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Abstract

Induced partial saturation is one of the novel techniques to increase the liquefaction resistance of
saturated sandy ground. Nonetheless, a limited number of experimental studies are available on the
delineation of this method. Moreover, the performance of induced partial saturation under sequential
ground motions is poorly understood. Dynamic centrifuge experiments are carried out to investigate
the effects of partial saturation on the response of shallow foundation resting on liquefiable ground
under sequential ground motions. Centrifuge models consist of two distinct shallow foundations and
associated superstructures resting on a liquefiable uniform sand layer. The drainage-recharge method
is used to induce partial saturation in the model ground. Compressibility change of pore fluid and
alteration of ground permeability because of induced air voids, affect the deformation mechanism of
the ground-foundation system. Assessment of maximum potential volumetric compressibility of pore
fluid because of induced air voids is essential to understand the effectiveness of induced partial
saturation. Centrifuge test results signify that the induced partial saturation reduces the overall
deformation of the foundation-structure system. However, slightly amplified kinematic seismic
demand is observed at superstructures in case of partially saturated ground in comparison with fully

saturated ground.

Keywords
Centrifuge model test, excess pore water pressure, induced partial saturation, liquefaction, sequential

ground motion, settlement, shallow foundation
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1. Introduction

Liquefaction, a well-known phenomenon has been a topic of curiosity and complex experimentation
among the geotechnical earthquake engineers and researchers all over the world since the past few
decades. Liquefaction primarily occurs in the saturated loose cohesionless soil during dynamic/cyclic
loading. During liquefaction, soil loses its shear strength due to excessive build-up of pore water
pressure leading to ground failure, and sometimes even collapse of associated structures. Soil
liquefaction and related ground failure have been extensively studied by many researchers [1-7].
Liquefaction has caused damage to the built environment to a great extent. For instance, a significant
part of the Christchurch city in New Zealand was devastated by soil liquefaction during the 2011
Christchurch earthquake in terms of the structural settlement, tilting, and lateral spreading of the
ground [6, 7]. In the 1964 Niigata and the1990 Luzon (Philippines) earthquakes, most of the damaged
buildings were two to four stories built on shallow foundations and relatively thick and uniform
deposits of clean sand. Reports presented in many studies [8-10] described the role of liquefaction in
the damage of buildings, specifically in the reclaimed land during the 2011 Tohoku earthquake.
Numerous sand boils and large ground settlement, as well as the settlement/tilting of the wooden
houses and reinforced concrete buildings supported on spread foundation, were seen throughout the
affected area.

Soil remediation measures are requisite for liquefaction prone sites. In recent years, many researchers
have explored liquefaction mitigation techniques that are different from commonly available practices
as presented in reports by Mitchell et al., and Seed et al. [11-13]. Among those newly developed
methods, induced partial saturation is one of the novel techniques to increase the liquefaction resistance
of liquefiable ground. Partial saturation is achieved by artificially introducing the gas bubbles into soils.
Several methods have been adopted to induce partial saturation within the ground such as water
electrolysis [14], drainage-recharge [14, 15], chemical sodium perborate [16], biogas [17] and air

injection [18, 19].
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Laboratory experiments were performed by many researchers [20, 21] to understand the performance
of induced partial saturation. The results showed that even a small change in the degree of saturation
could increase the liquefaction resistance of liquefiable soil considerably. The inclusion of air voids
within the saturated ground (to make it partially saturated) tend to decrease the overall bulk modulus
and increase the compressibility of the pore fluid, which makes the development of excess pore water
pressure less under cyclic shearing compared to the fully saturated condition. In this study, the
drainage-recharge method is used to induce the partial saturation within the ground.

A comprehensive investigation is required to understand the effectiveness of induced partial saturation
to mitigate the liquefaction effects on a shallow foundation. The effectiveness of air voids under
multiple shaking, partial drainage effects on the evolution of excess pore water pressure, post-
liquefaction behavior and soil-foundation-structure inertial and kinematic interaction are essential to
assimilate to avail the maximum benefits of this technique. For that purpose, two dynamic centrifuge
experiments are carried out to examine the performance of induced partial saturation to mitigate the

liquefaction effects on shallow foundation under strong sequential ground motions.

2. Centrifuge Test Program

Dynamic centrifuge tests are performed to investigate the effectiveness of induced partial saturation to
mitigate the liquefaction effects on a shallow foundation. Dynamic centrifuge tests are carried out
utilizing the Tokyo Tech Mark III centrifuge facility [22] having a radius of 2.45 m, at a centrifugal
acceleration of 40 g (N=40). Presented centrifuge tests simulate the prototype saturated soil deposit of
10 m depth. The model ground is prepared using the Toyoura sand (properties are shown in Table 1)
with a relative density; of 50% by the air-pluviation method. The sand hopper is precisely calibrated
in terms of the falling height and pouring rate to ensure the consistency of relative density for different
model grounds. A flexible laminar container with inner dimensions of 600 x 250 x 438 mm (model

scale) in length, width, and height respectively, is used to frame the models. The laminar box is
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composed of many aluminum rectangular alloy rings which allow the movement along with soil mass
which helps to create a flexible boundary and ensure the uniform dynamic shear stresses within the

model ground during the dynamic excitation.

2.1 Model foundation-structure system

The scope of this paper is to evaluate the effectiveness of induced partial saturation for the isolated
shallow foundation associated with temporary kind of structures resting on liquefiable ground.
Therefore, two different types of superstructures (as shown in Fig. 1) are considered, in which left unit
represents a typical Buffer Tank (BT), and right unit represents Flare Stack (FS). BT and FS (properties
are shown in Table 2) impose an average bearing pressure of 51.2 kPa and 71.2 kPa respectively at 0.8
m below the surface of the model ground in prototype scale as shown in Fig. 1. BT is a kind of storage
tank, and FS is typically used to burn the unusable waste. They are generally mounted on an isolated
shallow foundation. These two different structures are used to understand the rocking behavior
(anticipated for FS as being the taller structure) of the structures during the shaking. Also, the
effectiveness of induced air-voids is investigated under different bearing pressure with the help of BT
and FS foundation-structure system. Moreover, the use of two different structures ensured the
credibility of the evaluated performance of induced partial saturation. The height of prototype targeted
structures, i.e. BT and FS are 15 m and 32 m respectively, having distributed mass along the height. In
the model scale, the height of both BT and FS (after scaling down for N = 40) turned out quite
disproportionate concerning the laminar container size. Therefore masses are lumped at the middle of
both BT and FS to ensure the fundamental design periods of BT and FS (0.4s and 0.5s, respectively).

This improvisation reduced the height of BT and FS by 50.10% and 56.25 % respectively.

2.2 Model ground preparation

Flow charts of model ground preparation for both fully saturated and partially saturated model grounds



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

are shown in Fig. 2. Initially, the water tightness is ensured to avoid any fluid leakage from the laminar
container during the experiment. Inner sides of the laminar box are covered with the polyethylene sheet
to prevent any sand particles jamming between the alloy rings. Then sand is poured with the help of a
sand hopper which is manually moved forth and back to achieve the uniform level ground at calibrated
falling height and pouring rate. The transducers are carefully placed at desirable locations (see Fig.1

and Table 3) during the model ground preparation. The model is saturated with the viscous fluid, i.e.,
a mixture of water and 2 % Metolose (Hydroxypropylmethyl cellulose) by weight of water, to achieve
a viscosity about 40 times that of water. This solution is used to ensure the compatibility of prototype
permeability of the soil and to set up the aftfinity between dynamic and diffusion scaling laws [23]. The
fully saturated model ground is prepared by dripping the de-aired Metolose solution slowly from the
top of the container under a vacuum of 760 mmHg over the sponges at the surface of the model ground.

The dripped solution slowly moves downward and saturates the model ground uniformly. The
saturation is continued until the water table (Metolose solution table) reaches up to the top surface of
the model ground. This saturation process for both the models took approximately 48 hours to complete.
After the saturation, superstructures (BT and FS) are mounted over the footings and placed on the
model ground at desirable locations (as shown in Fig. 1). It is to be noted that the wind speed at 40 g
is tremendous which might cause turbulence to the FS because of comparatively large height.

Therefore a wind casing is prepared to cover it as shown in Fig. 3.

2.3 Air induction

The drainage-recharge method is used to prepare the partially saturated model ground. Initially, the
model ground is prepared and saturated as described in the Subsection mentioned above. After the
saturation, the laminar box is taken out from the vacuum chamber. Then, the partial saturation is
induced at 1g as follows (Fig. 2): In the first step, the Metolose solution is drained out from the model

ground which turns the model into moist state and entrapped some amount of the air voids inside it. In
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step 2, the drained-out Metolose solution is dripped back slowly on the sponges at the surface of the
model ground in open air. The recharging is continued until the water table reaches back to the top
surface of the model ground. It is to be noted that this time some amount of Metolose solution is left
out because of entrapped air even though the water table reaches up to the top surface. The process
mentioned in step 2 is repeated three times to ensure the uniformity of air voids entrapped within the
model ground. Each time it took almost 4 hours to complete the drainage-recharge cycle. The overall
degree of saturation within the partially saturated model ground is estimated by W2/W1, where W2 and
Wi are the amounts of Metolose solution used in preparing the partially saturated and fully saturated
model ground respectively. Due care is taken to estimate the degree of saturation for both fully
saturated and partially saturated model grounds (tabulated in Table 4) using mass, volume and density
relationships. However, it is worth noting that certain errors still happen to have a scope as mentioned

by Kutter [24].

2.4 Water table and effective stress

The location of the water table is estimated using pore pressure readings of many pore pressure
transducers at 40g to avoid/minimize any possible error. Estimated water tables for fully saturated and
partially saturated model grounds are found to be at 0.7 m and 0.9 m respectively, below the surface
of the ground in prototype scale. The vertical effective stress is one of the fundamental factors which
determines the soil behavior. All measurable effects of change of stress, such as compression, distortion
and a change of shearing resistance, are due exclusively to changes of effective stress [25]. The initial
effective stress is calculated (as tabulated in Table 3) by subtracting the pore water pressure from the
total stress. Vertical stress at desirable depths because of foundation-structure is calculated using
Boussinesq’s method which further is used to evaluate the vertical effective stress distribution within

the ground.
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2.5 Testing procedure

After finishing the saturation process, the model is mounted on the shaking table at centrifuge lab
facility. Before applying the ground motions, the centrifuge model is tested against a white noise
(WNT1) as shown in Fig. 4 to understand the dynamic characteristics of the system. Fig. 5 shows the
transfer function which is estimated as the ratio of acceleration obtained at the top of superstructures
(A8 and A9 as shown in Fig. 1) to the white noise acceleration recorded at the base of the centrifuge
model ground (A1) in the frequency domain. The fundamental periods obtained during the experiments
are 0.42 and 0.37 s for BT, and 0.56 and 0.58 s for FS corresponding, respectively, for fully saturated
and partially saturated model grounds in prototype scale. Natural periods of BT and FS obtained for
both the models are very close to the design periods (as mentioned in Table 2). Ground motion recorded
at Hachinohe Port during the 1968 Tokachi-Oki earthquake (NS component) is used as the first
dynamic excitation after the white noise (WN 1). Enough time is given for full dissipation of excess
pore water pressure before applying the second/sequential earthquake ground motion. Design
earthquake motion for highway bridges in Japan (2-I-I-3, NS component) recorded at the ground
surface near New Bansuikyo Bridge, Tochigi during the 2011 Tohoku Earthquake is used as the
sequential ground motion to examine the foundation behavior under large earthquake. Model grounds
configuration and the description of applied shakings are tabulated in Table 4. Fig. 6 shows the
acceleration time histories, Fourier spectra and Arias intensity [26] of the input base motions for fully
saturated and partially saturated model grounds. Exact simulation of ground motion in the centrifuge
is quite complicated. Many trials were made to finalize the simulated shakings (of both Tokachi-Oki
and Tohoku ground motions) before performing the centrifuge experiment. It is imperative that the
simulated ground motions agree well in time and frequency domain as well as depict alike Arias
intensity to ensure the fair comparison between test results of fully and partially saturated model
grounds. Base motions shown here are presented after having baseline correction and filtering.

Filtering is performed in the frequency domain using the bandpass Butterworth filter with corner
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frequencies of 0.3Hz and 10 Hz respectively in prototype scale. It is evident that the simulated
waveforms for both cases possesses similar intensity and are in good agreement both in time as well

as frequency domain.

3. Test Results and Discussion

3.1 Evolution of excess pore water pressure

All the test results shown in the following sections are in the prototype scale unless mentioned
otherwise. Excess pore water pressure (EPWP) time histories are obtained at several desirable locations
as shown in Fig. 1. Evolution of EPWP (generation and dissipation trend), plays a vital role in the
understanding of the liquefaction phenomena. Soils at certain depth undergo liquefaction if the excess
pore water pressure ratio (7.) which is calculated by dividing the generated EPWP by the initial vertical
effective stress at the respective depth, approaches to unity. Table 3 shows the initial vertical effective
stress at all transducers locations for both fully saturated and partially saturated model grounds.

Fig. 7 depicts the EPWP time histories for the fully saturated and partially saturated model grounds
when subjected to Tokachi-Oki ground motion. At P1 (Level 1), the EPWP time histories are almost
same in both the cases in terms of maximum magnitude; though, the dissipation trend is marginally
delayed in case of partially saturated model ground. As the hydrostatic pressure at Level 1 (base of the
model ground) is significantly high, there might be a possibility of volume change/dissolution of air
voids. Therefore, both fully saturated and partially saturated model grounds exhibit similar behavior
in terms of generated EPWP trends at the base of the model ground which is further elaborated in the
following Subsection. At P2 and P4 (Level 3), the presence of air voids within the partially saturated
model ground significantly delayed the generation and dissipation of EPWP in comparison with the
fully saturated model ground. This behavior occurs primarily because of the increase in compressibility
of the air and pore fluid mixture in case of partially saturated model ground [14]. In addition, induced

partial saturation reduced the overall permeability of partially saturated ground. This also justifies the
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behavior of the slower rate of generation and dissipation of EPWP as shown in Fig. 7. At this level
(Level 3), the maximum magnitude of generated EPWP has surpassed the liquefaction state line (i.e.
rv=1) in case of fully saturated model ground whereas the liquefaction state is not observed in case of
the partially saturated model ground. Similar behavior of EPWP generation and dissipation is observed
at P6 (Level 4). In case of fully saturated model ground, liquefaction state is achieved at P6 whereas,
the maximum magnitude of EPWP in case of the partially saturated model ground is far below the
liquefaction state line. Unfortunately, the pore water pressure transducers P3 and P5 did not work
correctly because of some unforeseen reasons and hence are not shown in Fig. 7.

At shallower depth (Level 5), EPWP time histories at P7 share almost the same magnitude of maximum
EPWP for both fully saturated and partially saturated model grounds. However, the generation and
dissipation rate of EPWP at P7 is delayed in case of partially saturated model ground in comparison
with the fully saturated model ground. The possible explanation for this unusual behavior at P7 might
be non-uniformity of partial saturation in the vicinity of Flare Stack (FS) footing. At P9 (Level 5), the
maximum magnitude of generated EPWP is significantly less in case of partially saturated model
ground in comparison with the fully saturated model ground. The liquefaction state is not achieved at
P7 (under FS) and P9 (under BT) because of large vertical effective stress due to the foundation-
structure system. It is interesting to note that the maximum magnitude of EPWP at P8 (Level 5) in case
of the fully saturated model ground is more than the one at P7 and P9, even though the vertical stress
at P8 is less than P7 and P9. The reason for this is the flow of pore fluid and settlement caused under
the shallow foundation [13, 27]. Both BT and FS foundation has influence zone of large confining
stress in the vicinity of foundation, and because of vertical hydraulic gradient setup during dynamic
excitation, the pore fluid is bound to flow nearby the model centerline. The availability of significant
amount of migrated pore fluid for a long time resulted in more EPWP at P8 than P7 and P9.

Fig. 8 depicts the EPWP time histories for both fully saturated and partially saturated model grounds

when subjected to Tohoku ground motion. It is evident from Fig. 8 that whole model ground gets
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liquefied except in the vicinity of FS foundation (at P7) in case of fully saturated model ground.
However, induced partial saturation can avoid the liquefaction state at P6 (Level 4) and P7 and P9
(Level 5) in case of the partially saturated model ground. During Tohoku ground motion, the overall
performance of partially saturated ground is diminished in comparison with the one witnessed during
Tokachi-Oki ground motion. Tohoku earthquake is stronger than the Tokachi-Oki in terms of both peak
acceleration and duration. Also, there is a considerable possibility that a few percentages of air voids
might have disintegrated/dissolved during Tokachi-Oki earthquake because of pore fluid migration in
the liquefied zone (further elaborated in Subsection 3.2) and due to the deformation of the model
ground.

Pore pressure transducers (PPTs) at a shallower depth (P7-P9) exhibit maximum EPWP quite after the
shaking period in case of partially saturated model ground during both Tokachi-Oki and Tohoku ground
motion as shown in Figs 7-8. The reason for this is the slower rate of water flow from the deeper
portion of the model ground in case of partially saturated ground. It is to be noted that all PPTs show
a small magnitude of the residual EPWP in dissipation phase at 5000 s except at P1 (Figs. 7-8). This
is associated with the fact that the PPTs experienced a marginal settlement during the shakings which
changed the overall void ratio (probably decreased) and the marginal rise of the water table. This
inevitable settlement of PPTs during Tokachi-Oki ground motion changed the initial vertical effective
stress condition at the location of PPTs for Tohoku ground motions. However, the initial vertical
effective stress is assumed to be constant for both the ground motions (Tokachi-Oki and Tohoku

earthquake) at different levels in the model ground as mentioned in Table 3 for the sake of brevity.

3.2 Air void dissolution/collapse during shaking
Air voids are introduced using the drainage-recharge method to induce partial saturation within the
model ground in this study. The detailed process of air induction is already described in Subsection

2.3. It is to be noted that the model grounds are prepared in 1g condition and the calculated degree of
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saturation is certain to change at 40g environment within the partially saturated model ground.
Introducing Boyle’s law and assuming air voids to be isolated and soil grains to be incompressible, the
distribution of the degree of saturation is estimated within the partially saturated model ground at 40g.
Fig. 9 depicts that the degree of saturation increases (significantly) at the deeper portion of the model
ground due to high hydrostatic pressure condition. This is also confirmed by the evolution of excess
pore water pressure (EPWP) as explained in the previous Subsection. There are two governing factors
by which the induced partial saturation can increase the liquefaction resistance of the ground. The first
factor is the increase in the compressibility of the pore fluid due to the air voids entrapped within the
pore fluid. This mechanism helps to restrict the rate of development of excess pore water pressure
during cyclic loading which is also witnessed during the EPWP build-up stage in the experiment as
depicted from Figs.7-8. The second one is matric suction which is not significant in the case of
liquefiable soil as explained by Bishop and Blight [28]. By implementing the above stated Boyle’s law,
the maximum potential volumetric compressibility (strain) within the model ground can be estimated
using the evolution of EPWP during the shaking [21, 29]. Consider a fully saturated soil mass
comprising incompressible soil particles and pore fluid. For a small change in pressure, the volumetric
strain in soil mass will be zero under undrained condition. However, the soil mass with air voids
(partially saturated case) will undergo considerable volumetric strain (potential volume
compressibility) under the same conditions. This potential volume compressibility of soil mass is
solely due to the inclusion of air voids as the water and sand particles are assumed to be incompressible.
The empirical equation proposed by Okamura and Soga [21] is used to estimate the potential
volumetric compressibility which required the parameters such as the degree of saturation (Fig. 9),
initial vertical effective stress (Table 3), maximum excess pore water pressure, and the initial void ratio
(Table 1).

Fig. 10 shows the maximum potential volume compressibility because of air voids induced within the

partially saturated model ground during white noise 1 (WN1, before Tokachi-Oki ground motion) and
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white noise 2 (WN2, after Tohoku ground motion). The maximum potential volumetric strain depends
on several factors such as void ratio, the evolution of EPWP, dynamic shaking, vertical effective stress
and degree of saturation. Considering these factors and to evaluate the available potential volumetric
compressibility before and after the main shakings, four locations (at P2, P4, P5, and P6 as shown in
Fig.1) are considered during the white noises. The reason for selecting pore pressure locations at Levels
3 and 4 (at P2, P4, P5, and P6) is to avoid/minimize the influence of an abrupt change in void ratio and
degree of saturation during and after the shaking. Both white noise shakings (WN1 and WN2) are alike
as shown in Fig. 10 and possess almost same intensity. It is evident from Fig. 10 that the availability
of maximum potential volumetric compressibility because of induced air voids during WNI is
relatively more than that available during WN2. This is associated with the fact of air void
dissolution/collapse during Tokachi-Oki and Tohoku ground motion which is also witnessed from the
EPWP time histories (Fig. 8) as explained in the previous Subsection. However, the available capacity
of potential volume compressibility is quite significant even after the strong Tohoku ground motion
(corresponds to WN2) which signifies the novelty of induced partial saturation to increase the

liquefaction resistance of the partially saturated ground.

3.3 Permeability of partially saturated ground

Fig. 11 shows the soil-water characteristic curve for Toyoura sand [30]. The permeability of partially
saturated model ground at a different degree of saturation (along the depth as shown in Fig. 9) is
estimated using van Genuchten model [31]. Initially, the van Genuchten model parameters for Toyoura
sand are calculated using the experiment data retrieved from Unno et al. [30]. Then, the variation of
the degree of saturation along the depth of the partially saturated model ground (Fig. 9) is used to
estimate the volumetric water content. After that, the effective degree of saturation S. [31] is
determined and used to calculate the permeability coefficient. The permeability coefficient plotted in

Fig. 12 is the ratio of Kp sat (permeability of partially saturated ground) and Kr sat (permeability of fully
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saturated ground). For detail procedure of permeability estimation, readers are suggested to refer Unno
et al. [30] and Fredlund et al. [32]. It is evident from Fig. 12 that the permeability within the partially
saturated model ground reduced significantly as much as up to 40 % to 60 % of the permeability of
fully saturated model ground. 1-D consolidation analysis is also performed to estimate the overall
relative permeability of the partially saturated ground. With appropriate boundary conditions and an
initial value of pore water pressure at the end of the shaking (or at the beginning of dissipation phase),
the dissipation curve of pore water pressure is estimated at P2 and P4 for both fully saturated and
partially saturated grounds during Tokachi-Oki ground motion. The dissipation phase of pore water
pressure is governed by the coefficient of consolidation which includes soil permeability,
compressibility, and unit weight of pore fluid. The estimated dissipation curves of pore water pressure
at P2 and P4 are fitted with the centrifuge test results by changing the permeability values [33]. Then
the average permeability coefficient (Kp sat/ Kr sat) for P2 and P4 is obtained which is found to be 0.73
during the Tokachi-Oki ground motion. This also corroborates the fact that induced air-voids reduce

the overall permeability of the partially saturated ground.

3.4 Settlement behavior

Fig. 13 depicts the settlement observed at BT and FS footings during Tokachi-Oki ground motion. Two
laser displacement transducers (LDTs) are used to record the footing settlement for BT (LDTs 1, and
2) and FS (LDTs 3, and 4). It is evident that both BT and FS footings undergo excessive settlement in
case of fully saturated ground. The foundations begin to settle immediately after the shaking began
and continued even after the shaking ceased. BT footing exhibits large magnitude of differential
settlement (the difference between the settlements of both sides of the footing) by the side of LDT1 in
case of the fully saturated ground; whereas, FS footing exhibits comparatively smaller but significant
magnitude of differential settlement in case of partially saturated ground. Seismic demand, relative

density, liquefaction state, foundation height/width ratio, bearing pressure and overall drainage in the

14



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

vicinity of the foundation are few of the factors to mention which govern the overall liquefaction
induced settlement mechanism of shallow foundation [27]. In addition, the non-uniform degree of
partial saturation in the ground might be responsible for the differential settlement of foundation-
structure system in case of partially saturated ground. A sudden jump in LDT2 reading (see * in Fig.
13) in the very beginning of shaking is apparent which might be because of movement of the sensor
holder/plate as such sudden change could not be seen in all other sensors.

Fig. 14 depicts the settlement observed at BT and FS footing during Tohoku ground motion. In case of
fully saturated ground, both BT and FS experienced collapse kind of behavior (from the visual
inspection after the experiment, it is found that both BT and FS had struck to the surrounding guide
plate). As explained earlier, during Tokachi-Oki ground motion, BT footing exhibits the significant
amount of differential settlement in the direction of LDT1 in case of fully saturated ground. The
rotational tilting (as it seems to have happened from Fig. 14) occurred after the Tohoku ground motion,
and BT footing concludes with excessive differential settlement by the side of LDT2. This unusual
behavior of BT during Tohoku ground motion in case of fully saturated model ground might have
happened because of the soil flow (traces were observed after the experiment) over the location of
LDTs 1, 2 and 4 during Tohoku ground motion because of liquefaction. In that case, the LDTs (1, 2
and 4) readings, especially after the soil overflow (dashed lines in Fig. 14), are not reliable in case of
fully saturated model ground for Tohoku ground motion. It is evident from Figs. 13-14, that the overall
performance of the partially saturated ground for both the footings and associated superstructures is
better than the fully saturated ground.

Fig. 15 shows the cumulative average settlement of BT and FS footings during and after the shakings
(Tokachi-Oki and Tohoku ground motions). It is evident that footings undergo significant co-shaking
settlement (settlement occurred during shaking) in case of fully saturated model ground during both
Tokachi-Oki and Tohoku ground motion. Shear-induced deformation is the governing factor for co-

shaking settlement, and it can be seen from Fig. 15 as the overall vertical settlement of FS is
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significantly large compared to the vertical settlement of BT. The shear strength of soil in the vicinity
of the foundation start to mobilize because of generation of excess pore water pressure (reduction in
mean vertical effective stress) and hence shear-induced co-shaking settlement is apparent. The induced
partial saturation can mitigate the shear-induced deformation as the co-shaking settlement in case of
the partially saturated ground is less in comparison with the fully saturated ground. Volumetric strains
due to partial drainage and development of post-liquefaction/shaking reconsolidation strains are the
prime responsible factors associated with the post-shaking settlement. It is evident from Fig. 15 that
the post-shaking settlement is significantly mitigated by the presence of air voids in case of partially
saturated model ground. Unfortunately, the post-shaking readings of LDTs in case of fully saturated
ground are not reliable during Tohoku ground motion as discussed earlier and hence are not shown in
Fig. 15. Fig. 16 depicts the surface settlement (topography) measured after the centrifuge experiments.
The surface settlement is shown in Fig. 16 is the cumulative response during all the shakings. Larger
the bearing pressure more is the settlement in the vicinity of the foundation for both fully saturated and
partially saturated ground. It is evident that the overall surface settlement is significantly less in case

of partially saturated ground in comparison with fully saturated ground.

3.5 Kinematic and inertial interaction between the model ground-foundation-structure system

It is a well-established fact that during the dynamic excitation soils undergo deformations which are
further foisted on the foundation. During the seismic loading, the wave propagates through the soil
media which altered in the vicinity of the structure. This well-known phenomenon of soil-structure
interaction dominatingly governs the structure behavior in the liquefiable ground. Inertial interaction
is not significant in case of liquefiable ground because the soil is assumed to behave as a seismic
isolator to the foundation [34]. However, superstructure’s dynamic properties that control inertial
interaction (e.g., mass, stiffness, height to width ratio) have shown significant influence on the

evolution of the pore water pressure, settlement trend, tilt potential, which in turn, affect the overall
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performance of superstructure [35].

Fig. 17 depicts the acceleration time histories recorded at several locations on/within foundation-
superstructure and model ground (see Fig. 1). The position of A5 (at Level 5) along the model
centerline is considered as the far-field (FF). Although AS is placed significantly away from, and
approximately at the same level of the base of the footings of both structures, some interaction is still
expected to happen due to spacing constraints between the structures. Acceleration records measured
at A5 showed the significant amount of de-amplification in acceleration time histories for both fully
saturated and partially saturated model grounds during Tokachi-Oki and Tohoku ground motions.
Significant de-amplified acceleration time history of A5 also consolidate the fact that the model ground
exhibits considerable softened state during Tokachi-Oki and Tohoku ground motions. Partially
saturated ground shows relatively less de-amplification in comparison with the fully saturated ground
at all locations except at A7 and A9 in case of Tohoku ground motion. This explains that the partially
saturated model ground exhibits more liquefaction resistance (relatively less model ground softening)
in comparison with the fully saturated model ground. Similar observations of acceleration records were
made by Zeybek and Madabhushi [36]. During Tohoku ground motion, acceleration time histories
recorded at the foundation and superstructure of FS (A7 and A9) showed the spikes in case of fully
saturated ground. The reason for this might be the excessive settlement of the foundation [27]. Also,
larger acceleration spikes at the FS might be observed because of soil dilation and re-stiffening caused
by excessive soil flow under the shallow foundation.

To examine the influence of the kinematic and inertial interaction on foundation, Fourier amplitude
spectra (FAS) of acceleration records at footings and far-field is obtained as shown in Fig. 18. The FAS
representation of acceleration records can give an insight of amplification/attenuation between fully
saturated and partially saturated ground at respective locations. The frequency content can be divided
into two ranges; i.e., acceleration dominating (Fa) and velocity dominating (£v) range as suggested by

Borcherdt [37]. It is evident that the FAS amplitudes for FF and BT are significantly large in case of
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partially saturated model ground in comparison with the fully saturated ground during both Tokachi-
Oki and Tohoku ground motions. The observed amplification is more dominating in the Fv frequency
(0.5-2.0 Hz) range. This demonstrates that the partially saturated ground yield amplified seismic
demand to the model ground-foundation system. However, the FAS trend for FS footing seems to be
alike for both fully saturated and partially saturated grounds during Tokachi-Oki ground motion.
Although, a marginal attenuation in FAS is observed for high frequency in case of partially saturated
ground. The reason for this is alike model ground condition in the vicinity of FS footing as the degree

of saturation is almost same for both fully saturated and partially saturated ground.

3.6 Strength/Stiffness mobilization of model ground

Fig. 19 depicts transfer functions (TFs) during white noise 1, Tokachi-Oki, and Tohoku ground motions.
The ratio of acceleration records at A5 to Al in the frequency domain is used to obtain the TFs. It is
evident that the fundamental site frequency obtained for both fully saturated and partially saturated
grounds during white noise 1 falls within the range of small-strain site fundamental frequency obtained
by empirical equations [38], even though the soil response is highly nonlinear. This also implies that
the fundamental site frequency of the model ground could be captured by appropriate white noise
(usually a random small amplitude vibration having equal intensities at different frequencies, giving it
a constant power spectral density). Shear wave velocity profile (within the ground using small strain
shear pulse) is used in empirical equations to estimate the fundamental site frequency. The upper and
lower bound of the fundamental frequency of the model ground (2.5~2.8 Hz) is determined by the
estimated range of shear wave velocity (approximately 169 to 186 m/s) using empirical equations as
mentioned above. Site fundamental frequencies obtained during Tokachi-Oki ground motion falls to
0.54 and 0.8 Hz for the fully saturated and partially saturated model ground respectively. The
significant drop in site fundamental frequency occurred because of the softening of the model ground

during Tokachi-Oki ground motion [39]. It is evident that the extent of model ground softening is
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relatively small in case of partially saturated ground in comparison with the fully saturated ground.
However, both the model grounds exhibit nearly same trend of TFs during Tohoku ground motion.

Back analysis of acceleration records, is performed to get the insight into the progression of shear
strain within the model ground. Many studies justify the credibility of this method. Zeghal et al. [40];
Adalier and Elgamal [41] used the recorded lateral accelerations to evaluate shear stress and strain
histories at different elevations within the ground. Brennan et al. [42] assessed the shear modulus and
shear degradation curves for dry and saturated sand, soft clay from the acceleration histories obtained
from the centrifuge tests. Fig. 20 depicts the shear strain developed along the centerline of the model
ground between different levels (as mentioned in Table 3) during the centrifuge test for fully saturated
and partially saturated grounds. At a shallower depth (between Levels 4 and 5), the shear strain
developed within the partially saturated ground is significantly less in comparison with fully saturated
ground. Similar behavior is observed between Levels 3 and 4. This behavior corroborates the fact that
inclusion of air voids within the ground increases the liquefaction resistance of the ground. However,
shear strain time histories between Levels 2-3 and Levels 1-2 are alike for both fully saturated and
partially saturated grounds. The presence of air voids seems to have negligible effects at the deeper
portion. Excess pore water pressure time histories obtained at the deeper portion (Figs. 7 and 8) also

delineate the limitation of the presence of the air voids under higher stress level.

4. Conclusions

Dynamic centrifuge experiments are carried out to investigate the effects of partial saturation on
shallow foundation resting on liquefiable ground under sequential ground motions. The drainage-
recharge method is used to induce partial saturation within the liquefiable ground. The response of
partially saturated ground is compared with the fully saturated ground in terms of the evolution of
excess pore water pressure at several locations, settlement time histories of footings, and kinematic

and inertial interaction between soil-foundation-structure system. The observed slower rate of
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generation and dissipation of excess pore water pressure in case of partially saturated ground,
consolidate the fact that the compressibility of pore fluid increases because of inclusion of the air voids
within the ground. Also, the partially saturated ground shows overall less permeability in comparison
with the fully saturated ground. Partially saturated ground exhibited a significant amount of maximum
potential volumetric compressibility of pore fluid after the strong Tohoku ground motion (sequential
motion applied after Tokachi-Oki ground motion) which justify the efficacy of induced partial
saturation. In case of fully saturated ground, the foundation-structure systems undergo excessive
settlement with complete bearing failure under the foundation during Tohoku ground motion. Whereas,
induced partial saturation can minimize the settlement of foundation-structure systems in case of
partially saturated ground. The kinematic seismic demand experienced by foundation-structure
systems is relatively large in case of partially saturated ground in comparison with fully saturated
ground. Despite that fact, centrifuge experiments show promising results in favor of induced partial

saturation to mitigate the liquefaction-induced effects on shallow foundation.
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Tables

Table 1 Index properties of Toyoura sand

Property Value
Specific gravity, G; 2.65
Dsp(mm) 0.19
D;p (mm) 0.14
Maximum void ratio, €,y 0.973
Minimum void ratio, e, 0.609
Void ratio @ D,= 50% 0.791
Permeability, k (m/s) 2x10*
Relative density, D, 50 %
Sand 100 %

Table 2 Properties of foundation-structure system

Property

Foundation and superstructure*

Buffer Tank

Flare Stack

Footing dimension

Material used

Mass of footing

Thickness of superstructure
Outer diameter of superstructure
Height of lumped mass

Lumped mass

Bearing pressure @ 40g

Design period of soil-structure

system

4x4x1md
Aluminum
44.8 ton

6 cm

1.6 m

7.6 m

28.16 ton
51.2 kPa
0.4s(2.5Hz)

4x4x2m
Aluminum
87.04 ton

6 cm

1.6 m

14 m

14.08 ton
71.2 kPa
0.5s (2 Hz)

*All units are given in prototype scale
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Table 3 Distribution of different transducers within the model ground
Level Transducers™ Location Initial effective stress (')
(prototype scale)
X Z (depth) Magnitude, kPa Description
m m (prototype scale)
Fully Partially
saturated**  saturated***
Level 1 P1, Al 12 10 91.60 93.56 Model centerline
Level 2 A2 12 8 63.12 65.08 Model centerline
Level 3 P2 18 6 50.42 52.38 Below FS footing
P3,A3 12 6 51.64 53.60 Model centerline
P4 6 6 46.72 48.68 Below BT footing
Level 4 P5 18 4 43.69 45.65 Below FS footing
A4 12 4 31.16 33.12 Model centerline
P6 6 4 36.69 38.65 Below BT footing
Level 5 P7 18 2 43.00 44.96 Below FS footing
P8, A5 12 2 08.36 10.32 Model centerline
P9 6 2 31.00 32.96 Below BT footing

*A: acceleration transducers, P: pore pressure transducers

**Water table in case of fully saturated model ground is 0.7 m (17.5 mm in model scale) below the top surface of model ground

***Water table in case of partially saturated model ground is 0.9 m (22.5 mm in model scale) below the top surface of model ground

Table 4 Test conditions and properties of applied main shakings

Model description Test Peak acceleration of input ground
conditions motion (m/s?) in prototype scale
Relative Degree of Tokachi-Oki Tohoku ground
density saturation ground motion*  motion**
D: (%) S; (%)

Fully saturated model ground 53.1 99.1 1.51 7.1

Partially saturated model ground 51.8 88.4 1.7 7.3

*Ground motion recorded at Hachinohe Port (NS component) during the 1968 Tokachi-Oki earthquake

**Design earthquake motion for highway bridges in Japan (2-1-1-3, NS component) recorded at the ground surface near the New Bansuikyo Bridge,

Tochigi during 2011 Tohoku earthquake
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631  Fig. 2. Flow chart for fully saturated and partially saturated model ground preparation
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Fig. 4. Acceleration time history and Fourier spectra of input white noise (WN1) in prototype scale
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Fig. 5. Transfer Function obtained at top of Buffer Tank and Flare Stack in prototype scale
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643  Fig. 6. Acceleration time histories, Fourier spectra and Arias intensities of Tokachi-Oki (left) and

644  Tohoku (right) ground motions for both fully and partially saturated model grounds in prototype scale
645
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653  Fig. 9. Variation of degree of saturation within the partially saturated model ground
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659  Fig. 11. Soil-water characteristic curve for Toyoura sand (after Unno et al. [30])
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662  Fig. 12. Change in permeability because of induced partial saturation
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685  Fig. 19. Far-field model ground behavior during white noise, Tokachi-Oki, and Tohoku ground motions
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688  Fig. 20. Shear strain time histories along model centerline (MC) between different levels



