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1 INTRODUCTION 

Site response analysis is a primary component in 
seismic design of soils-structure systems whereby 
the ground motion characteristics is assessed given 
the properties of soil layers as well as the motion at 
the bedrock level. The influence of local site condi-
tions and the input motion properties, as the two 
main inputs in site response analysis procedures, 
have been well recognized and studied through nu-
merous field-monitoring as well as laboratory stud-
ies (Joyner et al. 1981; Boore et al. 1994; Adalier & 
Elgamal 2001; Stewart et al. 2003). Degree of satu-
ration, as a main parameter characterizing the local 
site conditions, can significantly affect the site re-
sponse (D’Onza et al. 2008; Mirshekari & Ghayoo-
mi 2017a; 2017b). The induced suction stresses in 
partially saturated soils (Lu & Likos 2006) can lead 
to major differences in hydro-mechanical properties 
of unsaturated soils (Mancuso et al. 2002; Mendoza 
et al. 2005; Hoyos et al. 2015; Dong et al. 2016; 
Khosravi et al. 2016a; 2016b; Ghayoomi et al. 
2017), and in turn, change the wave propagation 
mechanisms (Yang & Sato 2006) and seismic site 
response. 

Although the effect of degree of saturation on 
seismic site response has been recognized in the past 

studies, this effect is commonly ignored in the Site-
Specific Response Analysis (SSRA) procedures, 
where soil layers are considered to be in either dry 
or fully saturated conditions. The main reason for 
this assumption is the higher shear wave velocity in 
unsaturated soils which is a result of higher suction-
induced effective stress in unsaturated state (Ng et 
al. 2009). The shear wave velocity of the ground 
layers was shown to be inversely proportional to ac-
celeration amplification factors through extensive 
vertical-array data sets. In field measurements, this 
could be indicated by the relative density of coarse 
soils or stiffness of cohesive layers. Therefore, it is 
believed that ignoring the effects of partial soil satu-
ration leads to conservative solutions for seismic de-
sign problems. However, the recent studies on this 
topic revealed that this belief may not be correct in 
certain aspects of site response. For example, the ac-
celeration amplification factors in unsaturated fine 
sand were found to be higher than those in similar 
dry soil (Mirshekari & Ghayoomi 2015; 2017a). 
Possible reasons for the observed trends in amplifi-
cation factors for soils with different degrees of sat-
uration could be: 1) the significant influence of other 
soil properties on the site response of unsaturated 
soils (i.e. unit weight, damping, shear modulus re-
duction factors, and induced shear strain); 2) the ef-
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fects of partial saturation on dynamic soil properties. 
This is often estimated by increasing the effective 
stress in empirical equations calibrated for dry or 
saturated conditions. An accurate estimation of the 
effect of partial saturation on dynamic soil proper-
ties could be obtained by using unified equations 
calibrated for and applicable to soils in dry, unsatu-
rated, or saturated states (Dong et al. 2016); 3) the 
extent of the effect of partial saturation on seismic 
site response. Some studies have shown that this ef-
fect could be beyond the suction-dependency of dy-
namic soil properties requiring specific solutions for 
wave propagation problems in unsaturated medium.  

Despite the recent efforts to shed light on the im-
pact of partial saturation on the seismic site re-
sponse, further studies are still needed to character-
ize different aspects of this phenomenon. This paper 
investigates the effect of motion intensity on seismic 
site response of partially-saturated layers of loosely-
packed fine sand through a set of centrifuge seismic 
modeling. Steady state infiltration technique was 
employed to control and generate uniform degree of 
saturation profiles prior to applying seismic events 
to the specimens. Two different input motions have 
been applied to the specimens with almost the same 
degrees of saturation to evaluate the influence of ap-
plied base motion on partially-saturated specimens.  

2 BACKGROUND 

2.1 Site Response Analysis 

The substantial effects of local site conditions and 
the bedrock motion characteristics on seismic re-
sponse of ground layers are often assessed using the 
procedures regulated by seismic provisions (e.g. 
NEHRP Recommended Provisions for Seismic Reg-
ulations for New Buildings and Other Structures, 
ASCE/SEI 7-10, International Building Code, and 
Minimum Design Loads for Buildings and Other 
Structures) or the Site-Specific Response Analysis 
(SSRA) for the case of more sensitive designs. For 
an identified level of seismic hazard on the bedrock, 
the site response is evaluated through period-
dependent amplification factors as functions of the 
local site conditions and the intensity of bedrock 
motion.  

Based on the consistent correlations between the 
acceleration amplification factors and the harmonic 
average of shear wave velocity in the upper 30 m of 
ground layers (vs, 30), observed during the past earth-
quakes (e.g. see Borcherdt 1994), vs, 30 has been se-
lected as the main predictive parameter in the seis-
mic provisions. The parameter reflects the effects of 
local site conditions on site response. The effects of 
bedrock motion intensity on the site response, and 
specifically on the acceleration amplification factor, 
was extensively studied using the data from instru-

mented sites during the past earthquakes as well as 
numerical procedures (Idriss 1990; 1991; Silva et al. 
2000; Stewart et al. 2003). For instance, Idriss 
(1990; 1991) correlated the acceleration amplifica-
tion on soft soil layers with the bedrock motions us-
ing the data from distant sites during the 1985 Mexi-
co City and 1989 Loma Prieta earthquakes for the 
low bedrock acceleration region combined with nu-
merically extrapolated data for higher bedrock ac-
celeration values (Figure 1). The observed trend of 
lower acceleration amplification (or even de-
amplification) for motions with higher Peak Ground 
Acceleration (PGA) is mainly attributed to the non-
linear dynamic response of soils. 

When the soil layers are categorized as site class 
F or for the cases of more sensitive structures, the 
site response could be more accurately evaluated 
through numerical SSRA software where the equa-
tion of motion is solved in time or frequency domain 
for each specific site (e.g. SHAKE91, DeepSoil). 
Although the SSRA procedures aim to result in 
more realistic solutions towards the seismic site re-
sponse, as of yet, the effects of degree of saturation 
have not been considered in the common software. 
The experimental studies on different aspects of this 
phenomenon would be essential to shed light on the 
extent of this effect and provide a database for vali-
dation of potential modifications in the numerical 

frameworks.  
Figure 1. The effects of bedrock motion intensity on the ac-

celeration amplification in soft soil sites (after Idriss 1991). 

2.2 Steady State Infiltration 

Controlling the degree of saturation is a major chal-
lenge in the centrifuge experiments involving par-
tially saturated soils. Steady state infiltration tech-
nique, commonly used in centrifuge permeameters 
(Nimmo et al. 1987; McCartney & Zornberg 2010), 
has been recently employed as a suitable approach 
of unsaturated testing in larger Geotechnical centri-
fuge. This technique, in relatively higher g-levels, 
results in uniform degree of saturation field along 
the depth of specimen prior to the target experiments 
for characterizing different mechanical behaviors of 
unsaturated soils (Ghayoomi et al. 2011; Mirshekari 
& Ghayoomi 2017). This technique involves apply-
ing water discharge onto the specimen (for the spe-



cific case of this study, using spraying systems), al-
lowing free water movement in higher g-levels 
throughout the specimen, and collecting the freely-
drained effluent water from the bottom of the spec-
imen until steady state condition is reached.  

3 EXPERIMENTAL PROGRAMS 

3.1. Employed setup 

The 5 g-ton Geotechnical centrifuge facility at 
University of New Hampshire, with radius of 1 m, 
was employed to perform the target experiments. 
The steady state infiltration was achieved using the 
experimental setup comprising of inflow and out-
flow water tanks, inflow and outflow solenoid 
valves, and a set of 8 fog-spraying nozzles. The in-
strumentation included Linear Variable Displace-
ment Transducers (LVDTs), accelerometers, and di-
electric sensors which were used to capture 
displacements, acceleration, and Volumetric Water 
Content (VWC) respectively. A laminar container, 
with a modified base plate to help draining water 
from the bottom of specimen, was used in the seis-
mic experiments.  

3.2. Material 

F-75 Ottawa sand was used in this study since the 
matric suction corresponding to residual VWC can 
be as high as 10 kPa, which permits the effect of dif-
ferent suction stresses on the site response of partial-
ly saturated soils to be studied. Further, spraying 
system was employed to establish steady state infil-
tration, which requires materials with relatively 
higher permeability values. Physical properties of F-
75 Ottawa sand are listed in Table 1. Soil Water Re-
tention Curves (SWRC) of the tested material, ob-
tained from hanging column tests as well as tensi-
ometeric technique are illustrated in Figure 2. 

Table 1. Physical properties of F-75 Ottawa sand. 
Parameter Value 

Coefficient of curvature, Cc 1.71 

Coefficient of uniformity, Cu 1.01 
Specific gravity, Gs 2.65 
D50 (mm) 0.182 
Void ratio limits, emin, emax 0.49, 0.80 
Poisson’s ratio (υ) 0.38 

Figure 3. Characteristics of the input motions. 

Figure 2. SWRC of F-75 Ottawa sand (after Mirshekari et al. 

2018). 

3.3. Input Motions 

Scaled 1994 Northridge and 1995 Kobe earthquake 
motions, with PGA of 0.3 g and 0.2 g, respectively, 
were selected as the input motions in this study. Dif-
ferent motion characteristics of the selected input 
motions, including acceleration time history, Fourier 
amplitude, Pseudo Spectral Acceleration (PSA), and 
Arias intensity are illustrated in Figure 3. Both mo-
tions cover a wide range of frequencies allowing the 
effects of partial saturation to be studied as a func-
tion of motion frequency. Although the Northridge 
motion offers a higher PGA, the seismic energy 
build-up during Kobe motion can be up to two times 
the energy of Northridge motion, which is due its 
higher predominant frequency. 

3.4. The testing procedure 

Loosely-packed sand specimens, with dimensions 
shown in Figure 4 and the relative density of 45%, 
were prepared using the dry-pluviation method. The 
employed instrumentations were located at different 
heights as schematically shown in Figure 4. All the 
tests were carried out on initially-saturated speci-
mens to ensure that the VWC-matric suction coordi-
nate of the soil moves along the drying path of 
SWRC during the infiltration stage. The specimen 
was saturated by injecting water from the bottom of 
specimen until a thin layer of water was observed on 
top of the soil layer. The top and side LVDTs were 
installed after the specimen was saturated. All the 
experiments were conducted under 50-g gravity lev-
el, calculated for the middle of sand layer.  
 



The steady state infiltration was established (almost 
within less than a minute for all the tests) by spray-
ing different discharges of water onto the specimen 
and draining the outflow water by opening the efflu-
ent solenoid valves, which resulted in uniform de-
gree of saturation profiles. Upon reaching the steady 
state condition, the input displacement time histories 
were applied to the base of the specimen, and the re-
sponse was captured at different instrumented loca-
tions. For more details on the experimental program 
refer to Mirshekari and Ghayoomi (2017a). 

Figure 4. Schematic of the instrumentation layout and the in-

filtration system (Mirsherkari & Ghayoomi 2017a). 

4 RESULTS AND DISCUSSION 
The results of one dry and two unsaturated tests un-
der Northridge 0.3 g and Kobe 0.2 g seismic mo-
tions are presented herein. The values of degree of 
saturation for each input motion are listed in Table 
2. Hereafter, the unsaturated tests are denoted with 
the letter U followed by their degree of saturation 
(e.g. U57). The captured displacement and accelera-
tion time histories were post-processed to obtain dif-
ferent motion characteristics including Peak Ground 
Acceleration amplification factor at soil surface 
(FPGA), Arias intensity, 5% damped pseudo-spectral 
acceleration, top-to-bottom Ratio of Response Spec-
tra (RRS), and surface settlement. Herein, all the re-
sults are presented in prototype scale, unless stated 
otherwise. 

Table 2. Average degree of saturation in the experiments. 

Base Motions Degree of Saturation (%) 

Northridge 0.3g 0 57% (±2%) 66% (±4%) 

Kobe 0.2g 0 54% (±2%) 66% (±4%) 

 

 The values of PGA amplification factor could be 
obtained by dividing the PGA of motion at different 
instrumented levels by the PGA of the base motion: 

                      (1) 
The surface/base FPGA values for the soil layers 

under both motions are shown in Figure 5(a). Fur-
ther inspection of the results reveal that since the 
PGA of base motion slightly changes in different 
tests, the intensity of base motion might also affect 
the resulting amplification factors. The small chang-
es in input motion characteristics are commonly due 
to the nonlinearities involved with in-flight shaking 
table performance. The variations of FPGA over the 
range of PGAbase in the presented experiments are il-
lustrated in Figure 5(b). The presented variations of 
amplification factors in both Figure 5(a) and 5(b) 
are a function of PGAbase as well as the alterations in 
terms of degree of saturation. In order to eliminate 
the dependency of the amplification factors on 
PGAbase different tests with the same degree of satu-
ration were conducted (Mirshekari & Ghayoomi 
2017a), which formulated the variations of FPGA in 
terms of PGA of base motion: 

 (2) 

where d is a variable, independent of the PGAbase, 
that represents the effect of degree of saturation. The 
values of FPGA were modified using Equation 2 so 
that the base PGA is consistently 0.3 g and 0.2 g for 
Northridge and Kobe earthquake motions, respec-
tively. The modified amplification factors are shown 
in Figure 5(c). Although the results of Figure 5(a) 
do not show a clear trend over the tested range of 
degree of saturation, after eliminating the influence 
of base PGA on the amplification factors, the results 
yielded to a consistent trend where the FPGA values 
increased for higher degrees of saturation. This is 
likely due to the interaction of the variations in key 
parameters of sand layers including shear wave ve-
locity, shear modulus reduction factor, damping, in-
duced level of strain, and unit weight. The higher 
amplification factors in Ottawa sand layers were al-
so obtained through simplified numerical procedures 
(Mirshekari & Ghayoomi 2015). Consistent with the 
trend of lower amplification factors for more intense 
motions (Idirss 1991; Silva et al. 2000; Stewart et al. 

basePGA
PGAPGAF /=

dPGAF
basePGA

+´-= 75.5



2003), the FPGA values of the same degree of satura-
tion were observed to be higher for Kobe motion 
than the ones captured under Northridge event.  

The frequency/period-dependency of the amplifi-
cation factors in dry and unsaturated sand was stud-
ied by calculating the Ratio of Response Spectra 
(RRS), which is the ratio between the 5% damped 
spectral accelerations (as the main input for structur-
al seismic design) obtained at the top and bottom of 
the specimen: 

                     (3) 
The RRS graphs for dry and unsaturated sand 

layers shaken with Kobe and Northridge motions are 
shown in Figure 6 (a) and (b), respectively. The 
common trend, observed for both earthquakes, con-
sists of more significant increase in acceleration am-
plification in unsaturated sand layers than the dry 
ones in lower period ranges (high frequencies), 
which is reduced as the period increases. For the 
higher periods (i.e. > 2 s), the dry soil resulted in 
higher acceleration amplification for both motions. 

Figure 6. Ratio of response spectra for (a) Kobe and (b) 

Northridge motions. 
In order to assess the variations of the energy 

build-up during the seismic events in dry and partial-
ly saturated soils, time histories of Arias intensity 
for captured surface motions, normalized by divid-
ing by the maximum Arias intensity of the base mo-
tion, were obtained and shown in Figure 7. The un-
saturated sand layers showed higher energy 
amplifications for both Kobe and Northridge mo-
tions. For the case of Kobe motion, the unsaturated 
soil layer with the 54% degree of saturation showed 
a significantly higher energy amplification during 
the seismic event. The higher values of Arias inten-
sity for the unsaturated soils demonstrate that, given 
the variations of amplification factors over different 
periods, partial saturation led to an overall higher in-
tensity amplification than the similar dry soil. Alt-

hough the Arias intensity time histories were nor-
malized with respect to the energy level of the base 
motion, it should be noted that the energy amplifica-
tion during different input motions could be a func-
tion of the base motion intensity, similar to the de-
pendency of FPGA on PGAbase. This extra effect, 
however, has not been separated from the influence 
of partial saturation on the Arias intensity, and 
therefore is embedded in the observed trend in Fig-

ure 7.  
Figure 7. Arias intensity time histories of dry and unsaturated 

sand layers under Kobe and Northridge motions. 

Variations of seismic settlement over degree of 
saturation of sand layers are illustrated in Figure 8. 
The settlement of unsaturated sand layers appeared 
to be consistently lower than the ones in dry condi-
tion, which was similarly observed by Ghayoomi et 
al. (2011) and is likely due to the increased stiffness 
of the unsaturated medium. The settlements caused 
by Kobe motion were higher than the ones observed 
during Northridge motion, which was due to its 
longer duration and higher intensity. 

 

Figure 8. Seismically-induced settlements, resulted from Kobe 

and Northridge motions, versus degree of saturation. 

5 CONCLUSION 
The results of centrifuge seismic modelling of dry 
and partially saturated sand layers were presented 
where Northridge 0.3 g and Kobe 0.2 g earthquake 
motions were applied to the specimens to evaluate 
the effect of motion intensity on seismic site re-
sponse of unsaturated sand. The results showed 
higher amplification factors within the unsaturated 

baseTop PSAPSARRS /=



sand layers than those obtained from dry layers, 
which contradict with the commonly-believed as-
sumptions in this topic. The higher acceleration am-
plification in unsaturated sand appeared to be a func-
tion of motion frequency showing similar trends for 
both Kobe and Northridge motions. For periods less 
than almost 2 s, the unsaturated condition led to 
higher amplification while an opposite trend was ob-
served for higher periods. Seismic settlements in un-
saturated sand were consistently lower than those in 
dry layers for both input motions, while Kobe mo-
tion caused higher settlements due to its higher level 
of energy. 
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