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ABSTRACT: A series o f laboratory and in-situ tests was carried out to characterise the geotechnical properties o f Singapore marine clay.
The laboratory tests mainly comprise o f consolidation tests, K,, consolidated undrained triaxial and direct simple shear tests. The
SHANSEP method was adopted to conduct these tests. The in-situ tests conducted include the field vane shear, the piezocone
penetrometer, the flat dilatometer, and the self-boring pressuremeter tests. The consolidation and undrained shear strength properties
obtained from both the laboratory and in-situ tests are presented and compared in this paper.

1 INTRODUCTION

clay, and sand layers. The lower marine clay layer has a water
content o f between 50% to 65% and plasticity index (PI) o f 45 to
65. It is lightly overconsolidated with an undrained shear strength
varying from 30 to 60 kPa.

Offshore land reclamation in Singapore is normally carried out by
placing hydraulic sand fill on to soft marine clay. In connection
with a land reclamation project in Singapore, a series o f
laboratory and in-situ soil tests has been conducted to
characterise the geotechnical properties o f Singapore marine clay
at Changi East and to obtain soil parameters for advanced
stability analysis. The laboratory tests comprise o f the basic soil
property determination, consolidation tests using different
consolidometers and shear strength tests using triaxial and direct
simple shear machines. The in-situ tests include the field vane
shear (FVT), piezocone (CPTU), flat dilatometer (DMT), and the
self-boring pressuremeter (SBPM) tests. The test results and the
parameters measured by these tests will be presented in this
paper.

3. CONSOLIDATION PROPERTIES
The determination o f compression index cc and recompression
index cr was mainly based on the conventional oedometer tests
with 24 hour loading for each stage. A typical cc profile is
presented in Fig. 1.
Vertical drains are used in the reclamation project for
accelerating the consolidation process. With the use o f vertical
drains, the horizontal coefficient o f consolidation Ch becomes an
important consolidation parameter. In the laboratory, the values
o f Ch were measured by the oedometer tests with a vertically cut
specimen and a 75 mm diameter Rowe cell which permits radial
flow. A comparison o f the e versus log a ' curves and Cv (or C J
versus log a£ curves obtained from the oedometer tests with
vertical and horizontal cut specimens and a Rowe cell test with
inward radial flow for a lower marine clay sample is presented in
Fig. 2. As shown in Fig. 2, the method o f conducting oedometer
tests using vertically cut specimens often underestimates the Ch
value o f soil. Rowe cell tests, if conducted properly, can give a
more reliable measurement o f Ch.
In-situ tests including CPTU dissipation and DMT tests were
also used to measure the Ch values for soil. The Ch values
measured at different depths by these two tests are presented in
Fig. 3(a). It should be pointed out that the Ch values measured by
the above three methods are more relevant to the recompression,
i.e. overconsolidated (OC) range. The Ch values corresponding
to the normally consolidated (NC) range will have to be
converted using the following relation:
Ch(NC)=Ch(OC)(RR/CR)
(1)
where RR=recompression ratio and CR=virgin compression ratio.
For Singapore marine clay, the ratio RR/CR is in the range o f 4.5
to 8 depending on the depth. The Ch values after conversion are
shown in Fig. 3(b). For comparison, the Cv values measured by
oedometer tests and the Ch values by Rowe cell tests are also
presented in Fig. 3(b). It can be seen from Fig. 3(b) that the Ch
values measured by CPTU dissipation tests are comparable to that
by the Rowe cell. The Q values measured by the DMT,
however, were lower. The Ch values measured are generally 2 to
4 times larger than the Cv values.

2 THE BASIC SOIL PROPERTIES
A typical soil profile at Changi East and its basic soil properties
are shown in Fig. 1. The soil profile has generally been divided
into three layers, the upper marine clay, the intermediate, and the
lower marine clay layers. The thickness o f each layer varies with
locations. Typically, the upper marine layer ranges from 0 - 5.5 m
to about 10 m below the seabed. It is generally overconsolidated
with an OCR value ranging from 8 to less than 2. The upper
marine clay is usually very soft to soft with its undrained shear
strength between 10 to 30 kPa. The liquid limit and plastic limit
of the soil are in the order o f 80% and 20%. The natural water
content is usually in the range o f 60% to 80%. Marine or organic
matters are often found in the upper marine clay layer.
Sometimes, a peaty clay layer may also be found at or near the
bottom o f the upper marine clay layer. Below this soft upper
marine clay layer is the intermediate layer which is a stiff sandy
silt or sandy clay layer o f a thickness o f 3 to 5 m. This
intermediate layer could have been the beach or seabed in the
geological history before the sea level rose to the present level.
This is indicated by the high sand content and the high OCR
values measured for this layer as shown in Fig. 1. The high OCR
was likely caused by the desiccation, ageing and other effects.
The upper marine clay is therefore a relatively young marine
sedimentary deposit comparing to the lower marine clay. Below
the intermediate clay layer is the lower marine clay layer ranging
to a depth o f 40 to 50 m below the seabed. This layer is not
homogeneous, but occasionally interbeded with sandy clay, peaty
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Fig. 1 A Typical Soil Profile at Changi East, Singapore

1.6

60

vertical

♦
50

1.4

stress siate dependent parameter. Because o f this, different types
o f laboratory and in-situ tests were employed to measure the
undrained shear strength o f Singapore marine clay.
In the laboratory, triaxial and direct simple shear tests were
performed. Triaxial tests include unconsolidated undrained (UU)
tests, isotropic consolidated undrained compression (CIUC) tests,
K,, consolidated undrained compression (CK^UC) tests, and
constant axial stress (d o \ =const.) tests. The stress-strain curves
obtained from some o f these tests are presented in Fig. 4. It can
be seen that the su values measured by different tests are different.
To overcome the effect o f sample disturbance, the SHANSEP
method was adopted using both triaxial CK^UC and
consolidated undrained direct simple shear (CK0UDSS) tests.
Both a NGI and a Mikasa type o f direct simple shear testing
devices were used.
As it is difficult to control the drainage
condition with a NGI direct simple shear machine, the undrained
condition was achieved by adjusting the axial load to maintain the
axial deformation to be zero under a drained condition. In this
case, the change in pore water pressure is reflected by the change
in the axial effective stress.
The shear stress versus shear strain curves obtained from the
NGI direct simple shear tests for lower marine clay samples are
presented in Fig. 5. Following the SHANSEP principle, the four
tests were conducted for soil specimens
consolidated to OCR
values o f 1, 2, 3, and 4. The pre-shearing effective normal stress
was 250 kPa.
The OCR values were achieved by
consolidating the samples to a preconsolidation stress which was
1 to 4 times higher than the value o f
according to the OCR
required and then unloading to
. The shearing rate used for all
the tests was 0.06 mm/min.. It can be seen from Fig. 5 that the
peak shear stress increases with OCR. The peak shear stress is
attained at a shear strain o f about 3 to 4%. This was followed by
strain softening and a residual strength was approached when the
shear strain exceeded 14%. The residual shear strength was only
about 30 to 50% o f its peak shear strength. Similar behaviour
was also observed for upper marine clay. The low residual
strength may need to be considered in the long-term stability
analysis. The s „ /a ^ versus OCR curves obtained from both the
NGI and the Mikasa direct simple shear tests are shown in Fig. 6.
It is seen from Fig. 6 that the s j a 'vc ratios obtained from the
Mikasa direct simple shear tests are higher than that from the NGI
under the same testing conditions. This could be due to that a
much stiffer boundary condition is imposed by the Mikasa direct
simple shear machine than that by the NGI machine.
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Fig. 2 A Comparison o f the Oedometer and Rowe Cell
Test Results

Fig. 3 A Comparison o f Ch Values Measured by Laboratory
and In-situ Tests

4. THE UNDRAINED SHEAR STRENGTH MEASUREMENT
It is generally understood that the undrained shear strength o f soil
is not a basic soil property, but a stress path, stress history, and
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(a)

Fig. 4 Stress-Strain Curves Obtained from UU, CIU, CK0UC,
and d a \ = 0 Tests

(b)
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Fig. 8 The s u/o'vc versus OCR (log) Relationships for
(a) Upper Marine Clay and (b) Lower Marine Clay
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Fig. 5 Stress-Strain Curves Obtained from NGI Direct Simple
Shear Tests

upper marine clay specimens and 250 kPa for the lower marine
clay specimens. The sjcs'vcversus OCR (log) curves are shown in
Fig. 7 for both the upper and the lower marine clay.
The sJ & K versus OCR (log) curves obtained from the
CK0UDDS tests using NGI direct simple shear machine and the
CK^UC tests are compared in Fig. 8(a) for the upper marine clay
and in Fig. 8(b) for the lower marine clay. It can be seen from
Figs. 8(a) & (b) that the difference for the upper marine clay is
rather small, whereas the s j a 'vcvalues measured by the CK0UC
tests for the lower marine clay are about 30% higher than that by
CKdUDSS tests.
In-situ tests, such as FVT, DMT, and SBPM tests, were also
used to measure the undrained shear strength o f clay.
A
comparison o f the different in-situ tests with the laboratory tests
conducted on soils at FT4 is presented in Fig. 9. The CKJJC
tests were performed by consolidating the specimens to their
in-situ effective overburden stresses before shearing. Many UU
tests were conducted on soil samples taken at or near FT4. The
upper and lower bounds o f the UU data are plotted in Fig. 9. It
can be seen that the UU tests general underestimate the su values
although the upper bound can be as high as the su values
measured by FVT. The su values obtained from CK0UC tests are
relatively close to that o f FVT tests. For the upper marine clay
(i.e., top 10 m or so), the su values measured by the SBPM tests
coincide with that o f FVT tests. However, for the lower marine
clay the SBPM measurements are about two times higher than
that o f FVT. The su values measured by DMT tests are generally
higher than that o f FVT by about 50% for both the upper and
lower marine clays. The differences may be a reflection o f the
strong anisotropy o f lower marine clay (Fig. 9) and the
differences in stress conditions and failure modes. The load
applied during a SBPM or a DMT test is in the lateral direction
which is different from the stress conditions imposed in either
FVT, direct simple shear, or triaxial tests. These factors should
be taken into account when evaluating the su values for design.
A comparison o f the different measurements made at another
location, FT5, is also made in Fig. 10.
FT5 is about 1.5 km
further away into the sea from FT4. The su profiles determined

Fig. 6 Undrained Shear Strength Ratio versus OCR (log) Curves
Obtained from CK(JUDSS Tests

OCR (k>fl)

Fig 7 Undrained Shear Strength Ratio versus OCR (log) Curve?
Obtained from Triaxial CK,,UC Tests

Triaxial
consolidation was conducted by maintaining the
ratio d e .J < k \- \. Following the SHANSEP method, the
specimens were consolidated to OCR o f 1, 2, 3, and 4
respectively in the same way as for conducting CKJJDDS tests.
The pre-shearing effective principal stress was 130 kPa for the
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(1) The method o f using oedometer tests on vertically cut
specimens to measure Ch often underestimates the Ch values for
marine clay.
(2) The Ch values measured by Rowe cell are comparable to that
measured by CPTU dissipation tests. The DMT, on the other
hand, tends to underestimate the Ch values o f Singapore marine
clay. The Ch values measured are generally 2 to 4 times larger
than the Cv values for Singapore marine clay.
(3) Both CK^UC and CK^UDDS tests were performed to
establish the s j a ^ versus OCR (log) relationship by following
the SHANSEP method For the upper marine clay, the s u/a{^
versus OCR (log) curves obtained from the C K JJC and the
CK^UDSS tests are about the same, whereas for the lower marine
clay, the s j o '^ ratio obtained from the CK^UC tests is about
30% higher than that by CK^UDDS tests for the same OCR.
(4) Pronounced strain softening behaviour was observed from
both the CK^UC and CK0UDSS tests. Although the higher the
OCR the higher the peak shear strength, the residual shear
strength values obtained from the CKJJDDS tests were more or
less the same irrespective o f the OCR values.
(5) The undrained shear strength versus depth profile determined
by following the SHANSEP method falls within the band formed
by the FTV, DMT, and SBPM tests.
Fig. 9 Comparison o f the Undrained Shear Strength Measured
from In-situ and Laboratory Tests at Location FT-4
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Fig. 10 Comparison o f the Undrained Shear Strength Measured
from In-situ and Laboratory Tests at Location FT-5

using SHANSEP methods are plotted in Fig. 10 together with the
FVT, DMT, and SBPM test data. The undrained shear strength
values measured at FT5 by different types o f tests do not asjoear
to differ as much as that measured at FT4. The su profiles
obtained from C KJJC and CK^UDDS tests by following
SHANSEP fall into the band formed by FVT, DMT, and SBPM
tests. This may be indicative that the stress anisotropy at FT5 is
not as strong as at FT4, or the measurements made by the
SHANSEP method is comparative to the in-situ measurements,
despite o f the differences.

5. CONCLUSIONS
The following conclusions may be drawn from the study:
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