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Abstract

A hybrid foundation is developed in this study to mitigate the liquefaction-induced effects on shallow

foundations. The proposed hybrid foundation is a combination of a gravel drainage system and friction

steel piles with spiral blades, framed under the footing. The motivation behind having a gravel drainage

system, as an integral part of the hybrid foundation, is its ability to improve the liquefaction resistance

of the ground in the most economical way. However, case histories and the development of recent

research have highlighted that gravel drainage systems have exhibited poor performances and could

not prevent ground liquefaction during strong ground motion. To counteract these shortcomings,

friction steel piles are provided which are supposed to yield frictional resistance during earthquakes

and are presumed to minimize the rocking/tilting behavior of the foundation-structure system even if

the ground undergoes liquefaction. The evolution of excess pore water pressure, specifically in the

vicinity of the foundation-structure system, dominatingly influences the settlement mechanism of

shallow foundations. Centrifuge test results show that the presence of gravel drainage can minimize

the post-liquefaction settlement of shallow foundations through the rapid dissipation of excess pore

water pressure. Moreover, friction piles are able to minimize the tilting/differential settlement of

shallow foundations. It is found that the proposed hybrid foundation provides the desired function of

reducing the overall liquefaction-induced effects on shallow foundations resting on liquefiable grounds.
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1. Introduction

Numerous instances of damage to the built environment on shallow foundations, such as settlement,

tilting, and sinking due to liquefaction, have been witnessed all over the world during many past

earthquakes. In the 1964 Niigata (Japan) and 1990 Luzon (Philippines) Earthquakes, most of the

damaged buildings were two to four stories in height and founded on shallow foundations and

relatively thick and uniform deposits of clean sand (Liu and Dobry, 1997, Olarte et al., 2017). In the

1999 Kocaeli (Turkey) Earthquake, many of the damaged structures were surprisingly influenced by

the liquefaction of thin deposits of silt and silty sand (Bray et al., 2000, Bird and Bommer, 2004).

Many researchers (Nakai and Sekiguchi, 2011, Bhattacharya et al., 2011, Tokimatsu and Katsumata,

2012, Yamaguchi et al., 2012) have described the role of liquefaction in the damage of buildings,

specifically referring to the liquefaction of reclaimed land during the 2011 Tohoku Earthquake in Japan.

The overall deformation mechanism of a shallow foundation resting on a liquefiable ground is a

complex phenomenon. It is presumed to be affected by several factors, e.g., induced cyclic stress,

foundation configuration, ground conditions, shear-induced deformation, development of excess pore

water pressure (EPWP), localized drainage, post-liquefaction reconsolidation, void re-distribution, and

inertial and kinematic interaction within the soil-foundation-structure system (Dashti et al., 2009). The

well-known procedures for evaluating the liquefaction-induced settlement in the free-field by

Tokimatsu and Seed, 1987, Ishihara and Yoshimine, 1992 do not incorporate the combined effects of

shear and volume change-induced building settlement due to cyclic soil softening/hardening under

static and dynamic loading. Many researchers (Yoshimi, 1997, Liu and Dobry, 1997, Sancio et al.,



2004) have found that the foundation width and the height/width ratio are two of the governing factors

which influence the building settlement/tilt along with the bearing failure. It is suggested that 3D

drainage affects the overall settlement behavior of shallow foundations as partial drainage is shown to

occur simultaneously with the generation of EPWP because of the migration of pore fluid towards the

top surface (Liu and Dobry, 1997). However, a well-accepted settlement mechanism, due to drainage,

has not yet been established.

The total settlement of a shallow foundation during a dynamic event can be divided into two phases;

i.e., co-shaking settlement and post-shaking settlement. The shear-induced settlement mechanism

dominates the co-shaking settlement behavior of a shallow foundation, as has been presented in many

studies (Elgamal et al., 1989, Dobry and Liu, 1992, Kokusho, 1999). The post-shaking settlement

behavior of a shallow foundation is believed to be affected by changes in density, the development of

volumetric strain, and the permeability of the ground (Ishihara and Yoshimine, 1992, Liu and Dobry,

1997, Shamoto et al., 1998, Zhang and Wang, 2012, Kumar et al., 2019).

Hausler and Sitar (2001) studied more than 90 case histories on the performance of improved sites

from 14 earthquakes in Japan, Taiwan, Turkey, and the United States. They found that about 10 percent

of the surveyed sites required significant post-earthquake remediation or demolition because of

liquefaction. This emphasizes that even after ground improvement, the effects of liquefaction cannot

be entirely avoided. Mitchell et al. (1995) explained the use of different soil mitigation methodologies

to countermeasure the liquefaction-induced effects. A few other documented studies by Mitchell, 1981,

Schaefer et al., 1997 describe technical specifications, limitations, applicability, and the design



procedure of liquefaction mitigation methodologies.

The hybrid foundation proposed here is a combination of the gravel drainage system and friction

piles having spiral blades devised under the footing as a hybrid mitigation technique against the

liquefaction-induced effects on shallow foundations. Liquefaction mitigation by gravel drainage piles

is one of the pronounced techniques used to help quickly dissipate the EPWP generated during an

earthquake, eventually increasing the liquefaction resistance of the liquefiable ground (Seed and

Booker, 1977, Priebe, 1989, Baez and Martin, 1993, Adalier et al., 2003). The satisfactory performance

of gravel drainage against small magnitude earthquakes has been corroborated by physical model tests

and field studies carried out by many researchers (Priebe, 1989, Baez and Martin, 1993, Adalier et al.,

2003, Brennan and Madabhushi, 2006). However, during a moderate or strong earthquake, the build-

up of EPWP due to shaking may exceed the capacity of the gravel drainage system; and apparently,

the foundation ground may be liquefied. The large dissipation rate of EPWP after the liquefaction, due

to the presence of gravel drains, may adversely increase the post-liquefaction settlement of the

foundation and associated structure.

To overcome the limitations of gravel drainage and to minimize the differential settlement of

shallow foundations in the case of liquefaction occurring within the ground, friction piles with spiral

blades are proposed under the footing as an integral part of the hybrid foundation. It should be noted

that the proposed hybrid foundation has been tested for temporary structures, such as the Buffer Tank

and Flare Stack at an industrial process plant. After the lifespan of the structure, it is planned that the

hybrid foundation will be re-used for a different structure by keeping the gravel drains and re-installing



the friction piles. For this reason, the piles are not fixed to the footing, i.e., the piles and the footing

have a certain clear spacing between them to allow for relative vertical movement and to limit the

tilting of the footing. The diameter of the footing hole through which the friction pile passes is

maintained at 1.25 times the outer diameter of the friction piles. The ease of the centrifuge modeling

for Models 4-6 and the friction pile installation sequence are also considered when selecting the

minimum clear spacing between the friction piles and the footing. The friction piles are supposed to

yield frictional resistance during an earthquake and are presumed to minimize the rocking/tilting

behavior of the foundation structure system. The stress of the foundation-structure system is supposed

to be transferred through the ground (not through the friction piles); and hence, a clear marginal spacing

is kept between the friction piles and the footing to avoid subsidence below the footing during the

shaking.

2. Development scheme

The development of the hybrid foundation is carried out with the help of a physical model using the

centrifuge lab facility at the Tokyo Institute of Technology. The presented research is conducted in

three phases. All the model configurations are shown in Fig. 1. In the first phase, an attempt is made

to understand the behavior of a shallow foundation resting on a liquefiable ground (using Model 1)

during strong ground motion. In the second phase, the performance of the gravel drainage system and

the friction piles are investigated. Three types of model tests are performed (using Models 2—4) in

which two model tests consist of the gravel drainage system with different drainage capacities, and



one model test consists of only friction piles as the liquefaction countermeasure. In the third stage, the

performance of the hybrid foundation is investigated through two model tests (using Models 5 and 6).

Each model test consists of friction piles and a gravel drainage system of different drainage capacities

as individually investigated in the second phase.

The performance of the hybrid foundation is assessed based on the generation and dissipation of

excess pore water pressure (EPWP), the settlement and tilting of the shallow foundation, the behavior

of the model ground, the seismic demand on the superstructures, the bending moment and the axial

force exerted on the friction piles, and the overall soil-structure-interaction. The suitability and the

effectiveness of the hybrid foundation are evaluated against temporary structures, such as the Buffer

Tank (BT) and Flare Stack (FS), imposing average bearing pressures of 51.2 kPa and 71.2 kPa,

respectively, 0.8 m below the surface of the model ground in the prototype scale. The two structures

are mounted on different shallow foundations. Dynamic centrifuge tests are carried out at the Tokyo

Tech Mark III centrifuge facility (Takemura et al., 1999) having a radius of 2.45 m and a centrifugal

acceleration of 40g (N = 40; scaling law is tabulated in Table 1). The presented centrifuge tests

simulated the prototype saturated soil deposit with a depth of 10 m and a water table 1.8 m below the

top surface. The heights of prototype targeted structures BT and FS are 15 m and 32 m, respectively,

and the mass is distributed along the height. In the model scale, the height of both BT and FS (after

scaling down for N = 40) turns out to be quite disproportionate as per the laminar container size. To

ensure the fundamental design periods of BT and FS (0.4 s and 0.5 s, respectively), and to adjust the

center of gravity of the centrifuge model, masses are lumped at the top of both BT and FS. This



improvisation reduces the heights of BT and FS by 50.10% and 56.25%, respectively. The

configurations of the model foundation and the structure system are tabulated in Table 2.

3. Centrifuge testing program

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 composed of many

aluminum rectangular alloy rings which allow its movement along with that of the soil mass, creating

a flexible boundary and establishing uniform dynamic shear stresses within the model ground during

the dynamic excitation. The model ground is prepared using Toyoura sand having a target relative

density of 50% by the air pluviation method using a sand hopper. The sand hopper is calibrated in

terms of the falling height and the pouring rate of the Toyoura sand to ensure the consistency of the

relative densities for the different model grounds (Models 1-6). The sides of the laminar box are

covered with polyethylene sheets to secure water tightness and to prevent any sand particles from

jamming the alloy rings. Then, the Toyoura sand (properties are shown in Table 3) is poured into the

box with the help of the sand hopper which is manually moved back and forth to achieve a uniform

level ground at the calibrated falling height and pouring rate. During the model ground preparation,

many transducers are carefully placed at the desirable locations, as shown in Fig. 2 (positions are

tabulated in Table 4). The initial vertical effective stress is calculated by subtracting the pore water

pressure from the total stress. Boussinesq’s method is used to calculate the vertical stress due to the

foundation-structure at the required depths; the vertical stress method is further used to estimate the

vertical effective stresses tabulated in Table 4.



The guide frames are prepared to make the gravel drainage system presented in Fig. 3. The frames

are kept at desirable locations (under both BT and FS) while preparing the model ground. Initially, the

gravel drain casings are covered with tape while the Toyoura sand is being poured into the box. The

guide frame has large enough openings for the Toyoura sand to pass through the frame and to form a

uniform model ground in the vicinity of the gravel drains. After achieving the required level of the

model ground with the Toyoura sand, Silica sand no. 3 is carefully poured inside all the gravel drain

casings. Then, the guide frames are taken out of the model ground with due care to avoid any possible

disturbance or densification within the model ground. It should be noted that the length of the gravel

drain casings attached to the guide plates are kept 10 mm (in model scale) longer than the required

length of the gravel drains in the model ground. The reason for this is to form a 10-mm deep (0.4 m in

prototype scale) gravel mat over the group of gravel drain piles. From Fig. 3, a little overflow of Silica

sand no. 3 is evident which, in turn, is used to form the gravel mat with a thickness of 10 mm (in model

scale). By adding Silica sand no. 3, the gravel mat is formed with due care to avoid any densification

around the gravel drains. After finishing the model ground preparation, the friction piles (properties

are shown in Table 3) are inserted in the model ground by means of screw driving. Care should be

taken when inserting the friction piles to avoid/minimize any possible disturbance or densification of

the model ground.

The model ground is saturated with viscous fluid, i.e., a mixture of water and 2.0%

Hydroxypropylmethylcellulose solution (Metolose by Shin-Etsu Chemical Co., Ltd.; grade 60SH-50)

by weight of water, to achieve a viscosity about 50 times that of water. This solution is used to ensure



the compatibility of the prototype permeability of the soil for setting up the affinity between the

dynamic and the diffusion scaling laws (Schofield, 1981). The saturation within the model ground is

achieved 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 the top surface of the model ground. The saturation

process for all the models takes approximately 55 h to complete. After the saturation, the

superstructures are mounted over the footings (more details on the model ground preparation and the

saturation process can be found in Kumar et al., 2019). The relative densities and degrees of saturation

(at 1 g) for all the models, Models 1-6, are tabulated in Table 5. Due care is taken to estimate the

degrees of saturation for all the model grounds using the mass, volume, and density relationships.

However, it is worth noting that certain errors still occur, as mentioned by Kutter (2013).

After the model preparation, the instrumented model is placed in the centrifuge and spun at the

centrifugal acceleration of 40g. Then, the Metolose solution is drained out using the pre-installed

standpipes and a valve at the base of the container to bring the water table down to a depth of 1.8 m

(in prototype scale) at 40g. For the realistic seismic response of a liquefiable model ground, the

simulated motion in the centrifuge should reasonably reproduce the full range of frequencies present

in the recorded earthquake motion. All the models (Models 1-6) are tested under the earthquake ground

motion that was recorded at Hachinohe Port in the 1968 Tokachi-Oki Earthquake (NS component).

Before applying the Tokachi-Oki ground motion, the models are subjected to white noise to evaluate

10



the dynamic characteristics of the system.

Fig. 4 shows the prescribed and the actual input Tokachi-Oki ground motions in the centrifuge for

Models 1-6. Only the acceleration time histories of Model 1 are shown for the sake of brevity. All the

input motions are presented after having baseline correction and filtering. Filtering is performed in the

frequency domain using the bandpass Butterworth filter with corner frequencies of 0.3 Hz and 10 Hz,

respectively. The actual input Tokachi-Oki ground motions for Models 1-6 are in reasonably good

agreement with the prescribed Tokachi-Oki ground motions. The repeatability of the input motions,

both in frequency and time domain, is satisfactory. Fig. 4 shows that the Arias intensity of the actual

input motion is large in the case of Model 6 in comparison with that in Models 1-5. Although due care

is taken during all the experiments, this kind of inconsistency is inevitable when simulating ground

motion in dynamic centrifuge experiments.

4. Design of gravel drainage system

Design charts reported by Seed and Booker (1977) in their seminal work and the revised guidelines

presented by Bouckovalas et al. (2006) are used to design the gravel drainage system for Models 2 and

3 (shown in Fig. 1). Many parameters, e.g., replacement area, target excess pore water pressure ratio,

earthquake intensity, reported case histories, and installation methodology of gravel drains, are

considered when designing the gravel drainage system. Design specifications for both gravel drainage

Types 1 and 2 are tabulated in Table 6. Liquefaction resistance curves for saturated Toyoura sand with

a relative density of 50% % 5% for different confining pressure levels are obtained using the laboratory

11



test results of Chiaro et al. (2012). Based on Seed and Booker (1977), it is found that the Tokachi-Oki

ground motions can be considered as representing a medium EQ to a strong EQ (as specified in Table

6) for Models 1-6. It is evident that gravel drainage Type 1 does not satisfy the design guidelines

because the clear spacing between the drains is more than the maximum allowable spacing for a

medium EQ to a strong EQ. Initially, it is hypothesized that gravel drainage system Type 1 could render

the targeted performance of the hybrid foundation along with friction piles having spiral blades.

However, the centrifuge test results for Model 2 demonstrated the inefficiency of gravel drainage

system Type 1, in terms of both the generation and dissipation of EPWP, which will be elaborated in

subsequent subsections. Based on the performance of gravel drainage system Type 1, the redesign of

the gravel drainage system is done, and new gravel drainage system Type 2 is tested on Model 3 which

satisfies the design guidelines tabulated in Table 6. In addition, in order to provide significant drainage

for the developed EPWP to dissipate, the focus is placed on the shear-induced and post-

liquefaction/shaking settlement, due to the presence of gravel drains, which alter the stresses and

strains applied to the improved ground, as highlighted by Priebe, 1989, Baez and Martin, 1993, and

Adalier et al. (2003).

5. Centrifuge test results

5.1 Liquefaction-induced effects on shallow foundation

An attempt is made to understand the behavior of a shallow foundation resting on a liquefiable ground

(using Model 1) during strong ground motion. All the test results shown in and after this subsection

12



are in prototype scale unless otherwise mentioned. The evolution of excess pore water pressure

(EPWP) plays a vital role in the manifestation of liquefaction during a dynamic event. Fig. 5 depicts

the EPWP generation and dissipation trends within the ground during the Tokachi-Oki ground motion.

Soils at certain depths undergo the liquefaction state 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, reaches one. It is evident from Fig. 5 that the ground liquefies at Level 3 (different levels in the

model ground are shown in Fig. 2) under both FS (at P2) and BT (at P4). However, at P3, the maximum

magnitude of the EPWP does not reach the liquefaction state (r. = 1 line). The ground exhibits the

liquefaction state at Level 4 under BT (at P7) and along the model centerline (at P6); however, the time

history of P5 shows that the ground does not liquefy under FS at Level 4. The induced cyclic stress

ratio under FS during the shaking is relatively small as the initial vertical effective stress at PS5 (see

Table 4) is significantly large in comparison to that at either P6 or P7, which prevents the liquefaction

state from being achieved at Level 4 under FS. Overall, the whole ground either liquefied or nearly

reached the liquefaction state during the Tokachi-Oki ground motion except in the vicinity of the FS

footing. Soon after the shaking terminates, the EPWP starts dissipating at Level 3 (at P2, P3, and P4).

It is apparent that at shallower depths (at Levels 4 and 5), the pore pressure does not show any traces

of dissipation, even after shaking, until approximately 400 s. The reason for the delayed dissipation of

the EPWP at shallower depths is the availability of the migrated pore fluid from deeper locations even

after shaking for quite a long time. Drainage is only possible through the top surface of the ground;

and hence, a sufficient upward hydraulic gradient is established during the shaking. The EPWP at

13



shallower depths starts dissipating as soon as the migrated pore fluids recede from the deeper portions.

All the graphs in Fig. 5 show the marginal magnitude of the residual EPWP in the dissipation phase

(e.g., at 2000 s). This is associated with the fact that the pore pressure transducers (PPTs) undergo a

marginal settlement during the Tokachi-Oki ground motion along with changes in the overall void ratio

(probably decreases) due to ground deformation and a slight rise in the water table.

Four laser displacement transducers (LDTs), shown in Fig. 2, are employed to record the settlement

time histories of the BT (using LDT1 and 2) and FS (using LDT3 and 4) footings, and the results are

plotted in Fig. 6. It is evident that both the BT and FS footings undergo significant settlement during

the Tokachi-Oki ground motion. The foundations begin to settle immediately after the shaking starts

and continue settling even after the shaking ceases. Relatively large differential settlement of the FS

footing is observed in comparison with that of BT footing. Initially, it was hypothesized that the taller

structure (FS) might show traces of rocking motion. However, no evidence of rocking motion is seen

in Fig. 6 for either the BT or the FS foundation-structure system even though they both undergo

excessive settlement during the dynamic event.

The assumption of the undrained condition is not valid during the dynamic event as partial drainage

starts to occur through the top surface of the ground as soon as the shaking begins. The shear strength

of soil in the vicinity of the foundation begins to mobilize because of the generation of EPWP

(reduction in mean vertical effective stress); and hence, shear-induced settlement during shaking is

apparent. The excessive settlement of both BT and FS, which cumulatively take place during both co-

shaking and post-shaking periods, demonstrates that a shallow foundation resting on a liquefiable

14



ground is prone to severe liquefaction-induced deformation during an earthquake. Shear-induced

deformation is the governing factor of settlement during shaking (co-shaking settlement from t = 10 to

74 s), and it can be seen from Fig. 7 that the overall vertical settlement of FS is almost twice that of

BT. A significant amount of post-shaking settlement of both BT and FS is apparent from Fig. 7.

Fig. 8 shows the recorded acceleration time histories within the ground and at the foundation-

structure system for Model 1 during the Tokachi-Oki ground motion. All the observed acceleration

records at Levels 2—5 show significant de-amplification (attenuation) in acceleration amplitude after

20 s (10 s from the beginning of shaking); the acceleration records for Levels 1 and 5 are shown in Fig.

8. The reason for this considerable de-amplification is soil softening due to the mobilization of shear

strength during the seismic event. This is also attributed to the development of the liquefaction state;

specifically, at shallower depths, except in the vicinity of the footings. The acceleration transducers at

the foundation-structure systems (A6-A8) show amplified traces of acceleration records from 10 to 15

s (initial 5 s of shaking). Later on, however, they also exhibit de-amplified records because of a lower

transferred seismic demand brought about by the liquefaction caused during the shaking within the

ground.

5.2 Effectiveness of gravel drains

The performance of the gravel drainage systems (Types 1 and 2 as described in Table 6) is investigated

for Models 2 and 3. The excess pore water pressure (EPWP) time histories of the different pore pressure

transducers (PPTs) for Models 2 and 3 are presented and compared with the EPWP time histories of

the respective PPTs for Model 1 in Fig. 9. It is evident from this figure that the dissipation rate of the

15



EPWP increases in accordance with the gravel drainage capacity. It should be noted that the drainage

capacity of the gravel drainage system in Model 3 is more than that in Model 2. The larger the drainage

capacity, the quicker the dissipation of the EPWP, as was designed. For instance, at Level 3 (at P2, P3,

and P4), the EPWP takes approximately 1000 s to dissipate in the case of Model 1 (no gravel drains),

whereas the EPWP dissipates within 400 s in the case of Model 3. The foremost reason for the

inefficiency of gravel drainage system Type 1 in the case of Model 2 is the lower drainage capacity.

The targeted excess pore water pressure ratio (described in Table 6) at the liquefied zone within the

ground cannot be achieved even in the case of Model 3 as the maximum magnitude of the EPWP at all

the PPTs (P1-P10), for Models 2 and 3, is almost similar to the maximum magnitude observed in Model

1 for the respective PPTs. Surprisingly, the maximum EPWP at P9 and P10 in the case of Model 2 is

more than that observed in the case of Model 1. This might be associated with the non-uniformity of

the model ground and possible densification due to the presence of gravel drains or the relatively

deeper positioning of the PPTs. Although the capacity of gravel drainage system Type 1 is not sufficient

to dissipate the EPWP, relatively larger permeability of the gravel drains might lead to the flow of

water from deeper portions to shallower portions with more ease, resulting in large EPWP at the

shallower portions in the case of Model 2.

The settlement time histories of both the BT and FS foundations in Models 2 and 3 are presented

and compared with the respective settlement time histories of Model 1 in Fig. 10 The influence of

gravel drainage system Type 1 (Model 2) on the settlement mitigation is not significant. However, the

overall settlement in the case of Model 3 is less in comparison with that of Models 1 and 2 due to the

16



presence of sufficient gravel drainage capacity. Considerable differential settlement for BT occurs in

the case of Model 3 because of the unusual change in the initial condition before dynamic excitation.

While spinning the centrifuge up to 40g, the BT foundation experiences a significant amount of

differential settlement probably because of the non-uniformity of the model ground. This uneven

settlement of the BT foundation before shaking exaggerates the differential settlement during the

Tokachi-Oki ground motion, as shown in Fig. 10.

Fig. 11 shows the average settlement of the foundations during both co-shaking and post-shaking

phases. In the case of Model 1, the foundations undergo excessive settlement during both co-shaking

and post-shaking phases of the dynamic event. However, in the case of Models 2 and 3, the significant

settlement of both BT and FS foundations occurs during the co-shaking phase. Fig. 11 also shows that

the effect of the post-liquefaction/shaking reconsolidation mechanism seems to be overshadowed by

the presence of the gravel drainage system which helps to reduce the total settlement of the shallow

foundation.

An attempt is made to estimate the pore fluid flow (vectors with total hydraulic head and resultant

direction) during the Tokachi-Oki ground motion at different time intervals. As the EPWP was only

recorded at nine locations during the experiment (Fig. 2), linear interpolation of the EPWP is done to

estimate the pore fluid flow at several locations within the ground. Initially, the hydraulic gradient field

is estimated by the pore pressure distribution, and then the flow direction is estimated by the hydraulic

gradient field. The following assumptions are made to obtain the qualitative pore fluid flow within the

ground. The EPWP evolution at lengths of 0 m and 24 m is assumed to be same as that along the model

17



centerline. This assumption ignores the boundary effects of the laminar container on the evolution of

pore water pressure at the boundaries. A linear interpolation of the EPWP at the non-measured

locations might not be accurate at shallower depths (in the vicinity of the BT and FS footings to be

specific), because of the different confining pressure levels. However, the above-mentioned effects can

be ignored for the overall qualitative representation of the pore fluid flow.

The pore fluid flow within the ground in the case of Model 1 is shown in Fig. 12 during the Tokachi-

Oki ground motion. As mentioned in Section 5.1, the dissipation of pore pressure is only permitted

from the surface of the model ground. Hence, the flow of pore fluid is always dominatingly upward,

even after the shaking ceases, and then continues until the pore fluid pressure reaches the equilibrium

state throughout the ground (Zeybek and Madabhushi, 2017), which is also apparent from Fig. 12. In

the case of Model 3, the drainage effects of the gravel drainage system are apparent as the radial flow

(towards the gravel drainage zone) is set, as shown in Fig. 12. However, at shallower depths, as the

pore fluid tends to flow to the horizontal drainage boundary at the groundwater level, the pore fluid

flow is almost vertical. In addition, the influence of the gravel drains along the model centerline seems

to be negligible as the fluid flows for Models 1 and 3 are very much alike.

5.3 Effectiveness of friction piles

Model 4 (see Fig. 1) is used to investigate the effectiveness of the friction piles. The excess pore water

pressure (EPWP) evolution for Model 4 at different pore pressure transducers (PPTs) is found to be

mostly in accordance with that for Model 1 as the ground conditions of the two models are alike. Fig.

13 shows the settlement time histories of both BT and FS foundations in Models 1 and 4. It is evident
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that the presence of friction piles reduces the overall settlement of shallow foundations significantly

for both BT and FS. However, the friction piles are not able to restrict the post-shaking settlement of

the foundation, which is the desired function, as the piles are not fixed to the footings, although the

post-shaking settlement rate decreases for Model 4 in comparison to that for Model 1. Unfortunately,

LDT4 does not work in the case of Model 4 and the differential settlement of FS cannot be measured.

However, a visual inspection after the experiment indicates less differential settlement of the FS

foundation in the case of Model 4 in comparison to that of Model 1.

During the centrifuge experiments, two dominating mechanisms, i.e., the inertial interaction

between the foundation-structure system and the kinematic interaction due to the friction piles and the

relative model ground movement, govern the overall soil-structure interaction phenomena. The seismic

load exerted on the friction piles is recorded in terms of the bending moment (BM) and the axial force

(AF) at several locations, as shown in Fig. 1. The seismic demand on the superstructure is further

deduced using the recorded acceleration time histories at the foundation-structure system. Fig. 14

shows the bending moment exerted on the BT and FS friction piles during the Tokachi-Oki ground

motion. The bending moment time histories show that the friction piles experience a significant

bending moment for both BT and FS during the shaking. The residual bending moment in the post-

shaking phase is also apparent. The bending moment exerted on the friction piles substantially depends

on the inertial force/stress due to the foundation-structure mass and the relative pile and soil movement

during the dynamic event. Unfortunately, the precise relative movement of the friction piles and the

surrounding soil cannot be evaluated due to the limited number of friction pile sensors and the absence
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of acceleration transducers under the centerline of the BT and FS footings.

Friction piles, as an integral part of the hybrid foundation, are provided presuming that they will

help to avoid/minimize the tilting and rocking motion of both BT and FS. However, experimental

results show that the rocking behavior is not dominating even in the case of the taller structure (FS),

as discussed in Section 5.1. Axial force sensors (AF1 and AF2) are used to examine the load taken by

the piles, as shown in Fig. 1. The maximum recorded axial force in the case of FS is found to be 3-6

times more than the axial force in the case of BT. One of the main purposes of providing the free

connection between the footing and the friction piles is to avoid any subsidence below the footing, i.e.,

the formation of gaps between the footing and the soil below it, during the shaking. Subsidence

commonly takes place under the footing if the piles are fixedly connected with it. In that case,

significant stress from the foundation structure system is transferred through the piles. Large exerted

AF in the case of the FS footing indicates that the FS piles experience significant fixity with the footing,

although the friction piles (4 mm in diameter at the pile head in the model scale) pass through the

corners of the footings with a clear spacing of 0.5 mm (in the model scale). In other words, theoretically,

the footing and the piles should exhibit a free connection; in fact, this did happen to a great extent in

the case of the BT footing. However, due to the large thickness of the FS footing, the semi/fully rigid

connection between the FS footing and the piles is inevitable. In this case, the transferred axial force

through the piles and BM at the pile heads largely depends upon the uncertain fixity condition between

the pile heads and the footing.
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5.4 Performance of hybrid foundation

In the final stage, two centrifuge tests (Models 5 and 6) are carried out to traverse the performance

of the proposed hybrid foundation (having both gravel drainage and friction piles) to mitigate the

liquefaction-induced effects on a shallow foundation resting on a liquefiable ground. Initially, the

liquefiable ground is treated with gravel drainage system Type 1 and friction piles in Model 5; then,

the liquefiable ground is treated with gravel drainage system Type 2 and friction piles in Model 6, as

shown in Fig. 1. The independent effects of gravel drainage system Types 1 and 2, and the friction

piles, in mitigating the liquefaction effects, are evaluated and presented in 5.2 Effectiveness of gravel

drains, 5.3 Effectiveness of friction piles, respectively.

The excess pore water pressure (EPWP) time histories for Models 5 and 6 are presented and

compared with the EPWP time histories for Model 1 in Fig. 15. It is evident from this figure that the

dissipation rate of the EPWP increases because of the gravel drainage system. It should be noted that

the drainage capacity of the gravel drainage system is greater in the case of Model 6 than Model 5, as

assigned. The larger the drainage capacity, the faster the dissipation of the EPWP. For instance, at Level

3 (at P2, P3, and P4), the EPWP takes approximately 1000 s to dissipate in the case of Model 1 (no

gravel drains), whereas the EPWP dissipates within 600 s in the case of Model 6. However, in the case

of Model 5 (having gravel drainage system Type 1), the dissipation rate of the EPWP is almost similar

to that of Model 1. The reason for the inefficiency of gravel drainage system Type 1 in the case of

Model 5 is the lower drainage capacity, as discussed in Section 5.2. The maximum magnitude of the

EPWP at Level 4 (at P5, P6, and P7) in Model 6 is significantly less than that in Model 1, as shown in
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Fig. 15. However, Fig. 9 depicts that the maximum magnitude of the EPWP in the case of Model 3

(having the same drainage system as that in Model 6) at Level 4 (at P5, P6, and P7) is almost the same

as that in the case of Model 1, although Model 6 has friction piles which have a negligible effect on

the evolution of the EPWP, as explained in Section 5.3. The reason for this is the shallower positioning

of'the PPTs at Level 4. The positioning of the PPTs at Level 4 are back-calculated using the hydrostatic

pressure at 40 g (before the shaking), and it is found that the PPTs are placed in positions approximately

89 mm (in model scale) shallower than the required depth. The targeted excess pore water pressure

ratio (described in Table 6) at the liquefied zone within the ground cannot be achieved in either Model

5 or Model 6 (except at Level 4 in the case of Model 6) as the maximum magnitudes of the EPWP for

both Models 5 and 6 are almost similar to the one observed for Model 1. It should be noted that the

gravel drainage system, in both Models 5 and 6, cannot prevent the liquefaction of the model ground.

The settlement time histories of both BT and FS foundations in Models 5 and 6 are presented and

compared with the respective settlement time histories of Model 1 in Fig. 16. It is evident that the

overall settlement of both BT and FS is significantly less in the case of Model 6 than in the cases of

Models 1 and 5. Gravel drainage system Type 2 can mitigate the post-shaking settlement, while the

friction piles contribute to minimizing the co-shaking deformation of both footings. To examine the

combined influence of the gravel drainage system and the friction piles, the cumulative settlement

progression of the footings at different time intervals is shown in Fig. 17 for Models 1 (no treatment),

3 (gravel drainage Type 2 only), 4 (friction piles only), and 6 (both gravel drainage Type 2 and friction

piles). It is evident that the presence of gravel drainage minimizes the post-shaking settlement (after

22



100 s) in Models 3 and 6. Although the settlement during shaking is small in the case of Model 4, in

comparison to that of Models 1 and 3, a comparatively large amount of settlement occurred after

shaking in the case of Model 4. The combined effects of both the friction piles and gravel drainage

Type 2 are evident in the case of Model 6 as the settlement occurring in all time intervals is significantly

less than that occurring in the cases of Models 1, 3, and 4.

6. Summary and conclusions

A unique hybrid foundation has been proposed to mitigate the liquefaction-induced effects on a

shallow foundation. The proposed hybrid foundation is a combination of gravel drainage and friction

piles with spiral blades. The intended purpose of providing the gravel drainage was to mitigate the

liquefaction-induced effects through the rapid dissipation of excess pore water pressure (EPWP).

Moreover, the friction piles were presumed to minimize the excessive settlement/tilting of the

foundation system during strong ground motion. The efficacy of the hybrid foundation in mitigating

the liquefaction-induced effects on the shallow foundation was investigated using a series of dynamic

centrifuge experiments. The research was carried out in three phases. In the first phase, an attempt was

made to understand the behavior of a shallow foundation on a liquefiable ground during Tokachi-Oki

ground motion. In the second phase, the performance of the gravel drainage system and the friction

piles was evaluated. Three types of model tests were performed for this purpose in which two model

tests consisted of the gravel drainage system with different drainage capacities, and one model test

consisted of only friction piles. In the third stage, the performance of the hybrid foundation was
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investigated using two model tests. Each model test consisted of the friction piles and the gravel

drainage system with different drainage capacities as individually investigated in the second phase.

It was found that a shallow foundation resting on a liquefiable ground is prone to excessive

settlement. Shear and volume change-induced deformation were seen to dominate the overall

settlement of the shallow foundation. Treating the ground with the gravel drainage system was found

to be useful in mitigating the liquefaction-induced deformation. The presence of gravel drainage

increased the dissipation rate (through the radial flow towards the gravel drainage zone) of the

generated EPWP and decreased the post-shaking settlement. The centrifuge test results showed that

the friction piles having spiral blades at the bottom served as an excellent means of frictional resistance

against the settlement of the shallow foundation and reduced the overall deformation of the shallow

foundation significantly through combined inertial and kinematic interaction with the foundation-

superstructure and the model ground. Overall, the hybrid foundation performed as expected in

mitigating the liquefaction-induced effects on the shallow foundation during strong ground motion.
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Table 1. Scaling law for centrifuge test (Schofield, 1981)

Parameters Ratio of model
to prototype

Length I/N

Area 1/N?

Volume 1/N3

Acceleration N

Stress 1

Strain 1

Time (dynamic) I/N

Force 1/N?

Bending moment 1/N3

Table 2. Configuration of model foundation and superstructure

Property

Model 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
Flexural rigidity (£7) of the superstructure

Lumped mass

Bearing pressure @ 40g

Design period of foundation-structure system

4x4x1m’
Aluminum

44.8 ton

6 cm

1.6 m

7.6 m

3.15 x 10° kN-m?
28.16 ton

51.2 kPa

0.4s (2.5 Hz)

4x4x2m’
Aluminum

87.04 ton

6 cm

1.6 m

14m

3.15 x 10° kN-m?
14.08 ton

71.2 kPa

0.5s (2.0 Hz)

*All units are given in prototype scale



Table 3. Index properties of Toyoura sand and Silica no. 3 and properties of friction pile

Description Toyoura sand ~ Silica no. 3 Description Friction pile (prototype)

Specific gravity, G 2.65 2.63 Material SUS304

Dso(mm) 0.19 1.72 Length 10 m

Do (mm) 0.14 1.37 Pile outer diameter 16 cm

Maximum void ratio, €,y 0.973 1.009 Pile inner diameter 12 cm

Minimum void ratio, e 0.609 0.697 Length (spiral blades) 2m

Permeability, k (m/s) 2x10* 6.6x 1073 Thickness (spiral blades) 2 cm

Relative density Pile outer diameter (with

(approx..), D, 50 % 30 % spiral blades) 32 cm
EI at Pile head 4.178 x 10° kN-m?
EA at Pile head 1.671 x 10°kN

Table 4. Locations of different transducers within the model grounds

Level Transducers* Location** Initial vertical effective stress (G vo)
(prototype scale) at different levels***
X Z (depth) Magnitude, kPa Description
m m (prototype scale)
Levell P1,Al 12 10 102.40 Model centerline
Level2 A2 12 8 73.92 Model centerline
Level3 P2 18 6 61.22 Below FS footing
P3,A3 12 6 65.44 Model centerline
P4 6 6 57.52 Below BT footing
Level4 PS5 18 4 54.49 Below FS footing
P6, A4 12 4 41.96 Model centerline
P7 6 4 47.49 Below BT footing
Level 5 P8 18 2 53.80 Below FS footing
P9, A5 12 2 26.16 Model centerline
P10 6 2 41.80 Below BT footing

* P: Pore water pressure transducers, A: Accelerometers
**Locations of the transducers are identical in all the models (Models 1-6)
*** Including vertical stress induced by the foundation-structure systems



Table 5. Test description and relative density and degree of saturation (at 1g) for Models 1-6

Test code Model description

Relative density

Degree of saturation

Model 1 LG: Liquefiable ground

Model 2 LG-GDI: Liquefiable ground with gravel
drainage type 1*

Model 3 LG-GD2: Liquefiable ground with gravel
drainage type 2**

Model 4 LG-FP: Liquefiable ground with friction piles

Model 5 LG-GD1 _FP: Liquefiable ground with gravel
drainage type 1 and friction piles

Model 6 LG-GD2 FP: Liquefiable ground with gravel
drainage type 2 and friction piles

D, =52.8%
D, =51.6%
D, =54.0%
D, =53.1%
D, =539%
D, =552%

99.4 %

99.2 %

99.5 %

99.1 %

99.3 %

99.2 %

*QGravel drainage type 1: Group of 5 x 5 gravel drains with 0.4 m diameter of each drain and 0.7 m clear spacing

** Gravel drainage type 2: Group of 5 x 5 gravel drains with 0.6 m diameter of each drain and 0.6 m clear spacing

Table 6. Design specifications of gravel drainage Types 1 and 2

Specifications” Gravel drainage Type 1 Gravel drainage Type 2
Drain diameter (m) 0.40 0.60

Length of gravel drain (m) 5.60 5.60

Clear spacing (m) 0.70 0.55

Treated Plan 48mX4.8m 52mX52m
Replacement area (%) 13.63 26.14

Maximum allowable clear spacing between gravel drains for target , = 0.7

Earthquake intensity For gravel drainage Type 1
Small EQ (Neq/NL = 1) ** 0.74 m
Medium EQ (Neg/NL =2) **  0.44 m
Strong EQ (Neg/NL = 3) ** 0.28 m

For gravel drainage Type 2

1.12m
0.80 m
0.64 m

* The layout of both gravel drainage types are shown in Fig. 1

** For more details, readers are suggested to read Seed and Booker (1977) and Bouckovalas et al. (2009)
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Figure 3. Guide plate to form the gravel drains and the typical array of gravel drains after removing
the guide plates (for both BT and FS)
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Figure 9. Excess pore water pressure time histories of Models 1-3 during Tokachi-OKki ground motion
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Figure 10. Settlement time histories of BT (LDT1 & 2) and FS (LDT3 & 4) of Models 1-3 during
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Figure 15. Excess pore water pressure time histories of Models 1, 5 and 6 during Tokachi-Oki ground

motion
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ground motion
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