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Abstract

A comprehensive set of experimental data on Bangkok subsoils from oedometer and triaxial tests are analysed in this paper in order
to determine the stiffness and strength parameters for Hardening Soil Model. The parameters determined are the Mohr—Coulomb
effective stress strength parameters together with the stiffness parameters; tangent stiffness for primary oedometer loading, secant
stiffness in undrained and drained triaxial tests, unloading/reloading stiffness and the power for stress level dependency of stiffness. The
oedometer data are obtained from three different Bangkok soil layers: soft clay at 6-8 m depths; medium clay at 12—-14 m depths; and
stiff clay at 15.5-18 m depths. The triaxial tests data are carried out for soft and stiff clays at depths of 5.5-6 m and of 16-18 m under
both undrained and drained conditions, respectively. Finally, two sets of parameters for soft and stiff Bangkok clays are numerically

calibrated against undrained and drained triaxial results using PLAXIS finite element software.
© 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Bangkok subsoils are one of the most well-known sedi-
mentary soils and have been studied extensively in the past
by many research students at the Asian Institute of
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Technology under the supervision of the fourth author (see
Chaudhry, 1975; Li, 1975; Hwang, 1975; Ahmed, 1976;
Hassan, 1976; Kim, 1990; Gurung, 1992). The experimental
work was on isotropically and anisotropically consolidated
triaxial tests both in compression and in extension. The
results were primarily used to verify the critical state theories
as developed for normally and overconsolidated clays
(Balasubramaniam and Chaudhry, 1978; Balasubramaniam
et al., 1978, 1992; Balasubramaniam and Hwang, 1980).
Additionally, full scale field tests on embankments and
excavations were modelled using CRISP finite element
programme. Subsequently user friendly computer software
such as PLAXIS was found to be more versatile for using
in practice than the CRISP. In a doctoral thesis by Surarak
(2010), soil models used in PLAXIS such as the Mohr—
Coulomb Model, the Hardening Soil Model, and the
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Hardening Soil Model with Small Strain Behaviour were
studied in great detail to have better knowledge on their
practical applications such as in the design and perfor-
mance of deep excavations and tunnelling works in
Bangkok MRT project. This paper presents only the work
on stiffness and strength parameters for the Hardening
Soil Model.

In the Hardening Soil Model, oedometer tests and
triaxial tests data are used. The oedometer test data are
studied for soft Bangkok clay at 6-8 m depths; medium
clay at 12-14 m depths; and stiff clay at 15.5-18 m depths.
The triaxial test data are on soft and stiff clays at depths of
34 m and of 16-18 m, respectively. The Mohr—Coulomb
strength parameters ¢’ and ¢’ are obtained from triaxial
tests conducted both under undrained and drained condi-
tions. The stiffness parameter E;‘ef; is determined from
oedometer tests on both soft and stiff Bangkok clays. The
secant stiffness Eggf is obtained from both undrained and
drained triaxial tests on soft and stiff Bangkok clays. The
unloading/reloading stiffness parameter E;ffoe 4is also deter-
mined from oedometer tests. The power (m} for stress level
dependency of stiffness is determined from both oedometer
and triaxial tests. Finally, finite element modelling of
triaxial and oedometer tests is carried out to calibrate
and verify the stiffness parameters determined from the
laboratory tests.

2. Bangkok sub-soil conditions

Bangkok is situated on the flood plain and delta of the
Chao Phraya River, which traverses the Lower Central
Plain of Thailand (Fig. 1). The Quaternary deposits of the
Lower Central Plain represent a complex sequence of
alluvial, fluvial and deltaic sediments. The Quaternary
stratigraphy consists of eight aquifers: Bangkok (BK),
Phrapadang (PD), Nakornluang (NL), Nonthaburi (NB),
Sam Khok (SK), Phaya Thai (PT), Thonburi (TB) and Pak
Nam (PN) aquifers. They are separated from each other by
thick layers of clay or sandy clay. The depth of the bedrock
is still undetermined, but its level in the Bangkok area is
known to vary between 400 m to 1,800 m depth. Deep well
pumping from the aquifers over the last fifty years or so
has caused substantial piezometric draw down in the upper
soft and highly compressible clay layer (Fig. 2). Detailed
analyses on the effects of Bangkok land subsidence,
induced by deep-well pumping on geo-hazard (flooding),
and the ground improvement scheme, are recently reported
by Shibuya et al. (2003) and Balasubramaniam et al.
(2005).

Based on extensive field and laboratory studies carried
out in the past by numerous researchers (see Brand
and Balasubramaniam, 1976; AIT, 1981; Shibuya et al.,
2003; Balasubramaniam et al., 2009) the following
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Fig. 1. Geologic map of Quaternary deposits in the Lower Central Plain of Thailand (Sinsakul, 2000).
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descriptions have been proposed for the soft and stiff
Bangkok clays.

(1) Weathered Crust (WC) and Backfill—The uppermost layer
is the fill material (very loose to medium dense silty sand)
and weathered crust (medium to stiff silty clay), which is
light to yellowish grey in colour. The average thickness is
about 2-5 m in most areas, with the SPT N-value ranging
from 2 to 21. The water content is 10-35%. The ground-
water table is found to be within this layer.

Piezometric pressure, u (KN/m?)
0 100 200 300 400 500

Soft clay

Stiff clay

First sand

Depth (m)

Hard clay

Second sand

Upper piezometric line
eeeccecee | ower piezometric line

a Standpipe piezometer-on land
- Electric piezometer-river area

Approximated piezometric line

Fig. 2. Piezometric pressure in Bangkok subsoils.

Table 1
Index properties of Bangkok clays.

(2) Very Soft to Soft Bangkok Clay (BSC: Bangkok Soft
Clay)—The very soft to soft Bangkok clay layer
located at depths of 3 and 12 m; medium grey to dark
grey in colour; undrained shear strength 10-30 kN/m?;
natural water content of 60-105%.

(3) Medium Stiff to Very Stiff Clay (FSC: First Stiff Clay)—
Dark grey to brownish grey; medium stiff to very
stiff clay; thickness 15-35 m; undrained shear strength
26-160 kN/m?; natural water content of 15-60%.

The index properties for Weathered, Soft and Stiff
Bangkok clays are summarised in Table 1.

3. Soil models and associated parameters

The early experimental work on the stress—strain beha-
viour of Bangkok subsoils was particularly aimed to
validate the critical state theories as established at the
Cambridge University (see Roscoe and Burland, 1968).
Particular emphasis was made in verifying the Critical
State Models for application in finite element analysis
using CRISP computer programme. In this programme,
the soil parameters are directly evaluated from triaxial
compression tests and the basic parameters include only
the compression index, the swell index and the angle of
internal friction. It was used extensively in the study of
embankments on soft soils with and without ground
improvement. The PLAXIS software became available
subsequently and was more user friendly. Constitutive
models used in PLAXIS are in line with five categories
as presented by Schweiger (2009):

(1) Linear or non-linear elastic models—Soil behaviour is
said to be elastic, with one stiffness parameter used.
However, the results from this model are very far from
real soil behaviour and, therefore, it should not be
adopted in practice.

(2) Elastic-perfectly plastic models—The elastic-perfectly plas-
tic (i.e. Mohr—Coulomb) model, is relatively simple, and is

Properties Weathered clay Soft clay Stiff clay
Natural water content (%) 133+5 122-130 20-24
Natural voids ratio 3.86+0.15 3.11-3.64 1.10-1.30
Grain size distribution

Sand (%) 7.5 4.0 23

Silt (%) 23.5 31.7 43

Clay (%) 69 64.3 34
Specific gravity 2.73 2.75 2.74
Liquid limit (%) 123+2 118+1 46+ 2
Plastic limit (%) 4142 434+0.5 19+2
Dry unit weight (kN/m?) 15840.3 16.5 15.5-16.5
Consistency Soft Soft Stiff
Colour Dark grey Greenish grey Greenish grey
Degree of saturation (%) 95+2 98 +2 94-100
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considered the most widely used model among practising
engineers. The elastic-perfectly plastic model seems to be
sufficient for some areas of geotechnical problems, espe-
cially when being used by experienced engineers. However,
a great care must be taken because the stress path
predicted by this model can be misleading and results in
an over-prediction of soil strength in the case of soft clays.

(3) Isotropic hardening single surface plasticity mod-
els—The isotropic hardening single surface plasticity
model such as the Modified Cam Clay (MCC) model is
the first step to modelling real soil behaviour. The
MCC Model introduced an elliptic yield surface which
separates the elastic behaviour from the plastic beha-
viour. The application of this model has been widely
accepted, especially for cases of embankments on soft
clay. Where there is an unloading problem, such as an
excavation, the soil stress path remains generally inside
the yield surface. Thus, the predicted deformations are
governed by the elastic behaviour.

(4) Isotropic hardening double surface plasticity models
—The isotropic hardening double surface plasticity
model for example the Hardening Soil Model (HSM)
(Schanz et al., 1999) gives more realistic displacement
patterns for the working load conditions, especially in
the case of an excavation. The predicted ground
movement patterns induced by tunnelling are realistic
and have no influence on the finite element boundary
conditions (Schweiger, 2009).

(5) Kinematic hardening multi-surface plasticity models
—The kinematic hardening multi-surface plasticity
models are generally able to capture more complex
soil behaviour, including softening, small strain, aniso-
tropy, and structured soils. Examples of soil models in
this category are the Kinematic Hardening Model or
Bubble Model (Al-Tabbaa and Wood, 1989; Wood,
1995), and the Three-Surface Kinematic Hardening
(3-SKH) Model (Atkinson and Stallebrass, 1991).
Other, more complex, soil models, such as the MIT-
E3 Model (Whittle and Kavvadas, 1994), use different
assumptions, for example, non-linear behaviour
in recoverable state and non-associated flow rule.
These models require large numbers of, and more

Table 2
Hardening soil model input parameters.

complicated, input parameters. They are not yet avail-
able in commercial finite element software.

This paper concentrates on the use of the Hardening Soil
Model (HSM) in the PLAXIS finite element software,
which can be briefly explained in the following section

3.1. Hardening Soil Model in PLAXIS

Initially, the Hardening Soil Model (HSM) was intro-
duced in the PLAXIS programme as an extension of the
Mohr—Coulomb Model (Nordal, 1999). Then, in PLAXIS
Version 7, an additional cap was added to the model to
allow for the pre-consolidation pressure to be taken into
account. Indeed, the HSM has been developed under the
framework of the theory of plasticity. In the model, the
total strains are calculated using a stress-dependent stiff-
ness, which is different for both loading and unloading/
reloading. The hardening is assumed to be isotropic,
depending on the plastic shear and volumetric strains.
A non-associated flow rule is adopted when related to
frictional hardening and an associated flow rule is assumed
for the cap hardening.

Schanz et al. (1999) and Brinkgreve (2002) explained in
detail, the formulation and verification of the Hardening Soil
Model. The essential backgrounds of the model are sum-
marised in this section. A total of 10 input parameters are
required in the Hardening Soil Model, as tabulated in Table 2.

Unlike the Mohr—Coulomb Model, the stress—strain
relationship, due to the primary loading, is assumed to
be a hyperbolic curve in the HSM. The hyperbolic
function, as given by Kondner (1963), for the drained
triaxial test can be formulated as

8 = qa q
2Es0qa—9q’

Jor q<qr (1)

where ¢, is the axial strain, and ¢ is the deviatoric stress.
The ultimate deviatoric stress (gy) is defined as

Gsin ¢/

qr= m(gﬁ‘c cote), (2

Parameter Description Parameter evaluation

¢ Internal friction angle Slope of failure line from MC failure criterion

d Cohesion y-intercept of failure line from MC failure criterion
Ry Failure ratio (61—03)/(01—03)

v Dilatancy angle Function of ¢, and ¢,

Eggf Reference secant stiffness from drained triaxial test y-intercept in log(as/, pr“f )—log(Eso) space

EZEQ Reference tangent stiffness for oedometer primary loading y-intercept in log(ay /p"¥ v)*log(Eaed) space

EZ"’/ Reference unloading/reloading stiffness y-intercept in log(g3/p“’/)_log(Em) space

m Exponential power Slope of trend-line in log(as/p"¥) —log(Esy) space
Vir Unloading/reloading Poisson’s ratio 0.2 (default setting)

K" Coefficient of earth pressure at rest (NC state)

1-sin ¢’ (default setting)
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»
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Fig. 3. Hyperbolic stress—strain relationship in primary loading for a
standard drained triaxial test (Schanz et al., 1999).

and the quantity (g,) is

4qr

qa = Ry (3)
where ¢ is the ultimate deviatoric stress at failure, which is
derived from the Mohr—Coulomb failure criterion invol-
ving the strength parameters ¢’ and ¢'. The ¢, is the
asymptotic value of the shear strength. The R/is the failure
ratio. If gy=q, (R;=1), the failure criterion is satisfied and
perfectly plastic yielding occurs. The failure ratio (Ry) in
PLAXIS is given as 0.9 for the standard default value.
Fig. 3 shows the hyperbolic relationship of stress and
strain in primary loading.

The stress—strain behaviour for primary loading is highly
non-linear. The parameter Esq is a confining stress depen-
dent stiffness modulus for primary loading. Es is used
instead of the initial modulus E, for small strain which, as
a tangent modulus, is more difficult to determine experi-
mentally, and is given as

o [ €'cos ¢'—a’sin ¢’ \ "
Eso=EY 3 4
50 50 (C/COS d)/_i_pwfsin (l’)/ ( )

where ng)f is a reference stiffness modulus corresponding to
the reference stress p'’. In PLAXIS, a default setting
2"/=100 kN/m?, is used. The actual stiffness depends on
the minor effective principal stress 0'/3, which is the effective
confining pressure in a triaxial test. Note that in PLAXIS,
0/3 is negative in compression. The amount of stress
dependency is given by the power m. In order to simulate
a logarithmic stress dependency, as observed for soft clay,
m should be taken as 1. Soos von (2001) reported a range
of m values from 0.5 to 1 in different soil types with the
values of 0.9-1 for the clay soils.

The stress dependent stiffness modulus for unloading
and reloading stress paths is calculated as

o [ c'cos ¢'—alsin @'\
E,=EY 3 5
w <c’cos ¢ +psin qb/) )

where E'¢ is the reference modulus for unloading and
reloading, which corresponds to the reference pressure p”®

(p"Y=100 kN/m? by default setting). For a practical case,
PLAXIS gives the default setting of E'¥ equal to 3E% .

The shear hardening yield function (f;) in the HSM is
given as

fi=r=7 (6)

) }_2(01—05) -

7o da {
Eso | ga—(0}—0%) E,

where ¢’y and ¢'; are the major and minor effective
principal stresses, Es5y is 50% secant stiffness modulus,
and y” is the plastic shear strain, and can be approximated as

el = 2l ~ 2] ®

where ¢ &) , andé} are the plastic strains, and ¢is the plastic
volumetric strain.

From the formulations of the shear hardening yield
function (Egs. (6)—(8)), it can be seen that the triaxial
moduli (E5) and E'Y) are parameters that control the
shear hardening yield surfaces. In addition to the shear
hardening yield surfaces, the cap yield surfaces are also
used in the HSM. These cap yield surfaces are related to
the plastic volumetric strain measured in the isotropic
compression condition. Fig. 4 shows the shear hardening
and the cap yield surfaces in the HSM for soil with no
cohesion (¢'=0).

Another input parameter, the reference oedometer mod-
ulus (E)?)), is used to control the magnitude of the plastic
strains that originate from the yield cap (&°). In a similar
manner to the triaxial moduli, the oedometer modulus
(E,eq) obeys the stress dependency law:

/ / 7ol / m
e [ C/COS @'—asin ¢
Eoea = Egea (c’cos ¢ +p<sin ¢’ ©)

The definition of the cap yield surface can be given as
~2

q 2.2
S ==+p-p, (10)
04
Shear
hardening
I surfaces
<]
=
- -
< .-
It -
=
Cap yield
surfaces
(c'1+20"y)
V=
P 3

Fig. 4. Shear hardening and cap yield surfaces in the Hardening Soil
Model (Schanz et al., 1999).
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where, o is an auxiliary model parameter related to K¢
(see below). The parameters p and ¢ are expressed as

_ —(o1+0>+03) (11)
3
§* =01 +(0—1)o2—03 (12)
where
_ (3+sin¢)
" (3—sin ¢) (13)

g is the special stress measure for deviatoric stresses. In
the case of the triaxial compression § reduces to §=
— (S(O' 1—0 3).

The magnitude of the yield cap is determined by the
isotropic pre-consolidation stress p,. Importantly, the hard-
ening law, which relates the pre-consolidation pressure (p,) to
the volumetric cap-strain (&£°), can be expressed as

g B ()" (14)
U l—m \pY

where ¢ is the volumetric cap strain, which represents the
plastic volumetric strain in isotropic compression. In addition
to the constants m and pmf, which have been discussed earlier,
there is another model constant . Both o and f are cap
parameters, but PLAXIS does not adopt them as input
parameters. Instead, their relationships can be expressed as:

a=K" (by default K = 1—sin ¢") (15)
=EY  (by default E/, = E/ 16
B_ oed (yefaut oed — 50 ( )

Such that K™and E'¢can be used as input parameters

that determine the magnitude of o and f5, respectively.
Fig. 5 shows the ellipse shape cap surface in the p—¢ plane.

q' =(c'-0"3y)

A

& Pp

Elastic region

\ 4

<~

¢ cotd’ Pp ,_(o"+20"3)
p= 3

Fig. 5. Yield surface of the Hardening Soil Model in ¢-p’ plane (Schanz
et al., 1999).

4. Evaluation of strength and stiffness parameters for soft
and stiff Bangkok clays

4.1. Details of soil sampling and testing procedures

All the test results analysed in this study were deter-
mined for undisturbed samples taken at the appropriate
depths for soft clay, medium stiff clay and stiff clay.
The 25.4 mm diameter and long thin walled sample tubes
were used for soft and medium stiff clays are used for
triaxial tests in Weathered, soft and medium stiff clays.
For the stiff clay, and the Oedometers tests 625 mm
samples were taken and used. After extruding, the samples
for soft, and medium stiff clay were cut into 100 mm high
sections, covered with wax and paraffin, and stored in the
humidity controlled moist room. These were used for the
triaxial tests. For the Oedometer tests, the samples were
extruded from the tubes and used directly.

4.1.1. Oedometer tests

Numerous Oedometer tests were carried out on undis-
turbed samples of soft, medium stiff and stiff Bangkok
clays  (Nanegrungsung, 1976; Tonyagate, 1978;
Kerdsuwan, 1984; Koslanant, 1997). In addition there
are reports on the Bangkok subsidence studies, Bangkok
Airport Project and MRTA works. The testing procedures
adopted were based on extensive research work carried out
at the Asian Institute of Technology by the fourth author
on Oedometer consolidation with standard lever arm
consolidometer, Bishop type hydraulic cell and Rowe cells
for samples of Bangkok clays collected from various
depths up to 90 m. The data analysed in this paper were
obtained for 625 mm samples taken at the relevant depths.
The Lever-arm consolidometer used for the testing con-
sisted of one piece rigid casting 625 mm diameter and
19.0 mm thick. The sample was placed in rigid walled cell
between upper and lower porous stones for vertical
drainage. A load increment ratio of one was used in all
the tests. Depending on the type of Bangkok clay tested,
the load increments were kept for at least 24 h or until the
pore pressure was fully dissipated.

4.1.2. Triaxial tests

For the triaxial testing, each sample was taken out from
the moist room, paraffin and wax carefully removed and
trimmed down to the required size. Two porous stones
were placed one at each end of the sample. Also, Whatman
no. 40 filter paper side drains were placed along the
circumference. The sample was then enclosed within two
rubber membranes which were separated by a thin coating
of silicone grease. The upper and lower ends of the rubber
membrane were sealed against the top cap and the pedestal
respectively by hard Gabo “O” ring seals. The chamber
surrounding the sample was then filled with silicone oil.
For all the tests, the samples were consolidated isotropi-
cally to various consolidation pressures against an elevated
pore pressure to endure saturation. A back pressure of
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207 kN/m? was applied to all the specimens, which has
been found sufficient to remove all the air. The volume
change of the sample was measured at various intervals
until all the excess pore pressure was dissipated. Depend-
ing on the consolidation pressure, the time required for full
dissipation of pore pressures varied from 2 to 5 day.

In this paper, the results of several series of compression and
extension tests carried out on Weathered Clay, Soft Clay and
Stiff Clay are analysed. Test specimens were approximately
72 mm in height and 36 mm in diameter. Several series of
isotropically consolidated drained and undrained compression
(CID, CIU) and extension (CIUE, CIDE) tests carried out at
the Asian Institute of Technology were re-analysed in this
study. Most of the CID, CIU, CIDE and CIUE tests were
carried out under strain controlled conditions (Ahmed, 1976;
Hassan, 1976; Balasubramaniam, and Uddin, 1977; Lil975;
Hwang, 1975). In addition, some load controlled CID and
CIU tests were also considered (Chaudhry, 1975).

In order to eliminate the effect of strain rate, a constant
rate of strain was used for each type of strain controlled
test. However, the particular strain rate value for each
triaxial test was chosen taken into account time required
for the equalisation of pore water pressure within the
sample. Following the work of Henkel and Gibson (1954),
the following shearing rates were chosen:
® 0.0018 in./min for CIU and CIUE tests on

Weathered Clay,

@ (0.000048 in./min for CID and CIDE tests on Weathered
and Soft Clay,

Table 3
Summary of Mohr—Coulomb strength parameter of Bangkok subsoils.

@ 0.00048 in./min for CIU and CIUE tests on Stiff Clay.
e (0.000032 in./min for CID and CIDE tests on Stiff Clay.

The shearing in CIU and CID tests on Soft Clay was
carried out under stress controlled conditions by addition
of series of dead load increments to the ram through a
hanger. In this series of tests, two load increment durations
(i.e. 1 h and 1 day) were adopted. However, the behaviours
of the specimens sheared under both durations were
practically identical. The size of a few initial load incre-
ments was varied between 10-12% and 20-25% of the
failure load. Subsequently, these values were reduced in
stages to 2-5% of the failure load at around the peak
stress state.

It should also be pointed out that all the triaxial test
data were corrected for strength of rubber membranes and
filter paper drains. For more details of triaxial testing
procedures, see Balasubramaniam and Uddin (1977),
Balasubramaniam  and  Chaudhry  (1978), and
Balasubramaniam et al. (1978).

4.2. Mohr—Coulomb strength parameters

Table 3 presents a summary of the Mohr—Coulomb strength
parameters of the Bangkok subsoils (i.e. weathered clay, soft
clay, stiff clay and hard clay) obtained from consolidated
isotropically drained and undrained triaxial compression (CID
and CIU) and extension (CIDE and CIUE) tests reported in

Reference Location Depth (m) Test type ¢ d
(deg) (kN/m?)

Weathered clay

Balasubramaniam and Uddin (1977) Nong Ngoo Hao 2.5-3.0 CIUEy 28.9 0

Balasubramaniam et al. (1978) Nong Ngoo Hao 2.5-3.0 CIU 22.2 0
CID 23.5 0
CIUEy 29 0

Soft clay

Balasubramaniam and Chaudhry (1978) Nong Ngoo Hao 5.5-6.0 CIU 26 0
CID 21.7 0

Balasubramaniam et al. (1978) Nong Ngoo Hao 5.5-6.0 CIU 24 38
CID 23.5 0
CIDP 23.7 0
CIUE" 26 0
CIUEY 21.1 58.7
CIDE" 26.2 0
CIDEY 23.5 31.8

Stiff clay

Ahmed (1976), Balasubramaniam et al. (1978) Nong Ngoo Hao 16.0-16.6 CID 26 30
CIUE" 18 54
CIUEY 25 54
CIDEY 16.6 11

Hassan (1976) Nong Ngoo Hao 17.0-18.0 CIU 28.1 11.4

CID 26.3 32.8
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the literature. The notations for the triaxial tests identified in
Table 3 are explained. It can be seen that the differences in the
applied stress path have the most significant effect on
the Mohr—Coulomb strength parameters. Initial conditions
at the consolidation state (i.e. isotropic or anisotropic), as well
as the drainage conditions during shear (i.e. drained or
undrained), also have an effect on the strength parameters,
but to a lesser magnitude. Therefore, it needs to be empha-
sised that the strength parameters should be carefully selected
according to the applied stress path, resulting from the
construction sequences.

4.3. Oedometer test data

The Odeometer tests were conducted on soft clay at
6-8 m depths; medium stiff clay at 12-14 m depths; and
stiff clay at 15.5-18 m depths. The resulting reference
oedometer moduli (E',E'Y ), the modulus power (m),
the critical state consolidation parameters (1*, ™) are
presented in Table 4. The reference moduli E7, andE;f{ae J
are found by plotting normalised E,.;, and E, .. versus
normalised ¢ in double log scale plots, as shown in Fig. 6. In

this plot, the reference loading and unloading/reloading

Table 4
Consolidation parameters results from Oedometer tests.

Test Loading Un/re-loading EY

ur,oed

ref * -k
/ E oed 2 K

constrained moduli (E;ig,E;f{oed) can be found from the
y-intercept of their linear trend lines; while the modulus
power (m) is the slope of the same lines. Fig. 6 shows the
average values of E;‘Z;, E;ffml and their modulus power ()
for soft clay layer (6-8 m),’medium clay (12-14 m), and stiff
clay (15.5-18 m), respectively. ‘

The averaged values of E;Z,, E;f’joed and m parameters
required as input stiffness parameters of the HSM for each
subsoil layer are summarised in Table 5. The averaged values
of E/ are in the order of 926, 1650, and 4689 kN/m” for
soft, medium, and stiff clays, respectively. For E;‘;joed, these
average values are 5813, 5394, and 9618 kN/m?, reépectively.
The values of the power (m) are close to unity for E;i’; in soft
clay and for E:;f »eq 1D all layers. This finding is in agreement
with the power m of 1 for normally consolidated clay (Janbu,
1963). The values of power m for E'/, in medium and stiff
clays are, however, reducing to 0.6. The ratios of E;f{oed/E(’;Zfd
in the soft clay layer generally range from 2 to 4. These

average values are also summarised in Table 4.

4.4. Triaxial tests data

4.4.1. Soft Bangkok clay

Two series of isotropically consolidated triaxial com-
pression tests, CIU and CID, conducted by Chaudhry
(1975) on soft and stiff Bangkok clay, were analysed in this
study. The soil samples were taken from a depth of 6.0 m

E, (Nm) m B (kNJm?) m below the ground surface. The confining pressures, ¢’3 used
, for both CIU and CID series were 138, 207, 276, 345 and
Soft clay (6-8m) 414 kN/m? for tests S1-S5, respectively. The angle of the
1 901 0.9 7679 1.1 85 0.115 0.009  ° I >, TESp Y g
2 1068 1.0 4310 1.5 4.0 0.094 0.008 internal friction (¢") obtained from the CIU and CID tests
3 858 0.9 7546 1.1 88 0.122 0.010 were 27° and 23.6°; whereas, the cohesion (¢’) was zero for
4 1105 0.7 4532 1.2 4.1 0.111 0.013
Medium stiff clay (12-14m) Table 5
edium stiff clay (12—-14 m ) . ref pref
5 2282 0.6 8989 12 3.9 0.073 0006  Summary of averaged Ey . Eyyoeq and m.
6 1429 0.6 2903 0.6 2.0 0.110 0.023 . . .
7 1749 05 7663 10 4.4 0.099 0012 Subsoils Depth(m) Loading Un/Re-loading
8 1288 0.6 4126 12 32 0.113 0.015 o 2 » R
Eoétl (kN/m ) m Eur,oed (kN/m ) m
Stiff clay (15.5-18 m)
9 5548 0.6 8670 1.1 1.6 0.033 0.009 Soft clay 6-8 962 0.9 5813 1.2
10 5187 0.7 12,451 1.0 24 0.032 0.007 Medium stiff clay 12-14 1650 0.6 5394 1.0
11 3736 0.6 8241 1.0 2.2 0.049 0.012 Stiff clay 15.5-18 4689 0.6 9618 1.0
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Fig. 6. Oedometer Moduli versus consolidation pressure of Bangkok Soils.
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both series. The drained strength parameters are sum-
marised in Table 6.

The results of the CIU triaxial tests carried out on the
soft clay are plotted in Fig. 7. The (¢, &,) and (u, &,)
relationships are shown in Fig. 7(a) and (b), respectively.
The deviator stress and excess pore pressures versus the
axial strain relationships show typical normally to lightly
overconslidated clay behaviour, where the deviator stress
and excess pore pressure reaches their ultimate values at a
relatively large strain. Moreover, all the excess pore
pressure plots were located in the positive range.

The results obtained from the CID triaxial tests for the
soft clay are shown in Fig. 8, with the relationships of
(g, &,) and (g, &,) plotted in Fig. 8(a) and (b), respectively.
It can be seen that, during the deviator stress applied, the
volume of the soil specimen gradually reduces. The volu-
metric and axial strain curves of all the tests seem to

Table 6
Stiffness and strength parameters from CID and CIU tests for Bangkok
clays.

Parameters CID CIU
Soft Bangkok clay
Confining pressure (kN/m?) 138-414 138-414
Initial E:-‘ef,EZ‘){ (kN/m?) 1343 7690
m 1.0 1.2
50% E?({,E;‘éo (kN/m?) 690 4831
m 1.1 1.0
Ry 0.72 0.94
¢ 23.6 27.0
¢ (kN/m?) 0 0
Stiff Bangkok clay
Confining pressure (kN/m?) 34-552 17-620
Initial E”_‘ff"E;"’(' (kN/m?) 29,676 30,109
m 0.52 0.46
50% E'S‘%f’E;féo (kN/m?) 14,398 11,104
m 0.48 0.53
Ry 0.89 0.88
¢ 26.3 28.1
¢ (kN/m?) 32.8 11.4
a
300
& 250
£
é 200
o
£ 150
5 100
3
g 50
ol

0O 5 10 15 20 25
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C. Surarak et al. | Soils and Foundations 52 (2012) 682-697

coincide up to 10% axial strain, after that they tend to
divert slightly.

An example of the reference moduli at 50% of strength
(EX/ E/L)) and power m determined from the CIU and
CID tests using double log scale plots is given in Fig 9.
These values are also summarised in Table 6 together with
the reference initial modulus (E/¥ ,EZf ), the reference
moduli at 50% of strength (E%,E/%). and the failure
ratio (Ry) resulting from CID tests as well as the shear
strength parameters (¢’,¢") for Soft Bangkok Clay.

4.4.2. Stiff Bangkok clay

The two series of isotropically consolidated triaxial
compression tests, CIU and CID, conducted by Hassan
(1976) on stiff Bangkok clay, are re-interpreted in this
study. The undisturbed soils samples were collected from
a depth of 17.4-18 m below the ground surface. The
pre-shear consolidation pressures ranged from 17 to
620 kN/m? and 34-552 kN/m?, for the CIU and CID
series, respectively. The angles of the internal friction (¢)
from the CIU and CID series were 28.1° and 26.3°%
whereas, the values of cohesion (¢/) were 11.4 and
32.8 kN/m?, respectively. The drained strength parameters
are summarised in Table 6.

Fig. 10 shows the results of CIU tests on the stiff
Bangkok clay. It can be seen from Fig. 10(a) that (g, &,)
relationships, up to a pre-shear confining pressure of
138 kKN/m? (tests CIU F1-F3), exhibit no strain softening.
At a level of confining pressure from 207 to 414 kN/m?
(tests CIU F4-F7), these clay samples behaved as heavily
overconsolidated clay showing a clear peak deviator stress
at a low axial strain, followed by a strain softening.
Beyond the confining pressure of 552kN/m? (tests
CIU F8 and F9), these samples behaved as lightly
overconsolidated clay.

The relationships between the excess pore pressure and
the axial strain are shown in Fig. 10(b). For all clay
samples (CIU F1-F9), the excess pore pressure increases as
the deviator stress increases, until the peak values are
reached at 1-4% axial strain, depending on the confining
pressure. The peak excess pore pressure seems to be

(on
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Fig. 7. Results of CIU triaxial tests on soft Bangkok clay. (a) Deviator stress versus axial strain and (b) Pore pressure versus axial strain.
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Fig. 9. Variations of Esy and E,, 5o with confining pressure for Soft Bangkok
Clay.

reached at a higher axial strain as the confining pressure
increases. As the sample was further sheared, the excess
pore pressure gradually reduced to the minimum value, at
approximately 12% axial strain. Only the first three
samples (tests CIU F1-F3) reached negative excess pore
pressures.

The results of CID triaxial tests carried out on the stiff
Bangkok clay are shown in Fig. 11. The deviator stress versus
the axial strain relationships of the stiff clay are shown in
Fig. 11(a). The pre-shear confining pressures of 34, 103, 414
and 552 kN/m® were applied. None of the stiff clay samples
demonstrated a well defined peak. However, samples CID F1—
F3 (with confining pressure of 34, 103 and 414 kN/m?)
illustrate some degree of strain softening after the peak
deviator stresses are reached at axial strain levels of 3-5%.
The plots of the volumetric versus the axial strain are given in
Fig. 11(b). The specimens with a confining pressure of 34 and
103 kN/m? (tests CID F1 and 2) start to dilate at about 1.2
and 3.5% axial strain. The specimen at 414 kN/m? confin
ing pressure consolidates up to an axial strain level of 8%.

After that, the volumetric strain seems to be constant with an
increase in axial strain. The last specimen with a confining
pressure of 552 kN/m? consolidates up to 7% of the axial
strain, and then it tends to dilate.

An example of the reference moduli at 50% of strength
(ng)f,E;,egrO) and power m, determined from CIU and CID
tests in the double log scale plots, is presented in Fig. 12.
The values of £ and E,%, together with the deformation
moduli and the failure ratios resulting from the CIU and
CID series are also summarised in Table 6. It can be
observed from Table 6 that the failure ratio (Ry) falls in
a narrow range with an average value of 0.88. The power
m for both the initial and the 50% moduli are
approximately 0.5.

5. Finite element modelling and soil parameters calibration

In this section, the triaxial tests are modelled using
simplified axisymmetric geometry. The parametric study of
the Hardening Soil Model parameters, namely ng)f , E;Zz’
E'Y, m, R; K™and v, is conducted to evaluate the effects
of each parameter on the triaxial relationships. Two series
of undrained triaxial tests in soft and stiff clays were
modelled. The HSM parameters were calibrated by means
of curve fitting. The aim of this exercise was to find the
HSM parameters suitable for undrained materials (i.e. soft
and stiff Bangkok clays).

5.1. Finite element modelling

The triaxial tests were modelled in PLAXIS finite element
software by means of an axisymmetric geometry of 1 m x 1 m
unit dimensions as shown in Fig. 13. This unrealistically large
dimension of the model did not influence the results, as the soil
sample was set as a weightless material. The simplified
geometry in the triaxial model represented one quarter of
the soil sample. The deformations along the boundaries (line
AC and CD) were kept free to allow for a smooth movem-
ent along the axes of symmetry, while the deformations
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Fig. 10. Results of CIU triaxial tests on stiff Bangkok clay (a) Deviator stress versus axial strain (b) Pore pressure versus axial strain.
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Fig. 11. Results of CID triaxial tests on stiff Bangkok clay. (a) Deviator stress versus axial strain and (b) Volumetric strain versus axial strain.
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Fig. 12. Variations of Esy and E, s, with confining pressure for Stiff
Bangkok Clay.

perpendicular to the boundaries were fixed. Similar to the
boundary condition of the triaxial test, boundaries AB and
BD were free to move. The applied deviator stress and
confining pressure were simulated as a distributed load system
for A and B, respectively.

In this analysis, the material type of soil clusters is set to
undrained. This will allow a full development of excess
pore water pressure and a flow of pore water to be
neglected. Thus, the coefficient of permeability is not
required in the undrained analysis. All effective stress soil
parameters are utilised as presented in Tables 7 and 8.
Additionally, PLAXIS automatically adds a bulk modulus
of water to distinguish between effective stress and excess
pore pressure. According to PLAXIS manual (Brinkgreve,
2002), an increment of effective stress (Ap’) and an
increment of excess pore pressure (Ap,,) can be calculated
from

Ap' = (1-B)Ap = K'Ag, (17)

Kf
pr = BAP = %Agv (18)

where B is Skemption’s B pore pressure parameter. K’ and
K, are bulk moduli of soil skeleton and pore fluid,
respectively. n is the porosity of soil and Ae, is an
increment of volumetric strain. When, the default value
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Table 7
HSM input parameters based on CID and Oedometer testing results of soft Bangkok clay.
¢'(deg) Y/ (deg) ¢ (kN/m?) EY (kN/m?) E (kN/m?) EY (kN/m?) Ry m Ky Var
27 0 1 690 635 2070 0.9 1 0.55 0.2
Table 8
Calibrated HSM parameters for Bangkok clays.
¢'(deg) ¥’ (deg) ¢ (kN/m?) EY (KN/m?) E' (kN/m?) E™ (kN/m?) Ry m K Var
Soft clay
27 0 1 800 850 8000 0.9 1 0.74 0.2
Stiff clay
28 0 11.5 9500 12,000 30,000 0.9 1 0.5 0.2

of undrained Poisson’s ratio (v,=0.495) is used, a bulk
modulus of water can be approximated as

K,
L ~100G
n

(19)

A 15 noded triangular element is selected in this analysis.
The cluster representing a quarter of soil sample in triaxial
test is divided into soil element during the mesh generation
process. The global coarseness is set to medium, thus the
number of elements generated is approximately 250 ele-
ments. See Brinkgreve (2002) for more detail about the
mesh generation.

5.2. HSM parameters calibration for Bangkok soft clay

In this part of the study, a series of CIU tests on the soft
Bangkok clay, shown earlier in Fig. 7, was used in the
Hardening Soil Model parameter calibration. However,
for illustration purposes, only tests CIU S1, CIU S3 and
CIU S5 (¢/3=138, 276 and 414 kN/m?) are presented and
discussed. The drained strength and stiffness parameters
are needed in the undrained modelling using the HSM.

Thus, the first attempt is to use drained stiffness para-
meters ELJ from the CID test series and E'Y, and E/¢ from
the oedometer test results. These parameters are listed in
Table 7. Note that, the reference pressure is kept as
100 kN/m? throughout the study.

The results shown in Fig. 14 reveal poor agreements
among all the stress—strain and stress path relationships. In
fact, with the input parameters from Table 7, the undrained
shear strengths, calculated from PLAXIS, vastly overesti-
mated the values from the CIU test series for the entire
range of confining pressures. There are two possible reasons
for this outcome. Firstly, the assumption of adding bulk
modulus of water, as used by the HSM in PLAXIS, to
convert the drained to the undrained modulus may not be
appropriate (see Surarak, 2010). Secondly, the drained
moduli from CID test series (see Table 3) may not be a
representative set of the Bangkok soft clay. To overcome
this problem, the input parameters were adjusted in order to
obtain suitable drained parameters to give the best fit results
the undrained stress-strain and stress path relationships.

These best fit input parameters are shown in Table 8, while
the resulting stress—strain and stress path relationships are
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Fig. 14. Bangkok Soft Clay CIU test results and their predictions from the HSM (based on CID and Oedometer tests input parameters) (a) Deviator
stress versus axial strain, (b) Excess pore pressure versus axial strain and (c) Stress path ¢ versus p.

shown in Fig. 15. In terms of the ¢ versus &, and u versus &,
relationships at a relatively small strain (lower than 3%), the
HS Model predictions agree reasonably well with the test
results. However, the HS Model cannot predict the drop in
the deviator stress, which represents a strain softening.
Nevertheless, in terms of an effective stress path, the typical
shape of the normally consolidated clay stress paths, and
their undrained shear strength, are handled very well by the
HSM predictions.

5.3. HSM parameters calibration for Bangkok stiff clay

The HS Model calibration for the Bangkok stiff clay was
conducted in a similar way to that used for the Bangkok
soft clay. The test results from CIU F2, CIU F5 and CIU
F7 (6/3=69, 276 and 414 kN/m?) were selected. The best fit
HS Model parameters and their resulting predictions are
illustrated in Table 8 and Fig. 16, respectively. It is
noteworthy that, even with the adjusted parameters, the
HS Model cannot predict the drop in the deviator stress or
the excess pore pressure, with reference to their ultimate
values in ¢ versus ¢, and u versus ¢, relationships. As a
consequence, if a dilatancy angle of more than zero is
introduced to the HS Model, some degree of drop in the
excess pore pressure would be obtained. However, with the
inclusion of dilatancy, the predicted ¢ versus ¢, and stress
path would be unrealistic (see Schweiger, 2002).

Furthermore, it can be observed from from Fig. 16(c), that
the stress path ¢ versus p’ from the CIU test carried out at a
confining pressure of 69 kN/m?, shows heavily overconsoli-
dated behaviour; thus, where the stress paths reach the failure
envelopes (State Boundary Surface) on the dry side of the
Critical State Line. These behaviours cannot be obtained from
the HSM predictions. The best estimation of the HSM stress
paths are the ones that are similar to the lightly overconso-
lidated clay, where the ¢ versus p’ stress path goes vertically up
to the failure envelope. Indeed, this lightly overconsolidated
behaviour is more likely to be the case for the Bangkok stiff
clay as the in-situ effective vertical stress at 18 m (where stiff
clay samples were taken) is about 300 kN/m?.

6. Concluding remarks

In this study, the experimental data on soft and stiff
Bangkok clays available in the literature was reanalysed in
order to obtain the stiffness and strength parameters
required for the Hardening Soil Model available in
PLAXIS finite element code. Undrained behaviour of Soft
and Stiff Bangkok Clays was modelled using these para-
meters. The following concluding remarks can be made:

(1) For Soft Bangkok Clay; the angle of internal friction at
the depths of 2.5-4 m can be assumed to be 26°; this
value can be reduced to 24° at depths of 5.5-6 m.
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Fig. 15. Bangkok Soft Clay CIU testing results and their predictions from the HSM (Using best fit input parameters) (a) Deviator stress versus axial
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For Stiff Bangkok Clay at 16 m depth, the angle of
internal friction can be taken as 23° and the cohesion of
32 kN/m? can be used.

(2) The reference oedometer modulus values of 962, 1,650

and 4,689 kN/m2 can be assumed for soft, medium stiff
and stiff clays, respectively. The corresponding values
of the reference unloading/reloading oedometer mod-
ulus are 5,813, 5,394 and 9,618 kN/mz. An average
range of reference unloading/reloading oedometer
modulus to reference oedometer loading of 24 is
obtained for soft clay. This ratio tends to reduce with
depth. The lower value approximately 1.5 is found to
be appropriate for stiff clay.

(3) The stiffness parameters required for the Hardening

Soil Model were also determined from on the CIU and
CID triaxial tests conducted on Soft Bangkok Clay
with the confining pressures in the range from 138 to
414 kN/m>. From the CIU series, the initial undrained
modulus and the undrained modulus at 50 per cent
undrained strength range from 10.5 to 40 MN/m? and
59 to 20.5 MN/m? respectively. The E, ;/E,s, and
failure ratios of 2 and 0.9 are obtained. From the CID
series, the initial drained modulus and the drained mod-
ulus at 50 per cent ultimate strength range from 2.0 to
6.6 MN/m” and 1.0 to 2.4 MN/m?, respectively. The E’;/
E 5o ratio is approximately 2 with the failure ratio of 0.7.

(4) Both undrained and drained moduli obtained from

triaxial tests increase with the increasing confining
pressure, which can be shown by double log scale plots
of normalised confining pressure versus normalised
undrained and drained moduli. This is consistent with
the conclusions made by Janbu (1963). Furthermore,
the power (m) of approximately unity is observed for
all cases (undrained and drained). The reference
undrained and drained moduli (at reference pressure
of 100 kN/m?) are 7.7, 4.8, 1.3 and 0.7 MN/m? for the
cases of Eff{ , E;fgo, E/¥ and EZ, respectively. These
reference moduli are readily to be used as input
parameter in the Hardening Soil Model (HSM).

(5) Similar to the triaxial test series conducted on Bangkok

Soft Clay, two triaxial test series (CIU and CID) on
Bangkok Stiff Clay were analysed. The confining pressure
of CIU and CID series range 17-620 kN/m* and 34—
552 kN/m?, respectively. For the CIU series, the initial
undrained modulus and the undrained modulus at 50 per
cent undrained strength ranged from 14 to 71 MN/m?
and 4.1 to 6l MN/mz, respectively. The E,,/E, s, and
failure ratios of 2.5 and 0.9 are obtained. For the CID
series, the initial drained modulus and the drained
modulus at 50% ultimate strength ranged from 19 to
91 MN/m? and 9 to 36 MN/m?, respectively. The E';/E s,
ratio is approximately 2 with the failure ratio of 0.9. Here
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again, a set of linear relationships is observed from the
normalised double log scale plots with the power (m) of
0.5. The reference undrained and drained moduli (at
reference pressure of 100 kN/m?) are 30, 11, 29 and
14 MN/m® for the cases of EJ.E/%.E?and Ej,
respectively.

(6) The Hardening Soil Model (HSM) parameter calibration
demonstrates that the back-calculated drained moduli are
needed in the PLAXIS analysis of undrained materials.
Two possible reasons of this phenomenon are as follow-
ings. First, the assumption of adding bulk modulus of
water, as used by the HSM in PLAXIS, to convert the
drained to the undrained modulus may not be appro-
priate. Second, the drained moduli from CID test series
may not be representative values of the Bangkok soft
clay. Therefore, it is recommended that detailed process
of parameter calibration is carried out in order to obtain
realistic prediction of undrained behaviour of clay using
PLAXIS.
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