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CHAPTER I 

INTRODUCTION 

 

1.1.  Background 

The public transportation and high way road systems are being developed in 

order to reduce gradually the traffic jam in Bangkok capital because it is expanding. 

The sky train and subway are the parts of transportation systems to solve the traffic 

problem. The subway project, Metropolitan Rapid Transit (MRT) with about 20 km 

long twin tunnels, which consists of 18 underground stations, began servicing in July 

2004. This subway project makes use of deep excavations. In addition, deep 

excavations are used increasingly in congested cities around the world to provide 

underground space. The basements are used for parking lots at a shopping centers of a 

high building, condominiums and office buildings in urban areas are increasing in 

more demand. Due to need for more underground space, the deep excavations are 

conducted widely. Thus, they cause primarily problems needed to be solved namely: 

their effects to adjacent buildings and controlling the values of ground movement and 

lateral displacement of retaining wall to be lower than the allowance, etc. 

For Bangkok subsoil condition, the cut-and-cover method with braced sheet 

pile wall, bottom-up with reinforced concrete diaphragm wall proped by steel struts 

and top-down construction method with reinforced concrete diaphragm wall have 

been ussually selected for retaining structure of the excavation construction. The first 

method is the most practical system for excavation work in Bangkok subsoil, because 

it is cheaper than the other two methods. However, the sheet pile bracing system has a 

low requirement about the horizontal ground movement and also the effects to the 

existing building. Although, the third method  takes a shorter construction time and 

limits the wall displacement  as well as the damage of adjacent buildings by installing 

the concrete basements floors, it is more expensive and has to achieve higher 

standard. 

Subsoil condition in Bangkok generally consists of a very soft dark gray about 

12-14 m thick layer underlain by stiff and very stiff clay to about 23-25 m. The 

stress–strain behaviors of Bangkok deposit soft soil are nonlinear, irreversible, and 

time dependent, it causes many problems for deep excavation constructions. In 

addition, the stratigraphy is continuously followed by the first aquifer dense silty sand 
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layer, as a result, the dewatering is carried out if the excavation through this sand 

clayer. Thus, the numerical analysis program with appropriate soil model is necessary 

for predicting and controlling the excavation construction process. 

Many studies on deep excavation in Bangkok subsoil have been carried out 

(Teparaksa W., 1994; P. Tanseng, 1997; P. Tirapong, 1999; Tamrakar S.B., 2001). In 

almost the research cases, researchers compared the in-situ monitored data from, for 

instance, inclinometer, settlement point, excess of pore water pressure with these 

values output from back finite element analysis. The models, e.g., linear-elastic-

perfectly plastic, elasto-plastic Mohr-Coulomb, Cam clay (Roscoe and Burland, 

1968), modified Cam clay (Cambridge group), and Sekiguchi-Ohta (1977) were used 

for those analysises by using Plaxis 7.1, Sage-Crisp, and Dacsar (Ver. Dacl4, 1997). 

These studies concentrated on determining soil parameters for the model and the 

correlation between the parameters of these models with the others determined from 

laboratory and in-situ tests.  

The undrained creep behavior and degree of pore water pressure dissipation of 

soft sensitive marine Bangkok clay have never been mentioned in the prediction 

process of the displacement of retaining wall. The inelastic and time-dependence 

behavior in soil mechanics play an important role in developing the mathematics 

model for the reality of the behaviors of soil. The creep deformation and stress 

relaxation characteristics have a direct impact on the stability on deep excavation. 

When the excavation goes deeper, this means larger increment of shear stress; the 

retaining structure increases the primary deformation; as well as the creep 

deformation follows the time. Therefore, the retaining structure will become deformed 

over the safety limit or collapsed if the horizontal struts and/or tieback anchors are not 

installed timely. Moreover, the retaining structure will probably collapsed because of 

insufficient designing strength and rigidity of diaphragm wall itself since the lateral 

earth pressure becomes larger and larger during stress relaxation. 

Excavation alters the initial stress states in the ground. There are the unloading 

compression of soil zone behind the wall and unloading extension of excavated soil 

zone. In a result, the stability and deformation characteristics of an excavation are 

influenced by stress history and stress state, anticipated field behaviors should be 

simulated in the laboratory for appropriate determination of shear strength and 

stiffness parameters. 
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1.2.  Objective 

 The displacement of diaphragm wall of large excavation zone by top-down 

method consists of two stages: excavation and elapsed time stages. At the elapsed 

time stage, the excavation depth remains unchanged. Therefore, there are three 

objectives of this research: 

To determine the parameters of the undrained behavior soil models for the 

analysis of the displacement of diaphragm wall at the excavation stage.  

To analyze the effects of undrained creep or/and pore-water dissipation of soft 

soil at the elapsed time stage by determining the parameters for creep soft soil model. 

To observe the effects of excavation to the settlement, wall movement and tilt 

of the adjacent buildings from the recorded data yielded from installed instruments. 

 

1.3.  Scope of study 

The soil behaviors of Bangkok subsoil are characterized by the appropriate 

models for each kind of soil, e.g., linear elastic-perfectly plastic, elasto-plastic Mohr-

Coulomb, modified Cam clay, and Soft Soil Creep model. 

The research focuses on reinforced concrete diaphragm wall (DW) of top-

down method construction of the BOT (Bank of Thailand) project as the case study. 

The back numeral analysis by using PLAXIS program is based on the 

available field measurement data, laboratory tests, collected data of Bangkok soil 

from previous studies and correlations of appropriate parameters. 

 

1.4. Methodology  

The instrument installed around the site of project monitors the response of 

case study during basement construction. Especially, the lateral displacement of DW 

and the ground settlement are observed by inclinometers and settlement points 

continuously one or two times per week on excavation time and elapsed time. Then, 

the collected field data is compared with the results of finite element (FE) analysis. 

The laboratory test is carried out to determine the soil parameters for soil 

models so that the results of FE analysis with those soil models can be estimated the 

response of DW on both excavation time and elapsed time. The unloading 

compression triaxial tests is realized as the performance of soil element behind the 

DW during construction time. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1.  General properties and stratum of subsoil in Bangkok 

Geotechnical Hazards in Bangkok, the capital of Thailand, are cited with 

reference to floods, land subsidence and earthquares, bearing the characteristic subsoil 

conditions in mind. First, geotechnical engineering works concerning the 

implementation of flood protection schemes are briefly outlined. Second, the cause of 

land subsidence, i.e., the drawdown of pore pressures in clay layer induced by water 

pumping in the aquifer, together with the current situations are described by showing 

the results of geotechnical site investigation performed recently. 

 Geology 

Subsoil in Bangkok (BKK) area consists of Quaternary deposits, which 

originated from the sedimentation at the delta of the ancient river in the Chao Phraya. 

The other soil deposits are marine deposits, which are the result of changes in sea 

levels during the Quaternary period. Bangkok is situated on the central part of the 

Chao Phraya plain about 20km north of Gulf of Thailand. It is bordered on the west 

by Tanowsri Mountain range and on the East by Horat Plateau. The major drainage 

system of the plain is the Chao Phraya River and its tributaries from the surrounding 

highlands. The terrestrial elevation is about 0 to 5m above the mean sea level. The 

Chao Phraya basin is filled with sedimentary soil deposits, which form alternative 

layers of sand, gravel and clay. The marine clay is the uppermost clay layer, and it is 

generally found in the lower deltaic area of Bangkok plain, which extends from 200 to 

250km in the East-West direction and 250 to 300km in the North-South direction. 

Formation of the uppermost layer, known as Bangkok clay, is believed to 

approximately start 4000 years ago. 

 The top 80m thick soil layer in Bangkok subsoil investigated for every 

project is basically divided into four layers. 

(1) Crust: The crust, dark gray and hard layer from 1 to 3 m in thickness, 

showing the shear strength of about 40kPa on average. It is resulted due to weathering 

and desiccation processes. The weathering process includes such features as 

fluctuation of ground water level, leaching, ion exchange and precipitation of 

cementious meterials due to drying and wetting during dry and wet season. 
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(2) Soft clay: The thickness of soft clay layer is about 14m in central of 

Bangkok and varies from 12 to 17 m from the north to the south of Bangkok. This 

layer is highly compressible with the over-consolidation ratio OCR of 1 to 1.5. Its 

general properties are: natural water content wn=60 to 100%, liquid limit wL=50 to 

100%, plasticity index IP=30 to 80 and undrained shear strength su=10 to 25 kPa 

(3) Stiff clay: A distinct unconformity exists between the base of the soft 

clay and underlying first stiff clay layer. It is also hard in nature and the stiffness of 

this layer is seemingly due to desiccation and some extent due to erosion (AIT, 1981). 

In many places, it is mottled, fissured, with red and yellow colors indicating that it is 

exposed to sub-aerial processes of desiccation and chemical weathering before burial 

by the soft clay (Moh et al., 1969). Sub-aerial processes take place in the zone below 

ground level and above the groundwater table. There is also evidence that the first 

stiff clay have been eroded in places prior to deposition of soft clay. Thickness of the 

first stiff clay varies between 7 to 14m in the central of Bangkok. Low 

compressibility, high OCR and low natural water content wn as compared to soft clay 

are some of it properties. The shear strength tends to increase with depth, having the 

strength of about 100kPa on average. This layer is light gray and yellow-brown in 

color. 

(4) Sand (aquifer): The sand layer of the Bangkok Aquifer System start 

below the first stiff clay layer and extend up to 70 m below the ground level (Rau and 

Nutalaya, 1981). This part of the information is broadly divided into three parts 

namely: (i) upper sand, (ii) stiff clay and (iii) lower sand. The upper sand, classified as 

silty sand (SM), have medium to high density with 10 to 15 m thick. The SPT blow 

count in upper sand layer is about 30 blows/ft whereas the SPT value in the lower 

sand layer is more than 50 blows/ft. 

The city of Bangkok is located on a low land plain. In predicting the 

deformation behavior of soft clay ground prior to such excavations, the profile of 

elastic stiffness should be manifested by performing in-situ seismic survey, and the 

result maybe properly plugged into the elsatic FE analysis as demonstrated by 

Tamrakar et al. (2001). 

General soil properties and ground water condition 

�  Properties of subsoil in Bangkok 

- Unit weight, partial grain size, specific gravity 

- Natural water content, Atterberg limits and Plasticity and Liquidity index 
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- Undrained strength, Shear modulus, and SPT value 

� Ground water conditions 

The piezometer profile identified for Bangkok is hydrostatic from 1-2 m 

below the ground surface to the depth of about 7-10 m. But, beyond this depth, 

owning to water pumping from the aquifer underneath the clay, non-hydrostatic 

distribution can be seen, which in turn exhibits underdrainage effectively within the 

stiff clays and the sand. It should be mentioned that the water pressure is virtually 

zero at the bottom of the stiff clay layer.  

 

2.2.  Recent studies on deep excavation  

The behaviors of ground around the excavated zone are different. Such as the 

sample A and sample B on Figure 2.1 have different stress path, sample A and B are 

compression unloading and extension unloading, respectively. 

In soil, time effects on its stress-strain behavior are common features, 

especially in clayey soil (Zhu, J.-G, et al 1999). Two types of time-dependent 

phenomena can be distinguished. One is due to the dissipation of excess pore-water 

pressure. The other is caused by the inherent viscous characteristics of soil skeleton, 

such as creep, stress relaxation, and strain rate dependency. It depends on the soil 

behavior under drained or undrained situation. 

Ou, C.Y., and Lai C.H. (1994) used a combination of the hyperbolic and the 

modified Cam-clay models, respectively, for drained behavior of cohesionless soil 

and undrained behavior of cohesive soil to finite-element analysis of deep excavation 

in layered sand and clayey soil deposits. It was considered the pore-water pressure 

dissipation during the actual elapsed time for each excavation phase on the analysis 

process. The results indicated that the calculated displacement of a retaining wall 

during excavation was smaller than that given by undrained analysis. The authors also 

concluded that some degree of pore-water pressure dissipation actually occurs during 

the intermediate excavation stages, in the result, in a decrease the final deformation of 

the wall and ground-surface settlement than would be predicted by undrained 

analysis. 
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Ou, C.Y., et al. (1998) observed the performance of the excavation (TNEC 

project, Taiwan) using top-down the construction method by measuring strut loads, 

wall displacement, wall bending moment, ground surface settlement, pore water 

pressure and bottom heave. The authors suggested that it should consider the effects 

of the dissipation of excess pore-water pressure and/or creep behavior on soil, 

significantly, on the deformation behavior of wall and soil because the top-down 

method used concrete floor slabs to support the wall sometimes required a long 

periods of time between two successive excavation stages to construct the floor slab. 

They found that the wall deflection and settlement gradually increased with time 

while excavation depth remained unchanged (with elapsed time). In more detail, the 

maximum lateral deflection rate of wall was in the range of 0.1 to 0.6 mm/day. In 

addition, when the excavation proceeded to 15.2 m depth, the accumulated wall 

deflection at 10 and 12 m depth were 30% and 36%, respectively, and the 

accumulated ground settlement at distance 13 m from the wall was 44%. The 
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monitored piezometers data showed that the pore-water pressure in the soil outside the 

excavation dropped significantly during excavation time and increase gradually on the 

elapsed time, except for the soil near the wall and above the excavation surface. 

Lin D.G. and Woo S.M. (2005) analysised the lateral wall movement of top-

down method construction zone of Taipei International Financial Center (Taipei 101) 

and concluded that a creep  rate of 0.34 mm/day for 24 days creep time duration 

(elapsed time) was observed at 13 m depth of wall after completing 3rd stage 

excavation with 13.15 m of depth. The two-dimensional undrained creep analysis 

with Creep Soft Soil (C-S-S) model was used to simulate the creep deformation of 

deep excavation and the author experienced that the creep parameter µ
*
 in C-S-S 

model was dependent on creep stress level and needed to be adjusted with the creep 

rate (dε/dt). 

 

2.3.  Deep excavation in Bangkok subsoil 

On short-term behavior of soft soil in Bangkok, undrained condition of soil 

with the parameters for elasto-perfectly plastic su, Eu and ν was used to analyze and to 

predict the responses of construction on soil such as deep excavation, embankment, 

and foundation. Folk (1980) concluded that the response of soft foundation clay 

during and immediately after construction was usually undrained after he analyzed 

fills on soft clay involving normal rates of loading, fill/subsoil geometry and 

boundary drainage condition. 

Many researchers have conducted studies on the correlation between 

undrained Young’s modulus Eu and undrained shear strength su of Bangkok soft soil. 

After back analysis the behavior of diaphragm wall for deep excavation in Bangkok 

subsoil, W. Teparaksa et al. (1999) suggested that the ratio of soil stiffness in terms of 

Young’s modulus and undrained shear strength Eu/su is equal to 500 and 2000 for soft 

Bangkok clay and stiff clay, respectively. The different stiffness of diaphragm wall 

and sheet pile wall affected the deformation of soil behind the wall as well as the 

strain level. Pornpot Tanseng (1997) also concluded that the Eu/su ratios were 500 and 

2000 for soft clay and stiff clay, respectively, for back analysis on diaphragm wall and 

those ratios were 150 and 1000 for sheet pile wall. 

Moreover, according to another research, that ratio varied. It could be 

200∼500 (Bowels, 1988) and 280∼350 (Hock, 1997) for soft clay, and 1200∼1600 for 
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stiff clay (Hock, 1997). Actually, the ratio Eu/su was a function of many variables, 

e.g., the strain level (Figure 2.2 and 2.4), plasticity index and OCR (Figure 2.3). 

Based on that correlation, the small viration of magnitude of su affected significantly 

to the soil stiffness - undrained Young’s modulus Eu as well as the displacement of 

retaining wall.  

P. Thirapong (1999) predicted the deformation behavior of braced excavation 

in Bangkok clay by using the DACSAR program (Iizuka, 1988) with Sekiguchi-Ohta 

model and it yielded encouraging results. The author concluded that, in elastoplastic 

model, initial recompression index κr should be employed rather than common 

swelling κ in order to take rebound history and apparent sensitivety into account. 

Tamrakar S.B. (2001) determined the design parameters for elasto-plastic 

finite element analysis using SAGE-CRISP and suggested that the FE analysis by 

using the linear-elastic soil model with 2/EE max
′=′  probably be the simplest and 

adequate to the standard for predicting relatively small ground deformation associated 

with excavation work with rigid wall, e. g., diaphragm wall. Moreover, poisson’s ratio 

is suggested 0.2-0.3 in excavation analysis. It seems to be the same as elastic meterial 

problem.  

 

 

Figure 2.2. Typical Strain Range (Mair, 1993) 
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Figure 2.3. Empirical Young’s modulus value (Duncan&Buchigani, 1976) 

 

 

 

2.4. Creep modeling  of soil 

1. Singh and Mitchell’s creep model 

Based on the analysis of drained and undrained triaxial creep tests on several 

clays, Singh and Mitchell (1968) suggested that a simple three-parameter 

phenomenological equation might be used to describe the strain-rate-time relation of 

clayey soil when subjected to constant stress. The model describes the creep behavior 

of clayey soils over the range of engineering interest, that is stresses from about 30% 

Figure 2.4. Self-boring pressuremeter test result of Bangkok clay: (a) Soft clay; (b) Stiff clay 

(a) (b) 
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to as high as 90% or more of the initial strength. Observing a general relationship 

between the logarithm of the axial strain rate and the logarithm of time, irrespective of 

whether the strain versus logarithm of time is linear or nonlinear can be described as 









=

t

t
Ae D 1α

ε&         (2.1) 

where 

maxDαα = ; 
maxD

D
D =  

A- soil property that reflects composition, structure, and stress history. 

α - is the slope of the linear part of the log strain rate versus stress plot; this 

parameter indicates the stress intensity effect on the creep rate. 

m - the absolute value of the slope of the straight line on the log strain rate 

versus log time plot, this parameter controls the rate at which the axial strain rate 

decreases with time; m = 0.7 ÷ 1.3 for triaxial creep test. 

D – deviator creep stress. 

D - the deviator stress level expressed as the ratio of the creep stress D with 

respect to the strength Dmax at the beginning of the creep process. 

Integration of the creep rate function in Eq. (2.1) produces a general 

relationship between time and axial strain may be obtained. There are two solutions 

obtained depending on the value of m. If  ε = ε1 at t = 1 and t1 = 1, then 

( )1
1

1

1 −

−

+=
−mD te

m

A
α

εε  (m ≠ 1)     (2.2) 

and 

 tAe D ln1

α

εε +=   (m = 1)    (2.3) 

Creep curve shapes corresponding to these relationships are shown in Figure 

2.5. A similar equation to equation (2.2) was developed by Mesri et al. (1981) from 

equation (2.1). The initial time-independent strain was neglected, and the resulting 

equation was 

 
( )

( )m

D

t

t
e

m

At
−










−

=

1

1

1

1

α

ε      (2.4) 

Three parameters A,α , and m can be determined by a few ordinary creep tests 

for any given soil. For a particular soil, m is assumed to be constant, however, other 
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creep curves at different stress levels probably involved different value of m for the 

same soil. 

The model only describes the creep behavior at a constant level of stress in 

one-dimensional condition and is only valid for the first time loading. 

 

 

 

2. 3D elastic viscoplastic (EVP) model (Yin, J.-H., and Graham, J., 1999). 

This model is based on the total strain rates ijε&  which are the sum of elastic 

strain rates e

ijε&  and viscoplastic strain rates vp

ijε& : 

vp

ij

e

ijij εεε &&& +=         (2.5) 

A separate elastic relationship is suggested to relate the elastic strain rates e

ijε&  

in eq. (2.5) to effective stress rates klσ& ′ : 

klijkl

e

ij C σε && ′=         (2.6) 

where Cijkl is a fourth-order compliance tensor with subindices k = 1, 2, 3 and l = 1, 2, 

3. 

Viscoplastic strain rates vp

ijε& in eq. (2.5) are calculated from the flow rule 

( )

ijij

vp

ij

Q
S

Q
F

σσ

φγε

′∂

∂
=

′∂

∂
=&       (2.7) 

Figure 2.5. Creep curves predicted by the stress–strain–time functions for m>1, m=1, 

and m<1 for t1=1: (a) Strain versus time and (b) strain versus logarithm of time.  

 

(a) (b) 
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where the scaling function ( )FS φγ=  and Q is a viscoplastic potential function, 

called a plasticity  potential function in Perzyna’s framework. 

The approach is based on the framework of Modified Cam-Clay (Roscoe and 

Burland 1968) and is assumed that the viscoplastic potential Q in eq. (2.7) is equal to 

the flow-surface function F, which depends on stress level and hardening history k: 

( ) 0, =′= kFQ ijσ        (2.8) 

and  

  0
2

2
2

=+′′−′=

M

q
pppF m     (2.9) 

where 

( ) 3332211 σσσ ′+′+′=′p  is the mean effective stress; 

2
1

2

3








= ijijSSq is the generalized deviator stress, where pS ijijij

′−′= δσ , and 

1=ijδ  for i= j or 0=ijδ  for i ≠ j 

M is the slope of the strength envelope 

M = Mc = 6 sin φ′/(3 - sin φ′) in compression,  

and  M = Me = 6 sin φ′/(3 + sin φ′) in extension. 

The volume strain rate and shear strain rate are proved as below 

( )





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

++′=

′−′++′=

2

2

3

11

2
11

M

q
Sq

G
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J
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p
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ees

meev

&&&

&&&

ε

ε

     (2.10) 

where  

Ke - elastic bulk modulus,  

Ge - elastic shear modulus,  

J e - a coupling modulus, which is used to describe shear-induced compression 

–dilation or mean stress induced shear strain. 

S- scaling function. 
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p’m is the effective mean stress where an elliptical locus meets the p’ axis. 
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Figure 2.6. (a) Flow surfaces, total stress path, and effective stress in q–p′ space, and 

(b) corresponding εv (or εm) vs. p′, instant time line, and reference time line for 

isotropically consolidated undrained test at a constant compression strain rate. 

 

2.5. Summary 
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CHAPTER III 

PROJECT DESCRIPTION AND FIELD MEASUREMENTS 

 

3.1.  Project description  

The new Head Office of the Bank of Thailand (BOT), located on the Chao 

Praya River bank, Bangkok, is used as a case study of this research. As shown in 

Figure 3.1, the project is near the existing office building and the old historic palaces. 

The BOT consists of five underground basement floors with the total depth of 

excavation about 15.2 m and the fifth floor basement is a mat foundation.  The project 

took more than one year to finish all the excavation and top-down construction for the 

basement floors.  
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Figure 3.1. Location and divided zones of excavation process of BOT project 
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The area of excavation is larger than 10,790 m
2
, and was divided into thirteen 

constructed zones. The sequence of basement construction at each zone is shown in 

Figure 3.2 and Table 3.1. The excavation was paused at three main excavated stages 

2, 4 and 6 at the depth of 1.25 m, 8.1 m and 15.2 m, respectively. At those stages, 

there were the elapsed times of excavation to concrete the basement floors before 

continuing the excavation deeper, while the displacement of DW was continuously 

increasing. The lateral displacement of DW was monitored by nine inclinometers 

installed around the project (Figure 3.1). 
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Figure 3.2. Process of excavation and top-down construction in BOT project 

 

Table 3.1. Excavation sequence of BOT case history 

Stage 

(1) 

Interval (day) 

(2) 

Construction activities 

(3) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 – 234 

251 – 313 

330 – 387 

381 – 487 

412 – 502 

495 – 642 

538 – 662 

517 – 706 

591 – 737 

Construct diaphragm wall, stanchion and bored pile 

Excavate to elevation of -1.75 m. 

Cast floor slab (F1) at elevation of -1.2m 

Excavate to elevation of -8.1m 

Cast floor slab (P2) at elevation of -7.7m 

Excavate to elevation of -15.2m 

Cast floor slab (P4) at elevation of -13.7m 

Cast floor slab (P3) at elevation of -10.7m 

Cast floor slab (P1) at elevation of -4.7m 
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The diaphragm wall, which was 1 m thick and 20 m deep, was retained around 

the periphery of excavation zone as a temporary wall during construction, and then it 

was incorporated into the permanent structure upon completion of the building. The 

DW had the leg piles at certain positions to support the columns from the upper 

structure and to balance as well as to reduce the settlement of the whole building. The 

entire building was supported by bored piles which was 1.5m in diameter. They were 

constructed by using a wet process with polymer slurry.  

Installation of the inclinometers and settlement points was carried out to 

monitor the displacement of diaphragm wall and ground settlement during the 

excavation and construction process. Nine inclinometers were installed through the 

depth of the wall and the leg pile in order to observe the lateral movement of the 

bottom of the wall. In addition, the building settlement points, vibration sensors and 

tilt plates were installed on the old palaces and buildings around the excavation zone 

to observe the effects of excavation by recording the settlement, vibration, and the tilt 

to those buildings (Figure 3.1). 

Figure 3.3 shows the data of the lateral displacement of some inclinometers 

(B1 to B9) around the periphery of DW at 8.1m and 15.2m of excavated depth. As the 

excavation paused at 8.1m deep to cast the floor slab F1, the largest value of lateral 

displacement appeared at around 2.0m deeper than the excavated level. It took nearly 

3 months to cast the F1 floor, and during this period, the inclinometer data monitored 

biweekly showed a non-stop increase. Especially, in Figure 3.3(b), the excavation 

went through the stiff clayey layer to 15.2m deep. The maximum of lateral 

displacement, which occurred at the depth around 12.5m of soft clay layer, still 

increased after 6 months even though the excavation was over at inclinometers B1 

and B9. 

There are two different rates of DW lateral displacement on the excavation 

time and on the elapsed time as shown in Figure 3.4. Table 3.2 displays nine collected 

inclinometers data during nearly one year of excavation and construction of the 

basement floors. It was apparent that the data collected from nine inclinometers which 

were installed at different section of DW were different. Some positions were at the 

existing opening zone for the staircase functions of basement floors. The rate of DW 

lateral displacement on excavation time is the ratio of lateral displacement increment 

(∆h) and the duration of excavation (∆t). Similarly, the rate of DW lateral 
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displacement on elapsed time is the ratio of lateral displacement increment (∆h) and 

the elapsed time without excavation activity (∆t). As shown in Figure 3.5, the ratios of 

the rate of horizontal displacement ( ) ( )
timeelapsedtimeexcavation t

h
t

h
∆

∆

∆

∆ of diaphragm wall 

during excavation and elapsed time is from 2.6 to 13.0 as the excavated depth is 8.1 

m. That ratio is from 1.2 to 9.6 as the excavated depth is 15.2 m depth. In other words, 

when the excavation is deeper the increment of lateral displacement on elapsed time is 

larger.  
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Figure 3.3. Lateral displacement of diaphragm wall on the elapsed time excavated to 

(a) 8.1 m and (b) 15.2 m. 
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(b) 
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(*) Excavation time: Duration happening excavation activities at the zone of installed inclinometer. 

(*) Elapsed time: Duration without excavation activities at the zone of installed inclinometer. 

Figure 3.4. Horizontal displacement of diaphragm wall during basement construction 

 

 Figure 3.4 showed the typical data of two inclinometers at position B4 and B5. 

The data collected from the other inclinometers shown in the Appendix II also 

displayed two groups of lines of DW lateral displacement measured during elapsed 

time. For example, the data collected in inclinometer B4 (Figure 3.4(a)) showed two 

groups of lines. The first group of lines was recorded from day 420 to day 502 during 

elapsed time of excavation at position of inclinometer B4 when the ground was 

excavated to 8.1m deep. The second group of lines showed lines of day 522 to day 

Excavation 

time (*) 

Elapsed time 

(**) 
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600 of the DW lateral displacement data during elapsed time when the depth of 

excavation is 15.2m. 

Table 3.2. The data of lateral displacement of DW on the excavation and elapsed time 

of nine inclinometers 

Inclino- 

meter 
Stage 

Excavated 

level (m) 

Interval 

(day) 

∆t 

(day) 

Depth
(*) 

(m) 

Max. of 

∆h
(**)
 (mm) 

∆h/∆t 

(mm/day) 
Ratio

(***) 

  3_4 1.75 - 8.1 452 - 475 24 5.0 9.49 0.395  

B1 4_5 8.1 476 - 584 109 11.5 5.11 0.047 8.43 

 5_6 8.1 - 15.2 585 - 600 16 15.0 5.71 0.357  

 6_7 15.2 601 - 677 77 15.5 10.48 0.136 2.62 

 3_4 1.75 - 8.1 452 - 467 16 10.0 3.54 0.221  

B2 4_5 8.1 468 - 584 117 12.0 4.19 0.036 6.18 

 5_6 8.1 - 15.2 585 - 600 16 16.0 3.51 0.219  

 6_7 15.2 601 - 677 77 15.5 4.15 0.054 4.07 

 3_4 1.75 - 8.1 401 - 423 23 10.5 4.46 0.194  

B3 4_5 8.1 424 - 521 97 13.0 8.40 0.087 2.24 

 5_6 8.1 - 15.2 522 - 535 14 14.5 2.50 0.179  

 6_7 15.2 536 - 571 46 15.0 5.67 0.123 1.45 

 3_4 1.75 - 8.1 401 - 420 20 9.5 6.86 0.343  

B4 4_5 8.1 421 - 501 81 13.0 3.36 0.041 8.27 

 5_6 8.1 - 15.2 502 - 522 21 15.0 6.6 0.314  

 6_7 15.2 523 - 570 48 10.5 3.52 0.073 4.29 

 3_4 1.75 - 8.1 391 - 420 30 10.5 5.45 0.182  

B5 4_5 8.1 421 - 522 100 13.0 2.28 0.023 7.97 

 5_6 8.1 - 15.2 523 - 536 14 15.5 5.88 0.420  

 6_7 15.2 537 - 583 47 14.5 5.14 0.109 3.84 

 3_4 1.75 - 8.1 432 - 452 21 11.5 6.68 0.318  

B6 4_5 8.1 453 - 553 101 11.0 5.46 0.054 5.88 

 5_6 8.1 - 15.2 454 - 570 17 15.0 6.45 0.379  

 6_7 15.2 571 - 611 41 14.0 5.7 0.139 2.73 

 3_4 1.75 - 8.1 452 - 478 27 10.5 10.47 0.388  

B7 4_5 8.1 479 - 599 121 13.0 8.21 0.068 5.72 

 5_6 8.1 - 15.2 600 - 614 15 13.0 2.54 0.169  

 6_7 15.2 615 - 646 32 13.0 4.59 0.143 1.18 

 3_4 1.75 - 8.1 478 - 493 16 8.5 8.85 0.553  

B8 4_5 8.1 494 - 599 106 6.0 8.11 0.077 7.23 

 5_6 8.1 - 15.2 600 - 631 32 13.5 16.88 0.528  

 6_7 15.2 632 - 677 144 12.0 23.54 0.163 3.23 

 3_4 1.75 - 8.1 473 - 487 15 11.0 8.54 0.569  

B9 4_5 8.1 488 - 613 126 10.5 5.77 0.046 12.43 

 5_6 8.1 - 15.2 614 - 631 18 15.5 9.79 0.544  

  6_7 15.2 632 - 677 46 14.5 5.33 0.116 4.69 
 

(*)
 The depth at which the lateral displacement (∆h) reaches the largest value. 

(**)
 The maximum of lateral displacement of diaphragm wall. 

(***)
 The ratio of the rate of DW lateral displacement (∆h/∆t) on the excavation time 

and on the elapsed time. 
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Figure 3.5. The ratio of the rate of DW lateral displacement on excavation time and 

on elapsed time  

 

The ground settlement behind the wall during the excavation work was shown 

in Figure 3.6. The settlement point in line C which was next to the inclinometer B8 

(Figure 3.1) clearly showed settlement lines. These settlement lines could be divided 

into three groups. The first group was the line of day 477 when the excavated depth 

was -1.75 m. The second group, the lines from day 519 to day 599, was ground 

settlement during the elapsed time when excavation was -8.1m deep. The third group 

included the lines from day 641 to day 788 and it was ground settlement during 

elapsed time when excavation went to the depth of -15.2m. Therefore, during the 

elapsed time of excavation, the ground settlement is also non-stop increasing.  Similar 

to lateral displacement of diaphragm wall, the ground settlement increment during 

elapsed time was larger when the excavation was deeper. 
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Ground settlement at line D
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Figure 3.6. The settlement ground surface behind the DW at line C, D and E position 

 

3.2. Field Measurements 

Soft Bangkok clay is young marine sediment that covers a total area of about 

10,000 km
2
 of the Lower Central Plain of Thailand. It varies in thickness from about 

15m at the coast of the Gulf of Thailand to 7 m at the border of Ayutthaya province, 

which is 100 km north of Bangkok. The water content decreases from about 150% to 

90% in the same region and the vane shear strength at shallow depths increase from 

less than 10 kPa near the coast to about 30 kPa in Ayuthaya. The Atterberg limits 

decrease with distance from the sea and the plasticity index also decreases northwards 

from about 90% to less than 55% (E. W. Brand, 1983). 
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The stratum of the subsoil at BOT project consists of seven layers from the 

ground surface to borehole bottom and the main properties of each soil layer is shown 

in the Table 3.3. The undrained shear strength su of clay layers is determined by 

unconfined compression test. The ground water table exists around -2.0m deep after 

24 hours boring. 

 

Table 3.3. Summary of properties of subsoil at BOT project 

Soil Type 
Depth 

(m) 

W 

(%) 

Unit weight, 

    γγγγt (kN/m
3
) 

cu (UC) 

(kN/m
2
) 

SPT-N 

(blows) 

Crust (silt clay+sand fill) 

Soft to Medium Clay 

Stiff to Very Stiff Silty Clay 

Medium to Very Dense Sand 

Hard Silty to Sandy Clay 

Dense to Very Dense Sand 

Hard Silty Clay 

0-2.5 

2.5-13.5 

13.5-28.5 

28.5-38.5 

38.5-40.5 

40.5-70.3 

70.3-80.4 

32-35 

40-80 

18-35 

10-22 

18-21 

10-26 

11-20 

17.1 

16.7 

17.5 

19.0 

20.9 

20.0 

20.9 

- 

16.7 

65.6 

- 

- 

- 

- 

7 

- 

29 

45 

58 

75 

79 

 

Vane shear test 

During the excavation process, the soil behind the DW had the unloading 

compression stress path. The mean effective stress decreased and the vertical strain 

appeared because of the decompression of horizontal stress. To examine the effect of 

the change of stress state of soil behind the DW to its shear strength, the field-vane-

shear (FV) test was carried out to determine the undrained shear strength (su) at the 

beginning and at the end of excavation process.  

The change of undrained shear strength su versus time due to the change of 

effective stress state was observed and determined at two positions. The first one, at 

which the soil was considered without effect of excavation activities, was as close as 

possible to the excavation site and not farther than the excavation depth. However, the 

second position, at which the soil affected by excavation activities, was farther away 

from the excavation site than the first one but not closer than four times excavation 

depth (based on the effect of excavation zone by Peck). The two positions of field-

vane-shear test were pointed out in Figure 3.1. The vane blade of FV test was 

55×110mm. and the test results was shown in Figure 3.7. 



24 

Undrained shear strength was determined by both field-vane-shear tests (FV) 

on site and unconfined compression (UC) laboratory test; the values were shown in 

Figure 3.7. There was a slight difference between the results of su by UC tests at three 

boreholes because of the inhomogeneity of the soil at the site. However, the values of 

shear strength from UC tests were clearly smaller than those values from FV tests. 

The main reason was that the horizontal pressure on UC tests was zero.  

The properties of soil at site was investigated and showed more details in 

Figure 3.7, the natural water content mostly lay inside the range of plasticity index 

and lightly increasing with depth on the soft soil layer.  

 

 

Figure 3.7. Properties of subsoil in BOT project 

 

3.3. Summary 

The BOT project applied the top-down construction method for building 

basement floors and upper structure. The large and deep excavation area of this 

project took long time and many steps to complete. During the period of basement 

construction, the lateral displacement of DW was measured biweekly by nine 

inclinometers installed around the periphery of excavation zone. Based on the data 

Soil profile 
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collected continuously, it was found that the lateral displacement of DW was an even 

non-stop increase during the elapsed time without the excavation activities. Beside 

that, the ground settlement and the settlement, tilt and vibration of the adjacent 

buildings were observed carefully by using the settlement points, tilt plates and 

vibration sensors. 

The summary of the borehole log (summarized in Table 3.3 and Figure 3.7), 

which consisted of the general test results, was not enough to study the behavior of 

soft soil on the DW during basement construction. The parameters for FE back 

analysis the project could not obtained fully from that test results. Therefore, more 

field experiment and laboratory tests were needed for further analysis. 

The field-vane-shear test was carried out at the BOT project site for initial step 

to evaluate the effects of the change of stress state to the shear strength of the soil 

behind the DW. Moreover, the behavior of soil element behind the DW is studied in 

more details with the simulation of soil sample by the laboratorial triaxial tests in 

Chapter IV. These triaxial tests yield the parameters for back FE analysis. 

 

 

Figure 3.8. BOT project under construction 
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CHAPTER IV 

LABORATORY TESTS 

 

The lateral displacement of diaphragm wall on elapsed time was non-stop 

increasing as discussion in chapter 3. Hence, to understand the behavior of soft soil 

behind the diaphragm wall and find out the parameters of soft soil for back finite 

element analysis, the laboratory triaxial tests were conducted. Three kinds of triaxial 

tests were carried out in this research: K0 consolidated undrained compression 

(CK0UC) and K0 consolidated drained/undrained unloading compression with 

periodic decrement of horizontal pressure (CK0DUC and CK0UUC). In these tests, the 

soil specimens were simulated under the same stress condition as the soil element 

behind diaphragm wall on the excavation process. The shear strength and the slope of 

Critical State Line were determined with applied load continuously in CK0UC test and 

periodically in CK0DUC and CK0UUC tests. Besides, the reduction of Young’s 

modulus with strain level was observed in those tests. Moreover, the characteristic of 

creep deformation of soil sample was also determined in the latter two tests.  

 

4.1  Material and Testing procedure 

The undisturbed soil samples, with the height of 150 mm and diameter of 75 

mm, were taken from two 25.0 m deep boreholes of BOT project near the bank of 

Chao Praya River in Bangkok. The properties of those samples were presented in 

Table 3.3 and Figure 3.6. Soil specimens of 100 mm height and 50 mm in diameter, 

were trimmed from those undisturbed samples and then saturated under 15 kPa of cell 

pressure and 5 kPa of back pressure at the beginning and gradually increase to final 

stage at 200 kPa of back pressure and 210 kPa of cell pressure. Those values of 

pressures dissolve sufficient air on the specimens. The excess of pore water pressure 

was measured by means of B-value to check the saturation degree of the specimen. 

Then, all the samples were consolidated automatically to obtain K0 condition with the 

vertical effective stress equal to estimated overburden effective stress at the depth of 

each sample. The vertical effective stress was increased in 0.5 kPa/min while the cell 

pressure was automatically controlled to keep the radial strain of specimen equal to 

zero. Time duration to stop the K0 process was after the completion of primary 

consolidation based on the 3t method of Standards of Japanese Geotechnical Society 
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for Laboratory Shear Test (English version). Eight filter paper strips were put around 

the side of the soil specimen to enhance the radial drainage during consolidation. 

Subsequently, the samples were continued carrying out the following tests: 

 (1) CK0UC (K0 Consolidated Undrained Compression test): the specimens 

were sheared under undrained condition as conventional triaxial compression test at 

0.1 %/min of axial strain rate. In addition, the relationship between deviator stress and 

axial strain was automatically recorded nearly 100 steps until the axial strain reached 

0.01%. The undrained shear strength (su) and undrained Young’s modulus at 0.01% of 

axial strain (Eu(0.01%)) of the samples were determined and shown in Figure. 4.1. 

Moreover, the undrained Young’s modulus was also measured at 0.01, 0.02, 0.04, 

0.07, 0.1, 0.2, 0.4, 0.7, 1, 2, 4, 7 and 10% of axial strain level. 
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Figure 4.1. Undrained shear strength and Young’s modulus of CK0UC tests 

 

(2) CK0DUC (Anisotropically Consolidated Drained Unloading Compression 

test): after anisotropic consolidation to be K0 condition, the specimens were swelled 
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(unloading compression) by periodically decreasing horizontal stress step-by-step 

while the axial effective stress was maintained constantly. The amplitude of the 

decrement step of horizontal stress was controlled by the decrement step of stress 

ratio (∆K) from initial stress ratio (K0 = σ′h0/σ′v0) to that value at failure (Kf = 

σ′hf/σ′vf) values as shown in Figure 4.2. 

 

 

K2K2

σσσσ′′′′1

σσσσ′′′′3((((2))))

K1K1

σσσσ′′′′1

σσσσ′′′′3((((1))))

KfKf

σσσσ′′′′1

σσσσ′′′′3((((f))))

K0 conditionK0 condition

σσσσ′′′′1

σσσσ′′′′3

 

Figure 4.2. Procedure of CK0DUC and CK0UUC tests 

 

Each reduced value of horizontal stress was kept for 24 hours or 48 hours in some 

steps. During that time, the cell pressure and axial load were controlled automatically 

to maintain the vertical and horizontal effective stresses to be unchanged. The valve 

of back pressure was opened for drained condition, and the back pressure was 

supplied continuously the value 200 kPa as the final value of K0 consolidation step. 

The volume strain of the sample was determined from the volume of water in the 

burette by a differential pressure transducer. 

(3) CK0UUC (Anisotropically Consolidated Undrained Unloading 

Compression test): this test is the same as the test number (2); however, the drainage 

valve was closed for undrained condition. 

It was only considered the behaviors of soil effect to displacement of DW 

during excavation; therefore, for tests (2) and (3), the maintenance time for each 

loading step (each Ki value in Figure 4.2) was only 24 hours or 48 hours for some 

steps. To eliminate the influence of temperature as a variable, the temperature during 

the experiments was kept as constant to be 24 ± 1 
0
C. Seventeen soil samples were 

carried out with three kinds of tests and these test results were summarized in Table 

4.1. 
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Table 4.1. Summary of triaxial test of marine Bangkok clay 

Test 

No. 

Depth 

(m) 

Test 

Condition 

ω 

(%) 
e0 0v

max

2
q

σ ′
 φ′r 

(
0
) 

φ′p 

(
0
) 

M 
B-value 

(%) 

1 2.0 43.6 1.30 0.818 46.3 52.8 2.17 97.8 

2 3.5 40.6 1.14 0.612 39.5 42.4 1.74 100.1 

3 5.0 62.2 1.68 0.642 43.3 52.3 2.15 99.2 

4 8.0 81.6 2.26 0.413 35.3 36.7 1.49 99.7 

5 9.5 72.9 2.01 0.412 36.9 37.9 1.54 97.1 

6 11.0 64.4 1.76 0.440 34.9 38.1 1.55 91.4 

7 12.5 

 

 

 

CK0UC 

59.9 1.67 0.456 34.0 38.1 1.53 98.1 

8 5.0 55.4 1.56 0.453 - 62.8 2.53 99.1 

9 6.5 55.7 1.54 0.419 - 33.4 1.35 99.8 

10 8.0 64.2 1.79 0.374 - 39.7 1.61 97.1 

11 9.5 64.8 1.78 0.368 - 38.7 1.55 92.1 

12 11.0 

CK0DUC 

(∆K=-0.05) 

71.8 2.00 0.360 - 36.9 1.50 100.1 

13 10.5 74.3 2.06 0.344 - 33.4 1.35 100.3 

14 12.0 

CK0DUC 

(∆K=-0.10) 64.4 1.82 0.381 - 38.7 1.58 98.3 

15 6.0 71.3 2.04 0.443 - 38.7 1.58 96.7 

16 9.5 77.7 2.12 0.351 - 40.6 1.66 97.3 

17 11.0 

CK0UUC 

(∆K=-0.05) 
76.1 2.12 0.505 - 33.4 1.35 97.0 

 

4.2 Test results and Discussion 

 

4.2.1 Shear Strength and Young’s Modulus 

The ratio of shear strength and overburden effective stress (su/σ′v0) versus 

depth was shown in Figure 4.3. The overburden effective stress was estimated from 

the total unit weight of the tested soil samples and 2m depth of ground water table. It 

was found that the ratio su/σ′v0 of CK0UC tests was approximately equal to the value 

of field-vane-shear (FVS) test. Upper 6.0m depth, this ratio was larger than 0.5 

because of the effect of weathered consolidation to this clay layer. The ratio su/σ′v0 

was around 0.45 for the depth from 6.0m to 12.0m. This finding was similar to the 

result of the test at 11.0m depth in Sutthisan area by Tanaka, H. et. al. (2001).  
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Figure 4.3. Ratio of shear strength and overburden effective stress of field-vane-shear 

test compared with CK0UC, CK0UUC and CK0DUC tests 

 

Many researchers have studied the values of the ratio Eu/su on Bangkok soft 

clay. Their main purpose is to reduce the input parameters of elasto-perfectly plastic 

soil model for applying finite element analysis on the retaining wall structure. Some 

values of this ratio were predicted by back analysis of the lateral displacement of the 

wall. They have found that the ratio varies of 200∼500 (Bowels, 1988) and 280∼350 

for soft clay, and 1200∼1600 for stiff clay (Hock, 1997), 500 and 2000 for Bangkok 

soft clay and stiff clay (W. Teparaksa et al., 1999). Actually, the ratio Eu/su was a 

function of many variables, e.g., the strain level (Mair, 1993), plasticity index and 

OCR (Duncan and Buchigani, 1976). As shown in Figure 4.4, the undrained shear 

strength absolutely depended on the strain value at which the ratio of shear strength 

and overburden effective stress ( )[ ]
0v31

/2/ σσσ ′−  reached its peak. 

The system of triaxial test is automated to record the data, therefore, the 

relationship between deviator stress (q = σ1-σ3) and axial strain  (εa) of the CK0UC 

tests was recorded nearly 100 times when the axial was lesser then 0.01%. From that 

obtained data, the initial undrianed Young’s modulus or undrained Young’s modulus 
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of lesser than 0.01% axial strain Eu(0.01%) was exactly calculated. The ratio Eu(0.01%)/su 

gets high from 1100 to 1300 for weathered clay layer upper 4 m depth and 600 to 800 

for normal soft soil layer as shown in Figure 4.1. In addition, the undrained shear 

strength of the CK0UC tests was approximately close to the values of field-vane-shear 

tests su(FVS)  in Figure 4.3; therefore, the Eu values at a small strain (εa ≤ 0.01 %) could 

be estimated from su(FVS) instead of undrained shear strength of unconfined 

compression test (UC). 
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Figure 4.4. Relationship between deviator stress (q) and axial strain (εa) of CK0UC, 

CK0DUC and CK0UUC tests. 

 

In Figure 4.4, the ratio ( )[ ]
0v31

/2/ σσσ ′−  of the CK0DUC tests of the samples 

below 6 m deep were lesser than 0.40 (except the samples of CK0UUC test) and 

smaller than that value of CK0UC tests. It could be explained based on early concept 

of Hvorslev that the shear strength was composed of an effective friction increasing 

linearly with the effective stress and an effective cohesion. The cohesion component 

was mobilized with a small strain and would cause a gradual transfer of shear stresses 

to the more stable frictional contact points (Schmertmann and Osterberg, 1961). In 

case of CK0DUC test, the load was applied discontinuously by keeping the same state 
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of effective stresses for 24 hours. Therefore, the cohesion component was not 

mobilized completely while the frictional strength was quickly mobilized by drained 

condition. As a result, the shear strength of clay of CK0DUC tests was only equal to 

the residual strength of CK0UC tests. 

Many studies have shown that Young’s modulus depends on the strain level. 

In this study, two K0 consolidated undrained compression tests on Bangkok soft soil 

was carried out with samples at -6.5m and -9.5m depth. The test result was shown in 

Figure 4.5. On these tests, the undrained Young’s modulus was determined with the 

axial strain levels at 0.01, 0.02, 0.04, 0.07, 0.1, 0.2, 0.4, 0.7, 1, 2, 4, 7, 10 and 15%. 

The undrained Young’s modulus was measured with 0.01% of unloading-reloading of 

axial strain. For example, measuring the undrained Young’s modulus at 1% of axial 

strain level, when the axial strain of tested sample reached 1% the sample was 

unloaded until the axial strain obtained 0.99%; then, it was reloaded. When the axial 

strain level was still small in values such as 0.01, 0.02, 0.04%, the unloading and 

reloading lines were almost coincided. However, when the axial strain was larger than 

0.04%, the unloading and reloading curves were separated. In this case, the undrained 

Young’s modulus was calculated based on the slope of reloading line. 
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Figure 4.5. Relationship of deviator stress (q) and axial strain (εa) of CK0UC tests. 
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There are two moduli concerned on this research: un-reloading and secant 

moduli, which were determined from the relationship line between deviator stress and 

axial strain.  As shown in Figure 4.6, the un-reloading modulus Eu was determined by 

unloading and reloading the deviator stress with 0.01% of axial strain. The secant 

modulus Eu(sec) was the slope of the line from the point at beginning the application of 

the deviator stress to the point of each strain level. These Young’s moduli would be 

applied for FE analysis to predict the lateral displacement of DW by using the linear 

elastic-perfectly plastic soil model. 
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Figure 4.6. Definition of un-reloading Young’s modulus Eu and secant Young’s 

modulus Eu(sec) 

 

Figure 4.7 shows the values of Young’s modulus versus axial strain level of 

two above tests. The initial undrained Young’s modulus or the Young’s modulus at 

0.01% of axial strain was largest value. The Young’s modulus reduces rapidly from 

the initial value at 0.01% until around 1% of axial strain. However, this value was 

almost constant when the axial strain was larger than 1%. Conclusively, the Young’s 

modulus was considered to reduce versus small axial strain and to be constant with 

large axial strain. 
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Figure 4.7. Reduction of undrained Young’s modulus (Eu) with axial strain level (εa) 

of CK0UC tests 
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Figure 4.8. Comparison secant Young’s modulus Eu(sec) with un-reloading Young’s 

modulus Eu of CK0UC tests 
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Figure 4.9. Ratio of secant Young’s modulus Eu(sec) and un-reloading Young’s 

modulus Eu of CK0UC tests 

 

 Figure 4.8 showed the data of secant Young’s modulus of two soil samples at 

the depth of 6.5 m and 9.5 m. The Eu(sec) reduced rapidly to the lower bound value 

when axial strain was smaller than 0.5%. The lower bound value was equal to round 

10% of initial value. The initial value of secant and un-reloading Young’s moduli 

were almost equal. When the soil sample got the critical state, the secant Young’s 

modulus had very small value about 10% of its initial value while the un-reloading 

modulus still had a large value about 46% of its initial value. 

 Figure 4.9 showed the relationship between ratio of Eu(sec)/Eu and axial strain 

level. The more detail of this ratio value was on Table 4.2. The initial value of secant 

Young’s modulus and un-reloading Young’s modulus was equal. When the axial 

strain increased, the secant Young’s modulus reduced faster than the un-reloading 

Young’s modulus. The ratio of Eu(sec)/Eu was equal to round 0.1 when the sample 

reached the critical state. The different between the value of Eu(sec) and Eu because of 

the difference of axial strain. The secant Young’s modulus was calculated by axial 

strain, which included the components of elastic and plastic axial strains. Meanwhile, 

the un-reloading Young’s modulus was determined by only the elastic axial strain. 
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Table 4.2. Data of secant Young’s modulus Eu(sec) and un-reloading Young’s modulus 

Eu of CK0UC tests 

Depth of soil 

sample (m) 

Axial strain  

εa (%) 

Eu(sec) 

(MPa) 

Eu 

(MPa) 
Eu(sec)/ Eu 

0.01 24.77 21.94 0.89 

0.02 23.08 16.34 0.71 

0.04 22.19 13.67 0.62 

0.07 18.98 10.14 0.53 

0.1 17.89 8.55 0.48 

0.2 16.10 5.69 0.35 

0.4 14.98 3.56 0.24 

0.7 14.00 2.40 0.17 

1.0 12.47 1.85 0.15 

2.0 11.61 1.12 0.10 

4.0 12.08 0.63 0.05 

6.5 

7.0 11.44 0.36 0.03 

0.01 20.11 20.52 1.02 

0.02 19.65 19.13 0.97 

0.04 19.01 15.47 0.81 

0.07 16.90 12.86 0.76 

0.1 15.12 11.32 0.75 

0.2 13.49 8.08 0.60 

0.4 12.08 5.26 0.44 

0.7 11.05 3.54 0.32 

1.0 10.16 2.66 0.26 

2.0 8.19 1.37 0.17 

4.0 9.27 0.47 0.05 

9.5 

7.0 9.73 0.13 0.01 

 

  On the condition that the effect of the depth soil sample was neglected on 

CK0UC test, the undrained Young’s modulus at each axial strain level was compared 

with the initial undrained Young’s modulus at 0.01% of axial strain. The ratio of 

Young modulus at each axial strain level and initial Young’s modulus (Eu/Eu0) versus 

axial strain (εa) was plotted in Figure 4.10. The ratio (Eu/Eu0) was rapidly reduced 

form 1.0 to around 0.5 and, after that; it was kept constant. As a result, the minimum 

of undrained Young’s modulus to which could be reduced was equal to around 50% 

value of initial undrained Young’s modulus determined in CK0UC tests. 
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Figure 4.10. Reduction of undrained Young’s modulus ratio (Eu/Eu0) with axial strain 

level (εa) of CK0UC tests. 

 

On CK0DUC tests, the strain of each step of  K-value could be divided into 

two parts, initial and creep strains. The initial strain happened immediately after 

applying the reduction of cell pressure value. At this moment, the pore water excess 

was negative and the axial strain increased rapidly with an increase of deviator stress. 

As shown in the circle of Figure 4.4 and in Figure 4.11, the slope of the straight line 

which was the relationship between increment of deviator stress ∆q and initial axial 

strain ∆εa was called unloading Young’s modulus Eun.  

The results of three CK0DUC tests shown in Figure 4.12 were the relationship 

between deviator stress q= (σ1-σ3) and axial strain εa of three soil samples at 5.0, 6.5 

and 11.0m deep. In this figure, the axial strain was accumulated at the beginning of 

horizontal unloading process. The unloading Young’s modulus Eun was defined as the 

slope of the relationship line between ∆q and ∆εa immediately after unloading the 

horizontal stress. These tests were a failure before the axial strain reached 2%. This 

axial strain value was approximately equal to the axial strain at peak of q-εa curve of 

CK0UC tests. 
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Figure 4.12. Relationship between deviator stress (q) and axial strain (εa) of CK0DUC 

tests. 

 

 The unloading Young’s modulus (Eun) of each step of horizontal stress 

decrement was calculated and shown in Figure 4.13. All the Eun values were 

calculated with increment of axial strain (∆εa) from 0.007% to less than 0.02%. 

Because of the specificity of the CK0DUC tests, 

the Eun values were only measured until the 

samples was a failure or the axial strain was less 

than 2%. Similar to the undrained Young’s 

modulus of CK0UC tests, this Eun Young’s 

modulus was also decreased rapidly when axial 

strains were still small in values.  

 To examine the rate of decrement of 

unloading Young’s modulus with axial strain, the 

ratio of unloading Young’s modulus at each level 

of axial strain and that initial value was calculated 

and shown in Figure 4.14. The Eun value was 

decreased about 25% of the initial Eun value when 
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axial strain was around 0.2%.  In addition, the minimum of Eun value was equal to 

50% of initial of that value when the axial strain was lesser than around 2%. 
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Figure 4.13. Reduction of unloading Young’s modulus (Eun) with axial strain level 

(εa) of CK0DUC tests. 

 

Figure 4.15 showed the relationship between deviator stress and axial strain of 

two CK0UUC tests at the depth of 9.5m and 11.0 m. Similar to two kinds of previous 

CK0UC and CK0DUC tests, the unloading Young’s modulus was also determined 

from this data. On these undrained tests, the Young’s modulus had unsmooth 

reduction with the axial strain as shown in Figure 4.16. The Young’s modulus 

decreased slightly with initial strain. The Eun value at each strain level was compared 

with the initial value and plotted in Figure 4.16. The minimum of Eun was calculated 

before the sample obtained a failure. As a result, this minimum value of Eun was equal 

to about 60% of the initial of Eun as shown in Figure 4.17. 
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Figure 4.14. Reduction of unloading Young’s modulus ratio (Eun/Eun0) with axial 

strain level (εa) of CK0DUC tests. 
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Figure 4.15. Relationship between deviator stress (q) and axial strain (εa) of CK0UUC 

tests. 
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Figure 4.16. Reduction of unloading Young’s modulus (Eun) with axial strain level 

(εa) of CK0UUC tests. 
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Figure 4.17. Reduction of unloading Young’s modulus ratio (Eun/Eun0) with axial 

strain level (εa) of CK0UUC tests. 
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The relationship between unloading Young’s modulus Eun on CK0DUC test 

and the stress state was established based on the slope of stress path in (p′:q) space (η 

= q/p′). In the lower right corner as shown in Figure 4.19, the slope of the relationship 

between deviator stress and mean effective stress was called η (η = q/p′) at each 

decrement step of horizontal stress or K value; and M (M = qf /p′f) at the critical state. 

As shown in Figure 4.18, the Eun values, which were calculated with the increment of 

axial strain ∆εa less than 0.02% (Figure 4.11), decreased with the ratio η/M. In order 

words, the Young’s modulus of soil behind the diaphragm wall during excavation 

process decreased. 
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Figure 4.18. Relationship between Unloading Young’s modulus Eun and ratio η/M 

 

In the unloading compression triaxial tests, the rate of lateral stress reduction 

was -1.0 kPa/min and the axial effective stress was controlled automatically to 

maintain as constant. The Eun values of the first unloading step of CK0DUC tests were 

larger than the Eu of CK0UC tests because of the difference of axial strains. 

In Figure 4.18, the unloading Young’s moduli of CK0DUC tests were 

performed and shown signified by square (∆K=-0.05) and solid stars (∆K=-0.1) 

symbols. On comparing line 1 and line 2, when the decrement step of horizontal 

pressure was large, the Young’s moduli Eun values were found to be small. The initial 

axial strain after sudden decrease of the horizontal pressure was large as noted on the 
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observed points shown in the figure. Moreover, when the samples were still strong 

enough (η/M<0.85) the Eun of CK0UUC tests was larger than its values of CK0DUC 

tests (line 2 and 3). 

 

4.2.2 Slope of Critical State Line 

The decrement step of horizontal stress of all the unloading compression 

triaxial tests was controlled by the stress ratio (K = σ′h/σ′v) or the slope of stress path 

in (p′:q) space (η = q/p′). Based on the data shown in Table 4.1, the slope of Critical 

State Line (M) had two different values. The soil samples at upper 6.0 m deep were 

overconsolidated clay because of weathering effects and the M values were around 

2.0. Meanwhile, the soil at lower 6.0 m deep was slightly overconsolidated clay and 

the M values were equal to 1.50 (φ′ = 37
0
) as shown in Figure 4.19. Compared with 

the M value 1.05 (φ′ = 26
0
) obtained from series of isotropically consolidated 

undrained triaxial test (Balasubramaniam, A. S. and Chaudry A. R., 1978) the M 

value around 2.0 of CK0UC tests of this study was larger due to the difference of test 

procedures. However, when comparing with CK0UC tests carried out by Tanaka H., 

et. al. (2001) on Bangkok clay, the slope of the critical line was the same (M=1.5 or φ′ 

= 37
0
). 

In the series of CK0DUC and CK0UUC tests, when the decrement steps of 

horizontal pressure were small (∆K=-0.05, test No. 8 to 12) the M values were 

approximately equal to the M values of CK0UC tests (Figure 4.19). However, on 13 

and 14 tests, the decrement step of horizontal pressure (∆K=-0.1) was twice as larger 

as that on 8 to 12 tests, the M values were smaller than those values of 8 to 12 tests. 
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            Figure 4.19. Slope of the Critical State Line 

 

4.2.3 Creep deformation 

Figures 4.20 and 4.21 show the axial and radial strain versus time and strain 

rate versus time relationships obtained from CK0DUC and CK0UUC tests. The strain 

rate curves were the derivative of strain rate functions, which were approximately 

determined from the exponential function of time. These curves immediately reached 

the large value after unloading horizontal pressure then they reduced virtually linear 

versus time as shown in Figures 4.20b and 4.21b. The axial and lateral strain rates of 

both CK0DUC and CK0UUC tests increased with deviator stress and decreased with 

time. These strain rate values were not constant during 24 hours of maintaining 

applied loading as shown in Figures 4.20 and 4.21. 
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Figure 4.20. Strain rate of soil sample at 11.0 m depth under CK0DUC test. 

 

(a) 

(b) 
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Figure 4.21. Strain rate of soil sample at 11.0 m depth under CK0UUC test. 

 

Figure 4.22 shows the relationship of axial, volume and radial strains and time 

of soil samples of both CK0UUC and CK0DUC tests. With the soil samples at the 

same depth and decrement horizontal pressure step (∆K=-0.05), the strain of 

CK0UUC tests (No. 15 and 17) was larger than that of CK0DUC tests (No. 9 and 12). 

(a) 

(b) 
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However, when the decrement horizontal pressure step increased twice (∆K=-0.1), in 

No. 13 and 14 tests, the volume strain suddenly dropped down to negative peak, but it 

then increased and achieved a positive value. Therefore, the volume strain of the soil 

sample depended not only on the drainage condition but also on the amplitude of the 

lateral decrement load. 
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Figure 4.22. Relationship between strains and time of CK0UUC and CK0DUC tests. 

 

The strain rates of axial and lateral strain of five CK0DUC tests (No. 8 to 12 

tests), shown in Figure 23, could be approximated by the linear logarithmic equations 

   
a

ε& = aa + ba log t - axial strain rate       [4.1] 

and 
r

ε& = ar + br log t - lateral strain rate.         [4.2] 

The coefficients aa, ba and ar, br shown in Figures 4.24 and 4.25 related a 

linear line to the ratio η/(M-η). In Figure 4.23, the strain rate of each η value of stress 

state was shown by one curve line. At the same value of time, the closer M value of η 

value got, the larger absolute value of strain rate became. Hence, the strain rates 

increased when the stress state approached the value of stresses at failure. 
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Figure 4.23. Strain rate of soil samples under CK0DUC test. 
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The coefficient of deformation with time (Cα) of clay soil was usually 

determined from vertical strain of oedometer test or the volumetric strain of the 

triaxial consolidation test. According to Tavenas F. et. al. (1978), the expression of 

the relationship of Cα and strain rate was shown in Equation [4.3]. 

)e1(tC
0

+=
α

ε& or ( )
0
e1tC +××= ε

α
&          [4.3] 

while ε&  was axial strain of oedometer test or volume strain of triaxial test. 

In the unloading compression triaxial test, both axial and radial strain rates 

were considered. From Equation [4.3], the coefficient of deformation of both axial 

(Cαa) and radial (Cαr) directions could be calculated by substituting ε&  by a
ε&  and

r
ε& . 

( )
0aa
e1tC +××= ε

α
&  - coefficient of axial deformation       [4.4] 

and  ( )
0rr
e1tC +××= ε

α
&  - coefficient of radial deformation     [4.5] 

Therefore, the coefficient of deformation as well as strain rate depended on the 

deviator stress level, time and the direction of deformation. 

 

4.3 Summary 

The undrained shear strength su, which was determined by CK0UC test, was 

larger than that value of unconfined compression test and was approximately equal to 

the value of field-vane-shear test. Moreover, the shear strength determined by 

CK0DUC test was only equal to the residual strength of CK0UC test. The ratio of 

shear strength and overburden effective stress with depth was calculated. This ratio 

got large value on the weathered consolidation soil layer from the ground surface to 

around 4m deep. Decreasingly, it was equal to around 0.4 on the soft soil layer deeper 

than 4 m. 

The ratio of initial undrained Young’s modulus Eu(0.01%) and undrained shear 

strength su of CK0UC test got high values from 1100 to 1300 for weathered 

consolidation clay layer upper 4 m depth and 600 to 800 for normal soft soil layer. 

The decrement of Young’s modulus with strain level was observed on 

CK0UC, CK0DUC and CK0UUC tests. On the first two tests, the Young’s modulus 

deceased rapidly on the small range of initial strain. Moreover, the minimum of 

Young’s modulus was equal to around 50% of initial Young’s modulus. Nevertheless, 

on the third test, the Young’s modulus decreased roughly with strain and the 

minimum of Eun value was equal to about 60% of that initial value. That value was 

larger than the value of the first two tests. 
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Besides, the relationship between Young’s modulus and stress state of 

CK0DUC and CK0UUC tests was also discovered. The stress state was defined as the 

ratio η/M. As a result, the Young’s modulus reduced as the ratio η/M increased or the 

stress state approached to failure. 

The slope of Critical State Line M was determined from three kinds of test 

CK0UC, CK0DUC and CK0UUC. The M value was almost the same on those tests 

and equal to around 1.5. 

  

0.0 2.0 4.0 6.0 8.0 10.0
0.2

0.6

1.0

1.4

1.8

2.2

a
a
 (x10

-4
) = 0.34029 + 0.18174*(η/(Μ−η))     

R
2
=  0.91513

 

a
a
 (
x
1
0
 -
4
)

η/(Μ−η)

 

 

0.0 2.0 4.0 6.0 8.0 10.0

-8.0

-7.0

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0
 

 b
a
 (
x
1
0
 -
4
)

η/(Μ−η) 

 

b
a
 (x10

-4
) = -1.17763 - 0.6951*(η/(Μ−η))     

R
2
=  0.93325

 

Figure 4.24. Coefficient aa and ba of axial strain rate a
ε&  



51 

The strain rate of axial and radial direction was determined on CK0DUC and 

CK0UUC tests. When the stress state did not reach critical state (η/M ≤ 0.85), both 

those strain rates decreased with time. 
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CHAPTER V  

FINITE ELEMENT ANALYSIS 

 

At present, many finite element (FE) codes can be used in analyzing the effects of 

deep excavation in soft ground. The commercial FE program PLAXIS (Vermeer & 

Brinkgreve, 1995) is proposed to be used in this research. Two soil models applied for 

FE back analysis the lateral displacement of DW are linear elastic-perfectly plastic 

(Mohr Coulomb model) and Soft Soil Creep models. 

 

5.1 Background 

The 2D-FE problem was used to study the response of ground and diaphragm 

wall around deep excavation area of BOT project. The section of DW at inclinometer 

B4 was selected for FE model to analyze the lateral displacement of DW during 

basement construction. At this section, the concrete F1 floor was replaced by steel 

strut because there was an existing function zone. The plane element of PLAXIS 

could not model the leg pile and the column system of the basement structure. 

Therefore, the model of problem was simplified as shown in Figure 5.1. The back and 

front zones of DW were more than 2.5 times the depth of excavation. The properties 

of DW, concrete basement floor and the strut were shown in Table 5.1. 

 

Table 5.1. The properties of diaphragm wall and the basement floors 

Structure 
Thickness 

(m) 

E 

(MPa) 

Area 

(m
2
/m) 

I 

(m
4
/m) 

ν γ 

(kN/m
3
) 

Diaphragm wall 1.0 1 0.08333 

F1 floor 0.4 0.4 0.00533 

P1 floor 0.3 0.3 0.00225 

P2 floor 0.3 0.3 0.00225 

P3 floor 0.3 0.3 0.00225 

P4 floor 1.3 

2.8×10
+4 

1.3 0.18308 

0.2 25 

Temporary strut H350 2.05×10
+5
 1.74×10

-6
(m

2
) N.A. 0.2 N.A. 

 

The soil model was selected so that the output data from FE back analysis 

could approach the field data. Two soil models were applied for FE back analysis 

without and with account of creep. The linear elastic-perfectly plastic model, which 

was based on the Mohr-Coulomb model of PLAXIS program, was selected for the 

soil model without account of creep. As some of previous researchers (P. Tanseng,  

 



 

 

 

 
Figure 5.5. Modeling the basement floors of BOT project at section of inclinometer B4  
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1997 and S.B. Tamrakar, 2001) concluded that the linear elastic soil model was 

relatively good enough for predicting small ground deformation associated with 

excavation work with stiff retaining wall structure. Moreover, for this model, there 

were only three soil parameters considered: undrained Young’s modulus, undrained 

shear strength and Poisson’s ratio as shown in Table 5.2. The behavior of soil element 

on this model was affected by the undrained condition; therefore, this soil model 

might not describe the behavior of soil on elapsed time. However, the lateral 

displacement of DW on elapsed time could be estimated by reducing the undrained 

Young’s modulus. 

 

Table 5.2. Parameters for linear elastic-perfectly plastic model 

Parameter Symbol Formulation Unit 

Undrained Young’s modulus 

Poisson’s ratio 

Undrained shear strength 

Eu 

ν 

su 

Eu=α su  

(correlation) 

 

kN/m
2
 

 

kN/m
2
 

 

The soil model with account of creep, which was selected for analyzing the 

lateral displacement of DW with the effects of creep, was Soft Soil Creep model on 

the PLAXIS program. This model required the parameters from the consolidation test 

and triaxial tests as shown in Table 5.4. For a rough estimate of the model parameters, 

P.A. Verneer and H.P. Neher (2000) suggested the correlation between λ
*
, κ

*
 and µ

*
 as 

follows: 

λ
*
 = Ip (%) / 500;  λ

*
 / µ

*
 = 15 ∼ 25   and  λ

*
 / κ

*
 = 5 ∼ 10          (5.1) 

where  Ip (%) – plasticity index. 

 The duration of each construction stage at the section of inclinometer B4 

assigned for FE analysis was shown in Table 5.3. The stages in this table were the 

same as those stages in Figure 3.2. There were three durations of elapsed time at three 

excavations with the depth of 1.75m, 8.1m and 15.2m.  

 

   Table 5.3. Duration of each construction stage 

Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 

Excavate  

to 1.75m 

Elapsed  

time 

Excavate  

to 8.1m 

Elapsed  

time 

Excavate  

to 15.2m 

Elapsed  

time 

7 days 30 days 19 days 82 days 20 days 78 days 



55 

According to the observation of ground water when excavation was carried 

out at the site of BOT project, the real ground water table existed only on the sand 

layer. Even though, when the ground was excavated to 15.2m deep to the stiff clay 

layer the water was unavailable on excavated zone. Hence, the phreatic line on the FE 

model was not assigned on the clay layers. 

 

Table 5.4. Parameters for Soft Soil Creep model 

Parameter Symbol Formulation Unit 

Failure parameter as in Mohr-Coulomb 

model 

- Cohesion 

- Friction angle 

- Dilatancy  angles  

Parameter of the Soft-Soil-Creep 

 

- Modified compression index 

 

- Modified swelling index 

 

 

 

- Modified creep index 

- Possion’s ratio for unloading-

reloading 

- Slope of the so-called “critical 

state line” 

 

 

c 

φ 

ψ 

 

 

λ
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κ
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5.1 Linear elastic-perfectly plastic model 

The parameters of soil layer used for FE analysis with linear elastic-perfectly 

plastic soil model was shown in Table 5.5. The subsoil profile was divided into six 

layers: weathered crust (0.0 ∼ 2.0 m), soft clay beneath the crust (2.0 ∼ 4.0 m), soft 

clay (4.0 ∼ 11.0 m), soft clay upper the stiff clay (11.0 ∼ 13.5 m), stiff clay (13.5 ∼ 

28.5 m) and sand (28.5 ∼ 40.0 m).  For four soil layers from 0.0 to 13.5 m, the 
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undrained Young’s modulus Eu0 and undrained shear strength su were the average 

values selected from the CK0UC tests of the samples. On the stiff clay layer (13.5 to 

28.5m), the undrained shear strength was the value at 14m deep from field-vane-shear 

test (Figure 3.7). In addition, the Eu0 of this soil layer was determined by the 

correlation Eu0 = αsu with α=2000. 

The coefficient of earth pressure at rest (K0) was average values taken from 

the automatic K0 procedure of CK0UC, CK0DUC, CK0UUC tests. 

 

Table 5.5. Properties of soil for Mohr-Coulomb model (linear elastic-perfectly plastic) 

Layer 

(m∼m) 

(1) 

γt 

(kN/m
3
) 

(2) 

K0 

 

(3) 

Eu0 

(kN/m
2
) 

(4) 

Eu = 60%×Eu0 

(kN/m
2
) 

(5) 

0.0 ∼ 2.0 17.1 0.60 3.00×10
+4
 1.800×10

+4
 

2.0 ∼ 4.0 17.4 0.53 2.44×10
+4
 1.464×10

+4
 

4.0 ∼ 11.0 16.1 0.45 2.09×10
+4
 1.254×10

+4
 

11.0 ∼ 13.5 16.5 0.44 2.58×10
+4
 1.548×10

+4
 

13.5 ∼ 28.5 17.5 0.45 1.80×10
+5
 

28.5 ∼ 40.0 19.0 0.50 9.00×10
+4
 

1.080×10
+5
 

(13.5∼20.0m) 

 

Eumin = 46%×Eu0 

(kN/m
2
) 

(6) 

su(CK0UC)  

(kN/m
2
) 

(7) 

su(FVS)  

(kN/m
2
) 

(8) 

ϕ 

(
0
) 

(9) 

ν 

 

(10) 

1.380×10
+4
 22.9 34.7 0.3 

1.122×10
+4
 17.8 41.7 0.49 

0.961×10
+4
 32.0 33.9 0.49 

1.187×10
+4
 43.3 46.0 0.49 

90.0 

0 

0.35 0.828×10
+5
 

(13.5∼20.0m) N.A. 30 0.30 

 

Table 5.6. The ratio of undrained Young’s modulus and undrained shear strength of 

soft clay layer 

Layer 

(m∼m) 
Eu0/ 

su(CK0UC) 

Eu0/ 

su(FVS) 

60%×Eu0/ 

su(CK0UC) 

60%×Eu0/ 

su(FVS) 

Eumin/ 

su(CK0UC) 

Eumin/ 

su(FVS) 

0.0 ∼ 2.0 1310.0 864.6 786.0 518.7 602.6 397.7 

2.0 ∼ 4.0 1370.8 585.1 822.5 351.1 630.3 269.1 

4.0 ∼ 11.0 653.1 616.3 391.9 369.8 300.3 283.4 

11.0 ∼ 13.5 595.8 560.5 357.5 336.3 274.1 257.9 

 

As mentioned in the summary of chapter IV, the Young’s modulus depended 

not only on the strain level but also on the stress state on all three kinds of tests. 
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Besides, the excavation of BOT project was paused at three main stages 2, 4 and 6. At 

those stages, the stress state and strain levels of soil behind the diaphragm wall were 

not at the same values. During the elapsed time, the lateral displacement of DW was 

increasing or the strain level of soil element behind the DW changed. Therefore, on 

the linear elastic-perfectly plastic soil model, the Young’s modulus was changed to 

have the corresponding Young’s modulus with strain level. There were three values of 

Young’s moduli Eu0, Eu60%=60%Eu0 and Eumin=46%Eu0 (shown in Figure 4.7) to be 

considered for FE back analysis. 

Figures 5.2 and 5.3 showed the observation data and FE results of lateral 

displacement of DW at inclinometer B4. The smooth dark blue, pink and red lines 

were the results of FE analysis when the undrained Young’s moduli were Eu0, Eu60% 

and Eumin respectively.  At stage 4, when the Young’s modulus was assigned with the 

Eu0 value, the FE result of lateral displacement of DW was approximately equal to last 

lateral displacement line of elapsed time (Figure 5.2). However, when the Young’s 

modulus was decreased to Eu60% and Eumin values the lateral displacement line of FE 

results were deviated the observation lines of lateral displacement. As a result, when 

the ground was excavated to 8.1m deep (stage 4), the lateral displacement of DW as 

well as the strain of soil element behind the DW was still a small value. Therefore, in 

this case, the linear elastic-perfectly plastic soil model with initial Young’s modulus 

of CK0UC test could not predict the lateral displacement of DW immediately after 

excavation time. The Young’s modulus with a smaller strain level was needed in this 

case. 

At stage 6, when the initial Young’s modulus Eu0 was applied to soil model for 

FE analysis, the lateral displacement of DW of FE result was approximated to the 

observation data of lateral displacement of DW immediately after finishing the 

excavation to 15.2m deep (Figure 5.3). In addition, when the Eu0 value was replaced 

by Eu60% the lateral displacement of DW of FE result was almost the same as the last 

observation line of elapsed time. In this case, the initial Young’s modulus was 

suitable to apply for FE analysis to analyze the lateral displacement of DW after 

excavation time.  

Conclusively, when the FE analysis is carried out for the deep excavation with 

elapsed time existing at some depths, the Young’s modulus should be adjusted to be 

larger when the excavation goes deeper.  
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Figure 5.2. Lateral displacement of DW on stage 2 and stage 4 



59 

Inclinometer No.B-4
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Figure 5.3. Lateral displacement of DW on stage 6 
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5.2 Soft Soil Creep model 

The parameters for Soft Soil Creep (SSC) model were shown in Table 5.6. The 

slope of critical state line (M) and internal friction angle (ϕ) were selected from the 

results of CK0UC tests. The parameter λ
*
, κ

*
 and µ

*
 were calculated by the correlation 

of equations (5.1).   

 

Table 5.7. Parameters of soil for Soft Soil Creep model for BOT project 

Layer 

(m∼m) 

γt 

(kN/m
3
) 

K0 λ
∗ 

κ
∗

 µ
∗

 M 
ϕ 

(
0
) 

ψ 

(
0
) 

0.0 ∼ 2.0 17.1 0.60 0.108 0.022 0.005 2.17 50 

2.0 ∼ 4.0 17.4 0.53 0.103 0.021 0.005 1.74 42 

4.0 ∼ 11.0 16.1 0.45 0.145 0.029 0.007 1.50 37 

11.0 ∼ 13.5 16.5 0.44 0.137 0.027 0.007 1.53 38 

0 

 

 The results of lateral displacement of DW, which was analyzed with the 

undrained SSC model, were shown in Figures 5.4 and 5.5. The FE results showed that 

the lateral displacement of DW did not increase during elapsed time.  
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Figure 5.4. Lateral displacement of DW on stage 2,3,4 and 5. 
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Inclinometer No.B-4
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Figure 5.5. Lateral displacement of DW on stage 6 and 7 
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CHAPTER VI 

RESULTS AND DISCUSSION 

 

In this chapter, the results of experimental work, laboratory tests and finite 

element analysis will be discussed. 

 

6.1 Parameters of soil models  

The undrained shear strength su determined from three different tests was 

plotted and shown in Figure 6.1. The simple unconfined compression test 

experimented upon the samples from three boreholes at different positions had the 

smallest value. The su value from FVS test plotted in that figure was without 

Bjerrum’s correction and almost approximately the same as the results obtained from 

CK0UC test. The FVS test was carried out at two positions with and without effects of 

excavation. The FVS-11 and FVS-12 were tested at the same position without the 

effects of excavation. Otherwise, the FVS-21 was test at a position near the 

excavation zone. Comparing three su data of those FVS tests, the su value of FVS-11 

and FVS-12 were a bit larger than the su value of FVS-21. This was a preliminary 

result because the shear strength of soil behind the DW might be changed by the 

alteration of stress state behind the wall. In fact, the sensitivity of FVS was probably 

not high; therefore, more tests needed to be conducted to achieve a valid result. 

  The relationship between volume strain and logarithm of mean effective stress 

of three CK0DUC tests was shown in Figure 5.3. In those tests, the horizontal stress as 

well as the mean effective stress was decreased; therefore, the lines in Figure 5.3 

described the unloading process.  The swelling index (Cr) could be determined from 

the slope of the lines.  
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Figure 6.1. Geotechnical properties at BOT site project 
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Figure 6.2. Relationship between mean effective stress p′ and volume strain εa of 

CK0DUC test 

 

6.1 Finite Element Analysis  

The linear elastic-perfectly plastic model with undrained condition of soil 

behavior could not be used to predict the lateral displacement of DW during the 

elapsed time if the set of parameters (Eu, su and ν) was unchanged. Based on the 

collected inclinometer data during the elapsed time, the lateral displacement of DW 

was non-stop increasing. In other words, the strain of soil behind DW was also 

increasing. By the simple way, elastic-perfectly plastic model could be used to predict 

the lateral displacement of DW on the elapsed time by reducing the Young’s modulus. 

However, in three kinds of tests, no matter whether the sample was drained or 

undrained, the minimum Young’s modulus was limited by the lower bound value as 

shown in Figures 4.7, 4.11 and 4.14. Consequently, the lateral displacement of DW 

would be a maximum value when undrained Young’s modulus reduced to lower 

bound value. 

 When the ground was excavated to 15.2 m deep (stage 6), the maximum 

lateral displacement of DW of inclinometer B4 during excavation and elapsed time 

was plotted in Figure 6.2.  The non-stop increment of lateral displacement of DW 
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during elapsed time was approximated by the exponent equation. From this equation, 

the lateral displacement of DW reached an upper bound value (∆h =26.90) when the 

variable of time moved towards unlimited (t → ∞). Meanwhile, the maximum lateral 

displacement of DW (∆h) from back FE analysis with Eumin (Eumin = 46%Eu0) at stage 

six was equal to 28.8 (Figure 5.3). Hence, at stage 6, the linear elastic-perfectly plastic 

soil model could to be used to predict the bound of lateral displacement of DW by 

using the undrained Young’s modulus Eumin. 
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Equation of lateral displacement of DW 

and time on elapsed time:

∆h = 26.90- 9.44*exp(-0.01843 * t) 
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Figure 6.3. The approximate equation of lateral displacement of DW and time during 

elapsed time of inclinometer B4 at stage 6 
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CHAPTER VII 

CONCLUSION AND RECOMMENDATION 

 

7.1 Summary and Conclusion 

To determine the soil behaviors at the elapsed time of excavation behind the 

diaphragm wall of the Bank of Thailand project in Bangkok by means of top down 

construction, the series of triaxial testes (CK0UC, CK0DUC, and CK0UUC) and FE 

back analysis were performed. Based on the field experiment, the series of triaxial 

tests and the results of FE analysis, the following conclusions can be drawn. 

1. To predict the initial lateral displacement of DW by using elasto-perfectly 

plastic model, the undrained Young’s modulus of soil could be determined based on 

the ratio su/Eu (0.01%) and undrained shear strength at peak of CK0UC test or field vane-

shear test. For the Bangkok clay at BOT project, the ratio su/Eu (0.01%) is from 1100 to 

1300 for weathered clay layer upper 4 m deep and 600 to 800 for soft soil layer 

deeper than 4 m. It should be taken the residual shear strength of clay from the 

CK0UC test to secure the stability of DW in the case that the excavation takes a long 

time to complete. The ratio (su/σ′v0) of undrained shear strength of FVS test as well as 

CK0UC tests and overburden effective stress is around 0.45 at the depth from 6m to 

12m. 

2. Unloading Young’s modulus (Eun) reduces as the ratio η/M increases and 

this depends on the amplitude of the decrement step of horizontal pressure. 

3. For the soil samples below 6.0m deep, the Slope of Critical State Line 

(CSL) is equal to 1.5 for two kinds of CK0UC tests and CK0DUC tests. 

4. Volume strain depends not only on the drainage condition but also on the 

amplitude of applied unloading lateral stress. 

5. According to the results obtained from CK0DUC and CK0UUC tests, the 

coefficient of deformation with time (Cα) as well as strain rate depends not only on 

the deviator stress level, elapsed time and drainage condition but also on the direction 

of deformation. The horizontal coefficient of deformation (Cαr) which could be 

applied for FEM analysis to predict the lateral displacement of DW versus time 

should be studied further. 
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6. The parameter Young’s modulus of linear elastic-perfectly plastic model 

must be suitable to the strain level of the soil behind the wall.  

 

7.2 Recommendations for Further Research 

The linear elastic-perfectly plastic soil model can be applied to predict the 

lateral displacement of DW during excavation time and elapsed time. The final 

displacement of DW can be estimated by using the lower bound of un-reloading 

modulus Eu. However, the lateral displacement of DW is predicted discontinuously 

with time by using EPP soil model. The displacement of DW is only obtained at the 

point of time when the un-reloading Young’s modulus is known. To know the 

reduction of Eu with time is difficult problem even if the Eu can determined from 

CK0DUC and CK0UUC tests. Meanwhile, the SSC model can be used for FE analysis 

to predict the ground movement. On SSC model, the ground settlement can be 

estimated by using the vertical coefficient of deformation Cαa. Conclusively, the 

horizontal coefficient of deformation (Cαr) which could be applied for FEM analysis 

to predict the lateral displacement of DW versus time should be studied further. 
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APPENDIX A 

DATA OF INCLINOMETERS 
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Figure A.1. Horizontal displacement of diaphragm wall at inclinometers B1 and B2 

during basement construction 
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Inclinometer No.B-3
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Figure A.2. Horizontal displacement of diaphragm wall at inclinometers B3 and B6 

during basement construction 
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Inclinometer No.B-8
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Figure A.3. Horizontal displacement of diaphragm wall at inclinometers B8 and B9 

during basement construction 
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APPENDIX B 

TRIAXIAL TEST APPARATUS 

 

 

 

 

Figure B.1. Picture of Triaxial test system for carrying out the CK0UC, CK0DUC and 

CK0UUC tests 
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Figure B.2. Triaxial test system for carrying out the CK0UC, CK0DUC and CK0UUC 

tests 
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Figure B.3. Double Negative Pressure (DNP) system for saturation the soil sample  
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