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1. Introduction

The shear modulus (G) of soils generally shows non-linear

and hysteretic behavior under cyclic and dynamic loadings

such as earthquake, vibration, blasting and so on (Hardin and

Ricart, 1663; Richart et al., 1970; Dobry and Vucetic, 1987;

Ishihara, 1996; Choo and Kim, 2005). Identification of the

dynamic soil property is of great importance in the accuracy of

analysis in seismic response, wave propagation problems, liq-

uefaction problems and soil modeling programs. The variation

in shear modulus with shear strain level is also used as a basic

input parameter for the dynamic analysis of numerical soil

modeling.

Dynamic soil properties are generally determined by per-

forming laboratory element tests such as cyclic triaxial shear

tests, resonant column/torsional shear tests and cyclic simple

shear tests. An alternative technique in investigating dynamic

soil behavior is possible with the analysis of acceleration

records measured in centrifuge tests. Physical constraints of

laboratory element tests can be avoided and a more realistic

shear modulus of soil deposit can be measured in a direct way

(Brennan et al., 2005).

It is necessary to examine the dynamic soil property with the

use of available methods for model tests. In this study, those

methods from previous studies were reviewed. A simple proce-

dure was established using the previously proposed equations.

The procedure was used to obtain shear modulus of a sand

deposit used for dynamic centrifuge tests. Recorded time-histo-
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ries of acceleration at different depths in centrifuge tests are uti-

lized in determining the shear modulus of the sand model.

Various peak acceleration excitations allowed the evaluation of

shear moduli at different shear strain levels. The shear modu-

lus measured in this study was then plotted with its correspond-

ing shear strain value. Lastly, nonlinear G versus shear strain

curves are compared with relationships previously reported by

Seed and Idriss (1970), Iwasaki and Tatsuoka (1977), and

Kokusho (1980). 

2. Centrifuge Modeling

2.1 Centrifuge Equipment and Shaking Table

In order to determine the degradation curve of shear modu-

lus, dynamic centrifuge tests were performed using an uniform

dry sand model. The test was conducted at the Center for Geo-

technical Centrifuge Modeling at K-water research institute,

Daejeon, South Korea. The platform radius of the centrifuge is

8.0 m and the maximum capacity is 800 g-ton. This centrifuge

(Fig. 1) is equipped with a state-of-the-art unidirectional earth-

quake simulator/shaking table (Fig. 2) which is the largest in

the world. The simulator has a platform a length of 1.8 m and

width of 0.8 m and has a maximum payload capacity of 1500

kg. It provides maximum 60 g horizontal shaking motion at

100 g centrifugal acceleration conditions and the maximum fre-

quency of shaking motion is 300 Hz (Kim et al., 2014). The

tests for this study were conducted using this earthquake simu-

lator at 60 g centrifugal acceleration. 

To solve the conflict between half-infinite boundary of in-situ

soil deposit and limited boundary of a model container, an

equivalent shear beam (ESB) box is used and originally pro-

posed by Zeng and Schofield (1996). The ESB box used in this

study has inner dimensions of 1.44 m in length, 0.44 m in

width and 0.631 m in depth. One dimensional base input

motion is applied on the shaking table mounted on the centri-

fuge. The ESB box, as shown in Fig. 3, consists of an alumi-

num base plate on which 10 rectangular aluminum frames were

superposed. Ball bearings glued with rubber are stacked on

each frame. One constant directed movement was provided by

the bearing while the shearing movements with certain stiff-

ness and sealing of the model box were provided by the rubber

joints.

2.2 Soil Material and Instrumentation

Toyoura sand was chosen to represent soil deposit. It is clas-

sified as SP in the Unified Soil Classification System (USCS).

Geotechnical properties and grain size distribution of Toyoura

sand are presented in Table 1 and Fig. 4. Angle of internal fric-

tion of the sand is approximated to be 40
o
 based on Yamashita

et al. (2000) friction angle range of 36-44
o
 at 100 kPa confin-

ing pressure.

The sand mass used was prepared by an air-pluviation

method at 1g gravity level. The air-pluviation method is done

Fig. 1. Centrifuge Equipment.

Fig. 2. Top View of Shaking Table Equipped in the Centri-
fuge Basket.

Fig. 3. Equivalent Shear Beam Box.
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by using an automatic sand rainer which is originally devel-

oped by Institut français des sciences et technologies des trans-

ports, de l'aménagement et des réseaux (IFFSTAR) in France

(Garnier, 2002). Air dried sand is pluviated in the ESB con-

tainer through 1-mm-diameter lined openings which is moved

back and forth at a constant speed. During the air pluviation of

the sand, accelerometers were buried at different depths. A ver-

tical array of accelerometers buried in the sand deposit (see Fig.

5; A01 to A09 and A21) were used to monitor the behavior of

the soil column and to measure the accelerations at these

points. Fig. 5 shows the cross section of the set-up with the

location of the instrumentation in the model scale. 

2.3 Input Motion Signals

The model was subjected to earthquake-like shaking events

summarized in Table 2. The peak accelerations and dominant

frequencies shown in Table 2 were measured from the accelera-

tions recorded at A21. Two excitation signals were applied and

they were scaled with different peak accelerations in order to

Table 1. Soil Properties of the Toyoura Sand and Conditions
of Soil Specimen Used in This Study

Items Property

USCS SP

Dry density, ρ
d
 (kg/m

3
) 1568

Specific Gravity, G
s

2.679

Friction Angle 40
o

Void Ratio, e 0.709

Curvature Coefficient, Cc 0.999

Uniformity Coefficient, Cu 1.288

Relative Density, D
r(%) 95

Fig. 4. Grain Size Distribution of Toyoura Sand.

Fig. 5. Dynamic Centrifuge Test: Experiment Set-up (dimensions in mm.).

Table 2. Input Motions in the Centrifuge Test

Test Signal Type

Prototype

Peak Acceleration* 

(g)

Dominant Frequency 

(Hz)

1 Kobe (1995) 0.038 3.28

2 Kobe (1995) 0.057 3.33

3 Kobe (1995) 0.084 1.13

4 Kobe (1995) 0.088 3.32

5 Kobe (1995) 0.119 2.24

6 Kobe (1995) 0.125 1.12

7 Kobe (1995) 0.129 1.39

8 Kobe (1995) 0.187 1.12

9 Kobe (1995) 0.207 1.12

10 Sine Signal 0.148 1.67

11 Sine Signal 0.234 1.67

12 Sine Signal 0.243 1.67

13 Sine Signal 0.253 1.67

14 Sine Signal 0.361 1.67

*Peak accelerations were measured from the A21 records.
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identify the shear modulus at different strain levels. One input

motion is a history of the Kobe earthquake recorded in 1995 at

KJMA Station 090 and it is shown in Fig. 6. The other is a sine

signal (see Fig. 7) with a frequency of 100 Hz in model scale

(equivalent to 1.67 Hz in prototype), which is a resonant fre-

quency of the soil column and was estimated from another

experiment carried out prior to this study. These earthquake

motions were simulated at a centrifugal acceleration of 60 g.

Peak accelerations of the input motions to the soil model range

from 0.038 g to 0.361 g in prototype scale.

3. Data Filtering

Data filtering is important in eliminating noise at high fre-

quency and also drift errors during integration. However, over

filtering of data causes distortion of the original signal and

leads to wrong data interpretations. It is important to know the

frequency contents of the input signal before filtering in order

to appropriately tune the cut-off frequencies and to remove

unwanted noise. In filtering the signal, a butterworth band-pass

filters with a bandwidth between 0.5 Hz and 5.0 Hz in proto-

type scale (30 Hz and 300 Hz in model scale) were employed

to eliminate drifts at low frequency and noise at high fre-

quency range. However, in this study, some displacement drifts

still remains due to the limitation of band filters range. 

4. Shear Modulus

4.1 Literature Review of Shear Modulus

Shear modulus of soil (G) are one of important parameters in

the analysis and design of soil-structure systems subjected to

cyclic and dynamic loadings. The parameters affecting shear

Fig. 6. (a) Input Kobe Earthquake Motion with its Corresponding (b) Frequency Content.

Fig. 7. (a) Input Sine Signal with its Corresponding (b) Frequency Content.
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modulus are void ratio, confining pressure, over-consolidation

ratio, geologic age, soil type, plasticity, strain amplitude and so

on (Hardin and Richart, 1963; Richart et al., 1970; Dobry and

Vucetic, 1987; Ishihara, 1996). Especially, the strain amplitude

is considered as a key variable (Kokusho, 1980; Dobry and

Vucetic, 1987; Tatsuoka and Shibuya, 1992; Choo and Kim,

2005). 

Soils under dynamic loading show different behaviors

depending on shearing strain amplitude, γ, at small (γ < 10
-3

%)

to medium (10
-3

% < γ < 10
-1

%) strains. Shear modulus can be

generally divided into two strain ranges. (1) At small strains

below elastic threshold strain (γth

e
), soils exhibit linear quasi-

elastic behavior and G is constant independent of strain ampli-

tude and called small strain shear modulus or maximum shear

modulus (G
max

). (2) At higher strains than the threshold strain,

soils behave nonlinearly and shear modulus are presented in a

normalized form with G/G
max

 (Drnevich and Richart, 1970;

Vucetic 1994; Stokoe et al., 1994; Ishihara, 1996; Choo and

Kim, 2005). The intensive investigations of shear modulus in

two different regions have been carried about and published. 

Studies of Hardin and Drnevich (1972b), Seed and Idriss

(1970), Iwasaki and Tatsuoka (1977), and Kokusho (1980)

shows that the void ratio and effective confining pressure

greatly affects the G
max

 of fine grained sands. In this paper, Eq.

(1), Eq. (2), and Eq. (3) which were proposed by Seed and

Idriss (1970) for clean sand, Iwasaki and Tatsuoka (1977) for

Toyoura sand and Kokusho (1980) also for Toyoura sand,

respectively, were used in calculating the G
max

.

(1)

(2)

(3)

In Eq. (1) and Eq. (3), e is void ratio, σc is confining pres-

sure in kPa, G
max

 in kPa, and K
2 

is defined as shear modulus

number proposed by Seed and Idriss (1970). On the other hand,

in Eq. (2), e is void ratio while confining pressure, σc, and G
max

unit should be in kg/cm
2
. K

2 
value is assumed to be 70 based

from the relative density of 90% of the soil sample since there

are no data available for K
2 

at Dr of 95%. Meanwhile, confin-

ing pressure σc is calculated by 

(4)

where z is the depth, γd 
is the unit weight of soil, and Ko is the

at rest lateral earth pressure coefficient. Jaky (1944) proposed

Eq. (5), which is valid only for normally consolidated (NC)

sand. It is used for determining the value of Ko.

(5)

The G/G
max

 versus shear strain curves from Seed and Idriss

(1970), Iwasaki and Tatsuoka (1977), and Kokusho (1980) are

used together with the computed G
max

 values at different con-

fining pressures for the analysis of the centrifuge test results.

4.2 Experimental Shear Modulus Evaluation

During a centrifuge test, a time series of acceleration signals

are recorded by available instrumentation at specific points and

they can be utilized to estimate shear modulus of soil deposit in

the centrifuge model. Li et al. (2013) showed that in situ accel-

eration time histories recorded during a real earthquake can be

utilized in determining the shear modulus of soil. Brennan et al.

(2005) and Conti and Viggiani (2012) presented key tech-

niques for determining the shear modulus of soils undergoing

base shaking at multiple input frequencies with the use of cen-

trifuge data. Also, Li et al. (2013) proposed a general method-

ology for processing the experimental data in order to minimize

the errors in the evaluation of G. 

4.2.1 Shear Stresses

Using the accelerometer measurements from the centrifuge

tests, shear stress can be calculated. From the original shear

beam equations, Zeghal and Elgamal (1994) proposed Eq. (6)

to utilize measured acceleration in determining shear stress.

(6)

Shear stress τ at any depth z is defined as the integration of

density ρ multiplied by acceleration ü. It is noted that the shear

stresses are dependent on the measured acceleration profile.

Accelerometers need to be buried enough to maintain good

contact with the soil in order to have a reliable measured accel-

eration. With the presence of numbers of accelerometers, shear

stresses can be obtained by using the simple Newton-Cotes for-

mula (trapezoidal integration) for the numerical integration.

4.2.2 Shear Strains 

To calculate shear strains from the given centrifuge accelera-

tion signals, displacements must first be obtained by using dou-

ble integration. It must be noted that acceleration data must be

band-filtered prior to integration to produce velocity. Then the

velocity from the acceleration data integration must be filtered

again to determine the displacement u. Filtering is important as

low frequency contents present in the velocity trace produces a

G
max

220K
2
σ
c
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=

G
max

850
2.17 e–( )

2

1 e+
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c
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=

G
max
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2
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c
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=
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o
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3
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K
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characteristic of linearly varying displacement that changing

continuously after the end of shaking (Brennan et al., 2005).

Shear strains γ can be calculated using the equations shown

below. If only two instruments are present in a given soil layer

(generally the surface layer), a simple first order shear strain

approximation as shown in Eq. (7) is adopted.

(7)

On the other hand, if three instruments are stacked in a soil

column at any depth zi, a second order approximation (Eq. (8))

proposed by Zeghal and Elgamal (1994) is used.

(8)

4.2.3 Calculation of Shear Modulus

After obtaining the shear stress and shear strain at a certain

depths z, a plot of one against the other can now give a hyster-

etic loop of a soil sample. With the use of this hysteresis loop

obtained from the plot, evaluation of the shear modulus is now

possible. Li et al. (2013) proposed a strategy on quantifying the

degradation of shear modulus with respect to shear strain.

Determining the best loop to be used in the calculation of the

shear modulus is not an easy task. In this paper, good loops are

determined by reviewing each cycle of the filtered wave signal

and picking certain cycles which resembles a sine wave signal

(Fig. 8a). Since drifts are still present in the hysteresis loops as

an example shown in Fig. 8b, difficulties in determining the

loop trend are encountered. In addition, Kobe earthquake has

an irregular signal rather than a sine signal, thus, the loops con-

structed by Kobe earthquake are not perfectly closed and con-

tain another small loop inside (see Fig. 8c). Therefore, a certain

time period was determined to construct one regular close loop

and this time frame was applied to other time histories. 

The difference in the maximum and minimum stresses and

the difference in maximum and minimum strains developed in

a loop are used in determining the representative moduli as

shown in the following equation.

(9)

5. Results And Discussions

The shear stress – strain hysteresis loops at different depths in

the sand model during the Test-1 event are plotted in Fig. 9. 

Shear stress and strain amplitudes decrease as it propagates

from the base (see Fig. 9c) to the surface (see Fig. 9a) and also

indicate a decrease in the slope of the hysteresis loop, reflect-

ing that the confining pressure (due to overburden pressure) is

directly proportional to soil stiffness. It is noteworthy that the

slope of loops becomes gentle with the increase in the ampli-

tudes of the loops.

Fig. 10 compares the variation in the shear modulus at three

different depths with the empirical curves proposed by

γ

u
i

u
i 1+

–( )

z
i 1+

z
i

–( )
-----------------------=

γ z
i

( )

u
i 1+

u
i

–( )
z
i

z
i 1–

–( )

z
i 1+

z
i

–( )
---------------------- u

i
u
i 1–

–( )
z
i 1+

z
i

–( )

z
i

z
i 1–

–( )
----------------------+

z
i 1+

z
i 1–

–( )
-------------------------------------------------------------------------------------------------------=

G
τ
max

τ
min

–

γ
max

γ
min

–
-------------------------=

Fig. 8. (a) Filtered Signal of Kobe Earthquake, (b) Complete
Hysteresis Loop of the Filtered Signal with Drift, and (c)
Hysteresis Loop Using the Selected Wave Signals.
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Kokusho (1980) and Iwasaki and Tatsuoka (1977). The shear

moduli estimated from the centrifuge tests are comparable to

that of Kokusho’s and Iwasaki and Tatsuoka’s results for Toy-

oura sand. The result shows that, at a confining pressure of

65 kPa (equivalent to 7.44 m of depth in prototype scale), shear

modulus of 70.77 MPa and 10.173 MPa has a shear strain (γ)

of 0.0065% and 0.4325%, respectively. For confining pressure

of 129 kPa (equivalent to 14.64 m of depth in prototype scale),

G is 103.571 MPa and 29.629 MPa at γ of 0.007% and 0.27%,

respectively. On the other hand, G is 126.92 MPa and 51.25

MPa at γ of 0.0065% and 0.16%, respectively, for confining

pressure of 192 kPa (equivalent to 21.84 m of depth in proto-

type scale). 

As shown in Fig. 10(a), the G-γ points at the surface layer are

adjoining or coinciding with Kokusho’s curve. On the other

hand, Iwasaki and Tatsuoka proposed empirical curves are

close with data points at the layers 2 and 3 as shown in from

Fig. 10(b) and Fig. 10(c). It is interesting to note that the shear

moduli at intermediate to high strain level are comparable to

the proposed curves. This comparison confirms the feasibility

of the simple method evaluating non-linear shear modulus in

wide high shear strain level. In addition, the result leads to a

recommendation with the use of Kokusho’s curve, especially,

for Toyoura sand.

As presented in Fig. 10, the smallest shear strain amplitude

available to estimate shear modulus in this study is around

Fig. 9. Shear Stress-Shear Strain Histories at Four Different
Depths during Kobe Earthquake Test-01 Event: (a) at 7.44 m,
(b) at 14.64 m, and (c) at 21.84 m in Prototype Scale.

Fig. 10. Comparison of Shear Modulus vs. Shear Strain Curves
of the Centrifuge Tests and Iwasaki & Tatsuoka (1977) and
Kokusho (1980) at (a) σ

c
=65 kPa, (b) σ

c
=129 kPa, and (c)

σ
c
=192 kPa.
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0.006% to 0.007%; yet this amplitude is not small enough to

determine G
max

. Thus, G
max 

was determined by locating the

point in the experimental G-γ trend that has the maximum

shear moduli as shown in Fig. 10. Shear modulus obtained

from the stress-strain loops in the centrifuge test was normal-

ized by G
max 

determined from the G-γ curve at different confin-

ing pressures (circled data points in Fig. 10). 

In order to obtain a representative curve for each depth from

scattered data, Ramberg-Osgood model was used to obtain the

G/G
max

-γ fitting curves from the experiment data points at dif-

ferent confining pressures. The fitting was carried out using the

least square method. Data points at different confining pressure

together with its equivalent fitting curves are plotted in Fig. 11.

Fig. 12 shows G/G
max

- γ curves at different pressures obtained

from the centrifuge tests and compare the G/G
max

 curves of

clean sand proposed by Seed and Idriss (1977). On the other

hand, Kokusho (1980) and Iwasaki and Tatsuoka (1977) ear-

lier work, suggesting shear modulus degradation curves for

Toyoura sand, is compared in Fig. 13. These curves must be

considered as average responses since they were derived from a

variety of test procedures (Conti and Vaggiani, 2012). The G/

G
max

 curves estimated from the centrifuge tests are approxi-

mately matched to Kokusho’s work; yet they are noticeably

higher than the degradation curves reported by Seed and Idriss

(1970) and Iwasaki and Tatsuoka (1977). 

6. Summary and Conclusions

In this paper, calculation methods to evaluate shear modulus

were reviewed from previously published papers. A simple

procedure was established using the previously proposed

works. The procedure was used to obtain shear modulus of a

sand deposit used for dynamic centrifuge tests. The shear mod-

ulus was successfully evaluated with the use of the shear-strain

hysteresis loops derived from acceleration data at different con-

finement pressures. The procedure used in this study success-

fully captured non-linear shear modulus with shear strain and

effect of confining pressure.

The estimated centrifuge data curves were compared with the

empirical curves proposed by Seed and Idriss (1970), Iwasaki

and Tatsuoka (1977), and Kokusho (1980). It is found that the

shear modulus curves from the centrifuge tests are in reason-

able agreement with Iwasaki and Tatsuoka’s and Kokusho’s

empirical relationships proposed for Toyoura sand. It is inter-

esting to note that the shear moduli at high strain level are com-

parable to the proposed curves. Also, the experimental G/G
max

curves are noticeably higher than Seed and Idriss (1970) but are

Fig. 11. Ramberg-Osgood Fitting Curves at Different Confin-
ing Pressures.

Fig. 12. Comparison of G/G
max

 Curves of the Centrifuge Tests
and Seed and Idriss (1970).

Fig. 13. Comparison of G/G
max

 Curves of the Centrifuge
Tests and Iwasaki and Tatsuoka (1977) at Three Different
confining Pressures: 65 kPa, 129 kPa, and 192 kPa.
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close to the empirical G/G
max

 proposed by Kokusho (1970).

This comparison confirms the feasibility of the simple method

evaluating non-linear shear modulus in wide high shear strain

level. In addition, the result leads to a recommendation with the

use of Kokusho’s curve, especially, for Toyoura sand. 

Limitations are present in this study. It is difficult to properly

obtain G
max

 at small strain in this study because the response of

the sand deposit induced by weak earthquake is too small to

evaluate G
max

 due to noise involvement. An alternative method

to measure G
max

 is recommended to be developed. This study

experimental results should be also verified by laboratory tests.
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