut stiffness per meter can be obtained as 

 

       2 10  kN m⁄  17400 mm 10 4 m⁄  

                    8.7 10  kN/m                           (4.3) 

 

To investigate the effect of strut stiffness, a series of analyses for   40 m,   20 m,     ⁄ 0.34,    ⁄ 200,    17 kN m⁄ ,   and     30 m  with 

different strut stiffness were carried out to study the effect of strut stiffness. The 

results as presented in Figure 4.4 show that the deflection ratio  (which is 

defined as the maximum wall deflection divided by the maximum wall deflection 

for the case with   8.7 10  kN/m) decreases with increasing strut stiffness, 

but the effect is not very significant when the strut is stiff. Similar findings were 

reported by Poh et al. (1997). The results also show there is no correlation between 

strut stiffness and wall stiffness. The factor  will be used later in section 4.5.3 to 

predict deflections. 
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Figure 4.4 Plot of  versus Strut Stiffness 
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4.4.3 Effect of Ground Water Table on Deflection 

In all the analyses the ground water table was assumed at the ground surface, which 

is the most unfavorable condition. In many situations with soft clay, the water could 

be 1 2 m below the ground surface. To study the influence of the ground water 

table, analyses (Table 4.4) were carried out for various ground water levels. 

Defining the deflection ratio  as the maximum wall deflection divided by the 

maximum wall deflection for the case where the ground water table is at the ground 

surface, the results as plotted in Figure 4.5 show that  decreases almost linearly 

with decreasing ground water level. The factor  can be estimated as 10.1 , where l is the depth of the ground water table below the ground surface (in 

metres) and 2. The factor  will be used later in section 4.5.3 to predict 

deflections as well. 

 

Table 4.4 Parameters of Cases for  

Case 1w B=40 m, T=30 m, γ=17 kN m⁄ , c σ⁄ =0.29, E /c =200, H 20 m, d=0.9 m

Case 2w B=40 m, T=30 m, γ=19 kN m⁄ , c σ⁄ =0.29, E /c =200, H 20 m, d=0.9 m

Case 3w B=40 m, T=30 m, γ=19 kN m⁄ , c σ⁄ =0.29, E /c =200, H 20 m, d=1.2 m

Case 4w B=30 m, T=25 m, γ=17 kN m⁄ , c σ⁄ =0.29, E /c =200, H 20 m, d=0.9 m

Case 5w B=50 m, T=35 m, γ=17 kN m⁄ , c σ⁄ =0.29, E /c =200, H 20 m, d=0.9 m
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4.4.4 Effect of Wall Stiffness on Deflection 

This study only considered the use of diaphragm walls which has been widely used 

in the last three decades. A series of analyses with different wall stiffness for 30 m, ⁄ 0.29,   ⁄ 200, 19  kN m⁄ , and   30 m  were 

conducted to study its effect on wall deflection. Figure 4.6 shows the maximum 

wall deflections for different wall thickness d at various stages of excavation. The 

results show the wall stiffness plays a significant role on wall deflection for 

excavations at greater depths whereas the effect is smaller in the initial few 

excavation stages. The conclusions are similar to the findings by Yoo (2001), which 

showed the significant influence of wall stiffness on maximum wall deflection when 

the wall was embedded in a rock stratum.  
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Figure 4.6 Effect of Wall Stiffness on Deflection 

 

4.4.5 Effect of   /  on Wall Deflection 

The influence of soil stiffness ratio was also investigated for cases with 30 m,⁄ 0.29, 17 kN m⁄ , and   30 m . The plots of maximum wall 

deflection at 20 m for different wall stiffness are presented in Figure 4.7. 

The influence of   /  is more significant for lower soil stiffness ratios 

especially for cases with lower wall thickness. Yoo (2001) also reported similar 

findings. Figure 4.8 presents the maximum wall deflections at various excavation 

stages for different soil stiffness. The result shows that the shape of wall deflection 

versus excavation depth plot is a function of the   /  ratio. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



94 
 

0

50

100

150

200

250

300
100 200 300 400

Ratio of E
50

/c
u

 

 

M
a
x
im

u
m

 w
a
ll 

d
e

fl
e
c
ti
o

n
 (

m
m

)

 d=0.6 m

 d=0.9 m

 d=1.2 m

 d=1.5 m

   

Figure 4.7 Effect of Soil Stiffness on Wall Deflection at 20 m  
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Figure 4.8 Effect of Soil Stiffness on Wall Deflection ( 0.9 m) 

 

4.4.6 Effect of Soil Unit Weight on Wall Deflection 

The influence of the soil unit weight for the cases with 30 m, 20 m, ⁄ 0.29,   ⁄ 200, and   30 m is shown in Figure 4.9. The soil 

unit weight does not significantly influence the maximum wall deflection at higher 
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wall stiffness, but the effect is significant at lower wall stiffness (thickness). Figure 

4.10 shows the shapes of plots of maximum wall deflection versus excavation depth 

 (wall deflection path, which will be defined and introduced in Section 4.4.9) are 

approximately the same for different soil unit weight. 
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Figure 4.9 Effect of Soil Unit Weight at 20 m 
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Figure 4.10 Effect of Soil Unit Weight on Wall Deflection ( 0.9 m) 
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4.4.7 Effect of Soil Strength Ratio on Wall Deflection 

The influence of the soil strength ratio ⁄  for the cases with 40 m,17  kN m⁄ ,   ⁄ 200, 0.9 m, 30 m is presented in Figure 4.11. The 

results show the maximum wall deflection decreases with the increase of soil 

strength.  
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Figure 4.11 Effect of Soil Strength Ratio on Wall Deflection 

4.4.8 Effect of Clay Thickness and Excavation Width on Deflection 

A previous study by Wong and Broms (1989) pointed out that the wall deflection is 

significantly affected by the presence of the hard stratum both in the cases of wall 

penetrating and not penetrating into the hard stratum. Kung et al. (2007b) 

introduced a factor  that considered the effect of hard stratum to modify the 

regression model for wall deflection.  

 

                 1.5 ⁄ 0.4    for ⁄ 0.4        (4.4 a) 

                      1    for ⁄ 0.4              (4.4 b) 

where T’ is the depth to hard stratum measured from the current excavation level.  
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However, the factors of hard stratum, excavation width and excavation depth are 

complex to be incorporated in one coefficient. In this study, analyses have been 

conducted to study the effect of clay thickness  and excavation width  on wall 

deflection. The results of cases for 40 m,   ⁄ 0.29,   ⁄ 300,0.9 m , 19  kN m⁄  with different clay thickness are presented in Figure 4.12. 

The ratio  is defined as the maximum wall deflection divided by the maximum 

wall deflection for the case with 40 m. The maximum wall deflection at 

various excavation depths indicate that the effect of hard stratum  

will be significant when the ratio of /  is larger. Since the wall penetrates into 

the harder stratum in all these cases, the effect of /  considered here is 

essentially the combined effect of hard stratum thickness and toe fixity. 

 

Figure 4.13 shows the effect of excavation width on maximum wall deflection. The 

result shows the maximum wall deflection increases with the increase of excavation 

width  at various excavation depths. The shapes of plots of maximum wall 

deflection versus excavation depth  are approximately the same. 
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Figure 4.12 Effect of Clay Thickness on (a) Maximum Wall Deflection (b)  
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Figure 4.13 Effect of Excavation Width on Maximum Wall Deflection ( 30 m) 

 

Since the diaphragm wall stiffness (Figure 4.6) does not affect the shape of wall 

deflection as much as the clay thickness, as an approximation, the effect of hard 

stratum may expressed by the factor  as a function of /  
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              2.5 0.4 1 ,    for    / 0.4         (4.5a) 

                      1,      for    / 0.4                 (4.5b) 

                       

Eq. (4.5) was found to agree with the results of the cases in Figure 4.12 (b). Eq. (4.5) 

may also be expressed in chart form as shown in Figure 4.14. 
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Figure 4.14 Chart for reduction ratio  

 

4.4.9 Wall Deflection Path 

The concept of wall deflection paths herein are the plots of maximum wall 

deflections versus depths of excavation. The wall deflection paths converge to a 

narrow band as excavation goes beyond a depth of approximately 10 m (Hwang and 

Moh, 2007). Figure 4.15 shows the typical wall deflection profiles and deflection 

paths of diaphragm walls in soft ground, which consists of a cantilever shape in the 

initial stage and spindle shapes at subsequent excavation stages. In Figure 4.15, the 

‘x axial’ represents the maximum wall deflection at each stage and ‘y axial’ 

represents the corresponding excavation depth for each stage. 
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Figure 4.15 Deflection Profiles and Deflection Paths of Diaphragm Walls in Soft 

Ground (modified from Hwang and Moh, 2007) 

 

Different wall deflection paths have been illustrated for different parameters in 

previous sections. The shape of wall deflections at initial excavation stages is 

cantilever which is mainly affected by excavation width , soil strength ratio ⁄ , soil stiffness ratio   ⁄ , and soil unit weight . The wall stiffness  

plays an important role on wall deflection path after the struts are installed, as has 

been shown in Figure 4.6. The shapes of the wall deflection paths are almost similar 

for cases with different values for parameters in previous section excluding for the 

clay thickness  in Section 4.4.8. The relationship between wall deflection path 

and excavation depth 8 m  is linear for the case with 40 m in Figure 

4.12(a), where /T is small ( / 0.5) that the effect of hard stratum can be 

neglected. The deflection path tends to be with the same slope  at the following 

stages when the wall deflection profile is spindle if there is no effect of hard stratum 

( / 0.4) as shown in Eq. (4.5). Since the main factor affected the shape of 

wall deflection path is the effect of hard stratum, the wall deflection path can be 

estimated considering this factor as outlined below.  
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The simple method is used for predicting the wall deflection path when measured 

data for wall deflections are available provided the wall profile is spindle. Assuming 

the excavation depth and the measured wall deflection at the first stage of spindle is 

 and , respectively, the excavation depth and measured wall deflection of the 

next stage is  and , respectively ( T⁄ 0.4 , T⁄ 0.4 . So the slope is: 

 

                                                      (4.7) 

 

As excavation proceeds,  

                        , 2                (4.8) 

 

where  is the reduction factor. As an approximation, the effect of hard stratum 

may expressed as  

 

                    . / .  ,    for    / 0.4               (4.9a) 

                       1,      for    / 0.4                   (4.9b) 
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Figure 4.16 Chart for Reduction Ratio  
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Hence              

                     , 2              (4.10) 

 

The finial wall deflection can be determined as 

 

                    ∑                (4.11) 

 

In the following, the results for four case histories are shown to demonstrate the 

validity of Eq. (4.10) and Eq. (4.11). 

 

4.8.1.1 TNEC and Formosa Case 

The measured wall deflections of TNEC and Formosa Case are presented in Figure 

4.17. The soil properties and excavation depths are shown in Figure 4.18. The hard 

stratum level for the two cases is 33 m and 31 m, respectively. The wall deflection 

at stage 3 and 4 are assumed to be as  and , respectively, and are listed in 

Table 4.5 to predict the wall deflection at the next stages 5, 6, 7. The result shows 

the difference between the predicted deflections and measured deflections for 

TNEC case are small. For the Formosa case, the differences are slightly larger, with 

the maximum difference being 23%. 
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(a) 

 

 

(b) 

 

Figure 4.17 Wall Deflection Profiles of (a) TNEC and (b) Formosa  

(Tang and Kung, 2008) 
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Figure 4.18 Soil Profile and Excavation Depths for TNEC and Formosa  

(Tang and Kung, 2008) 

 

Table 4.5 Prediction of Wall Deflection Path for TNEC and Formosa 

Case  

  Stage 5 Stage 6 Stage 7 

mm  (mm) 

 mm  mm  mm  

 mm  

 mm  mm
1-TNEC 5.94 49 68 0.91 0.84 0.77 86.5 82 97.0 100 108.0 108 

2-Formosa 4.92 25 41 0.96 0.84 0.77 55.4 50 67.9 60 76.4 62 

Notes:  = predicted deflection,  = measured deflection 

 

4.8.1.2 Kotoku and Farrer Park 

Two case histories described in Chapter 3 are used to valid the wall deflection path. 

The wall deflection profiles at every stage and every excavation depth of the two 

cases are shown in Figure 4.19 and Figure 4.20, respectively. The analyses assume 

wall deflection predicted by FEM as ‘measured deflection’. Since only the 

measured data at the end of excavation to formation level are available for these two 

cases. The wall deflection at stage 3 and 4 are assumed to be as  and , 

respectively. The predicted wall deflection paths from stage 5 to stage 7 are 

presented in Table 4.6, which show that reasonable results are obtained for the case 
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of Farrer Park whereas a slightly smaller wall deflection is predicted for case of 

Kotoku because the wall toe did not penetrated into the stiff clay.  
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Figure 4.19 Wall Deflection Profiles of Kotoku at Various Stages 
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Figure 4.20 Wall Deflection Profiles of Farrer Park at Various Stages 
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Table 4.6 Prediction of Wall Deflection Path for TNEC and Formosa 

Case  
 mm  

 

(mm) 

Stage 5 Stage 6 Stage 7 

 mm  mm  mm  

 mm  

 mm  mm
3-Kotoku 8.96 47.8 74.7 1 0.88 0.8 97 100 117 130 135 163 

4-Farrer Park 2.76 25 41 0.80 0.70 0.64 41 42 46 45 49 47 

 

4.5 Response Surface for Deformations 

4.5.1 Response Surface Method (RSM) 

Response surface methodology (RSM) is a collection of statistical design and 

numerical optimization techniques used to optimize process and product designs 

(Myers, et al. 2004). RSM was first introduced by Box and Wilson (1951) which 

laid the foundations for the method.  

 

The basic concept of RSM involves the approximation of the unknown implicit 

performance function by using a simple and explicit function. The response surface 

is constructed from data obtained from a set of designed experiments or numerical 

analyses. Coefficients in the explicit function can be obtained by performing 

regression analysis. Once the response surface is determined, reliability analysis can 

be carried out as presented in Chapter 5. The second-order polynomial is adopted 

herein: 
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        ∑ ∑ ∑ ∑              (4.12) 

 

where , , ,  are coefficients to be determined from multiple linear 

regression, and ,  are the independent variables and  is the dependent 

variable. 

 

4.5.2 Multiple Linear Regression 

The response surface is determined using multiple linear regression. The 

coefficients are estimated by the least squares method. Suppose that there are 

independent variables  and n observations， x , x , x , y , i 1,2, , n) 

and the model relating the independent variables to the dependent variable y  is 

 

         y a a x a x a x , i 1,2, , n          (4.13) 

 

where a  are the regression coefficients and  are the random error terms. The 

model is a system of n equations that can be expressed in matrix notation as 

 

         y Xa        (4.14) 

 

where 

y yyy     X 1 x  1 x   x  x  1 x   x      β aaa       

 

The least square function is 

     ∑ T y Xa T y Xa      (4.15) 
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The least squares estimator a is the solution for a in the equations: 

 

            0           (4.16) 

 

The resulting equations that must be solved are 

 

        XTXa XT y        (4.17) 

 

By the inverse of XTX, therefore the least squares estimate of a is 

 

        a XTX XT y               (4.18) 

4.5.3 Response Surface for Maximum Wall Deflection 

Based on the 1120 hypothetical cases described in the previous section, the response 

surface method is used to obtain the explicit function for the wall deflection. The 

ranges of the variables are shown in Table 4.7. The regression equation for wall 

deflection takes the following form: δ a a B a B a T a T a h a h a cuσv a cuσv a E
           a E    a ln EI γ h⁄ a ln EI γ h⁄ a γ a γ           a ln EI γ h⁄ · h                                                (4.19) 

 

Table 4.7 Range of Variables 

Soil parameter Non-soil parameter ⁄  0.2—0.4 m  20 75 ⁄  100 335 m  25 83  KN m⁄  15 20 m  8 29 

 ⁄  6.0 9.4 
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The values of the coefficients are shown in Table 4.8. 

 

Table 4.8 Response Surface Coefficient for δ  a  1612.23 a  -0.0456 a  699.08 a  8.78 a  2.524 a  38.76 a  -0.881 a  -118.05a  -0.0169 a  -0.256 a  0.00131 a  2.978 a  7.55 a  -1014.39 a  -119.04 a  -3.31 

 

Figure 4.21 shows the plot of the maximum wall deflection values computed using 

Eq. (4.19) versus the FEM values for the 1120 hypothetical cases. Eq. (4.19) is 

shown to be a fairly accurate with a high coefficient of determination R  of 0.88. 
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Figure 4.21 Predicted Maximum Wall Deflection versus Deflection by FEM 
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Corrections for the depth of the ground water table and strut stiffness can be 

considered using 

 

        δ · · δ            (4.20) 

 

where  is the correction factor for water table (Figure 4.5), and  is the 

correction for strut stiffness (Figure 4.4). 

 

4.5.4 Validity of Response Surface for Maximum Wall Deflection 

Eq. (4.20) was used for the seven back-analysis cases presented in Chapter 3, as 

well as additional two cases of Bugis MRT (Halim, 2008) and Ou et al. (2008). The 

results in Table 4.9 and Figure 4.22 that the predictions using Eq. (4.20) compares 

well with the measured results except for case 4 and 6, which involved very high 

preloads and lower wall stiffness, respectively. The average values of parameters of 

the cases excluding case 6 are presented in the last row of Table 4.9.  

 

Table 4.9 Comparison of Predicted and Measured Maximum  

Wall Deflection Predictions 

Cases 
     

  
 

  
δ  δ ,M 

m m m kN m⁄ mm mm

1. Farrer Park 21 22 17.5 0.285 150 7.3 17.3 0.8 1.02 75.0  53 

2. TNEC 43 33 19.7 0.32 100 7.30 19 0.8 0.8 115.4 108

3. Kotoku 30 30 17 0.34 100 7.30 16 0.8 1 132.7 170

4. Lavender 23 18 16 0.26 100 7.96 17 0.8 1 69.3 32 

5. Formosa 35 27 18.5 0.34 200 7.30 19 0.8 1.05 64.1 60 

6. Rochor Complex 95 24 8.3 0.25 100 4.02 16 0.8 1 240.6 150

7. Syed Alwi 28 16 7.8 0.25 150 6.43 16 0.9 1 52.6 50 

8. Bugis MRT 21 35 18 0.26 150 8.18 16.5 0.9 1 136.3 135

9. Ou et al. (2008) 42 20 9.31 0.25 150 6.24  17.6 0.95 1 94.3  105

Average Value 30 25 15.4 0.288 137 7.25 17.3 0.84 0.98 92.5 89.12

Notes: δ ,M = measured maximum wall deflection 
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Figure 4.22 Predicted versus measured maximum wall deflection  

 

4.6 Response Surface for Maximum Surface Settlement 

Peck (1969), Clough and O’Rouke (1990), and Hsieh and Ou (1998) have 

developed several profiles to estimate the surface settlement induced by excavation. 

In their methods, the maximum surface settlement δ  is an important factor to 

construct the entire surface settlement profile. Hsieh and Ou (1998) and Kung et al. 

(2007b) proposed that δ  could be estimated from the relationship between δ  

and δ , which is expressed as: 

 

                   δ δ             (4.21) 

 

where  = deformation ratio. The results of  for over 120 hypothetical cases 

by FEM as shown in Figure 4.23, indicate that  is concentrated in the range of 0.65 0.7. Table 4.10 shows the  values for the cases considered in Section 

4.5.4 where the maximum settlement was reported with  in the range of 0.66 to 

Case 6 

Case 4 
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1.04. The high  for Bugis MRT is probably due to the soil consolidation. For 

simplicity, a slightly conservative  is assumed to be 0.7 and the maximum 

surface settlement can be estimated as: 

 

                δ 0.7δ                      (4.22) 
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Figure 4.23 Plot of  

 

Table 4.10 Prediction of Maximum Surface Settlement 

Cases 
δ ,M δ ,M δ ,F δ ,M δ ,M⁄ or δ ,F) mm mm mm

1. Farrer Park 53 ― 40 0.75 

2. TNEC 108 80 ― 0.74 

3. Kotoku 170 112 ― 0.66 

4. Laverder 32 ― 27 0.84 

5. Formosa 60 45 ― 0.75 

6. Rochor Complex 150 ― 110 0.73 

7. Syed Alwi 50 ― ― ― 

8. Bugis MRT 135 140 ― 1.04 

9. Ou et al,2008 105 ― ― ― 

Notes: δ ,M= measured maximum surface settlement and δ ,F= maximum surface settlement by 

FEM 
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For the case studies considered in Section 4.5.4, Figure 4.24 shows the plot of the 

maximum surface settlement predicted by Eq. (4.21) versus the “measured” results. 

For those cases where the measured maximum surface settlement was not reported， 

the FEM values (evaluated in Chapter 3) were used instead. There was good 

agreement between the predicted and “measured” results except for Bugis MRT 

with a high coefficient of determination R  of 0.98. 
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Figure 4.24 Predicted Maximum Surface Settlement versus Measured  

or FEM Settlement 

 

4.7 Apparent Pressure Diagram (APD) 

Arising from the previously described hypothetical cases, the magnitude of the strut 

forces which are expressed in the form of apparent pressure diagrams (APD) are 

presented in this section. The proposed APD to estimate the maximum strut forces 

is applicable for excavations with similar soil conditions to those considered in this 

study. Two case histories from the literature are used to validate this method. 

Case 8 
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4.7.1 Background 

Terzaghi and Peck (1967) had developed various apparent pressure diagrams for 

different soils based on measured data from relatively flexible walls. There is some 

uncertainty as to whether these APDs can be used for excavations with diaphragm 

wall which are stiffer and widely used in last two decades. Chang and Wong (1996) 

had found that the Terzaghi and Peck (1967) APD for clay was unconservative and 

amended it to consider the effects of the thickness of the clay deposit.  

 

4.7.2 Terzaghi-Peck Method 

Terzaghi and Peck (1967) had developed the apparent pressure diagram shown in 

Figure 4.25 for excavations with flexible walls in soft to medium clays. The 

detailed information is described in Section 2.4. Figure 4.26 shows the variation of σTP  is almost linear with depth of excavation for the cases in which 17 kN/m , and undrained strength value is taken at middle depth.  

   

Figrue 4.25 Terzaghi-Peck Method for Soft Clay 

KArH  

H
/4

3
H

/4

KA=1-m(4cu/rH) σTP
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Figure 4.26 Plot of σTP versus  for 17 kN/m  

4.7.3 Factors Affecting APD 

From the parametric study, the more critical and less critical factors that influence 

the maximum earth pressure have been identified and are presented in this section, 

in which the maximum earth pressure σ  is defined as the maximum force on 

the strut divided by the tributary area as used in the Terzaghi & Peck method, and 

the normalized depth on the vertical axis refers to the depth below ground surface 

divided by the final excavation depth. 

 

4.7.3.1 Effect of Clay Thickness on  

The analyses indicate that the soft clay thickness  is the most important factor 

that affects the maximum earth pressure. This is demonstrated through one set of 

cases with parameters 30 m, 20 m, ⁄ 0.29,   ⁄ 200,0.9 m, 17 kN m⁄ .  The results in Figure 4.27(a) show that the Terzaghi & 

Peck APD overestimates maximum earth pressure for cases with 25 . The 

clay thickness has a significantly effect on the distribution and magnitude of the 

strut loads. When 25 m, the maximum pressure occurs in the top half of the 
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excavation while for 40 m, it is the opposite. For 25~40 m, the shape of 

the maximum pressure diagram agrees with Terzaghi and Peck (1967). The 

maximum pressure plotted with different clay thickness as shown in Figure 4.27(b), 

indicate that the pressure almost linearly increases with the clay thickness.  
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Figure 4.27 Effect of Clay Depth on Apparent Pressure  (a) Apparent Pressure 

Diagram  (b) Relationship between Clay Thickness and Maximum Earth Pressure 

4.7.3.2 Effects of ⁄  and  on  

The influence of the soil strength ratio ⁄  and wall stiffness  on the earth 

pressure for the cases with 30 m, 20 m,   ⁄ 200, 0.9 m,17  kN m⁄ , 30 m and for cases with 30 m, 20 m, ⁄ 0.29, ⁄ 200, 17  kN m⁄ , 30 m are shown in Figure 4.28. Figure 4.28(a) 

shows the different values of ⁄  influences the maximum pressure in the top 

half which means the effect is more distinct for shallower excavation depths while 

for deeper excavations the influence of ⁄  is small. Terzaghi & Peck APD for ⁄ 0.25, 0.29, 0.34  with m 1  and ⁄ 0.29  with m 0.4  are 

shown in Figure 4.28(a). Figure 4.28(b) shows the stiffer the wall, the less is the 

maximum earth pressure. However, the increase of wall stiffness does not 

significantly decrease the maximum earth pressure. 
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Figure 4.28 Apparent Pressure Diagram Plot Showing  

(a) the Effect of Soil Strength Ratio (b) the Effect of Wall Stiffness 
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4.7.3.3 Effect of , , and   ⁄  on  

To illustrate the influence of the excavation width , soil unit weight  and soil 

stiffness   ⁄ , Figure 4.29 shows the cases with   20 m, ⁄ 0.29, ⁄ 200, 0.9 m, 17  kN m⁄ , 30 m, cases  with  30 m, 20 m, ⁄ 0.29,   ⁄ 200, 0.9 m, 30 m   and for cases 

with   30 m, 20 m, ⁄ 0.29, 0.9 m, 15  kN m⁄ ,30 m, respectively. The results show the factors do not affect the maximum earth 

pressure significantly although the former two parameters can influence the 

distribution of apparent pressure due to the different basal heave factor safety. This 

will be discussed later. 

1.0

0.8

0.6

0.4

0.2

0.0

0 50 100 150 200 250 300

0 50 100 150 200 250 300

 

 

Maximum Earth Pressure (kPa)

N
o

rm
a

lis
e

d
 D

e
p

th

 B=20m

 B=30m

 B=40m

 B=50m

 B=60m

 ⎯   Terzaghi 

        & Peck APD

 

(a) 

 

m=1 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



120 
 

1.0

0.8

0.6

0.4

0.2

0.0

0 50 100 150 200 250 300

0 50 100 150 200 250 300

 

 

Maximum Earth Pressure (kPa)

N
o

rm
a

lis
e

d
 D

e
p

th

 γ=15 kN/m
3

 γ=17 kN/m
3

 γ=19 kN/m
3

 ⎯   Terzaghi 

        & Peck APD

 

(b) 

 

1.0

0.8

0.6

0.4

0.2

0.0

0 50 100 150 200 250 300

0 50 100 150 200 250 300

 

 

Maximum Earth Pressure (kPa)

N
o

rm
a

lis
e

d
 D

e
p

th

 E50/c
u
=100

 E50/c
u
=200

 E50/c
u
=300

 ⎯   Terzaghi 

        & Peck APD

 

(c) 

Figure 4.29 Apparent Pressure Diagram Plot Showing (a) the Effect of Excavation 

Width (b) the Effect of Soil Unit Weight (c) the Effect of Soil Stiffness 

m=1, ɣ=15 

          ɣ=17 

        ɣ=19

m=1 

m=0.4 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



121 
 

4.7.3.4 Effect of Strut Properties on  

To illustrate the influence of the strut stiffness and preloading on the maximum 

earth pressure, Figure 4.30 shows the cases for 30 m, 20 m, ⁄0.34,   ⁄ 100, 0.9 m, 17  kN m⁄ , 30 m  and cases 

for ⁄ 0.29,       ⁄ 200,       0.9 m,     17 kN m⁄ ,       30 m, 
respectively. The strut stiffness 1.0 10  kN m⁄  represents a normal steel 

beam with stiffness 4.0 10  kN as strut, and with 4 m horizontal 

spacing. Figure 4.30(a) shows different strut stiffness can change the distribution of 

the maximum earth pressure but does not significantly change the magnitude of the 

maximum earth pressure. Preloading is often applied to reduce the wall deflection. 

Figure 4.30(b) compares three cases where the applied preloadings are approximate 

33%, 66%, and 100% of the design loads. The plot shows the earth pressure 

increases sharply when the preloading is 66% and 100% of the design load while 

the change is small in the case of 33% preloading. Hence high preloading should be 

used with care as it could lead to strut failure. 
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 (b) 

Figure 4.30Apparent Pressure Diagram Plot Showing (a) the Effect of Strut 

Stiffness  (b) the Effect of Preloading 

4.7.3.5 Effect of Strength of Stiff Clay on  

This section illustrates that basal heave factor of safety critically influences the 

maximum earth pressure especially its distribution. This is demonstrated through 

the cases with 30 m, 20 m, ⁄ 0.29,   ⁄ 200,0.9 m,   17 kN m⁄ , 30 m  and cases with 30 m, 20 m,  ⁄ 0.29,   ⁄ 200, 0.9 m, 17  kN m⁄ , 20 m , which 

have different clay thickness . Through changing the soil strength of the bottom 

stiff clay c , , different ratios of c , /c ,  are presented in Table 4.11. 
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Table 4.11  Values for the Different Cases Considered 

c ,   kPa  

 30m 20m 

80 2.6 4 

100 3.3 5 

200 6.6 10 

300 10 15 

400 13.3 20 

500 16.6 25 

 

Just as the basal heave factor of safety significantly affects the wall deflection 

(Mana and Clough, 1981), the results in Figure 4.32 show the maximum earth 

pressures in the lower struts increase sharply when  is less than 3 while the 

influence is minimal when  exceeds 10. The ratio  is defined as the 

maximum earth pressure divided by the maximum earth pressure for the case with c , 500 kPa. Hence more attention should be given to the pressures of the 

lower struts in excavations where  is low.  
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(b) 

Figure 4.31 Effect of Strength of Stiff Clay (a) 30 m (b) 20 m 
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(b) 

Figure 4.32  for Different  (a) 30 m (b) 20 m 

 

4.7.3.6 Effect of an Intermediate Stiff Clay Layer on  

Generally, the load on a strut is induced by the increasing wall deflection as a result 

of soil excavated below the strut (i.e. next stage of excavation). Hence, the strut 

force is significantly influenced by the properties of the soil directly beneath the 

strut. Effect is shown for cases with   30 m,   20 m,   ⁄ 0.29, 
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  ⁄ 200, 0.9 m, 17  kN m⁄ , 30 m  which have an 

intermediate a 3m-thick stiff clay layer 150  kPa, 300  at depths of 

2 m to 5 m (Profile B) and depths of 11 m to 14 m (Profile C) in Figure 4.33. Figure 

4.34(a) shows there is not distinct influence on earth pressure for ‘Profile B’. 

However, Figure 4.33(b) shows the strut force increases sharply in the fourth level 

at 10 m for ‘Profile C’ as the reason of abrupt increment of wall deflection (stiff 

clay is excavated) but other strut loads decrease compared with ‘Profile A’. 

 

 

Figure 4.33 Plot of Soil Profiles  

 

Soft clay
Soft clay Soft clay

Stiff clay

Stiff clay

Stiff clay Stiff clay Stiff clay

Soil Profile A Soil Profile B Soil Profile C

2
m

1
1

m

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



127 
 

1.0

0.8

0.6

0.4

0.2

0.0

0 50 100 150 200 250 300

0 50 100 150 200 250 300

N
o

rm
a

lis
e
d

 D
e
p

th

Maximum Earth Pressure (kPa)

 Profile A

 Profile B

 

 

 

Figure 4.34 (a) Effect of ‘Soil Profile B’ on Apparent Pressure 
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Figure 4.34 (b) Effect of ‘Soil Profile C’ on Apparent Pressure 

 

4.7.4 The Approximate Estimation of APD 

Based on the analyses described in the previous Sections, the simplified APD 

m=1 

m=1 
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shown in Figure 4.35 is proposed for soft clays supported by diaphragm walls. An 

approximate and conservative formula value to determine the maximum apparent 

pressure σAPD is 

 

                   σAPD 0.2 6               (4.23) 

 

where σAPD is the maximum apparent pressure,  is depth of the soft clay layer, 

which can be interpreted as the distance from the ground level to the level where the 

wall is restrained, and  is the effective friction angle of soft clay layer that can be 

derived from Eq. (3.3). The simplified APD account for the two most critical factors 

that influence the maximum pressure, namely  and soil shear strength. The charts 

are not applicable for excavation with high preloading on the struts. 

 

Figure 4.36 which shows the plot for all the cases considered in this study indicates 

that the predictions based on Figure 4.35 are slightly conservative. Alternatively, σAPD can be determined from the chart in Figure 4.37. 

 

(a) 

?APD

0.5?APD

H
/4

H
/2

H
/4

σAPD

0.5σAPD

σAPD 0.2 6 4 2  µ c , /c ,  
0.5σAPD 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



129 
 

 

(b) 

 

Figure 4.35 APD for (a) 6 (b) 6 
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Figure 4.36 FEM Data Validated  
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Figure 4.37 Chart for Estimating Maximum Apparent Pressure 

 

Although the charts in Figure 4.36 and 4.37 are based on excavation depth 20 m, the application range may be extended to  in the range of 10 m to 

20 m. A reduction factor APD is introduced to consider the cases with different 

excavation depth . 

 

                          APD ⁄ ⁄                    (4.24) 

 

A chart for the reduction factor is shown in Figure 4.38. The two charts can be 

combined to estimate the maximum apparent pressure for cases with different 

excavation depths. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



131 
 

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 

 

μ A
P

D

Excavation depth H
e
 (m)

 Reduction Factor

 

Figure 4.38 Chart for Estimating Reduction Factor 

 

4.7.5 Validation from Measured Case Histories 

4.7.5.1 TNEC Project 

This case was reported by Ou et al. (1998) in Taipei. More detailed description is 

presented in Chapter 3. The top-down construction method was used. The 

cross-section of the project is shown in Figure 4.48. The 35 m long diaphragm wall 

penetrated into the medium dense silty sand. The distance from ground level to the 

soft clay depth is 33 m. Since the preloading did not exceed 50% of the measured 

value, the chart in this study can be used. The APD by this proposed method is 

plotted in Figure 4.39(b) where the maximum earth pressure is approximately 250 

kPa. Ou et al. (1998) reported the measured pressure in the lowest strut was 245.8 

kPa while the value estimated by Terzaghi & Peck is 118 kPa and 222 kPa when the 

average shear strength of Silty Clay is assumed to be 58.6 kPa and 34.5 kPa, 

respectively. 
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           (a)                           (b) 

Figure 4.39 (a) Profile of TNEC Project (Ou et al., 1998) 

(b) Apparent Pressure Diagram 

 

4.7.5.2 BL 12 Underground Station 

The case is a well-instrumented deep excavation in Taiwan (Hsiung et al., 1999), 

the BL 12 underground station on the Nankang Line of Taipei Mass Rapid Transit 

System. The 16 m deep excavation was retained by 33 m diaphragm wall, and was 

internally braced by seven levels of struts. The soil profile is shown in Figure 4.40, 

which indicates the thickness of soft clay— Sung-Shan formation layer is 30 m. The 

measured pressures in District 2, 6 and 14 are shown in Figure 4.41, where the 

maximum pressure is 160 kPa. Assuming ⁄ 0.34  and 30 m , the 

predicted maximum earth pressure is 203 kPa. The predicted APD is shown in 

Figure 4.41, and the other three plotted diagrams are based on the CIRIA distributed 

prop load diagrams by Twine and Roscoe (1997) (Hsiung et al., 1999). 
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Figure 4.40 Soil Profile of BL 12 Underground Station (Hsiung et al., 1999) 

 

 

 

Figure 4.41 APD for BL 12 Underground Station (Hsiung et al., 1999) 

 

4.8 Summary 

A series of parametric studies for deep excavations have been carried out to obtain 

insights into the behavior of excavations in soft clays. Based on these analyses, 

simplified methods have been proposed. 

CIRIA 

Measured 

This method
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(a) Response surfaces for maximum wall deflection and maximum surface 

settlement have been proposed. The ratio of wall deflection and surface 

settlement can be assumed to be 0.7. 

(b) A simple method to predict wall deflection path is presented considering the 

effect of hard stratum. 

(c) A method for estimating the APD is proposed for excavations with diaphragm 

walls in soft clay. 
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Chapter 5 

RELIABILITY ANALYSIS 

5.1 Introduction 

In a deterministic approach, the serviceability of excavations and the adjacent 

buildings are evaluated by whether the “predicted” or designed factors such as basal 

heave, strut force, wall deflection and ground movement are less than the specified 

tolerable limits. Generally, the factor of safety is always applied to ensure the safety 

of the excavation performance. However, many uncertainties exist in the calculation 

of the safety factors and this approach fails to reflect the degree of uncertainty. The 

reliability analysis is desirable to evaluate the safety of the excavation and the 

adjacent buildings. Goh and Kulhawy (2005), Hsiao et al. (2008) and Goh et al. 

(2008) have provided methods to assess the reliability of wall performance, ground 

settlement and basal heave, respectively. 

 

The wall deflection and ground movement are the two most critical factors that 

affect the performance of adjacent structures. Control of excavation deformation 

serves to protect the adjacent facilities and prevent the collapse of the excavation 

system. The adoption of limiting displacements for wall and ground surface varies 

according to the surrounding environment of the excavation and the relative 

importance of the project. Different criteria are available for different projects. The 

limiting wall deflection is typically taken to be a percentage of the excavation 

height. The limiting surface settlement depends on the requirement of the 

differential settlement of adjacent buildings and the settlement of facilities and is 

taken to be a percentage of the excavation height as well in this Chapter.  
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5.2 Reliability Analysis 

Based on analyses in Chapter 4, the response surfaces for wall deflection and 

surface settlement were determined. The response surface provides an explicit 

function involving soil variables and other variables to predict the performance of 

the movements associated with excavation. There are many reliability analysis 

methods available to assess the probability of “failure” (Schweckendiek, 2006). The 

most widely used method ―  ‘Hasofer-Lind’ method is used here to conduct the 

reliability analysis. The method is readily coupled with a Excel spreadsheet, as 

described by Low and Tang (1997) and Phoon (2004).  

5.3 Performance Function 

The performance functions of wall deflection and surface settlement include two 

basic variables: the maximum wall deflection (or the maximum settlement) and the 

limiting (tolerable) wall deflection (or limiting surface settlement), which in 

simplistic term can be described as load and resistance, respectively. The reliability 

analysis is conducted to assess the probability of the load exceeding the resistance. 

So the concept of ‘reliability’ and ‘failure probability’ herein is the probability of 

the wall deflection and the surface settlement exceeding the limiting value. 

 

As described in Chapter 4, the regression equation for the maximum wall deflection 

response surface derived from parametric studies takes the following form: 

 δ a a B a B a T a T a h a h a a a E a E
              a ln EI γ h⁄ a ln EI γ h⁄ a γ a γ a ln EI γ h⁄ · h   (4.19) 

 

where the coefficients are listed in Table 4.8. The maximum wall deflection and 

surface settlement are then calculated using 
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                           δ · · δ                     (4.20) 

                            δ 0.7δ                         (4.22) 

 

If the limiting wall deflection δ ,  is specified as 0.5% or 1% of excavation 

height, then 

 

                    δ , 0.5% or 1% ·                 (5.1) 

 

where  is the percentage of the excavation height for wall deflection. And if 

1/300 or 1/500 is used as the ‘Angular Distortion δ/L ’ (Bjerrum, 1963; Boone, 

1996) (where δ is the differential settlement and L is the length of the foundation), 

the limiting maximum surface settlement is: 

 

                          δ , L 1.5 0.5% or 0.3% ·                   (5.2) 

 

where  is the percentage of the excavation height for surface settlement.         
 

 

Figure 5.1 Settlement Profile (Hsieh and Ou, 1998; Kung, et al., 2007b) 

He 

Soft clay 

Stiff clay 

1.5He  from Figure 2.15 
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So the limit state function (LSF) can be expressed as 

 

                           g x δ , δ                                       (5.3 a)                                                       g x δ , δ                                       (5.3 b) 
5.4 Mean and COV of Variables 

There are seven variables in Eq. (4.19), of which three are soil variables and four 

are nonsoil variables. The factors  and  are also nonsoil variables that 

influence the limit state surface. Due to its natural variability and inconsistent 

testing methods, the soil variables can have large variations. Duncan (2000) 

suggested the coefficient of variation (COV) of soil variables could be estimated 

from the published documents for example by Harr (1984), Kulhawy (1992), or 

Duncan (2000). Unlike soil variables, the nonsoil variables have smaller vibrations. 

In this study, the coefficients of variation (COVs) of nonsoil variables are assumed 

to be 0.05. 

 

For any project, the typical reliability analysis consists of the following steps: 

1. Determine the mean values and coefficient of variation (COVs) for the variables 

in the response surfaces for wall deflection and surface settlement (Table 5.1). 

This is further described in Section 5.4. For the three soil variables ,   ⁄  

and   ⁄ , the soil unit weight  is taken as the weighted value of the layers 

overlying the stiff clay. The soil strength ratio ⁄  is an approximate value 

which is investigated from the site or based on published literature. Based on the 

case studies conducted in Chapter 3, the stiffness ratio ⁄  is mostly 

concentrated in the range of 100~150. The COV of soil variables can be 

estimated from Duncan (2000).  

2. Calculate the maximum wall deflection δ  and maximum ground settlement δ  using the response surfaces (Eq. 4.20 and Eq. 4.22). Define the limiting 
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wall deflection ,  and surface settlement , . 

3. Define the performance function as Eq. 5.3 (a) and Eq. 5.3 (b). 

4. Carry out reliability analysis using FORM to obtain the reliability index  

(Hasofer and Lind, 1974) and the probability of failure  using the 

spreadsheet function (Low and Tang, 1997). 

 

Table 5.1 COV of Variables 

Soil variable (Duncan, 2000) Non-soil variable   ⁄  5—15% m  5% ⁄  Not specified m  5% ⁄   3—7% m  5% 

 ⁄ 1.9% 

 5% 

 5% 

 

5.5 Example Application 

The process of reliability analysis for wall deflection and surface settlement is 

illustrated by two case histories. 

 

5.5.1 Farrer Park — Kandang Kerbau (Wall deflection) 

5.5.1.1 Overview 

Details for the case are described in Section 3.3.4. The assumed mean value and 

COV of the variables are listed in Table 5.2. The thick and dominant layer is the 

Lower Marine Clay. The secondary layers are the Upper Marine Clay and the 

Fluvial Clay. The weighted ⁄  value from these three layers is used. The soil 
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unit weight  is obtained from the weighted  for all the soft layers above the Old 

Alluvium (OA). Since there is no data available for COV of ⁄ , it is important 

to conduct sensitivity study of the soil variables. In this study, the uncorrelated 

relationship between all the variables, as well as the correlation between ⁄  

and ⁄  are considered. The weighted ⁄  and ⁄  are calculated 

below: 

 

                     ⁄ 0.26 3.5 0.27 2.5 0.3 7.53.5 2.5 7.5 0.285                (5.4) 

                      
. . . .. . . . 17.3 kN m3⁄             (5.5) 

 

The predicted maximum wall deflection and maximum surface settlement are 75 

mm and 52.5 mm, respectively. The limiting wall deflection is 87.5 mm or 175 mm 

when the limitation of 0.5% or 1% of the excavation height is adopted. The 

limiting surface settlement is 87.5 mm or 52.5 mm if the limitation surface 

settlement is taken as 0.5% or 0.3% of the excavation height, respectively. 

 

Table 5.2 Mean Value and COV for Farrer Park 

Soil Variable  Non-soil Variable 

Variable Mean

COV 

(Duncan, 2000)

COV 

Adopted in Case

Variable Mean 

COV 

Adopted in Case⁄  0.285 5—15% 15% m  21 5% ⁄  150 Varied 15% m  22 5% ⁄   17.3 3—7% 7% m  17.5 5% 

   ⁄ 7.3 1.9% 

   0.8 5% 

   1.02 5% 
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The reliability analysis of wall deflection for normally distributed and uncorrelated 

variables is shown in Figures 5.2. The step-by-step procedure is shown in the 

following: 

1. Input mean values (D5:D20) to calculate the predicted maximum wall deflection 

(F21). Modify with  (D22) and  (D23) to obtain δ  (F24). 

2. Input mean value in ‘x value’ (I5:I13) and ‘mean’ (J5:J13), and transpose ‘x value’ 

as X T  (C31:R31) which coincides with the coefficient column (E5:E20). Input 

COV in (L5:L13) and obtain σ in (K5:K13), as well as the column [nx] in 

(M5:M13) which contains the equation x µ σ⁄ . Transpose (built-in 

spreadsheet function) [nx] in (C28:K28). 

3. Input element matrix R, inverse (built-in spreadsheet function) R to obtian R . 

4. Invoke ‘Solver’ in Excel spreadsheet. Minimize reliability index  X F nx T R nx     in (J16). Change ‘x value’ in (I5:I13). Constraint g x δ , δ  in (J25), where δ , 1.0% or 0.5% ·  and δ I12 · I13 · X T E5: E20 . 
5. Obtain  and 1 NORMSDIST , where NORMSDIST  is the 

spreadsheet function returning the standard normal cumulative distribution. 

 

Low and Tang (2007) proposed an alternative method to calculate the reliability 

index. Although the results are same, it is faster, robust and more efficient. Step 2 

and step 4 are required to be modified in this method. The differences are in the 

following: 

2(b).  Input ‘mean’ (J5:J13). Input COV in (L5:L13) and obtain σ in (K5:K13). 

The column [nx] n  in (M5:M13) is assumed to be zero. And then obtain 

the ‘x value’ (I5:I13) with equation x µ σ n , when it is normally 

distributed. 

4(b). Change [nx] n  in (M5:M13). 
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Figure 5.2 Process of Reliability Analysis 

 

5.5.1.2 Effect of Soil Variables on  

To study the influence of the soil variables on the reliability analysis of wall 

deflection, analyses were carried out by varying the COVs of ⁄ , E c⁄  and γ. The results as presented in Figure 5.3(a) and Figure 5.3(c), respectively, show 

that  is more sensitive to ⁄  and  than ⁄ . The  increases from 

31% to 42% when COV of ⁄  increases from 10% to 40%. The  increases 

from 31.7% to 38% when COV of  increases from 2% to 14%. The effect of 

correlation coefficient ( ) between ⁄  and ⁄  on  is studied. Figure 

5.4 shows the influence of  on  is small. 
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(c) 

Figure 5.3  for Various COV (a) ⁄  (b) ⁄  (c)  
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Figure 5.4  for Various Degree of Correlation between ⁄  and ⁄  

 

5.5.1.3 Effect of Limiting Wall Deflection on  

As the magnitude of limiting wall deflection may typically vary from 0.5%  to 1%  for most projects in Singapore, the effect of limiting wall deflection on  

is investigated. The reliability index  and  in Figure 5.5 are obtained from the 

reliability analyses with different limiting wall deflections. The results show the  

increases sharply with the decrease of limiting wall deflection. Goh and Kulhawy 

(2005) also obtained the similar result. For the limiting wall deflection of 0.5% , 

the  is 34% which means a high probability of wall deflection exceeding the 

limiting value. As expected, the limiting wall deflection has a significant effect on 

. 
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Figure 5.5 Effect of Various Limiting Wall Deflections at Final Depth of Excavation 

on: (a) reliability index; (b)  

 

5.5.1.4 Sensitivity Analysis by Spreadsheet 

Sensitivity analysis is a way to assess the influence of variables on the state of the 

system. The main task of a sensitivity analysis is to identify the critical variables. 

The sensitivity parameter is often expressed as a partial form (Phoon, 2004):  
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                             u α β                          (5.6) 

                    α ⁄           ⁄⁄ T⁄ ⁄                  (5.7) 

 

in which u  = solution vector and α  = normalized gradient vector. Note that the 

normalized gradient vector provides a measure of sensitivity, which is arguably 

more informative than  in practical problems. Phoon (2004) proposed a simple 

forward difference method of computing this gradient information via spreadsheet. 

The advantages of this method are that the results can be validated and the case with 

correlated coefficients can also be worked out. 

 

Low (1996) proposed another method to compute the sensitivity of a variable once 

the reliability is determined: 

 

                                                    (5.8) 

 

where  and  are mean value, standard deviation for variable . The physical 

meaning for  is shown in Chapter 2. 

 

The sensitivity parameter can be computed without requiring partial derivatives. 

Since the results obtained by these two method agreed with each other, the 

sensitivity of the reliability index in this case is illustrated by the method of Low 

(1996). The sensitivity parameter is obtained by entering Eq. (5.8) in column 

(N5:N13) in Figure 5.6 for a limiting wall deflection of 0.5% . Since ∑ 1, 

this means the sensitivity parameter measures the relative contribution of each input 

variable to the calculated reliability index. The result of the sensitivity analysis in 

Figure 5.7 shows that the reliability index is most sensitive to ⁄  and    in this 

case when the COV is fixed.  
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Figure 5.6 Sensitivity Analysis for Farrer Park 
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Figure 5.7 Sensitivity Parameter for Farrer Park 

 

To investigate the effect of soil variables values on sensitivity parameter, some 

parametric analyses on , ⁄  and ⁄  are conducted. Figure 5.8, Figure 
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5.9 and Figure 5.10 show the effect of , ⁄  and ⁄  on the sensitivity 

parameter, wall deflection and , respectively. The results show the increase of the 

three variables leads to the decrease of predicted wall deflection and accompanying 

decrease of  at a fixed limiting wall deflection. Figure 5.8(a) demonstrates the 

sensitivity parameter of  decreases with increase of the variable, whereas Figure 

5.9(a) for ⁄  shows the reverse effect while Figure 5.10(a) for ⁄  is 

almost constant. 
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Figure 5.8 Effect of Soil Unit Weight  on (a) Sensitivity Parameter  

(b) Wall Deflection (c)  
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Figure 5.9 Effect of ⁄  on (a) Sensitivity Parameter (b) Wall Deflection (c)  
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Figure 5.10 Effect of ⁄  on (a) Sensitivity Parameter  

(b) Wall Deflection (c)  

 

5.5.1.5 Lognormal Distribution 

In the above reliability analysis it is assumed that all the variables are normally 

distributed. In this Section, the lognormal distribution is assumed for all the 

uncorrelated variables to investigate the distribution effect on reliability analysis. 

 

To calculate the reliability index for non-normal distribution, the first-order Taylor 

series expansion (Phoon, 2004) is widely used to transform the non-normal 

distribution to equivalent normal distribution. Consider a lognormal random 

variable X with mean m and variance s . By definition, ln X  is normal 

distributed with variance ξ ln  1 s m⁄  and mean λ ln m0.5ξ .The equivalent normal standard deviation sN  and mean mN  are: 

 

                            sN x ξ                          (5.9a) 

                       mN x 1 ln x λ                  (5.9b) 
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Low and Tang (2007) provided a convenient method to calculate the reliability 

index for non-normal distributions. The method follows the steps of Low and Tang 

(2007) described in Section 5.5.1.1 where the expression x µ σ n  is 

substituted with ‘x exp  λ ξn ’ for the lognormal distribution. Figure 5.11 

shows the reliability process of changing cells [nx] (M5:M13) in ‘Solver’, and [nx] 

is the dimensionless equivalent standard normal vector representing n . Figure 5.12 

presents the  for variables with normal and lognormal distribution at different 

limiting wall deflections. The results show the difference is minimal even for large 

. 

 

 

 

Figure 5.11 Reliability Analyses for Lognormal Distributions 
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Figure 5.12 Failure Probabilities for Normal and Lognormal Distributions 

 

5.5.2 TNEC (surface settlement) 

As shown in Section 4.6, the ratio of the maximum wall deflection and maximum 

surface settlement is around 0.7. Since the maximum surface settlement is much 

dependent on the ratio , this study focuses the influence of . The other 

variables should have the same influence on the surface settlement as the wall 

deflection described in the previous section.  

 

Details of TNEC project are described in Section 3.3.7. The reliability analysis 

process is shown in Figure 5.13, which only involve modifying the limit function to 

Eq. (5.3b) and adding an extra variable  compared with the reliability analysis 

for wall deflection. The predicted maximum surface settlement is 80.8 mm by 

Eq.4.20, which is comparable with the measured value. The analyses adopt the 

limiting settlement as 0.5%~0.7%  and COV of  as 3%~19% to see the 

influence of deflection ratio on the reliability analysis of settlement. Figure 5.14 

presents the  for the different deflection ratios  from 0.45 to 0.85 for 

different limiting settlements. The results show that  is sensitive to  and 
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,  especially for the large  and small , . The result of reliability 

analysis of surface settlement at 0.7 with COV from 3% to 19% is shown in 

Figure 5.15. The  increases from 14% to 22% at limiting settlement of 0.7%H  

and increases from 0.14% to  1.5% at limiting settlement of 0.5%H  when COV 

increases. The sensitivity parameters of this case at two different limiting 

settlements with 0.7 are shown in Figure 5.16. The results indicate the 

deflection ratio  plays a significant role in estimating . 

 

 

 

Figure 5.13 Reliability Analysis for Surface Settlement 
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Figure 5.14  for Different  and Different ,  
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Figure 5.15  for Different COV of  and Different ,
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Figure 5.16 Sensitivity Parameter of  for Different ,  
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5.6 Charts for Predicting  

This section aims to provide simplified charts to estimate  for preliminary design 

cases. The charts will enable engineers to estimate the safety of their excavation 

without having to perform reliability analyses. A complete reliability analysis is 

recommended in the detailed design phase. 

 

To investigate the  for normally distributed variables, a series of parametric 

studies are conducted. The basic values for the variables listed in Table 5.3 are 

based on the ‘average value’ in Table 4.9. The normal ranges and various values of 

the variables are listed in Table 5.4. The limiting wall deflection is assumed as 1.0%  firstly. The COV values and analysis steps are the same as in Section 

5.5.1.1. The results in Figure 5.17 (a ~ g) are obtained from the cases with basic 

variable values in Table 5.3 and the corresponding values in Table 5.4.The results 

demonstrate that the failure probability  increases significantly as ⁄  , , 

and ⁄  decreases and as  increases. 

 

For cases with different limiting wall deflection such as , 1.0%, 0.8%,0.6%  and  0.5% , it was found that failure probability is directly related to the 

factor / , , where  is the predicted wall deflection calculated by the 

response surface method and ,  is the limiting wall deflection. The data of  

versus / ,  for , 1.0%, 0.8%, 0.6%  and  0.5%  are plotted in 

Figure 5.18, 5.19, 5.20 and 5.21, respectively. The plots show that the data points 

from different cases can be approximated by simple polynomial equations shown in 

Eq. (5.10).  

 For  ,⁄ 0.35: 
 

                        1.82 ,⁄ 0.35     , 1.0%             (5.10a) 
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                        1.47 ,⁄ 0.35 .   , 0.8%             (5.10b) 

                        0.95 ,⁄ 0.35 .   , 0.6%             (5.10c) 

                        0.84 ,⁄ 0.35 .   , 0.5%             (5.10d) 

 For  ,⁄ 0.35:                                                                   0                                                (5.11) 

 

The results in these figures show good agreement between the calculated  by Eq. 

(5.10) and the actual  values. Alternatively, the chart in Figure 5.22 can be used 

instead of Eq. (5.10). 

 

Table 5.3 Basic Values for Variables Variable    m     m   m ⁄ ⁄ KN m⁄    
Basic Value 30 25 15.47 0.288 137 7.25 17.3 0.84 0.98

 

Table 5.4 Values of Variables for Parametric Study 

No. ⁄  ⁄    m m m γ⁄  KN m⁄
1 0.21 80 60 40 7 6.10 (d 0.6m) 15.0 

2 0.23 100 55 37 9 6.56 (d 0.7m) 15.5 

3 0.25 120 50 34 11 6.96 (d 0.8m) 16.0 

4 0.27 140 45 31 13 7.31 (d 0.9m) 16.5 

5 0.29 160 40 28 15 7.63 (d 1.0m) 17.0 

6 0.31 180 35 25 17 7.92 (d 1.1m) 17.5 

7 0.33 200 30 22 19 8.18 (d 1.2m) 18.0 

8 0.35 220 25 19 21 8.42 (d 1.3m) 18.5 

9 0.37 240 20 16 23 8.64 (d 1.4m) 19.0 
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Figure 5.17 (a ~ g) Effects of Various Variables on  
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(b) 

Figure 5.18  at , 1.0%  (a) Fitted Curve (b) Comparison of Values  

Using Eq. (5.10a) and Data from Spreadsheet Reliability Analysis 
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Figure 5.19  at , 0.8%  (a) Fitted Curve (b) Comparison of Values  

Using Eq. (5.10b) and Data from Spreadsheet Reliability Analysis 
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Figure 5.20  at , 0.6%  (a) Fitted Curve (b) Comparison of Values  

Using Eq. (5.10c) and Data from Spreadsheet Reliability Analysis 
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(b) 

Figure 5.21  at , 0.5%  (a) Fitted Curve (b) Comparison of Values  

Using Eq. (5.10d) and Data from Spreadsheet Reliability Analysis 
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Figure 5.22 Chart for Predicting  for Wall Deflection 

 

Since excavation depth  affects the cases with different , Figure 5.17(f) is 

used to take into consideration this factor, which shows  decreases with the 

increase of . Since the studied excavation depth is 15.47 m, the effect of 

 is considered to modify the failure probability , . The ,  can be estimated 

from the following equation. 

 For  ,⁄ 0.35  
                     , 0.01 15.47                          (5.12)  
Since there is a deterministic relationship between maximum wall deflection and 

maximum surface settlement, a similar chart in Figure 5.23 can be used to estimate 

Pf for surface settlement, and then obtain ,  from Eq. (5.12). 
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Figure 5.23 Chart for Predicting  for Surface Settlement  

 

The procedure for estimating  for wall deflection and surface settlement 

involves the following steps: 

1. Input soil variables and non-soil variables in the response surfaces to calculate 

maximum wall deflection  and surface settlement .  

2. Obtain the ratio ,⁄  with the set , , and then obtain  

from Figure 5.22. 

3. Obtain the ratio ,⁄  with the set , , then obtain  from 

Figure 5.23. 

4. Modify  with Eq. (5.12) both for wall deflection and surface settlement. 

 

5.7 Summary 

The reliability analysis using the response surface method is conducted for wall 

deflection and surface settlement in this Chapter. Two examples are used to 

demonstrate the steps and results of the reliability analysis.  
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(a) The magnitudes of limiting wall deflection and surface settlement have 

significant effect on  and need to be characterized properly. 

(b) The failure probability is not significantly influenced by normal or lognormal 

distribution of the variables. 

(c) The most sensitive factors to  for wall deflection are ⁄  and , and  

is sensitive to  for surface settlement. 

(d)  Simplified charts are proposed to estimate  of wall deflection and surface 

settlement. 
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Chapter 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

This study has two aims. The first one is to obtain reasonable predictions on 

excavation behavior by conducting a series of parametric studies with the small 

strain model HSS. The second one is to carry out reliability analysis on wall 

deflection and surface settlement using the predicted response surfaces. The main 

findings are summarized below. 

6.1.1 Estimation of HS and HSS Parameters for Excavation Analysis 

Several case histories have been back analyzed using the two soil models. Some 

reasonable estimation for the effective friction angle and soil stiffness of clay is 

proposed for the two models to predict the undrained behavior of excavations. The 

results show the ratio of  ⁄  is concentrated in the range of 100~150 and the 

effective friction angle  follows the equation recommended by Wroth and 

Houlsby (1985) for undrained behavior of soft clay. The method which is suggested 

by PLAXIS manual to estimate the small strain parameter  is presented in the 

forms of equations. 

6.1.2 Coefficient for Estimating the Small Strain Effect 

A coefficient and the corresponding chart are proposed to estimate the small strain 

effect through conducting a series of analysis using the HSS and HS soil models. 

The results show the effect of small strain on excavation problems depends on the 

ratio of ⁄  and the excavation depth . The study suggested that the small 

strain effect is not significant for Singapore marine clay in excavation problems 
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with depth ( 8 m). 

6.1.3 Methods for Predicting Wall Deflection Path 

Based on the parametric study, a simple method is suggested to predict the wall 

deflection path when the initial stages of wall deflection are known. The method 

can be applied to estimate the wall deflections at the next and the final stage for 

excavations.  

6.1.4 Response Surfaces for Wall Deflection and Surface Settlement 

The response surfaces were developed to estimate the maximum wall deflection and 

the maximum surface settlement based on the results of the parametric study. The 

response surfaces are applicable for excavations with diaphragm walls in soft clay. 

Ihe equations provide an efficient way to estimate the maximum wall deflection and 

maximum surface settlement without conducting numerical analysis. 

6.1.5 Charts for Predicting APD 

The charts are proposed for estimating the maximum apparent earth pressure and 

apparent pressure diagram by considering the two most critical factors for 

excavations with diaphragm walls in soft clay. The results show the clay thickness 

is the most important factor affecting the magnitude of the maximum apparent earth 

pressure. 

6.1.7 Charts for Estimating  

Some charts are presented to estimate  for wall deflection and surface settlement 

of excavations. The step-by-step procedure for generating the approximate  is 

shown in Section 5.6.  
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6.1.8 Limitations of the Proposed Methods 

a) The proposed response surface for wall deflection and the proposed chart for 

estimating the maximum apparent pressure are only applicable for excavations 

in soft clay with 8 m and assuming the diaphragm wall penetrates into 

the stiff clay and/or with a little movement at the toe. The vertical spacing of 

excavations should be around 3 m.  

b) The assumed deflection ratio 0.7 can be used to estimate the maximum 

surface settlement for deep excavations 8 m, assuming that the wall 

should be restrained at the toe. The soils are assumed to be undrained and no 

consolidation is involved.  

c) The charts for estimating the failure probability of excavations follow the 

limitation of previous clauses and it should be noted that the predicted results 

are an approximation.  

6.2 Recommendations for Future Research 

The following highlights some further research that could be examined. 

a) The HSS model can be employed in other geotechnical problems to study the 

soil small strain effect on the deformations and stress. More data of  or /  in HSS should be collected for various soils for excavation problems. 

The normal strain and shear strain of soil elements in different districts of 

excavations can be characterized properly to consider their influences on the 

wall deflection and soil deformation.  

b) Since the proposed response surfaces for wall deflection is only applicable for 

diaphragm walls in soft clay, more complicated type of response surfaces 

considering wide range of wall stiffness and soil stiffness are required for 

various excavation problems. Other factors such as vertical strut spacing, 

different soil strength distributions, multiple clay layers and soil stress histories 
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can be considered in generating the response surface. 

c) The influence of soil consolidation on the deformation ratio  can be 

incorporated in predicting the maximum surface settlement. The soil 

consolidation may be the main factor affecting . 

d) Response surfaces for maximum bending moment and strut force also can be 

generated to carry out the reliability analysis. As the limiting values for wall 

deflections or surface settlement in limit state function (LSF) have a significant 

effect on the probability of failure, the hazards associated with excavation 

behavior for adjacent buildings, facilities, tunnels, roads, and so on should be 

assessed carefully and three dimension analyses may be involved. 

e) The system reliability for a excavation project can be defined and characterized 

properly after calculating the failure probability for wall deflection, surface 

settlement, basal heave, bending moment, strut force, etc. The index of system 

reliability can be used to assess the safety of the project. 
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