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1g shaking table tests on residual soils in Malaysia
through different model setups
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Abstract.  Studies of soil dynamic properties in Malaysia are still very limited. This study aims to investigate the dynamic
properties of two selected tropical residual soils (i.e., Sandy Clay and Sandy Silt) and a sand mining trail (Silty Sand) in
Peninsular Malaysia using 1g shaking table test. The use of 1g shaking table test for soil dynamic testing is often constrained to
large strain level and small confining pressure only. Three new experimental setups, namely large laminar shear box test
(LLSBT), small chamber test with positive air pressure (SCT), and small sample test with suction (SSTS) are attempted with the
aims of these experimental setups are capable of evaluating the dynamic properties of soils covering a wider range of shear
strain and confining pressure. The details of each experimental setup are described explicitly in this paper. Experimental results
show that the combined use of the LLSBT and SCT is capable of rendering soil dynamic properties covering a strain range of
0.017%-1.48% under confining pressures of 5-100 kPa. The studied tropical residual soils in Malaysia behaved neither as pure
sand nor clay, but show a relatively good agreement with the dynamic properties of residual soils in Singapore. Effects of
confining pressure and plasticity index on the studied tropical residual soils are found to be insignificant in this particular study.
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1. Introduction

Peninsular Malaysia is seismically affected by local
earthquakes from internal fault zones and far-field tremors
from neighbouring countries. The 2004 Aceh earthquake
and 2015 Sabah earthquake are among the impactful
earthquake incidents occurred in the country in recent years
(Balendra and Li 2008, Cheng 2016). Most of the local
studies pertaining to the impact of earthquake focused on
the structural stability of buildings by means of
experimental testing and numerical simulation (Adnan and
Suradi 2008, Nazri and Alexander 2012). Studies on soil
dynamics and geotechnical earthquake engineering are still
very limited in Malaysia (Sooria et al. 2012, Tanaka and
Lee 2016). More than three-quarters of the land areas in
Peninsular Malaysia are covered by residual soils (Taha et
al. 2000). The dynamic properties of these residual soils are
expected to be more complicated than those pure sandy or
clayey materials. Therefore, the researches in the realm of
soil dynamics have to be carried out progressively to enrich
the database of dynamic properties of soils in Malaysia.

In laboratory testing of dynamic soil properties, secant
shear modulus (G) and damping ratio (D) are widely
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regarded as the most important parameters (Hardin and
Drnevich 1972). Egs. (1) and (2) can be used to evaluate the
secant shear modulus and damping ratio from a hysteresis
loop, respectively. Dynamic properties of soils can be
influenced by several factors, including effective confining
stress, plasticity index, shear strain amplitude, void ratio,
degree of saturation, etc (Hardin and Black 1968).
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where G = Secant shear modulus, kPa, At = Shear stress,
kPa, Ay = Shear strain amplitude
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where D = Damping ratio, Az = Shear stress, kPa, Ay =
Shear strain amplitude, [ Tdy = Area of hysteresis loop, kPa.

There are a wide variety of laboratory tests that can be
used to investigate the dynamic behaviours and properties
of soils including resonant column test, cyclic triaxial test,
cyclic direct simple shear test, cyclic torsional shear test,
and centrifuge/1g shaking table test. In general, the element
tests are particularly useful for investigating the dynamic
properties of small soil samples under laboratory-controlled
testing conditions, while the model tests (i.e., shaking table
test) are mainly used to study the effect of soil-structure
interaction, response of modelled geotechnical structure,
and the behaviour of large soil models (Kramer 2014).
Brennan et al. (2005), Kazama et al. (1996), and Kazama
and Yanagisawa (1996) employed dynamic
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Table 1 Confining pressures and strain ranges reported in
previous 1g shaking table tests

Literature Confining Pressure Strain Range (%)
Araei and Towhata (2014) <16 kPa 0.014-1.200
Dietz and Muir Wood (2007) 8.4 kPa 0.010-0.600
Tsai and et al. (2016) <30 kPa 0.010-0.100
Tanaka and Lee (2016) <10 kPa 0.092—1.257

centrifuge shaking table tests to examine the dynamic
behaviours of geomaterials through a series of cyclic
motions under various gravitational conditions. There are
also several studies reported on the findings of using the 1g
shaking table test to investigate the deformation behaviours
and dynamic properties of different types of soils (Araei
and Towhata 2014, Dietz and Muir Wood 2007, Tsai et al.
2016, Tanaka and Lee 2016, Liu et al. 2018).

The 1g shaking table test is capable of reproducing
simple shear deformation in a soil model through the
propagation of shear waves induced by the cyclic
movements of the shaking table platform (Kazama ef al.
1996). The mechanism, which produces mechanical energy
from the base towards the soil model, can facilitate the
understanding of soil deformation behaviour under a close-
to-actual seismic action. Dynamic properties covering a
specific range of shear strain amplitudes can be obtained
from the 1g shaking table tests, but it was limited by the
low confining pressure exerted on the soil model. Table 1
summarizes the confining pressure and shear strain ranges
that have been successfully achieved by using the 1g
shaking table test from the previous studies (Araei and
Towhata 2014, Dietz and Muir Wood 2007, Tsai et al. 2016,
Tanaka and Lee 2016). The confining pressures are
generally limited to below 30 kPa and the ranges of shear
strain amplitudes lay in between 0.01% and 1%.
Applications of higher confining pressures on the large soil
model are normally restricted by the practicality and safety
concerns (Koo ef al. 2017). The shortcomings of applying
low confining pressures on the soil model as in the
conventional 1g shaking table test can be avoided by
conducting the conventional element tests (e.g., cyclic
triaxial test, cyclic simple shear test, and etc.) in which a
smaller soil sample is tested in the experiment. In the
element test, dynamic properties covering a wide strain
range (i.e., from 0.0001% to >1%) can be obtained under
confining pressures as high as 100-200 kPa (Leong ef al.
2003, Lanzo et al. 1997, Tanaka and Lee 2016). Based on
the concept of conventional soil element test, it is intuitively
believed that the dynamic properties of soil, which involves
a wide range of shear strain amplitudes and confining
pressures, can be obtained by combining the results of both
large soil model (i.e., laminar shear box test) and small soil
sample (as similar to that of cyclic simple shear test) tested
on a 1g shaking table. It is also worth mentioning that small
specimen tests were significantly affected by the effect of
boundary conditions. The cubical soil specimens tested in
the Cambridge’s simple shear apparatus were found to be
affected by the non-uniformity of stress/ strain and effect of
stress concentration (Budhu 1983) owing to the influence of

side walls. Therefore, it is important to take into account of
the boundary effect when developing a new small specimen
test apparatus operated with simple shear mechanism.

It has been well agreed that the shear modulus of soil
attenuates with the increase of shear strain amplitude. Based
on a large number of experimental data, statistical analyses
were carried out to form the relationship between
normalized secant shear modulus and shear strain amplitude
(Oztoprak and Bolton 2013, Vardanega and Bolton 2013,
Darendeli 2001). Egs. (3) and (4) can be employed to
formulate the degradation curves of sandy soils and fine-
grained soils, respectively (Oztoprak and Bolton 2013,
Vardanega and Bolton 2013). In addition, the damping ratio
curve for a wide variety of soils can be established using
Eq. (5) (Ishibashi and Zhang 1993).

Equation of normalized shear modulus for sandy soil
(Oztoprak and Bolton 2013)
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where G = Secant shear modulus, MPa, Gunax = Maximum
shear modulus, MPa, y = Shear strain amplitude, %, Lower
bound curve, y. = 0; y: = 0.02%; a = 0.88, Mean curve: y. =
0.0007%; y: = 0.044%; a = 0.88, Upper bound curve: Yt =
0.003%; vy:=0.10%; a=0.88

Equation of normalized shear modulus for clayey soil
(Vardanega and Bolton 2013)
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where G = Secant shear modulus, MPa, Gu,= Maximum
shear modulus, MPa, y = Shear strain amplitude, yrr= 3.7
(P1/1000); PI = Plasticity Index, %

Equation of damping ratio for soils (Ishibashi and Zhang
1993)

—0.0145P11 2
2 G G
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where D = Damping ratio, %, e = Void ratio, PI = Plasticity
index, %, G = Secant shear modulus, MPa, Gpnxx =
Maximum shear modulus, MPa

The present study aims to investigate the dynamic
properties of selected residual soils in Peninsular Malaysia
by using different models of experimental setups on a 1g
shaking table. Three experimental setups, i.e., one
conventional large shear box, and two newly developed
small soil models are attempted to evaluate their
performance in evaluating the dynamic properties of soil
under various strain ranges and confining pressures. Despite
of the fact that many types of soil dynamic testing apparatus
can be employed, reasonable and consistent results with
respect to an identical deformation mode can only be
obtained by using different models of experimental setups
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tested on a 1g shaking table. The developed experimental
setups can facilitate cyclic simple shear deformation and
examine the dynamic properties of soils. The present study
intends to focus on dynamic properties over a relative large
strain strange under simple shear deformations. The authors
have previously conducted on the investigation of soil
properties covering small strain range (Tanaka and Lee
2016). The results obtained are then compared with the
established degradation curves reported from previous
studies.
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Fig. 1 Locations of soil sampling sites

Table 2 Physical properties of soils

Properties Soil A Soil B Soil C
Composition

Gravel 0% 12% 13%

Sand 46% 30% 57%

Fine Content 54% 58% 30%
Plastic Limit 22 27.5 19.9
Liquid Limit 68 455 24.5

Plasticity Index (PI) 46 18 5

Soil Classification Sandy Clay Sandy Silt  Silty Sand

Maximum Dry Density

(ke/m?) 1570 1640 1970
Optimum Moisture Content 23% 20.8% 11.8%
Void Ratio (compacted soil) 0.688 0.616 0.345
Degree of Saturation (compacted 88.59% 89.48% 90.63%

soil)

2. Testing materials and methods
2.1 Soil sampling and physical properties

In this study, three types of soil were sampled from the
superficial layer (i.e., at about 2 m below ground surface) at
the selected sites in Peninsular Malaysia. The soil samples
consisted of a sand mining trail and two typical types of
tropical residual soil in Malaysia. The tropical residual soils
were sampled from a site at Kajang area (Soil A) and a site
at Simpang Renggam area (Soil B), while the sand mining
trail was sampled from a site at Sunway area (Soil C). The
specific locations of these soil sampling sites are presented
in Fig. 1. The sand mining trail (Soil C) is not a residual soil
but it was studied for evaluating the performance of the
newly developed models in the present study by comparing
the experimental results with the dynamic properties of
similar sandy materials reported from previous literature
(Hardin and Black 1968, Oztoprak and Bolton 2013). Based
on the locations of the sampling sites as shown in the Fig. 1,
the two selected tropical residual soils (i.e., Soil A and Soil
B) are originated from the sedimentary rock. The soil
deposit of Kajang formation (Soil A) belongs to a
metasedimentary rock formation which consists of schist
and phyllite (Gue and Wong 2009). The soil in Simpang
Renggam area (Soil B) is originated from a clastic
sedimentary rock formation which consists of shale material
(Tan and Azwari 2001). In tropical countries, schist and
shale would produce mostly silty materials or soils with
illitic clay minerals as a result of the physical and chemical
weathering process (Huat et al. 2012). In terms of the
geological age of rock, the Kajang schist is within the
Silurian and Ordovician periods, while the rock of Simpang
Renggam is in the middle to late Permian period.

Table 2 summarizes the results of soil physical tests
conducted in compliance with the British Standard, BS
1377: Part 2 (BSI, 1990). Based on the British Soil
Classification System, Soil A was classified as Sandy Clay,
Soil B was Sandy Silt, and Soil C was Silty Sand.

2.2 Instrumentation

Accelerometers (as shown in Fig. 2(a)) were used to
monitor the changes of acceleration with time during the
shaking table test. Three units of TML accelerometers
(model: ARH-20A) and five units of KYOWA
accelerometers (model: ASW-2A) were used in the
experiment. The TML accelerometer has an acceleration
measuring range from 10 m/s®> to 500 m/s?>, while the
KYOWA accelerometer has an acceleration measuring
range from 9.807 m/s> to 196.1 m/s’>. Both of the
accelerometers can withstand a water pressure up to 500
kPa (5 bars). It is worth noting that an acrylic plate of 2 mm
thickness was screwed onto the surface of the
accelerometers in order to provide a uniform contact surface
with soil when subjected to vibration. For measurements on
a metal surface, the accelerometers were attached directly
on the surface by using adhesive-tape mounting method.
This mounting method has an advantage of providing
electrical insulation between accelerometer and the metal
contact surface (Piersol and Paez 2010).
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(b) Laser displacement sensor

(a) Accelerometer

Fig. 2 Testing instrumentation

Laser displacement sensors were utilized to monitor the
changes of linear displacement with time accurately. The
model of the laser displacement sensors used in the present
study was OPTEX FA CD5-85, as shown in Fig. 2(b). It has
a measuring range of 85 £ 20 mm with a measuring
resolution of 1 um and a minimum sampling interval as low
as 100 ps. Calibrations were also done on accelerometers
where all accelerometers were subjected to identical
shaking motions. The laser displacement sensors were
calibrated by the instrument manufacturer as they were
highly sensitive sensors that required special calibration
tools.

2.3 Experimental setups

2.3.1 Large laminar shear box test

A 1g shaking table was used to investigate the dynamic
behaviours of soils using three different experimental
setups. The 1g shaking table was capable of providing one-
dimensional cyclic motions with varying loading frequency
and displacement under single-gravitational condition. The
details of 1g shaking table system have been reported by
Koo et al. (2017). In specific, the 1g shaking table
apparatus was calibrated in terms of the actual linear
displacement, frequency of movement, and the maximum
acceleration being generated (Fig. 3).

Figs. 3 (a) and 3(b) show the schematic diagram and the
photograph of the large laminar shear box test (LLSBT)
used in the present study. The LLSBT setup consisted of an
aluminium laminar shear box of 1.5 m (length) x 0.7 m
(width) x 0.21 m (height), and a surcharge loading applied
on top of the soil model to produce an overburden pressure.
The soil model was instrumented with accelerometers to
monitor the acceleration during the shaking table test. It was
anticipated that the large sample of LLSBT could give a
better replication of the in-situ soil condition as compared
to small laboratory samples (Koo ef al. 2017, Kazama and
Yanagisawa 1996). There were three layers of aluminium
shear stacks used to confine the soil model, with the height
of each stack was 0.07 m. The base of the aluminium shear
stacks was rigidly clamped on the shaking table platform,
and the shear stacks were allowed to move freely relative to
each other.

For the sample preparation, the soil was compacted to
95 % of the maximum dry density. A wood tamper, which
was coated with latex, was fabricated to compact the soil
sample into six successive layers. The interface between the
soil layers was scratched to minimize heterogeneity

between the compacted layers. A plywood panel was placed
on top of the compacted soil model. Nails were protruded
approximately 3 mm into the soil sample in order to
reproduce shear stress induced by inertia force from the
surcharge loading. The surcharge loading (i.e., 5 kPa and 10
kPa) was formed by a timber box containing sandbags and
steel plates. A surcharge loading weighed 1000 kg could
reproduce an overburden pressure of 10 kPa.

Seven accelerometers were embedded at the centre of
the soil model from the base to the top surface at a height
interval of 3.5 cm in order to evaluate the complete
displacement profile along the sample height. In addition,
an accelerometer was attached on the surcharge loading
container to measure the acceleration induced by the
surcharge loading when the soil model was subjected to a
shaking motion. By knowing the acceleration trace of the
surcharge loading, the inertia shear force or shear stress
applied on the soil can be computed. A laser displacement
sensor was used to measure the linear displacement of the
shaking table platform. The measurement can be compared
with the displacement derived from the accelerometer
attached on the base of the shaking table for verification
purposes.

2.3.2 Small chamber test with positive air pressure

The surcharge loading that could be applied in the
LLSBT was limited by the practical constraints. For an
example, a surcharge loading as high as 1000 kg was
required to produce an overburden pressure of merely 10
kPa. The application of higher overburden pressures to
replicate the in-situ soil at a deeper depth was restricted by
safety concern and limited space in the laboratory. A new
model, namely small chamber test with positive air pressure
(SCT), was developed to overcome this limitation. Fig. 4
shows the schematic diagram and photograph of the SCT.
The small soil sample was subjected to a positive air
confining pressure isotropically inside the chamber to
enable a higher confining pressure than the LLSBT. It was
also anticipated that a smaller shear strain amplitude than
that of LLSBT can be achieved in the SCT in order to
provide insights into the deformation behaviour of soil over
different strain ranges. The small soil sample was radially
confined by confining air pressures of 50 kPa and 100 kPa.
In the experiment, the conventional boundary condition
problem induced from the side walls of apparatus can be
overcome by either applying a positive confining pressure
through air pressure (SCT) or a negative air suction
pressure (SSTS) on the small soil specimens. Besides, the
small soil specimen was radially confined by a sleeve of
flexible rubber membrane (thickness of 0.3 mm) in which
pneumatic air pressure was applied on. The cylindrical
soil specimen was subjected to a confining pressure as
similar to the specimen in standard triaxial test. Through
this kind of boundary condition, the interaction effect as
imposed by the side walls can favourably be avoided.

The small soil specimen as adopted in this study was
150 mm (diameter) x 100 mm (height) whereas the
maximum particle size was limited to 5 mm only. It follows
that the ratio between the smallest length of soil specimen
and the largest soil particle size is twenty. Budhu (1983)
conducted a simple shear test on cuboidal soil specimen (10
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cm x 10 cm x 2 cm) for a Leighton Buzzard sand, which
has an average grain size of 1 mm. Therefore, the
dimension of soil specimen being adopted in the present
study can be justified with that being reported by Budhu
(1983) in which the ratio of specimen dimension and
particle size is identical under the feature of simple shear
deformation. The soil compaction was done in four
successive layers with the interfaces of soil layers were
scratched. A piece of filter paper was placed at the bottom
of soil sample to allow for drainage when the confining
pressure was applied. The compacted soil sample was
sandwiched by a base pedestal and a top platen. Numerous
pins were attached on the surface of the base and top plates
to facilitate a uniform shear stress distribution between the
plates and soil. The soil sample was confined by a sleeve of
pre-fabricated rubber membrane and tightened by a pair of
O-rings at the top and bottom of the sample. The soil model
was then fixed into a PVC cylindrical chamber with an
acrylic plate cover. Two accelerometers were attached on
the top platen and the base pedestal, respectively. A laser
displacement sensor was also used to measure the linear
displacement of the shaking table platform for verification
purposes. Herein, the compacted soil specimens were
allowed to consolidate for 15 minutes, which was based on
the previous experience from carrying out the monotonic
triaxial test. However, the volume change of the compacted
soil specimens was not measured during the consolidation
stage because the compacted soil specimens were inherently
unsaturated and therefore complicated the measurement of
volume change during consolidation. Despite of the fact
that the volume change was not measured in the
experiment, the obtained dynamic properties of compacted
soil specimen were beneficial considering the specimens
had been consolidated at certain confining pressure, within
a reasonable duration.

2.3.3 Small chamber test with negative air pressure

In the SCT, the top and bottom displacements were
derived from the measurement of accelerometers. The
derived displacement was, however, subjected to
uncertainties caused by the methods of signal processing.
The laser displacement sensor used was only capable of
providing verification on the movement of the shaking table
platform, but not the direct measurement on the soil sample.
A new small sample test with suction (SSTS) was
developed to further improve this experimental limitation
by measuring the displacements of soil specimen directly.
This apparatus can avoid the interference of uncertainties
arisen from data processing by using laser displacement
sensor. Fig. 5 shows the schematic diagram and the
photograph of SSTS. Instead of supplying a positive air
confining pressure into the soil chamber, the pressure
surrounding the soil sample in the SSTS was maintained at
atmospheric pressure while air suction (negative pressure)
was applied directly to the bottom of the soil sample to
create an effective stress condition in the soil. The exclusion
of the outer chamber in the SSTS enabled a direct
measurement of laser displacement sensor on the soil body.
Two laser displacement sensor heads were required in order
to measure the changes of shear strain profile with time.
The suction (i.e., 50 kPa and 80 kPa) was supplied from a
convum which was capable of converting a positive air
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Fig. 3 (a) Feasible input motions for shaking table
apparatus and (b) Relationship between peak acceleration

and input displacement

Table 3 Testing parameters

Variables
Testing Input motion Confining
set-up pressure Strain Soil type
(kPa)
LLSBT Table 4(a) 0,5,10 Large A,B,C
SCT Table 4(b) 0, 50, 100 Medium A, B,C
SSTS Table 4(b) 0, 50, 80 Medium A, B,C

Table 4 Input motions (a) LLSBT

Input Motion

No

Frequency Displacement
(Hz) (mm)
1 0.1 1
2 0.1 5
3 0.5 7
4 1 4
5 1 7
6 2 2
7 2 4
8 5 1
9 5 2
10 20 0.1

Table 4 (b) SCT and SSTS

Input motion

No

Frequency Displacement
(Hz) (mm)
1 0.5 04
2 0.5 0.7
3 2 0.8
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Table 4 (b) Continued
Input motion
No Frequency Displacement
(Hz) (mm)
4 2 2
5 4 0.8
6 4 2
7 6 0.8
8 6 2

8 nos. Accelerometers

\ Laser displacement sensor

Aluminium shear box

Direct-drive motor

Surcharge
Loading

# 1
Computer

=

—

Laser
Displacerent
Sensor

(b)
Fig. 4 (a) Schematic diagram and (b) photograph of LLSBT

Accelerometer

pressure to a negative air pressure. It should be noted that
the maximum suction that can be produced was 80 kPa only
as limited by the capacity of the convum.

The small sample tests (SCT and SSTS) could
effectively facilitate simple shear deformation whereby 1D
wave propagation mechanism could be observed. The shear
wave energy transmitted from the base towards the top
surface of the soil specimen. The dimension of small
specimen being adopted in the present study corresponded
to the soil height that simple shear deformation was able to
be observed in the LLSBT. In the LLSBT, the phenomenon
of simple shear was observed in the soil interval at an
elevation of 10.5 cm from the base of soil model (Koo ef al.
2017). Therefore, it can be confirmed that the occurrence of
simple shear deformation and identical wave propagation
mechanism as in the LLSBT could effectively be
reproduced in the small sample tests.

From the foregoing, the three developed experimental
setups on the 1g shaking table can be used to investigate the
dynamic properties of soils with different features of
apparatus. Cyclic simple shear deformation can be
anticipated in the three setups tested on the 1g shaking
table.

2 nos. accelerometers
connected to
TML data logger

Air pressure supply
Top platen & base

Acrylic cover pedestal with pins

PVC chamber

\

Laser displacement sensor

»
»

Direct-drive motor

Concrete base

(b)
Fig. 5 (a) Schematic diagram and (b) photograph of SCT

1 no. Accelerometer
Top platen & base

edestal with pins .
P p Laser Displacement Sensor

o

Direct-drive motor

Suction pressure

Concrete base

(b)
Fig. 6 (a) Schematic diagram and (b) photograph of SSTS

2.4 Experimental parameters

Table 3 shows the testing variables involved in the
present study, while Tables 4(a) and 4(b) present the input
motions (in terms of frequency and displacement) tested in
the LLSBT, SCT, and SSTS.
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3. Signal processing

The measured acceleration data were processed by
removing the baseline drift and unwanted noises from the
actual signal before they were used for subsequent analysis.
Simple quadratic baseline correction, Osaki (1995) baseline
correction, and 4" order Butterworth bandpass filtering
methods were attempted to process the raw acceleration
data and compared with the actual displacement
measurements from laser displacement sensors. From the
comparison (Fig. 6), it was decided to adopt the 4™ order
Butterworth bandpass filtering method as the signal
processing method in the present study since the
displacement profile obtained upon performing the filtering
method showed the best agreement with the direct
displacement measurements. A detailed discussion on the
influence of noises and systematic approaches in selecting
the most suitable signal processing method can be referred
to the work done by Lim et al. (2017).

4. Result and discussion

A series of hysteresis loops can be obtained after
obtaining the stress and strain profiles. The enclosed loop
area represents the work done in the system and the
representative slope indicates the shear modulus of soil
(Brennan et al. 2005). The mathematical expressions for
computing the shear modulus and damping ratio can be
referred to Eq. (1) and Eq. (2), respectively. Brennan ef al.
(2005) suggested that the most reliable method to obtain the
representative shear modulus is by computing the ratio
between the difference in maximum and minimum shear
stresses, and the difference in maximum and minimum
shear strain amplitudes (refer to Eq. (6)).

G = (Tmax - z'min) / (ymax —V min) (6)

The damping ratio as computed based on the stress-
strain relationship was also claimed to be affected by
varying degrees of high-frequency signal that could cause
the loop crossing effect. Fig. 7 shows the samples of single-
cycle hysteresis loop to represent the response of cyclic
movement at the selected soil interval in LLSBT, SCT and
SSTS. It is apparent that the SSTS was unable to render a
reasonable and consistent hysteresis loop due to the
problem of data synchronization and the effect of noise
caused by the supply of suction pressure at the bottom of
soil sample. In the SSTS, the difference of displacements
and the corresponding shear strain were measured directly
by using a pair of laser displacement sensor heads. The
acceleration data was measured by using an accelerometer
mounted on the top platen of the soil sample. However, the
acceleration and displacement records in the SSTS were not
electronically synchronized with time because of using two
instrumentation devices with different data loggers.

Secant shear moduli and damping ratios were evaluated
from a series of representative hysteresis loops. The results
of SSTS were discarded for discussion in this particular
study because of unfavourable and inconsistent hysteresis
loops obtained from the SSTS. Although numerous shaking
magnitudes were attempted for the three selected soils, only
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Fig. 7 Hysteresis loops for (a) LLSBT, (b) SCT, and (c)
SSTS

the reliable and favourable results were included for
discussion purpose. The unfavourable results showed a
crossing configuration in the hysteresis loops. Under a
series of uniform cyclic movements, a hyperbolic stress-
strain relationship was expected in a hysteresis loop (Hardin
and Drnevich 1972). This provokes a need for further
improvement on the setup of SSTS in the future. The
maximum shear moduli were computed in accordance with
the formula suggested by Hardin and Black (1968) and
ranged from 10.6 MPa to 23.7 MPa depending on the soil
type.

Figs. 8(a)-8(c) show the relationships between
normalized secant shear modulus and shear strain amplitude
for the Soils A, B and C, respectively as compared with the
established degradation curves. The established degradation
curves for sandy and clayey soils were based on the studies
reported by Oztoprak and Bolton (2013) and Vardanega and
Bolton (2013), respectively. The degradation curves for
clayey soil were established in accordance with the
plasticity indexes of the studied soils. In addition, the
experimental data were compared with a degradation curve
for a Singapore tropical residual soil reported by Leong et
al. (2003). It is worth mentioning that the degradation curve
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Fig. 9 Comparisons of shear modulus for different

residual soils

was based on a cyclic triaxial testing result of a Singapore
Jurong Formation (JF) residual soil, which comprised of
low plasticity clayey materials with a fine content of 67%.
Experiments for the LLSBT and SCT were conducted
under identical confining pressures (5 kPa and 10 kPa) and
then compared to each other in an attempt to investigate the
compatibility of experimental data. The comparison of
experimental data between the LLSBT and SCT were

realised to be difficult because LLSBT and SCT could
facilitate wildly different shear strain ranges. Besides, a
sand mining trail (Silty Sand) was selected to be tested in
the three experimental setups and then compared with the
experimental findings as reported by previous researchers.
It was found that the experimental results of sand mining
trail matched well with the dynamic behaviours of sandy
material. It can thus be inferred that the developed
experimental setups can give rise to reasonable results and
therefore can be used to investigate the dynamic properties
of soils. It was also found from the Fig. 8 that the
experimental data points obtained from the SCT and
LLSBT distributed tendentiously with respect to the
established degradation curves for pure sand and clay.

From Fig. 8(a), the experimental data of Soil A (Sandy
Clay) was plotted below the lower bound of established
curve for sand and the established curve for clay. The
established curves for sand and clay were developed from
testing results of pure sand and clay, respectively. It was
anticipated that the mixture of sand and clay in the natural
tropical residual soil has altered their dynamic properties
significantly compared to the pure materials. For
comparison with residual soil, the experimental data of Soil
A showed relatively good agreement with the degradation
curve of Singapore JF residual soil reported by Leong et al.
(2003).

Similar trend as Soil A was also observed in Soil B
(Sandy Silt) as presented in Fig. 8(b). From the comparison
between the experimental data and established degradation
curves, it can be inferred that the two selected tropical
residual soils (Soil A and Soil B) in Malaysia were unique
and behaved neither as sand nor clay. This observation was
probably caused by the composition of sand-to-fine content
mixture, and the characteristics of parent rock formation of
the residual soils. This finding provoked further
investigation on the dynamic properties of tropical residual
soils.

From Fig. 8(c), the experimental data of soil C (Silty
Sand extracted from sand mining trail) showed a relatively
better fit to the lower bound of sand compared with Soil A
and Soil B. This was because Soil C consists of
predominantly sandy material (i.e., content of coarse-
grained material = 70%). However, the fine content in Soil
C (i.e., 30%) was believed to have played a significant role
on its dynamic properties. This was evidenced by some of
the mismatched data points below the lower bound of the
established curve for pure sand. In addition, Soil C was
found to have higher shear moduli compared with Soil A
and Soil B.

Fig. 9 shows the comparison of experimental results in
the present study (Soil A and Soil B only) with the shear
modulus of residual soils reported from different parts of
the world (Borden et al. 1996, Tou 2003, Leong et al. 2003,
Tanaka and Lee 2016). The LLSBT and SCT were able to
facilitate soil movements from medium to large shear strain
amplitudes (i.e., 0.017% to 1.48%). SCT was able to
facilitate soil movements with smaller shear strain
amplitudes (i.e., 0.017%-0.077%) as compared to the
LLSBT.

Borden et al. (1996) investigated the dynamic properties
of Piedmont residual soil in North Carolina, United States.
The compositions of Piedmont residual soils ranged from
silt to sand with different plasticity indexes. In their study,
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the shear moduli from the Piedmont residual soil were
greater than the experimental results of Soil A and Soil B.
The discrepancy might be attributed to the physical
properties of residual soils and the characteristics of parent

Borden et al. (1996) focused mainly on the small-strain
properties of unsaturated soil samples using the resonant
column and cyclic torsional shear tests with the shear strain
amplitude below 0.1 %. From Fig. 9 it is apparent that
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rocks for different types of residual soil. The Piedmont
residual soils consisted of a wide spectrum of fine contents
(in terms of silt and clay) ranging from 10% to 90%, while
the fine contents of Soil A and Soil B were ranging from
54% to 58%. Besides, the degree of saturation of the
unsaturated Piedmont residual soils were 39%-98%, while
the degree of saturation of the residual soils in the present
study were 88.6% and 89.5% for Soil A and Soil B,
respectively. From the literature, an unsaturated soil sample
was expected to have a higher stiffness than the saturated
soil sample, and hence the degree of saturation was an
important parameter influencing the dynamic properties of
residual soils (Kramer 2014). Soil A and Soil B were
originated from the sedimentary rocks whereas the
Piedmont residual soil was originated from the igneous and
metamorphic rocks. In addition, the Piedmont soils are of
sub-tropic residual soils while the residual soils in the
present study were weathered under the tropical climate
which was believed to have finer particles under the intense
weathering effect. From the foregoing, it can be
summarized that the dynamic properties of residual soil
may be affected by numerous factors including fine content,
degree of saturation, characteristics of parent rock, and
weathering condition.

The effect of confining pressure on shear modulus was
significant in sandy soil, while the effect of plasticity index
prevailed on clayey soils (Oztoprak and Bolton 2013,

Vardanega and Bolton 2013). At specific shear strain
amplitude, the shear modulus increased with the increasing
confining pressure. Fig. 10 shows the experimental shear
modulus obtained in the present study for Soil A (Sandy
Clay) and Soil B (Sandy Silt) with different plasticity
indexes. The experimental data were obtained from the
LLSBT and SCT, respectively. Apparently, the effect of
plasticity index on the shear modulus of soil was
undistinguishable. The shear moduli for both soils were
plotted almost along an identical degradation curve despite
of the fact that the plasticity index of Soil A (PI = 46) was
considerably higher than Soil B (PI = 18). It can thus be
implied that the studied residual soils in the present study
did not behave as the pure clayey soil even though the fine
contents were dominant in these soils.

As mentioned earlier, the effect of confining pressure
was significant in sandy material. The effect of confining
pressure on Soil C (70% of granular material) which was
formed by sand mining trail was investigated to confirm the
statement. As shown in Figs. 11(e) and 11(f), Soil C (Silty
Sand) showed a good agreement with the characteristics of
sandy material when subjected to different levels of
confining pressures (i.e., 5 kPa, 10 kPa, 50 kPa and 100
kPa). At specific shear strain amplitude, the shear moduli
for 100 kPa confining pressure were higher than those of 50
kPa in SCT, and likewise for LLSBT with confining
pressures of 10 kPa and 5 kPa.
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As for the tropical residual soils in the present study
(Soil A and Soil B), the effect of confining pressure on the
shear modulus was less distinguishable as shown in Figs.
11(a)-11(d). The results implied that the residual soils did
not exhibit a similar dynamic behaviour as the sandy
material. This was largely attributed to the presence of fine
contents in the studied residual soils (Soil A =54% and Soil
B = 58% of fine contents).

Figs. 12(a) and 12(b) show the relationships between
damping ratio and shear strain amplitude obtained from the
SCT and LLSBT, respectively. The experimental damping
ratio data were compared with the established damping ratio
curves reported by Ishibashi and Zhang (1993), which was
obtained from statistical analysis on non-plastic sand and
plastic clay. From the experimental results, it was found that
the damping ratio data were not increasing with the shear
strain amplitude in both LLSBT and SCT. Besides, there
was no direct relationship that can be traced between the
damping ratio and the type of soil. For SCT, the
experimental data points generally distributed within the
range of the established damping ratio curves at smaller
shear strain amplitudes. It should be noted that the damping
ratio data reported by Leong et al. (2003) and Brennan ef al.
(2005) also scattered below the established damping ratio
curves. The above-mentioned experimental observations
from the LLSBT and SCT were caused by the fact that
lower shear stress and shear strain levels (i.e., range of
shear stress = 0.1-2.5 kPa and range of shear strain =
0.017%-0.077%) were obtained in the SCT compared with
those of LLSBT (i.e., range of shear stress = 2-6 kPa and
range of shear strain = 0.077%-1.48%). This was because
the computation of damping ratio was defined by the area of
hysteresis loop divided by the multiplication of the shear
stress range and shear strain range. In this case, lower shear
stress and shear strain ranges could give rise to a greater
damping ratio using the SCT despite of the fact that the
loop areas of the SCT were smaller than those of LLSBT.
The low magnitude of inertia shear stress generated in the
SCT was caused by the smaller loading mass applied on the
top surface of soil sample compared with the higher
overburden loading on top of the soil model in the LLSBT.

From the foregoing interpretation on the experimental
results, it is suspected that the studied topical residual soils
in Malaysia are unique and behave neither as pure sand nor
clay. This finding provokes the need of further investigation
on the dynamic properties of tropical residual soils in
Malaysia.

5. Conclusions

Three experimental setups, namely large laminar shear
box test (LLSBT), small chamber test with positive air
pressure (SCT), and small sample test with suction (SSTS)
were attempted to investigate the dynamic properties of
selected soils in Malaysia using 1g shaking table test. The
following conclusions can be drawn from the present study:

e Although the LLSBT setup has the advantage of
replicating the in-situ soil condition with a larger size of soil
model, it was impractical to apply a high overburden
pressure on the soil model of LLSBT. To overcome this
shortcoming, the setup of SCT was developed to apply
higher confining pressures to the soil sample in which the

actual stress condition of soil below the ground surface can
be reproduced. The setup of SSTS was subsequently
attempted to measure the deformation of soil sample
directly by using a pair of laser displacement sensor. The
experimental data of LLSBT and SCT were used as the
main results for interpreting dynamic properties of soils,
while the experimental data of SSTS was discarded because
of the noise effect and the problem of data synchronization
occurred in the experiment. Medium to large shear strain
amplitudes of soil deformation can be obtained from the
present testing setups, viz. LLSBT (i.e., 0.077%-1.48%) and
SCT (i.e., 0.017%-0.077%). The combined use of the
LLSBT and SCT enables the investigation of soil dynamic
properties covering a wide range of shear strain amplitudes
and confining pressures.

* From the experimental results of LLSBT and SCT, the
shear moduli of Soil C (i.e., Silty Sand, with a fine content
of 30 % only) was found to agree well with the established
degradation curves of sand reported in literature. The fine
content in Soil C was believed to play a significant role on
the dynamic properties of soil. The experimental shear
moduli of two studied tropical residual soils, namely Soil A
and Soil B (i.e., Sandy Clay and Sandy Silt, with fine
contents ranging from 54% to 58%) were plotted below the
established degradation curves for pure sand and clay.

* The experimental results of studied tropical residual
soils in Malaysia matched well with the results of a selected
Singapore residual soil. Although the effects of confining
pressure and plasticity index are widely regarded as
influential parameters on dynamic properties of sand and
clay in literature, those effects were found to be less
distinguishable in the studied tropical residual soils. It is
suspected that the studied topical residual soils in Malaysia
are unique and behave neither as pure sand nor clay.
However, it is still uncertain that the discrepancy is caused
by the inconsistent results obtained from the new setup or
the actual behavior of the soil. Further experimental
investigations involving various types of tropical residual
soils in Malaysia using more established testing setups have
to be carried out to deepen the understanding on this kind of
complicated geo-material.
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