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1 INTRODUCTION  

Shear modulus and damping ratios are very impor-

tant parameters for accurate seismic design. The 

shear modulus degrades and the damping ratio in-

creases with increase in soil shear strain during 

earthquake events. Many researchers have previ-

ously studied the shear modulus and damping ratio 

parameters for different soil types under the effect of 

cyclic loading (e.g. Kokusho, 1980; Rollins et al., 

1998; Seed et al., 1986; and Ishibashi & Zhang, 

1993). For clean sand, Hardin & Drenvich (1972) 

found that shear strain, effective stress level, and 

void ratio are the main factors affecting the shear 

modulus and damping ratio. Field studies have also 

been carried out to investigate stiffness nonlinearity 

based on earthquake motions (e.g. Chang et al. 1989; 

Zeghal et al. 1995). Zeghal et al. (1995) developed a 

method to establish the shear modulus and damping 

ratio from measured acceleration time histories 

based on evaluating shear stress-strain cycles at dif-

ferent soil depths for instrumented test sites.  

Dynamic centrifuge test results can also be used 

for investigating soil behaviour (Brennan, et al. 

2005). The method of Zeghal et al. (1995) has been 

applied recently to the acceleration time history re-

corded in centrifuge models (Ellis et al. 1998; 

Zeghal et al. 1999; Brennan et al. 2005; Elgamal et 

al. 2005; Rayhani & El Naggar, 2008; Lanzano, et 

al. 2010).  

The research study reported herein investigates 

the seismic response of dry Nevada sand at two rela-

tive densities (50% and 90%), under the effect of the 

Western Canada Earthquake (WC) with two differ-

ent amplitudes. The free field acceleration time his-

tories recorded were used to investigate the dynamic 

soil properties. The effect of acceleration time his-

tory filtering was also investigated. 

2 CENTRIFUGE MODELING  

Two centrifuge tests were performed using the cen-

trifuge at the Rensselaer Polytechnic Institute (RPI), 

USA, to investigate the seismic response of Nevada 

sand. The tests involved two different relative densi-

ties and seismic loading from the Western Canada 

earthquake shakings with different amplitudes. The 

loadings were applied by accelerating the centrifuge 

from 1g to 60g, and then applying the earthquake 

shakings at 60g, while continuously monitoring all 

sensors. The data generated from the acceleration 

time histories were interpreted to evaluate features 

of the dynamic soil properties of dry Nevada sand. 
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2.1 Nevada sand 

The sand used in the centrifuge tests was 120-

Nevada Sand, which is a fine, uniform, and clean 

sand. Sieve analysis shows that the particle size was 

in the range of 0.075 to 0.550 mm. This sand is clas-

sified as poorly graded sand (SP). The general prop-

erties of this sand are shown in Table 1.  

2.2 Earthquake simulation 

The RPI centrifuge facility utilizes a servo-

hydraulically controlled system to produce one-

dimensional horizontal shaking. This provides input 

voltage signals and simulates earthquake shakings 

by applying forces to the model base. The earth-

quake used was the Western Canada earthquake 

(shown in Figure 1). Table 2 shows peak ground ac-

celeration (PGA) and the predominant frequency 

(FP) of the earthquake input motions. The original 

earthquake signal was scaled to the desired PGA. 

Accelerometers were placed in the model to measure 

the acceleration time history. Each accelerometer 

was calibrated before installation. The range of ac-

celerations that can be recorded is ± 500g.  

2.3 Model preparation 

The centrifuge container was 876.3 mm (L) × 368.3 

mm (W) × 355.6 mm (H). The target sand relative 

densities for the tests were 50% and 90%. To 

achieve the required relative densities, the centrifuge 

box height was divided into layers of 25.4 mm 

thickness. The sand was placed in the centrifuge box 

into layers employing air pluviation to achieve the 

50% relative density. Each layer was additionally 

tamped to achieve 90% relative density. 

To address the problem of wave reflections due to 

the rigid sides of the box, an equivalent dummy 

model was built and subjected to all of the earth-

quake records with different amplitudes. Several ac-

celerometers were distributed inside the sand at the 

same elevation and at different distances from the 

boundary. The recorded acceleration time histories 

ascertained that there was minimal effect of the 

boundary on the results and gave essentially the 

same results. It should be noted that the closest ac-

celerometer to the box side was placed 3 mm from 

the box side, and that the box wall thicknesses were 

only 7 mm. Further discussion on the wall boundary 

conditions are presented elsewhere (Abuhajar, 2013, 

Abuhajar et al 2015). 

 

 
Figure 1. Time history for the Western Canada earthquake. 

 

Table1. General properties of 120-Nevada sand. 
Property Value 

Gs 2.67 

Effective diameter D10 = 0.080 mm 

 D30 = 0.115 mm 

 D50 = 0.145 mm 

 D60 = 0.160 mm 

Uniformity coefficient Cu = 2.00 

Curvature coefficient Cc = 8.98 

Maximum void ratio emax 0.764 

Minimum void ratio emin 0.562 

Maximum density max 1709.48 kg/m3 

Minimum density min 1513.76 kg/m3 

*Critical State Friction angle cs 32o  

*Peak Friction angle p 40o 

*Peak Dilation angle p 8o 

*Poisson’s ratio 0.28 

*After Arulmoli et al (1992) and Lai, et al (2004).  

 

Table 2. Earthquake input motions. 

Test 
Input 

motion 

Prototype Centrifuge (1:60) 

PGA (g) FP (Hz) PGA (g) FP (Hz) 

T1a WCL 0.09 0.647 5.4 38.8 

 
WCM 0.24 0.647 14.5 38.8 

T2 a WCL 0.10 0.647 5.8 38.8 

 
WCM 0.23 0.647 13.6 38.8 

* WC = Western Canada, L = Low, M = Medium. 

*T1 & T2 refer to Test1 and Test 2. 

*PGA = Peak ground acceleration, FP = predominant frequency. 
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Figure 2. Schematic diagram for centrifuge tests (All units are 

in mm). 



2.4 Model configuration 

Figure 2 shows the general configurations of the test 

models. Tests 1 and 2 are for the sand density of 

90% and 50 %, respectively. All models were in-

strumented to measure Free Field acceleration time 

histories by placing accelerometers inside the sand. 

As shown in Figure 2, the accelerometers Ac2, Ac3, 

Ac4, Ac5 and Ac6 were used to measure horizontal 

acceleration time history along a vertical section. 

The total height of the sand models was 330 mm, 

which simulated 19.8 m at 60g. The earthquake sig-

nals were sent to the shaker at 60g. Data from all of 

the sensors were recorded during testing. 

3 CENTRIFUGE RESULTS 

Data processing and filtering were applied to all ac-
celeration records to remove electronic drift from the 
records. Filtering is necessary to obtain the correct 
shape of the velocity and displacement time histo-
ries. The data sets chosen for this analysis were from 
Tests 1 and 2 under the effect of WCL and WCM, to 
investigate different ranges of shear strain under two 
relative densities (50% and 90%). 

3.1 Evaluation of shear stress strain history 

The shear stress and shear strain time histories were 

evaluated using the method proposed by Zeghal et 

al. (1995). They used a one-dimensional shear beam 

idealization to describe the site seismic lateral re-

sponse, assuming 1D vertically propagating shear 

waves. The shear stress at any level z and time t may 

be expressed as:  
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where  is the mass density in kg/m
3
 of the soil,  u

is the horizontal acceleration and  is the horizontal 

shear stress. i refers to level zi and zk is the spacing 

interval. The shear stress estimated using Equation 1 

is second-order accurate.  

 The shear strain calculations are based on the dis-

placement time history derived by double integrating 

the acceleration time history. A second-order accu-

rate shear strain i at level zi and time t expressed as:  
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where ui = u(zi,t) is the absolute displacement.  

 
Figure 3. Unfiltered/filtered frequency of acceleration at Ac2 

3.2 Effect of data filtering 

Brennan et al. (2005) recommended filtering the 

data at high frequency to eliminate noise and at low 

frequency to eliminate drift errors during integration. 

The shear stresses and shear strains derived from the 

acceleration and displacement time histories are very 

sensitive to the range of filters. The recorded accel-

eration time histories were first converted to proto-

type scale and then filtered. The filtering was carried 

out using the Seismosignal software. This software 

carries out filtering on the acceleration time history 

only and the velocity and displacement time histo-

ries are the results of the filtered acceleration. The 

selection of low and high pass filter values was 

based on the frequency contents of the earthquake 

signal. Usually, the frequency range in the earth-

quake signal is between 0 and 25 Hz. Thus, the high 

pass value was kept at 25 Hz and the low pass value 

changed until the displacement record had no drift. 

A large number of bandpass filters were applied 

and their effects on the shear stress-strain loops 

noted. As an example of the unfiltered frequency 

content of the acceleration time history recorded for 

the WCL event at Ac2 in Test 1 is shown in Figure 

3. To show the effect of filtering on the shear stress-

strain loops, two ranges of bandpass filter were ap-

plied to this frequency content; one filtered between 

0.2 – 25 Hz, and the other between 0.3 – 1.5 Hz, as 

shown in Figures 3. Using both filter ranges pro-

duced an appropriate shape of the displacement time 

history, but filtering in the 0.3 – 1.5 Hz range can be 

considered to be heavily over-filtered, because re-

moving the high frequency components removes the 

details of actual load paths (Brennan et al., 2005). 

The shear stress-strain loops were plotted at dif-

ferent depths and there was a clear change in its 

slope with depth. Due to the limited size of the pa-

per, only the loops from the 16.8 m depth are pre-

sented here. The shear stress-strain loops presented 

in Figures 4 and 5 use filtered and unfiltered accel-

erations to calculate the shear stresses for the band-

pass filter of 0.3 – 1.5 Hz. The results show very 



smooth loops when using both filtered acceleration 

and filtered displacement to get the shear stress and 

shear strain. This may introduce artefacts because 

the acceleration time history is over-filtered and 

causes reduction in the actual values of shear 

stresses and consequently a reduction in the shear 

modulus values. Also, the shape of the loops indi-

cates a single frequency record, while earthquakes 

are multi-frequency records. When using the unfil-

tered acceleration with the filtered displacement for 

a bandpass filter of 0.3 – 1.5 Hz, the shape of the 

loops will be different and will compress and cause 

the area of the loop to be very small. The damping 

ratio is a function of the area of the loop, so this may 

produce small values of damping ratios for such 

shear strain levels. The shear stress-strain loops for 

the bandpass filter of 0.2 – 25 Hz is presented in 

Figures 6 and 7 for filtered and unfiltered accelera-

tions, respectively. The filtered accelerations show 

very compressed loops, while the unfiltered accel-

erations produce better shapes for the loops. The au-

thors propose that the unfiltered accelerations will 

produce more accurate shear modulus, since they 

use the actual shear stresses and more appropriate 

shapes for the loops, to achieve more reasonable 

damping. Therefore, the unfiltered acceleration with 

the filtered displacement time histories were used to 

produce the shear stress and shear strain time histo-

ries to determine the shear stress-strain hysteresis 

loops. It is also recommended that the minimum 

bandpass filter be used that gives the correct shape 

of displacement time history, since the main purpose 

is to filter the original acceleration time history re-

cords.  

3.3 Calculation of shear modulus & damping ratio 

The procedure for evaluating the shear modulus and 

damping ratio from shear stress-strain cycle is pre-

sented in Figure 8. Each loop was separated to cal-

culate the secant shear modulus and damping ratio. 

The secant shear modulus Gsec calculated as follows: 

 

 
Figure 4. Shear stress-strain cycles at 16.8 m depth during 

WCL shaking in Test 1 using filtered accelerations and filtered 

displacements between 0.3 and 1.5 Hz. 

 

 
Figure 5. Shear stress-strain cycles at 16.8 m depth during 

WCL shaking in Test 1 using unfiltered accelerations and fil-

tered displacements between 0.3 and 1.5 Hz. 

 

 
Figure 6. Shear stress-strain cycles at 16.8 m depth during 

WCL shaking in Test 1 using filtered accelerations and filtered 

displacements between 0.2 and 25 Hz. 

 

 
Figure 7. Shear stress-strain cycles at 16.8 m depth during 

WCL shaking in Test 1 using unfiltered accelerations and fil-

tered displacements between 0.2 and 25 Hz. 

 

 
Figure 8. Evaluation of shear modulus and damping ratio from 

stress-strain loop. 
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where 1  and 2  are the positive and negative peak 

shear stresses and 1  and 2 are the maximum and 

minimum shear strains, respectively. The damping 

ratio was calculated using the actual area of loop 

Aloop as shown in the following relation: 
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The stress-strain loops were not symmetrical 

about the shear stress and shear strain axes. In some 
cases, much of the loop is biased to the positive or 
negative side of the axes. Therefore, the above pro-
cedure is more appropriate than other methods that 
only use one side of the axis to determine the shear 
modulus and damping ratio, Abuhajar (2013). 

Figure 9 presents a comparison between the fil-
tered and unfiltered accelerations with the filtered 
displacement for Test 1 using the WCL event. The 
results show that the filtered accelerations can pro-
duce scattered data and cause most of the G/Gmax 
and damping ratios to diverge from previous data. 

3.4 Assessment of shear modulus 

Figures 10 and 11 present the results of the normal-

ized secant shear modulus Gsec to the maximum 

shear modulus Gmax obtained from the backbone 

curves for Tests 1 and 2 under the earthquake shak-

ings for the WCL and WCM. The results are plotted 

against the curves given by Seed & Idriss (1970) for 

a range of dry fine sands. Each point in these Figures 

represents the result from a single hysteresis loop. 

The shear strain ranged between 0.005 and 0.2% for 

Test 1; while for Test 2 it ranged from 0.007 to 

0.32%, which is attributed to the difference in sand 

relative density. It is expected that the less dense 

sand would experience higher shear strain, espe-

cially close to the surface. The effect of the shaking 

amplitude is clearly shown from the results, since 

the magnitude of the strain produced by the WCM is 

larger than that of the WCL. The centrifuge results 

are in good agreement with the standard curve by 

Seed & Idriss (1970) and Oztoprak & Bolton (2013). 

3.5 Assessment of damping ratio 

The damping ratios values were estimated from the 

shear stress-strain loops as a function of the shear 

strain. Figures 12 and 13 show the results of damp-

ing ratio degradation with shear strain for Tests 1 

and 2 under the WCL and WCM shakings. 

 

 
Figure 9. Comparison between the effect of using filtered and 

unfiltered acceleration with the filtered displacement for Test1.  

 

 
Figure 10. Shear modulus degradation of sand under WCL and 

WCM shakings in Test 1.  

 

 
Figure 11. Shear modulus degradation of sand under WCL and 

WCM shakings in Test 2. 

 

The damping ratios were compared to curves pro-

posed by Seed & Idriss (1970) for dry fine sand and 

give good agreement. The effect of soil density is 

also observed in the data. Finally, the adapted filter-

ing procedure resulted in significant reduction in 

damping scatter similar to Brennan et al. (2005). 



 
Figure12. Damping degradation of sand under WCL and WCM 

shakings in Test 1.  

 

 
Figure13. Damping degradation of sand under WCL and WCM 

shakings in Test 2.  

4 CONCLUSIONS 

Proper evaluation of shear modulus and damping ra-
tio of soil are key factors for accurate seismic analy-
sis. The centrifuge acceleration time histories rec-
orded for free-field locations of the Western Canada 
earthquake were investigated to examine the shear 
modulus and damping ratio of the soil and their deg-
radation with shear strain. The effect of filtering of 
the acceleration time histories on the cycling loops 
and its effect on the shear modulus and damping ra-
tios were also investigated. Several filtering ranges 
were examined and it is suggested that the adoption 
of the minimum filtering range that can produce the 
appropriate shape of displacement time history is op-
timal. This shape is recommended to be used to cal-
culate the shear strain time history, while the origi-
nal (unfiltered) acceleration time history is 
recommended for use to calculate the shear stress 
time history. This has the advantage of obtaining the 
actual shear stress values, with a more reasonable 
shape of the cyclic loops, and reducing the damping 
scatter that was observed by other researchers. 
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