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The purpose of this research was to study the monotonic and cyclic simple shear mode
behavior of Bangkok clay, using direct simple shear apparatus. The monotonic specimens were
prepared in a saturated condition and were Ko consolidated before being undrained sheared.
The specimens were sheared at the shear strain rate of 5% per hour until the shear strain
reached 20%. The Stress History and Normalized Soil Engineering Properties (SHANSEP)
method was applied to analyze the monotonic test data, and the CKyDSS SHANSEP equation
was proposed, based on the results. The results from the CKyDSS SHANSEP equation were
in a good correlation with @Q.,, CKoCU and CKoEU. The cyclic specimens were tested at
different frequencies of 0.1, 1 and 5 Hz and the vertical stress was varied at 200, 300, and
400 kPa. The shear strain amplitude was controlled at +0.5% for the first 100 cycles, and then
was increased to +1.5% for the next 100 cycles, and finally it was increased to +3% for the last
100 cycles. The results showed that the shear modulus increased when the maximum vertical
effective stress increased and the damping ratio increased when the strain amplitude increased.

Key words: monotonic test; cyclic test; direct simple shear apparatus; SHANSEP; shear
modulus; damping ratio.

1. INTRODUCTION

Geotechnical engineering problems can be divided into two categories: soil
stability and displacement problem. Knowledge of soil failure behavior as well



370 S. BENCHANUKROM et al.

as soil’s deformation and shear strength is essential and it is necessary for simu-
lations of these mechanisms in the laboratory. Geological engineering work may
cause slope instability, and consequently a specific device is necessary to simulate
slope stability and possible failure. An example of a 2D slope stability problem is
illustrated in Fig. 1, showing that the shear strength at the base of a slip surface
is best tested as a direct simple shear, the area near the toe is best represented by
triaxial extension, and the area at or near the tip is best represented by triaxial
compression.
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Fic. 1. The failure mechanisms in different zones of the embankment.

The advantage of the direct simple shear test over the triaxial test lies in the
fact that in the former test the principal stresses are allowed to rotate during
shearing, and the specimen is kept in a plane strain condition [1]. However, the
inability to impose uniform normal and shear stress on a specimen is discussed
in FINN et al. [2], LUCKS et al. [3] and PREVOST, HOEG [4]. Normal and shear
stress are improved by adjusting the ratio of specimen height and diameter,
the percentage of wire-reinforcement and applied horizontal displacement [5]. In
other cases, direct simple shear apparatus is used to study the clay behavior due
to the cyclic loading, which can be measured as undrained shear strength, excess
pore pressure and shear modulus [6-12].

In Thailand, Bangkok clay originates from sedimentation deposited in the
delta of the Chao Phraya River. It is described as grey and greenish-grey clay and
silt with no mottle. The clay minerals include montmorillonite ~60%, kaolinite
~25%, and illite ~15% [13]. Bangkok clay is characterized by high compress-
ibility, low shear strength and low permeability, while a high settlement rate
a major problem that arises after construction and continues over the lifetime
of a constructed road embankment. Previous studies have found that the influ-
ence of dynamic traffic loading is greater than the embankment static self-weight
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loading [14, 15]. Although the Bangkok area is located in a low seismic hazard
area, with the active fault zones being located about 185 km to 400 km from
the city [16], seismic wave amplification of Bangkok clay must be carefully eval-
uated before structural design takes place. In practice, the strength properties
of Bangkok clay are investigated based on the results of unconfined compression
tests, the standard penetration test (SPT), or unconsolidated undrained triaxial
testing. Direct simple tests, such as monotonic tests and cyclic tests, are exces-
sively costly, and consequently they are not commonly used test procedures in
geotechnical engineering practice in Thailand. Given that, the knowledge about
the stress-strain behavior, deformation and shear strength behavior of Bangkok
clay in the simple shear mode, needs to be substantially expanded, particularly
cyclic simple shear soil parameters should be defined to enable engineers to use
them for improved foundation design and construction.

The purpose of this research, therefore, was to study the monotonic and
cyclic simple shear mode behavior of Bangkok clay using direct simple shear
apparatus, and to determine the monotonic and cyclic soil properties: undrained
shear strength, shear modulus and damping ratio of Bangkok clay. Normally
consolidated (NC) samples and over-consolidated (OC) samples were subjected
to undrained monotonic shearing tests. The SHANSEP technique [17] was used to
analyze the monotonic shear loading response, based on which we proposed
CKyDSS SHANSEP parameters for estimating how the undrained shear strength
varies with depth. For cyclic shear loading, the normally consolidated samples
were subjected to cyclic shearing with a series of two-way strain-controlled tests.
Cyclic shear stress (1), pore water pressure (Au), shear modulus (Ggyg) and
damping ratio (Dgyg) measurements were obtained. These are widely known in
earthquake engineering as the fundamental parameters describing the dynamics
of soil behavior.

2. MATERIAL AND METHOD

2.1. Bangkok clay

All soil specimens were taken from a borehole, centrally located in the Bang-
kok area. The borehole was drilled by the wash boring method to a depth of
15.5 m. A 1 m long Shelby tube of a diameter of 7.6 cm was used to obtain a soil
specimen at that depth. In the laboratory, the soil specimen was pushed out of
the Shelby tube by a hydraulic jack, and a 20 cm undisturbed sample was taken
from the center of the core and wrapped in aluminum foil and a paraffin wax
coating. The 20 cm portions of the core are called disturbed samples, and these
were studied for their basic soil properties, such as moisture content, liquid limit,
plastic limit, plasticity index, specific gravity and unit of weight (Table 1).
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Table 1. Results of basic soil properties.

Ttem Value Average
Depth [m] 2.5-15.5

Moisture contents, w [%)] 59-62 60.34
Liquid limit, LL [%)] 78-83 82.61
Plastic limit, PL [%)] 41-44 43.12
Plastic index, PI [%] 37-39 38.32
The specific gravity of solid soils | 2.62-2.64 2.63
Unit of weight [kN/m?| 15.83-16.01 | 15.90

The stress history of the components of the specimen, including maximum
past pressure (03,) and over-consolidation ratio (OCR), were measured by a con-
solidation test (oedometer test), which included the loading sequences of 1/8,
1/4,1/2, 1, 2, 4 and 8-times of the overburden pressure (o/,), and the unload-
ing pressures at 2 and 0.5-times of the overburden pressure. The results were
a maximum past pressure of 130 kPa and the OCR of 1.49, as measured by the

oedometer apparatus.

2.2. Direct simple shear apparatus

At Chulalongkorn University, Thailand, we used the direct simple shear ap-
paratus (DSS-H-12), developed by BJERRUM and LANDVA [18] at the Norwegian
Geotechnical Institute (NGI) for the direct simple shear testing. The specimen
was disturbed soil (referred to above), which was surrounded by a cylindrical
wire-reinforced membrane to restrict the horizontal movement and circumfer-
ence, with vertical pressure applied, during the consolidation stage (Fig. 2a).
In this stage, the uniform distribution of stress and strain was applied to the
soil specimen. In the subsequent loading stage, the horizontal shear force was
applied to test the unrestricted horizontal movement. Also, in the loading stage,
the undrained shear strength was measured by a constant volume test. The con-

F1G. 2. Direct simple shear apparatus: a) DSS-H-12 direct simple shear apparatus,
b) the specimens of the direct simple shear test, c) specimen in the apparatus.
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stant volume test was programmed to maintain a constant sample height by the
vertical load.

2.8. Sample preparation

A 20 mm soil sample was cut from the core in the 1 m Shelby tube, with
a 35 cm? cross-section area and 67 mm diameter. This soil specimen was placed in
a wire-reinforced membrane and installed in the direct simple shear apparatus
(Figs 2b and 2c¢). The test specimen was prepared according to the step-by-
step procedure listed in the user manuals of the DSS-H-12 apparatus [19]. An
electronic linear variable differential transformer (LVDT), load cell and data
logger were used to record the test data.

2.4. Undrained direct simple shear test procedure

Undrained direct simple shear tests were applied, first as monotonic tests
and then cyclic tests. In the monotonic test procedure, the tests included a nor-
mally consolidated monotonic test (NCMT) and over-consolidation monotonic
test (OCMT). The specimens were consolidated in K state. Vertical axial stress
was applied to the specimens, with fixed horizontal loading (Table 2). In the shea-
ring stage, the horizontal shear force was applied to the specimen at the shearing
rate of 5% shear strain per hour. The undrained shear strength was obtained
by measuring the shear strain response, and the pore pressures were obtained by
measuring the change in the vertical stress.

Table 2. Stress applied for consolidation.

Specimen name OCR Tum Tvo

[kPal [kPal
NCMT-1 1.0 200 200.0
NCMT-2 1.0 300 300.0
NCMT-3 1.0 400 400.0
NCMT-4 1.0 500 500.0
OCMT-1 1.5 500 333.3
OCMT-2 2.0 500 250.0
OCMT-3 3.0 500 166.6
OCMT-H4 4.0 500 125.0

Remark: OCR — (05 /00e), Thm — maximum vertical effective stress, o). effective
vertical consolidation stress, and o, — overburden pressure.

In the cyclic test, normally consolidated cyclic test was performed on the soil
specimen with Ky — consolidation. A horizontal cyclic shear force under the
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specified shear strain (), frequency and number of cycle (IV) was applied to all
specimens. The tests were conducted with a constant shear strain of 0.5% for
the first 100 cycles of force, 1.5% for the next 100 cycles, and 3% for the last
100 cycles (Fig. 3). The speed of the cyclic shear force was varied in a sinusoidal
fashion at frequencies of 0.1 Hz, 1 Hz and 5 Hz. The cyclic direct simple shear
tests are summarized in Table 3.
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Fi1a. 3. Simulation of amplitude modulation of cyclic shear stress: a) shear stress vs. shear
strain plot, b) shear strain vs. number of cycles.

Table 3. Summary of the cyclic direct simple shear tests.

Frequency F o The amplitude of cyclic shear strain
Specimen [Hz] [kPa] v %] 7 [%] 7 [%]
(N = 1-100) (N = 100-200) (N = 200-300)
NCCT-1 200
NCCT-2 0.1 300
NCCT-3 400
NCCT-4 200
NCCT-5 1 300 +0.5 +1.5 +3
NCCT-6 400
NCCT-7 200
NCCT-8 5 300
NCCT-9 400

3. RESULTS AND DISCUSSION

3.1. Results and discussion of monotonic test

The normally consolidated and OC samples were sheared by a shear strain
rate of 5 % per hour until a failure behavior occurred. The results are presented
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by the normalized undrained shear strength (s, /o,,,) with the maximum vertical
effective stress at the end of consolidation (o7,,) versus shear strain (Fig. 4a).
During the shear stage, the undrained shear strength increased as the shear strain
increased, until the shear strain reached 20%. The failure behavior occurred
when the undrained shear strength began to drop. In Fig. 4b, the normalized
pore pressure (Au/ol,. ) was increased which rerated the shear strain increase.
However, the pore pressures of OCR = 2, 3, and 4 decreased to negative values

over the duration of the test. For OCR = 1.5, the pore pressure fluctuated.
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F1a. 4. Direct simple shear results: a) undrained shear strength, b) pore pressures,
¢) normalized stress path of Bangkok clay.
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This behavior can be explained by atmospheric pressure changes which were
the main contributor to pore pressure fluctuations for the periods when the soil
water recharge and discharge were limited |20, 21]. Furthermore, the test results
identified that the Mohr-Coulomb failure parameters were the angle of shearing
resistance (¢ = 33.35°) and the cohesion intercept (¢ = 25 kPa) (Fig. 4c). The
SHANSEP technique [19] was applied to analyze the strength parameters.

The new CKyDSS SHANSEP parameters of Bangkok clay are proposed in
Eq. (3.1), which was compared with the SHANSEP equation for the triaxial test
results obtained by each [22]|. The results showed that the CKyDSS SHANSEP
test is in a good correlation with the Ky consolidated-undrained triaxial com-
pression test (CK¢CU) and Ky consolidated-undrained triaxial extension test
(CKoEU) (Fig. 5a)

(3.1) 058) — $(OCR)™,

where s = 0.23 and m = 0.77.
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Fia. 5. SHANSEP curves for direct simple shear: a) compared with the triaxial test,
b) compared with the unconfined compressive test.

The application of the CKogDSS SHANSEP method was used to estimate
the variation of the undrained shear strength with depth, and to compare the
data from the bore log report against the unconfined compressive test (Qy).
The results from the CKyDSS SHANSEP were consistent with the unconfined
compressive strength results, at shallow soil depth (Fig. 5b). As well, the testing
data were obtained from within the simple shear specimen, and the simple shear
mode was used to estimate the skin friction of a pile [23].
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3.2. Results and discussion of the cyclic tests

Each of the tests consisted of several stages of vertical effective consolidation
stress. After primary consolidation, a horizontal cyclic shear force under the
specified shear strain (), frequency, and number of cycles (V) was applied to all
specimens. The tests were conducted with a constant shear strain of 0.5% for the
first 100 cycles of force, 1.5% for the next 100 cycles of force, and 3% for the last
100 cycles of force. The speed of the cyclic shear force was varied in a sinusoidal
fashion at frequencies of 0.1 Hz, 1 Hz, and 5 Hz. The shear stress, shear strain,
and pore water pressure were obtained by the LVDT, load cell, and pore pressure
transducer, which were linked to the data logger with computer monitoring.

The curves of shear stress (1) and pore pressure, over a number of cycles, are
plotted in Figs 6-14. These plots show that the pore pressure suddenly increased
in the first phase of the cyclic test, and maintained that pressure until the test
was finished. The undrained cyclic shear stress of NC clay consistently generates
positive excess pore pressures. During the first 100 cycles of force, the pore
pressures rapidly increased, then the values of pore pressures increased slowly
during the last 100 cycles of force. When the cyclic shear strain in the second
loading phase increased, the rate of build-up in excess pore pressures slowly
increased as well. Under symmetric cyclic loadings, a hysteretic shear stress-shear
strain relationship was exhibited on part c in Figs 6-14. The change in the cyclic
shear stress was conducted by a corresponding change in the cyclic shear strain.
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F1a. 6. NCCT-1 results: a) shear stress, b) pore pressure, c¢) hysteresis loop.
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Fig. 7. NCCT-2 results: a) shear stress, b) pore pressure, c¢) hysteresis loop.
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Fig. 9. NCCT-4 results: a) shear stress, b) pore pressure, c¢) hysteresis loop.
80
70
= 60 -
=]
= 50
S 40 F
Z 30
g
& 20 |
2
£ 10
50 100 150 200 250 300 0 50 100 150 200 250 300

Number of cycles, N Number of cycles, N

)

Shear stress, 7 [kPa]

Shear strain, y [%]

Fic. 10. NCCT-5 results: a) shear stress, b) pore pressure, c¢) hysteresis loop.
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Fia. 11. NCCT-6 results: a) shear stress, b) pore pressure, c) hysteresis loop.
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Fia. 12. NCCT-7 results: a) shear stress, b) pore pressure, c¢) hysteresis loop.
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The parameters influencing the inclination and the breadth of the hystere-
sis loop are shear modulus (G) and damping (D). The tangent shear modulus
(Gtan) and secant shear modulus (Ggec) are generally used to describe the vari-
ations of soil stiffness (Fig. 15a). However, the tangent shear modulus changed
along the path of the hysteresis loop, and became a high trust value at low shear
strain amplitudes, while the secant stiffness varied as the number of cyclic loads
increased (Fig. 15b). Thus, the equivalent secant shear modulus (Geq) is an ef-
fective method for calculating the collective results. Additionally, the normalized
equivalent secant shear modulus by the maximum shear modulus (Geq/Gmax)
is a well-known tool for defining the small-strain stiffness characteristics of soils
and earthquake site response analyses [24, 25].

a) b)

G
IJG(
/ },J

J’IJ
7)!
G(r)

F1a. 15. Parameters significant for the cyclic behavior of soils: a) tangent shear modulus and
secant shear modulus in a hysteresis loop, b) definition of average shear modulus, ¢) definition
of average damping ratio.

In the present research, the equivalent secant shear modulus, the maximum
shear modulus (Gmax), and the equivalent damping ratio (Deq) were calculated
by Egs (3.2)—(3.4). The equivalent secant shear modulus and damping ratio of
Bangkok clay are shown in Fig. 16

-

(3.2) Geq = -
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(3.3) G - 625]W (OCR)k
' e (0.3 +0.7¢2) ’
1 AW
A4 Doy = ——,
(3 ) q dr W

where AW and W are an area of hysteresis loop (Fig. 15¢), p, is the atmosphere
pressure (100 kPa), e is a void ratio, n is the stress component (usually taken
as 0.5), o7, is the mean principal effective stress ((o), + 07,)/2 or (o), + Koo,,)/2,
Ky = 1 —sin¢’), and k is an over-consolidation ratio exponent as shown in

Table 4.
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F1a. 16. The curve of normalized shear modulus and damping ratio: a) the results of NCCT-1,
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Table 4. Over-consolidation ratio exponent [26].

Plastic Index, PI [%] k
0 0.00
20 0.18
40 0.30
60 0.41
80 0.48
> 100 0.50

The curve of the results shows that the normalized shear modulus increased
with increased vertical effective stress, but the damping ratio was decreased. The
reason for this phenomenon in the results is that the soil particles pack together
more tightly when the vertical effective stress is applied. This results in the
soil stiffness properties becoming much stronger. As the shear strain amplitudes
increased, the normalized shear modulus decreased whereas the damping ratio
increased. Because the strength of soils to resist deformation has reduced, more
energy is released, creating high deformation. When the number of loading cycles
increases, the normalized shear modulus decreases, with a related increase in pore
pressure. Furthermore, the loading frequency was extremely affected by the pore
pressure increase, as the soil particle cannot always release the pore pressure with
higher load frequency. Finally, the cyclic shear stress (7), pore water pressure
(Au), shear modulus (Gavg) and damping ratio (Dgyg) were the fundamental
parameters for dynamic foundation design.

4. CONCLUSION

The monotonic and cyclic responses of Bangkok clay have been presented in
this research. The specimens were sampled from cores drilled to 15.5 m depth
and contained in a 1 m Shelby tube from an area near central Bangkok. Four nor-
mally consolidated and four over-consolidation samples were tested and analyzed
by the SHANSEP method, and a new SHANSEP equation was proposed. The
SHANSEP parameters were obtained by CKyDSS tests with values s = 0.23 and
m = 0.77. The results from the new CKyDSS SHANSEP equation were in good
correlation with CKyCU and CKoEU. The undrained shear strength prediction
by the CKyDSS SHANSEP equation was well correlated with the unconfined
compressive strength from the bore log report. The parameters based on the
Mohr-Coulomb failure envelope were ¢ = 25° and ¢’ = 33.35 kPa. The cyclic
simple shear tests were conducted at different frequencies of 0.1, 1, and 5 Hz, and
the vertical stress was varied from 200, 300, and 400 kPa. The test procedures
were controlled at £0.5% for the first 100 cycles, then the shear strain amplitude
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was increased to +1.5% for the next 100 cycles and then increased up to +3%
for the last 100 cycles. According to the results, the vertical effective stress, the
shear strain amplitudes and number of loading cycles were the major factors
contributing to the variations in the shear modulus and damping ratio values.
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