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Abstract

The Bangkok metropolitan area, located on a thick river soft clay deposit, has recently started a construction project on a mass rapid transit
underground railway (MRT). This paper presents a finite element study on the Bangkok MRT underground construction project. The excavation
of Sukhumvit Station was selected as the case study for the FEM numerical modelling in this paper. The numerical study focuses on the initial
input on the ground conditions and the constitutive soil models. The geotechnical parameters were selected based on the soil investigation reports
carried out for the purpose of the construction. The parameters selected for the constitutive models used in the FEM analysis were calibrated
against the laboratory testing results. Finally, all the FEM simulations were compared with the data from field investigations.
© 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Geotechnical design and construction on/in soft to very soft
soils are usually associated with substantial difficulties. Since
these types of soils are sensitive to deformations and possess
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low shear strength, their use may lead to structural damage
during construction as well as throughout the life of the projects.
This can come from (i) excessive settlements or the tilting of the
newly constructed building structures, (ii) entrainment settle-
ments of old structures near the newly erected structures and/or
(iii) the adverse effect of excavations on nearby structures
(Kempfert and Gebreselassie, 2006).

In Thailand, there is a large river deposit in the Central Plain
region called the Chao Praya Delta. It is well-known that the
delta consists of a broad basin filled with sedimentary soils,
especially a thick soft to very soft clay layer deposited on the
top. Importantly, the Bangkok metropolis — one of the largest
commercial cities in South-East Asia — is also located on the
low flat Chao Praya Delta in the Central Plain region of
Thailand. There have been several construction projects to
improve the quality of the infrastructure over the past 50 years.
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One of the most recent mega construction projects in Bangkok
is the Bangkok Mass Rapid Transit (MRT) Underground
Railway. This project involves significant geotechnical works,
particularly foundations and excavations.

Nowadays, some commercial FEM codes, written especially
for geotechnical problems, are used to analyse stability and
ground movement due to excavations. Various constitutive soil
models, from a simple elastic model to mathematically
complex non-linear elasto-plastic models, have been developed
to explain the strength and the deformation behaviour of soft
soils. However, there is still a problem with predicting the
movements in and around an excavation using numerical
methods. The results of a numerical analysis may be influ-
enced by many factors, such as simplified geometry and
boundary conditions, mesh generation, the initial input of the
ground conditions and the constitutive relationship chosen to
model the behaviour of the soils. An example of a recent finite
element study is the analysis of the behaviour of a mechani-
cally stabilized earth wall (Bourgeois et al., 2012).

This paper aims to present a simplified two-dimensional
finite element study of a deep excavation in soft clays. The
FEM code, PLAXIS, is selected as the numerical tool and the
Bangkok MRT underground construction project is chosen as
the case study. The analysis focuses on the initial input of the
ground conditions and the constitutive soil models. All the
FEM simulations are compared with the data from field
investigations.

1.1. Bangkok MRT project

The first phase of the Bangkok Metropolitan Rapid Transit
(MRT) Underground Railway, named the Chaloem Ratchamong-
khon (or the Blue Line), runs between Hua Lamphong and Bang
Sue; it was completed in 2004. It comprises approximately 20 km
of tunnels, constructed with tunnel boring machines (TBM). The
route of the MRT Blue Line project is presented in Fig. 1. The
project was constructed along highly congested roads in the heart
of Bangkok City. The tunnel alignment, which is 22 km in
length, includes 18 cut-and-cover underground stations, and is
divided into two major sections, i.e., North and South (see Fig. |
(a) and refer to Table 1). The underground stations are typically
composed of three levels of structure, namely, the Centre
Platform, the Side Platform and the Stacked Platform, as shown
in Fig. 1(b). The stations are up to 230 m long and approximately
25 m wide, and are excavated up to a depth of 16-32 m below
the ground surface. The station perimeter was constructed of
diaphragm walls (D-walls), 1.0-1.2 m thick and 20-46 m deep.
The tunnel lining consists of twin bored single-track tunnels.
Each tube has a concrete segmental lining with an outer diameter
of 6.3 m and an inner diameter of 5.7 m.

A total of 18 underground stations were constructed using the
Top-Down construction technique, together with diaphragm walls
(D-walls) and concrete slabs as excavation supports. A total tunnel
length of 20 km was created using eight Earth Pressure Balance
(EPB) shields. The excavation depths and D-wall lengths are
plotted in Fig. 2. The stacked platform stations (S2, S3 and S4) had
greater excavation depths and D-wall lengths than the centre and
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Fig. 1. Bangkok MRT Blue Line project. (a) Bangkok MRT Blue Line route.
(b) Types of underground stations.
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Fig. 2. Excavation depths and D-wall lengths of Bangkok MRT Blue Line
stations (after Phienwej 2008).

side-by-side platform stations. The majority of the centre and side-
by-side platform stations (except stations S1 and N9) had similar
excavation depths (about 21-22 m). However, the embedded depth
of the D-walls differed between the North and South contracts due
to the different design criteria (Phienwej, 2008). More details on
the construction methods for tunnels and underground stations of
the existing MRT Blue Line project can be found in Suwansawat
(2002) and Suwansawat et al. (2007).
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Fig. 3. Pore pressure in Bangkok subsoils.

1.2. Geological conditions of the central plain of Thailand

Bangkok subsoil forms a part of the larger Chao Phraya Plain
and consists of a broad basin filled with sedimentary soil
deposits. These deposits form alternate layers of sand, and clay.
Field exploration and laboratory tests from the MRT Blue Line
project show that the subsoils, down to a maximum drilling
depth of approximately 60—65 m, can be roughly divided into
(1) Made Ground at 0-1 m, (2) Soft to Medium Stiff Clays at
1-14 m, (3) Stiff to Very Stiff Clays at 14-26 m, (4) First Dense
Sand at 26-37 m, (5) Very Stiff to Hard Clays at 37-45 m, (6)
Second Dense Sand at 45-52 m and then (7) Very Stiff to Hard
Clays (see Figs. 3 and 7). The aquifer system beneath the city
area is very complex and the deep well pumping from the
aquifers, over the last 50 years, has caused substantial piezo-
metric drawdown in the upper soft and highly compressible clay
layers, as presented in Fig. 3.

2. Retaining wall movements and ground settlements
induced by excavations

2.1. Models for retaining wall displacements and ground
settlements

The patterns of the retaining wall movements are governed
by many factors, such as the type of subsoil encountered, the
support system of the retaining wall (i.e., braced or anchored),
the quality of the workmanship. Ou (2006) categorised the
types of wall movements as cantilever or deep inward (or
braced) excavations, as illustrated in Fig. 4. At the initial stage
of excavation, or when the encountered soil is predominantly
sandy, a cantilever type of movement tends to occur. As the
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Types of surface settlement
————— Spandrel type
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Fig. 4. Types of wall movement and ground surface settlement (after Hsieh
and Ou, 1998; Ou, 2006).
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Fig. 5. Estimation of ground concave surface settlement (after Hsieh and Ou,
1998).

excavation proceeds further, especially in soft soils, a deep
inward movement is more likely to be encountered.

Furthermore, the ground surface settlements induced by the
excavations can be divided into two groups. According to
Hsieh and Ou (1998), these are (i) the spandrel type, in which
the maximum surface settlement is located near the wall and
(i1) the concave type, in which the maximum surface settle-
ment occurs at a distance away from the wall. Ou (2006)
suggested that the spandrel surface settlement profile is likely
to occur with the cantilever pattern of wall movements, while
the concave surface settlement profile is likely to occur with
the deep inward movement pattern.

2.2. Empirical predictions for excavation-induced ground
movements

The first empirically based method to predict ground settle-
ments, induced by excavations, was proposed by Peck (1969).
Using a monitoring database of many case histories, Peck
established a relationship between ground surface settlements,
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soil types, excavated depths and workmanship quality.
The monitoring data were obtained mainly from steel sheet
piles or soldier piles; these piles are quite different from those
used in more recent construction methods (i.e., diaphragm walls
with braced or anchored supports). Indeed, Ou (2006) stated that
Peck's method may not necessarily be applicable to all excava-
tion types. Similar to Peck's (1969) method, Clough and
O’Rourke (1990) proposed a more refined set of surface
settlement envelopes induced by an excavation. The shape
and magnitude of the surface settlement envelopes depend on
the type of soil, the excavation depth (H,) and the maximum
wall deflection (6py)-

Hsieh and Ou (1998) further refined Clough and O’Rourke's
(1990) method by introducing two zones of influence, namely,
the Primary Influence Zone (PIZ) and the Secondary Influence

Zone (SIZ). The depth of the excavation (H,) was set as the
normalised parameter to predict the length of each zone. The
concave settlement profile was proposed as the bi-linear
relationship shown in Fig. 5. The surface settlements in the
PIZ and SIZ are predicted using Egs. (1) and (2), respectively:

d

5, = <—0.636,/E+1)5vm, if d/H, <2 and (1)
d .

6o= (—0.171y /- +0.342 )6, if 2<d/H.<4 )

where 6, and §,,, are the surface settlement and the maximum
surface settlement, respectively, of the soil at distance d from
the wall. To continue the earlier work of Hsieh and Ou (1998),
Ou and Hsieh (2011) suggested new surface settlement
patterns, which take into account not only the excavation
depth, but also the excavation width and the depth to the hard
stratum.

Unlike Peck (1969) and Clough and O’Rourke (1990), in
whose studies the shapes of the surface settlements are
distinguished primarily by soil types, Hsieh and Ou (1998)
and Ou and Hsieh (2011) classified the shapes of the surface
settlements as spandrel or concave, as presented earlier in
Fig. 4.

3. Bangkok MRT case study: Sukhumvit Station

Sukhumvit Station, located underneath Asok Road, next to
the Sukhumvit — Asok intersection, as shown in Fig. 6, was
selected for this study. The station box is located in a
congested area surrounded by many commercial (3—4 stories)
and residential buildings. Sukhumvit Station is also a connect-
ing station between the MRT underground system and the
Bangkok Mass Transit System (BTS) — an elevated train
system at Asok Station. The soil profile consists of 2—3 m of
Made Ground (MG), underlain by approximately 9 m of
normally consolidated Bangkok Soft Clay (BSC), with an
undrained shear strength of about 20 kN/m”. The undrained
shear strength of this layer tends to increase with depth from
the level below 7 m. Beneath the BSC layer, there are 2 m of
Medium Clay (MC), with an undrained shear strength of more
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Table 1
Summary of MRT station dimensions, excavation depths and D-wall lengths.

Notation Station Station dimensions Excavation depth, H, (m) D-wall length, L (m)
Length (m) Width (m)
S1 Hua Lamphong 211 22 15.5 20.1
S2 Sam Yan 178 20 27.1 39.7
S3 Si Lom 154 28 32.6 46.2
S4 Lumphini 230 25 29.6 39.5
S5 Khlong Toei 230 25 21.1 28.6
S6 Queen Sirikit National Convention Center 230 25 23.6 31.6
S7 Sukhumvit 200 23 20.9 27.9
S8 Phetcaburi 199 23 22.4 28.9
S9 Phra Ram 9 400 26 20.9 25.6
NI Thailand Cultural Centre 358 29 22.4 32.7
N2 Huai Khwang 228 25 21.7 322
N3 Sutthisan 228 25 21.7 322
N4 Ratchadaphisek 228 25 21.6 34.5
N5 Lad Phrao 293 25 22.0 374
N6 Phahon Yothin 228 25 22.0 33.6
N7 Chatuchak Park 364 32 21.8 33.5
N8 Kamphaeng Phet 228 25 22.1 38.5
N9 Bang Sue 228 32 15.8 29.5
than 60 kN/m”. A thin, but continuous, medium dense Clayey el columns
Sand (CS) of 1.5m is sandwiched between the First and — GL 0.0m
Second Stiff Clays (1st SC and 2nd SC), with thicknesses of GWL -1.5nm=k Stagel: Roof level
Y X
6 m and 4 m, respectively. At a depth of 23-40 m, the Hard Lsm
. 1.0m thick
Clay (HC) layer (SPT N values of 30-40), with some sand Slabs Stage 2: Access level
lenses, is found. This HC layer is then underlain by the Dense -7.5m
Sand (DS) layer, up to 60 m deep. The ground water level at
. . Stage 3: Concourse level
this location was found at 1.5 m below the ground surface. A -12.5m 26.4m
schematic diagram of the Sukhumvit Station soil profile is
shown in Fig. 7. It is noted that this soil profile was simplified
. . . . .- . 1.8m thick Stage 4: Base level
based on a site investigation programme consisting of a series Base slab 210m
of four boreholes (Fig. 6).
Y
1.0m thick D-

3.1. MRT underground station construction

Sukhumvit Station was constructed using the Top-Down
construction method, with a configuration of the centre plat-
form type. The station box had a width, length and depth of 23
x 200 x 21 m. The reinforced concrete diaphragm walls
(D-walls) were 1 m thick and 27.9 m deep; they were used for
earth-retaining and permanent structures in the station. The
concrete slabs of the first, second and third levels (Roof,
Access and Concourse levels) were 1 m thick and the base slab
was 1.8 m thick; these slabs were the primary braced support
system for the D-walls. Figs. 6 and 8 show the plan view and
the cross section geometry of Sukhumvit Station, respectively.
The construction sequences adopted in the station box con-
struction simulation are summarised in Table 2.

3.2. Monitoring system

Extensive instrumentation programs were adopted to monitor
the deflection of the diaphragm walls and the ground settlements
induced by the deep excavations. The instrumentation included

wall

1.8 diameter
Bored pile

23m

Fig. 8. Geometry of Sukhumvit Station.

inclinometers installed in the D-walls, inclinometers combined
with extensometers, surface settlement points and surface
settlement arrays. Building settlement points, tilt metres and
crack metres were also installed to ensure that any damage to
adjacent buildings would be kept within the design limitations.
All instruments and adjacent borehole locations are depicted in
Fig. 6. These instruments are composed of eight sets of
inclinometers installed in the D-walls at various locations and
one set of surface settlement arrays (SS1). The surface settle-
ment (SS1) selection of this location was chosen because the
surface settlement arrays (SS1) were located in a bare area
between buildings B3 and B4. Thus, the surface settlement
measured from SS1 could be considered as close to a greenfield
condition. Moreover, the location of SS1 was in the middle of
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Table 2
Construction sequences of Sukhumvit Station.

761

Sequences Construction activities
1 Construction of diaphragm walls
2 Construction of bored piles
3 Installation of steel columns, which were plunged into the top of bored piles to form pin piles
4 Pre-excavation and placement of temporary steel decking supported by pin piles for traffic diversion
5 Excavation to level of underside of temporary prop and installation of temporary prop
6 Excavation to level of underside of roof slab and construction of permanent concrete roof slab
7 Removal of temporary prop
8 Excavation to level of underside of second slab level
9 Construction of second concrete slab
10 Stages 8 and 9 were repeated for third and fourth (base) slabs
11 Composite columns were installed
12 Backfill roof slab and final road reinstatement

Wall movement, §, (mm) Wall movement, 8, (mm) Wall movement, §, (mm)
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Fig. 9. Horizontal movement of diaphragm walls from inclinometers 4, 6 and 8.

the North—South length of Sukhumvit Station, where the effects
of the corners were expected to be minimised. For this reason,
inclinometer number 4 (IN4) will also be used in the present
study to verify the two-dimensional finite element analysis.

3.3. Diaphragm wall movements

The field observations from the inclinometers revealed that
the cantilever pattern developed after the first excavation stage.
As the excavation proceeded to a greater depth, the D-walls
showed braced excavation patterns with a bulge in the first stiff
clay layer. Fig. 9 shows the four stages of the diaphragm wall
movements from inclinometers 4, 6 and 8 (IN4, 6 and 8). These
inclinometers were located approximately 95, 45 and 11 m from
the nearest corner of the excavation box. A significant corner
effect occurred on the short side of the excavation box; the

maximum wall deflection of IN8 was reduced by half compared
to IN4. In contrast, the wall movements of IN6 at all stages only
showed a slight reduction (less than 15%) compared to the
movements of IN4. In the Sukhumvit Station box, the excava-
tion depth in Stage 4 was 21 m. Fig. 10 illustrates the maximum
wall movements after the Stage 4 excavation for all eight
inclinometers. It also shows that the corner effect, along both
long sides (East: IN2, 5 and 7 and West: IN3, 4 and 6), was
relatively small compared to that of the short sides (North: IN8
and South: IN1).

3.4. Ground surface settlements
The measured data of the surface settlement at Sukhumvit

Station from the surface settlement array (SS1) are plotted in
Fig. 11. The predicted settlement profiles from empirical methods
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(Clough and O’Rourke, 1990; Hsieh and Ou, 1998; Ou and
Hsieh, 2011) are also presented in Fig. 11. All three empirical
methods exhibit similar surface settlement envelopes and they are
in good agreement with the field measurements. However, one
exception is that Clough and O’Rourke (1990) method cannot
predict the surface settlements in the Secondary Influence Zone
(SIZ). Additionally, the field surface settlements did not appear to
extend far enough from the wall to enable the measurement of the
surface settlements in the SIZ. As a result, the findings from
further studies on surface settlements, using finite element
analyses, will be compared with both the field measurements
(within PIZ) and the predicted surface settlement envelope from
the empirical estimation (within SIZ).

4. Finite element modelling

The 2D plane strain finite analysis approach, using PLAXIS
v.9 software (PLAXIS 2D v.9, 2009), was adopted in this
study. As the ratio of the length (L) to width (B) of the
Sukhumvit Station box was high (L/B=8.7), the 3D effect
along the long sides of the station (see Fig. 6) was small; thus,
the 2D plane strain approach was considered appropriate. Only
the right half of the station box (at the cross section of IN4 and
INS) was modelled because the station configuration was

31mm 36mm 26mm
A A A
17mm JA Sukhumvit Station 18mm
A A A
24mm 27mm 27mm

Fig. 10. Maximum horizontal movement of D-walls after stage 4 excavation.
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Table 3
Input parameters for structure components.

symmetric. A seven-layer soil profile (shown in Fig. 7) was
adopted. Importantly, four soil models (i.e., Mohr—Column
Model (MCM), Soft Soil Model (SSM), Hardening Soil Model
(HSM) and Hardening Soil Model with Small-Strain Stiffness
(HSS)) were used to evaluate their performances in the deep
excavation modelling. All soil layers were modelled using 15-
node elements. For the structural components (i.e., diaphragm
walls, platform slabs, base slab, columns and piles), non-
volume plate elements were used. The soil-diaphragm wall
interaction was modelled by the zero-thickness interface
element. The interface element stiffness values were in the
range of 0.7-0.9, depending on the soil profile, to simulate the
ground disturbance. The stiffness of the concrete was also
reduced by 20% to take into account the possibility of cracking
(Schweiger, 2009). Table 3 presents the input parameters of
the structural components.

4.1. Mesh generation

Prior to the study on the soil constitutive models, it was
decided that the mesh refinement of the finite element model
constructed here should be clarified. The finite element model
and the mesh generation are shown in Fig. 12. The model has
an average element size of 2.53 m and a total element number
of 649. A finer mesh generation, with an average mesh size of
1.42 m and a total of 2054 elements, was also adopted in the
study. For example, in the case of the HSM analysis, the
predicted lateral wall movements and the ground surface
settlements reveal almost identical wall movement profiles
and surface settlement envelopes for both models. Therefore,
the model with 649 elements was selected for this analysis in
order to reduce the computational time.

11.5m | 80m |

i

7

’

R
wgp

Number of elements : 649
Average element size : 2.53m

Fig. 12. Finite element model and mesh generation.

Parameter Diaphragm wall Platform slab Base slab Column Pile
(1 m thick) (1 m thick) (1.8 m thick) (0.8 m dia. at 11.4 spacing) (1.8 m dia. at 11.4 m spacing)
Axial stiffness, EA (MN/m) 28000 28000 50400 1712 3852
Flexural rigidity, EI (MN/m?/m) 2333 2333 13608 91.3 1040
Weight, w (kN/m?) 16.5 25 45 25 25
Poisson's ratio, v 0.15 0.15 0.15 0.15 0.15
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4.2. Effect of initial pore water pressure (hydrostatic and
drawdown cases)

The pore water pressure in the Bangkok area is not hydrostatic,
due to the effect of deep well pumping. Therefore, in order to
investigate the effect of the initial pore water pressure condition in
the finite element modelling, two analyses were conducted. The
first applied a drawdown pore water pressure profile, while the
second assumed a hydrostatic pore water pressure. The ground
water level was set at 2.0 m below the ground surface. Fig. 3
depicts the drawdown and the hydrostatic pore water profiles. In a
similar manner to the study on the mesh refinement effect, all the
soil parameters, structure element parameters and the number of
elements in the model were kept the same for both analyses. Only
the initial pore water pressure was changed to fit the conditions
described.

The results of the finite element analyses, with drawdown and
hydrostatic pore water pressure conditions, are shown in Fig. 13.
For both the maximum lateral wall movement and the maximum
surface settlement, the hydrostatic case prediction was two times
higher than the corresponding field measurements. The drawdown
case seems to provide a reasonable agreement, especially for the
peak values. More importantly, at the toe of the diaphragm wall,
the lateral wall movement from the hydrostatic case had nearly
three times the values indicated by the inclinometer. This outcome
shows a high degree of instability for the diaphragm wall, which
did not occur on site. It is concluded, therefore, that a realistic
drawdown pore water pressure is necessary for a finite element
analysis in the Bangkok area. This drawdown pore water pressure
was then applied to all the analyses in the following sections.

5. Constitutive soil models and their parameters

Numerical studies on deep excavations in Bangkok subsoil
are often conducted using finite element software with the

Mohr—Coulomb Model. Many researchers (e.g., Teparaksa
et al., 1999; Phienwej and Gan, 2003; Hooi, 2003; Phienwej,
2008; Mirjalili, 2009) have concentrated their work on back
calculating the ratio of the undrained elastic modulus to the
undrained shear strength (E,/s,). The undrained shear strength,
which is determined from vane shear tests in soft clay and
triaxial tests in stiffer clay, was normally adopted in the back
analyses of the E,/s, ratio. The back analysis results of the
E, /s, values for Bangkok subsoils are summarised in Table 4.

5.1. Soft Soil Model and Hardening Soil Model

The Soft Soil Model (SSM) has been developed within the
Critical State Soil Mechanics (CSSM) framework, which is
similar to Cam-Clay types of soil models.

The SSM utilises the elliptic yield surface identical to that of
the Modified Cam-Clay model. However, the Mohr—Coulomb
failure criterion is also adopted in the SSM to define the failure
line. The seven parameters for SSM are required as input in
PLAXIS, as summarised in Table 5. More details on the Soft
Soil Model can be found in Brinkgreve (2002).

The Hardening Soil Model (HSM) was developed under the
framework of the theory of plasticity. The total strains are
calculated using a stress-dependent stiffness, in which the
stiffness is different for the loading and unloading/reloading
parts. The strain hardening is assumed to be isotropic,
depending on plastic shear and volumetric strain. A non-
associated flow rule is adopted for the frictional hardening,
while an associated flow rule is assumed for the cap hardening.
A total of ten input parameters are required for the HSM, as
tabulated in Table 5. Schanz et al. (1999) explained in detail
the formulation and the verification of the HSM.

The Soft Soil Model (SSM) was actually modified from the
Modified Cam-Clay (MCC) model. The two main modifications
were the use of the Mohr—Coulomb failure criterion and an
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Table 4

E, /s, ratios resulting from finite element back analyses of previous studies.

E,/s, ratio

Bangkok soil layers
Teparaksa et al. (1999)

Phienwej and Gan (2003)

Phienwej (2008) Mirjalili (2009)

Soft clay 500 500 500 500

Medium clay - 700 - 500

Stiff clay 2000 1200 1200 500

Hard clay - - - 1000
Table 5

Soil models input parameters.

Input parameters for

Hardening Soil Model

Soft Soil Model with Small Strain

Hardening Soil

Parameters Description

Parameter evaluation

(SSM) Model (HSM) Stiffness (HSS)
v v v Y Internal friction angle Sl.ope of 'fall}lre line from Mohr—Coulomb
failure criterion
, . y-intercept of failure line from
v v v ¢ Cohesion Mohr—Coulomb failure criterion
v v Ry Failure ratio (01— 03)/(01—03)uis
v v v W Dilatancy angle Ratio of def) and de
v 2 Modified compression index Slope of primary loading curve In p
versus €, space
v & Modified swelling index Slope of unloading/reloading curve In p
versus &, space
. Reference secant stiffness from ;
ref i B refy
v v ES drained triaxial test y-intercept in log(as/p”™’) —log(Esp) curve
Reference tangent stiffness for . .
ref _ refy _
v v EY oedometer primary loading y-intercept in log(a,/p") —log(E,.4) curve
of Reference unloading/reloading . .
ref . refy _
v v E stiffness y-intercept in log(os/p"“) —log(E,,) curve
“line i refy
v v m Exponential power Slope of trend-line in log(as/p")-1og(Eso)
curve
v v v Var Unloading/reloading Poisson's ratio 0.2 (default setting)
Coefficient of earth pressure at . .
ne e ’ " .
v v v Kj rest (NC state) 1 —sin ¢’ (default setting)
. ’ ' S\ M
v G;fé X Reference small strain shear modulus Grax = G;f/ﬂ‘x (ﬁ%)
v Yo Shear strain amplitude at 0.722Gy Modulus degradation curve (plot between

G/Gaxand log y)

Remarks: ¢, is major principal stress (kN/m?).
03 is minor principal stress (kKN/m?).
p'? is reference pressure (100 KN/m?).

improvement in the volumetric yield surface. Parameters 1* and
x*, as used in the MCC, remain the same in the SSM. Two
additional parameters, namely, v, and K'°, were introduced. The
influence of both parameters on the triaxial (¢ versus ¢, and g
versus p’) behaviour and the oedometer (e, versus log p’)
behaviour, resulting from the parametric study, has been dis-
cussed in Surarak et al. (2012). Table 6 presents the parameters
from the SSM analysis for the BSC, MC, 1st SC, 2nd SC and HC
layers. The HSM was applied to the MG and CS layers instead of
the SSM. The critical state soil model, which forms the basis of
the MCC and SSM models, was developed especially to simulate
soft clay behaviour. Therefore, the SSM is not suitable for the

MG or CS layers. Also, soil movements owing to the excavation
of the MG and CS layers are relatively small compared to the
BSC, 1st SC and 2nd SC layers. Consequently, using the HSM
instead of the SSM in the MG and CS layers will have a
negligible influence on this analysis. Parameters A* and x* were
obtained from the consolidation characteristics of Bangkok clays.
Hence, v, and K¢ are set according to the results of the
parametric studies. Table 7 presents the parameters from the
HSM analysis for the MG, BSC, MC, 1st SC, CS, 2nd SC and
HC layers. All soil layers are assumed to have no dilatancy
(w= 0°). More details on the parametric studies of Bangkok clays
can be seen in Surarak et al. (2012).
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Table 6
Parameters for Soft Soil Model (SSM) analysis.

Layer Soil type Depth (m) A K Vir K¢
1 MG 0-2.5 HSM

2 BSC 2.5-12 0.12 0.02 0.2 0.7
3 MC 12-14 0.1 0.009 0.2 0.6
4 Ist SC 14-20 0.045 0.009 0.2 0.5
5 CS 20-21.5 HSM

6 2nd SC 21.5-26 0.045 0.009 0.2 0.5
7 HC 2645 0.006 0.0009 0.2 0.5
Remarks:

1. The strength parameters (¢" and ¢’), dilatancy angle () and bulk unit weight for the SSM analysis are the same as those for the HSM

analysis (Table 7).

2. HSM is adopted for the Made Ground (MG) and Clayey Sand (CS) layers.

5.2. Hardening Soil Model with Small Strain Stiffness (HSS)

The Hardening Soil Model with Small Strain Stiffness
(HSS) is a modification of the HSM, incorporating the small
strain stiffness of soils (Benz, 2006). The model employs a
modified hyperbolic law for the stiffness degradation curve
(Hardin and Drnevich, 1972; Santos and Correia, 2001) as in
the following equation:

G 1
Gmax  1+al L] )
Two additional parameters, namely, the small strain shear
modulus (Gpax), Where G=0.722G,,.x, and the reference shear
strain (yg.7), are utilised to govern the soil stiffness at a small
strain level. The input parameters for the HSM, presented in
Table 7, remain the same for the HSS analysis. All input
parameters for the HSM are carried over to the HSS model,
with the two additional parameters, G.. and 7yo; (see
Table 5). However, knowledge of the small strain parameters
for the MG, SC and HC layers is very limited. Additionally,
the expected soil movements arising from these layers are
small in comparison to the BSC, MC, 1st SC and 2nd SC
layers. Therefore, the HSM is used in the MG, CS and HC
layers. The HSS is only applied to the predominant layers, i.e.,
BSC, MC, 1st SC and 2nd SC.

Detailed studies of small strain parameters G,,x and yy7 of
the Bangkok clays were studied by Likitlersuang, et al.,
(2013). The shear modulus at a small strain (Gp.) Wwas
obtained from both the in situ tests (down-hole and seismic
cone tests) and the laboratory tests using bender elements.
Hence, parameter G,,x is considered to be reliable and is
selected straight from the test results, as listed in Table 8.
Parameter yq 7 is, on the other hand, considered to have more
variation. The two empirically based methods (Ishibashi and
Zhang, 1993; Vucetic and Dobry, 1991) are used to calculate
the yo- of the Bangkok clays, as shown in Fig. 14. Both
methods estimated similar results for the Bangkok Soft Clay
layer, which also coincide with the results of the bender
element tests on the Bangkok soft clay (Teachavorasinskun

et al.,, 2002). The two sets of Hardening Soil Models with
Small Strain Stiffness analyses (HSS 1 and HSS 2) are
considered herein. For the HSS 1 analysis, the average values
of yq.7 for the BSC and MC layers from both methods, namely,
Ishibashi and Zhang (1993) and Vucetic and Dobry (1991), are
used (see Fig. 14). Details on the small strain stiffness
parameters for Bangkok clays can be found in Likitlersuang,
et al., (2013).

5.3. Mohr—Coulomb model (MCM)

The concept of the total stress analysis (¢=0) with the
Mohr—Coulomb Model (MCM) for clayey soils has been
widely used in geotechnical engineering practice. One of the
major advantages of this concept is that the soil parameters are
easy to obtain, as only undrained shear strength (s,) and
undrained elastic modulus (E,) are needed for the rapid
loading conditions. The undrained shear strength of the
Bangkok subsoils, obtained from the vane shear and triaxial
tests, will be used to govern the strength of the Bangkok Soft
Clay (BSC), Medium Clay (MC), 1st Stiff Clay (1st SC), 2nd
Stiff Clay (2nd SC) and Hard Clay (HC). Back analyses of the
deep excavation problems in Bangkok subsoils (Teparaksa
et al., 1999; Phienwej and Gan, 2003) have shown that the E,/
s, ratios of 500 and 1000-2000 give a reasonable agreement
between the measured and the predicted wall movements.
In the current study, a E,/s, of 500 was adopted in the BSC,
MC and Ist SC layers. Higher values of E,/s,=600 and 1000
were used for the 2nd SC and HC layers. These values for E,/
s, were selected based on the previous studies, as summarised
in Table 4. The MG and CS layers were modelled using
drained analyses. The drained moduli were estimated from the
SPT N values from the adjacent boreholes. Table 9 summarises
all the parameters used in the MCM analysis.

5.4. Calibrations of soil parameters

The stiffness and strength parameters for the SSM and HSM
of soft and stiff Bangkok clays have been numerically studied
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Table 7
Parameters for Hardening Soil Model (HSM) analysis.

Layer Soil type Depth (m) 7, (kN/m®) ¢ (kPa) ¢ (©) w(©) Eg‘(f)f (MPa) E;‘efd (MPa) EY(MPa) v, m K R Analysis type

1 MG 0-2.5 18 1 25 0 45.6 45.6 136.8 02 1 0.58 0.9 Drained

2 BSC 2.5-12 16.5 1 23 0 0.8 0.85 8.0 02 1 0.7 0.9  Undrained

3 MC 12-14 17.5 10 25 0 1.65 1.65 54 02 1 0.6 0.9  Undrained

4 1st SC 14-20 19.5 25 26 0 8.5 9.0 30.0 02 1 0.5 0.9  Undrained

5 CS 20-21.5 19 1 27 0 38.0 38.0 115.0 02 05 055 09 Drained

6 2nd SC 21.5-26 20 25 26 0 8.5 9.0 30.0 02 1 0.5 0.9  Undrained

7 HC 26-45 20 40 24 0 30.0 30.0 120.0 02 1 0.5 0.9  Undrained
Table 8

Parameters for Hardening Soil Model with Small Strain Stiffness (HSS 1 and 2).analyses.

Layer Soil type Depth (m) Gmax (MPa) 70.7 (%) for HSS 1 707 (%) for HSS 2
1 MG 0-2.5 HSM

2a BSC 1 2.5-75 7 0.056 0.056

2b BSC 2 7.5-12 10 0.08 0.08

3 MC 12-14 12 0.09 0.09

4 Ist SC 14-20 30 0.1 0.002

5 CS 20-21.5 HSM

6 2nd SC 21.5-26 50 0.1 0.002

7 HC 26-45 HSM

Remarks:

1. The strength parameters (¢’ and ¢’), dilatancy angle () and bulk unit weight for the SSM analysis are the same as those for the HSM analysis (Table 7).
2. HSM is adopted for the Made Ground (MG), Clayey Sand (CS) and Hard Clay (HC) layers.

using PLAXIS finite element software (Surarak et al., 2012;
Likitlersuang et al., 2013). The numerical study was based on a
comprehensive set of experimental data on Bangkok subsoils
from oedometer and triaxial tests carried out at the Asian
Institute of Technology as well as the cyclic triaxial tests
carried out at Chulalongkorn University. The determined HSM
parameters are the Mohr—Coulomb effective stress strength
parameters together with the stiffness parameters, namely,
tangent stiffness for primary oedometer loading, secant stiff-
ness in undrained and drained triaxial tests, unloading/reload-
ing stiffness and the power for stress-level dependency of
stiffness. Details can be found in Surarak et al. (2012).
In addition, the small strain stiffness parameters for the HSS
model of Bangkok clays were recently published in
Likitlersuang et al. (2013).

6. Finite element analysis result for Sukhumvit Station

A finite element analysis of the Sukhumvit Station excava-
tion is studied in this section. Due to symmetrical geometry,
one half of the station was modelled (as shown in Fig. 12). The
calculation steps followed the construction sequences, as
tabulated in Table 2. The four stages of the FEM results,
where the excavation depths were at 1.5, 7.5, 12.5 and 21 m
(Fig. 8), were compared with the monitoring data. Note that all
the measured data were recorded within one week after the

excavation reached the desired levels in order to retain the
undrained condition.

6.1. Results and discussions on FEA with Mohr—Coulomb
model (MCM)

Fig. 15 shows the measured and predicted lateral wall
movements and ground surface settlements for the Sukhumvit
Station box excavation using MCM. The ground surface
settlement predicted by Hsieh and Ou (1998) at the Stage 4
excavation was also included for comparison. The predictions
given by the MCM analysis slightly underpredict the lateral
wall movements at all stages of the excavation. The maximum
lateral movement of the wall at the final excavation stage is
about 15% lower that the measured value. Contrary to the
lateral movement, the MCM analysis shows a much shallower
and wider surface settlement profile, when compared to the
field measurement and empirical prediction. The predicted
maximum surface settlement at the final excavation stage was
less than one half of the field measurement. Similar trends in
surface settlement profiles of the MCM prediction of surface
settlements can be found in the literature (Kung et al., 2009;
Schweiger, 2009).

It should be pointed out that wider settlement envelopes, as
predicted by the MCM, lead to the overprediction of the
surface settlements in the Secondary Influence Zone (SIZ).
Nevertheless, a flatter settlement envelope is expected to lead
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Fig. 14. Parameter y,; as used in HSS 1 and HSS 2 models.
Table 9
Parameters for Mohr—Coulomb Model (MCM) analysis.
Layer Soil type Depth (m) b (kN/m3 ) s, (kPa) ¢’ (kPa) ¢ (©) v (©) E, (MPa) E' (MPa) v Analysis type
1 MG 0-2.5 18 - 1 25 0 - 8 0.3 Drained
2a BSC 1 2.5-7.5 16.5 20 - - 0 10 - 0.495 Undrained
2b BSC 2 7.5-12 16.5 39 - - 0 20.5 - 0.495 Undrained
3 MC 12-14 17.5 55 - - 0 27.5 - 0.495 Undrained
4 1st SC 14-20 19.5 80 - - 0 40 - 0.495 Undrained
5 CS 20-21.5 19 - 1 27 0 - 53 0.25 Drained
6 2nd SC 21.5-26 20 120 - - 0 72 - 0.495 Undrained
7 HC 26-45 20 240 - - 0 240 - 0.495 Undrained

to less predicted differential settlements for the buildings
located at the transition of the PIZ and SIZ.

6.2. Results and discussions on FEA with Soft Soil Model
(SSM)

The predicted lateral wall movement profiles and surface
settlement envelopes were predicted from the SSM analysis are
shown in Fig. 16. Furthermore, these predicted lateral wall
movements at Stages 1-3 are fairly close to the field
measurements. The maximum lateral wall movement at the
final stage slightly underpredicted the measured values by
approximately 15% (similar to MCM predictions). In terms of
the ground surface settlement predictions, the SSM gave better
trends for the settlement envelope compared to the MCM.

Nevertheless, the same general trend of shallower and wider
settlement envelopes was observed.

6.3. Results and discussions on FEA with Hardening Soil
Model (HSM)

The strength and stiffness parameters from the study by
Surarak et al. (2012) are used as inputs for the HSM analysis in
this section. The input parameters listed in Table 7 are the
results of the parametric studies and the undrained triaxial test
series back-calculations. More specifically, the following
procedure was adopted:

(a) The ng)f used in the analyses of the drained materials (MG
and CS) was estimated from the SPT N values for
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the adjacent boreholes. The ratios of E.Y, =FE. and
EZ‘;f = 3ng)f were suggested by Brinkgreve (2002).

(b) For BSC, MC, 1st SC, 2nd SC and HC, the procedure for
the triaxial and oedometer modelling was adopted. The
triaxial and oedometer test results from samples taken from
the adjacent boreholes were used in the stiffness moduli
back-calculation.

(c) Parameters v,,, m and Ry were kept as 0.2, 1 and 0.9,
respectively. These values were suggested in Surarak et al.
(2012).

Fig. 17 compares the measured lateral wall movements and
the ground surface settlements with those predicted by the
HSM. The predicted lateral wall movements at all excavation
stages within the BSC layer (depths of 2.5-12 m) were slightly

Distance from wall, d (m)

90

Roof level: Stage 1

Access level: Stage 2
Concourse level: Stage 3
Base level: Stage 4

Hsieh & Ou (1998): Stage 4
Plaxis - SSM

16. Measured and predicted lateral wall movements and surface settlements from SSM analysis.

higher than the field measurements. This overestimation
extends further into the deeper layers for excavation Stages
1-3. The maximum lateral movement in the last excavation
stage (located in the 1st and 2nd SC layers) agrees well with
the measured values. In the case of the ground surface
settlement comparison, the HSM predicted better settlement
envelopes than MCM or SSM. However, the settlements
within the SIZ were still slightly larger than the predictions
using the Hsieh and Ou (1998) method.

6.4. Results and discussions on FEA using Hardening Soil
Model with Small Strain Stiffness (HSS)

The results from the HSS 1 analysis are shown in Fig. 18. The
HSS 1 analysis improved the lateral wall movement prediction,
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Fig. 17. Measured and predicted lateral wall movements and surface settlements from HSM analysis.
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Fig. 18. Measured and predicted lateral wall movements and surface settlements from HSS 1 analysis.

when compared to those predicted by the HSM for all excavation
stages in the BSC and MC layers. However, the predictions for
the deeper layers (I1st SC, CS and 2nd SC) were much smaller
than in the HSM analysis. Indeed, the predicted maximum lateral
wall movement was only one half of the measured magnitude.
The corresponding surface settlements were also underpredicted by
the HSS 1 analysis. This outcome confirmed that the parameters
(y0.7) calculated by the Ishibashi and Zhang (1993) and the Vucetic
and Dobry (1991) methods for the BSC and MC layers are valid.
This conclusion was not true, however, for the Stiff Clay layers.
However, there is no information on the laboratory y,; available
for Bangkok Stiff Clay. It is suggested that a more refined analysis
would be appropriate before any definite conclusion can be made
on the values for the small strain stiffness of Bangkok Stiff Clay,
especially when a better set of laboratory and field data is available.

For the purpose of this study, it was decided that a back-fitted
value of y,7 should be adopted.

In the second HSS analysis (HSS 2), only parameter y,7 in
Ist SC and 2nd SC was adjusted to obtain the best fit results.
The best fit value of y, 7 for both layers was obtained as 0.002%
(see also Table 8 and Fig. 19). The predictions of the wall
movements and the surface settlements, obtained by the HSS 2
analysis, are depicted in Fig. 19. As far as the results in the final
stage are concerned, both the predicted lateral wall movements
and the surface settlements agree well with the measured data.

7. Comparisons of FEM results

In this section, the results from the MCM, SSM, HSM and
HSS 2 analyses are compared according to the stage construction.
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Fig. 20. Measured and predicted lateral wall movements and surface settlements at Stage 1 from MCM, SSM, HSM and HSS 2 analyses.

Figs. 20-23 show the measured and the predicted lateral wall
movements and surface settlements arising from Stages 1 to 4 of
the excavation, respectively. As far as the wall movements after
the first stage construction are concerned, the SSM, HSM and
HSS 2 provide reasonably good predictions compared to the
measured data, while the MCM give a slightly underpredicted
movement. The surface settlement profiles from all four analyses
are smaller than the field measurements. The maximum surface
settlements from the largest to the smallest are in the following
order: the SSM, HSM, HSS 2 and MCM. The same trend is seen
for the predicted wall movements and the ground surface
settlements from the Stages 2 and 3 analyses. The predicted
wall movements from the SSM, HSM and HSS 2 analyses
had very similar magnitudes. Their predictions agree with the

measurements at the top part of the D-wall, but slightly over-
predicted the wall movements from the depth of excavation to the
lower end of the D-wall. The MCM prediction, on the other hand,
matches well with the measurements at the depth of excavation.
However, the MCM analysis yields a smaller prediction at the top
part of the D-wall. The predicted surface settlements at Stages 2
and 3 from the SSM, HSM and HSS 2 analyses are nearly
identical. The shapes of their predicted settlement profiles are
much steeper than that of the MCM analysis. For Stage 4 of the
excavation, all four models produce generally good predictions of
the wall movements. However, the HSS 2 analysis shows the best
prediction of the maximum wall movement compared to the field
data. For the surface settlements, the HSM and HSS 2 show
nearly identical settlement profiles. Their results, at the final stage,
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Fig. 22. Measured and predicted lateral wall movements and surface settlements at Stage 3 from MCM, SSM, HSM and HSS 2 analyses.

also agree with the field data. The MCM's settlement profile is
much shallower and wider than the measured surface settlement.
Its maximum surface settlement is lesser than half of the
measured data. The settlement prediction from the SSM lies in
between the results of the MCM and HSM analyses.

8. Concluding remarks

This paper investigates the behaviour of D-wall movements
and ground surface settlements by means of empirical and
numerical analyses. An underground station excavation of the
Bangkok MRT Blue Line project was used as a case study.
Based on the results of the study, the most important points are
summarised as follows.

(1) Inclinometer measurements from Sukhumvit Station showed
that the 3D effects on the long sides of the D-wall are small
compared to the effects on the short sides. This evidence
confirmed other studies on the 3D effects of deep excavations
(Ou et al., 1993).

(2) The predicted surface settlement profiles coincided with
the observed data within the Primary Influence Zone.
However, the ground surface settlement measurements
did not extend far enough to make a comparison in the
Secondary Influence Zone.

(3) Considerable differences were found from the FEM
analyses with hydrostatic and drawdown pore water
conditions. The case of more realistic drawdown pore
pressure predicted closer lateral wall movements and
ground surface settlements compared to field observations.
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(4) In general, better lateral wall movements and ground
surface settlements were obtained from higher degrees of
sophistication of constitutive models in the following
order, i.e., MCM, SSM, HSM and HSS. Nonetheless, no
salient differences between the results of axial force, shear
force and bending moment predictions were observed.

(5) Back-calculated E, /s, ratios from the literature can be used
reasonably well for lateral movement predictions with
MCM. However, accurate ground surface settlements were
not obtained.

(6) SSM and HSM analyses with soil parameters interpreted
from laboratory and in situ tests (Surarak et al., 2012),
provided better agreement with lateral wall movements and
surface settlement field observations.

(7) Results from the HSS analysis confirmed the values of yq 7
in BSC, as predicted by Ishibashi and Zhang (1993) and
Vucetic and Dobry (1991). In the case of the Stiff Clay,
however, a back-calculated y5; of 0.002% is necessary
for better lateral wall movements and surface settlement
predictions.

(8) As a consequence of this study, it can be stated that no
matter what analysis or numerical method is employed, a
good prediction of the ground movements cannot be
achieved unless relevant parameters are selected. In the
case of FEM, a suitable simulation process also needs to be
adopted.
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