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Abstract: Soil pile interaction in liquefying soils is very complex phenomenon and involves rapid changes in soil
characteristics due to rapid and excessive loading. Due to non-linearity and degradation of shear modulus, the
strength and stiffness of soil decreases significantly due to increase in excess porewater pressures. The pile damage
during earthquakes has provided an insight in understanding the mechanism of soil pile interaction in liquefiable soils.
The piles in liquefiable soil may experience large lateral displacements or strains and may fail in bending or buckling.
Seismic analysis methods of pile foundations are available which take care for reduction of soil strength and stiffness
and subsequent soil liquefaction, in addition to the material nonlinearity, effect of the pile groups on the stability,
lateral loads from the crust layer. Simulations have been run in OpenSeesPL software to conduct a comparative study.
It is concluded that it is not necessary for the whole strata to be liquefiable, even a small lens of liquefiable strata can
cause large strains in soils resulting in large pile deflections causing pile to fail. Effect of ground inclination on piles
has been presented and increase in lateral forces due to ground inclination has been demonstrated. Also the behavior
of pile in pressure dependent and pressure independent soils has also been compared. Behavior of friction pile with the
end bearing pile in liquefiable soils has also been presented. Effect of stone column has also been presented and some
calculations have been performed to demonstrate the design optimization using stone columns.

KeyWOI’dS: Dynamic Pile interaction, Liquefaction, Seismic loading, Soil-Pile Interaction, Stone Columns,
Numerical Analysis.

1. Introduction

The response of the soils towards earthquake is very complex. Soil liquefaction may result in complete loss
of shear strength, ability of soil to support loads decreases and results in total destruction to buildings in the form
of: 1) excessive settlement of foundations in level ground, 2) exerting excessive lateral loads on deep
foundations like piles of skyscrapers, bridge piers and storage tanks, 3) causing large lateral ground
displacements in sloppy grounds like at the sea shores and water front as a post liquefaction effects. Liquefaction
and related phenomena have been responsible for tremendous amounts of destruction in historical earthquakes
around the world like Alaska earthquake in 1964 in US with a magnitude of 9.2, Niigata earthquake in Japan in
1964 with a magnitude of 7.5, Loma earthquake in 1981 with magnitude of 7.1 and Kobe earthquake in 1995
with a magnitude of 6.9.

The term “Liquefaction”, was originally introduced by Mogami and Kubo [1]. Liquefaction can be described
as the ground failures associated to earthquakes due to loss of strength in saturated, cohesion less, shallow,
unconsolidated, loose sands due to generation of excess pore water pressure as a result of excess monotonic or
dynamic/cyclic loading at a rate which will not allow it to dissipate.
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During an earthquake, the upward propagation of shear waves through the ground produces shear stresses
and strains that are cyclic in nature [2]. If the sand is saturated it will result in the accumulation of pore water
pressure leading to liquefaction.

As mitigation or to reduce the liquefaction susceptibility, stone columns are used [3, 4]. These columns act
as drains with high permeability and also compact the loose sand and gravel layers.

2. Problem Statement

The problem arises when saturated loose sands are subjected to seismic loads. When piles are subjected to
cyclic loading as in the case of earthquakes, the soil losses its stiffness and strength due to the significant
reduction in the effective stresses which ultimately results in decreased lateral support on the piles. As a result,
the pile deflects, and becomes eccentrically loaded and as a result the inertial loads along with the kinematic
loading causes the piles to fail. On the other hand, if the structure is located near water front or on the sloping
ground, an external drag force acts on the pile due to flow of liquefied soil technically defined as “Lateral
Spreading”, also causes the pile to fail.

3. Research Methodology

To investigate the effects of cyclic loading on structural response in liquefied soil, 4 different models have
been generated in OpenSees software. This software considers the cyclic loading and solid fluid coupling i.e.
liquefaction and can calculate the stresses i.e. pour water pressure, excess pour water pressure and effective
stress after each cycle [5].

Base shaking analysis option is used to give certain magnitude of shaking to the pile and liquefiable soil
stratum as in case of actual earthquakes. In this case, soil also shakes with pile and the full stresses are not
mobilized and the pile does not experience the worst loading case.

4. Model Description

In this study, results of 4 comparison studies have been evaluated. Pile properties in each model are
consistent. Each model consists of 20m soil strata with a 12m pile driven in it and the pile diameter pile in each
case is 0.75m. Each pile is fully embedded in the earth and no length of pile is exposed above the surface.
Material properties are shown in Table 1.

TABLE 1: Non Linear Pile Parameters of Pile Materials

Concrete
Property Core Cover
Concrete compressive strength -27000 kPa -20000 kPa
Concrete strain at Max. strength -0.004 -0.002
Concrete crushing strength -20000 kPa 0
Concrete strain at crushing strength -0.014 -0.006

4.1. Model 1 Description

Model 1 consists of comparison between three simulations. The simulation 1 is named the “M model”, simulation 2 is
named as “G model” and simulation 3 is named as “GMG model”. Each model is given an inclination of 4° to check the
effects of lateral forces on piles due to flow liquefaction. Each model is given a motion at the base using base shakin
analysis option in OPenSees. The input motion given is the VELACS 1 (as defined in built-in motions) in the longitudina
(x-direction) only. This input motion shakes the model for 14 seconds [6].

M Model: In this case, 20m soil stratum of saturated cohesion less medium dense sand with silt (M)
permeability is used (Figure 1). The soil properties of saturated cohesion less medium sand with silt permeability
(i.e. Soil 7) as used in Model M are shown in Table 2.
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G Model: In this case, 20m Soil strata of saturated cohesion less medium dense sand with gravel (G)
permeability is used (Figure 1). The soil properties of saturated cohesion less medium dense sand with gravel
permeability (i.e. Soil 9) are shown in Table 2.

GMG Model: In this model, 1m Soil strata of saturated cohesion less medium dense sand with silt
permeability is sandwiched between saturated cohesion less medium sand of gravel permeability at 3m depth as
shown in Figure 1. Soil properties of both soils used in GMG model is given in Table 2 (M and G Model).

4.2. Model 2 Description

This model is analysed using same parameters, the difference being the change in soil conditions. In this
case, the saturated cohesion less medium dense sand with gravel permeability is replaced with Cohesive Medium
Clay i.e. soil 17. Pile properties are consistent. In the previous case, sand with gravel permeability was more
permeable, allowing water to dissipate even in earthquakes, while in this case; clay is used which is a pressure-
independent and hence it will not liquefy.

Soil 17 (Clay): In this case, 20m soil stratum of clay (Soil 17) is used (Figure 2). The soil properties of Clay
(C) are shown in Table 2.

CMC Model: In this case, a 1m Soil layer of saturated cohesion less medium dense sand with silt
permeability is sandwiched between clay (Soil 17) at 3m depth (Figure 2).
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Fig. 1: Cross Section for Model M, G and GMG Fig. 2: Cross Section of Clay 17 and CMC Model

4.3. Model 3 Description

This model compares two simulations, one in which the pile extends throughout the liquefiable soil strata
with the second in which pile acts as friction pile i.e. the pile do not extend throughout the liquefiable soil strata.

12m Soil Model: In this model, a liquefiable stratum of cohesion less medium dense sand with silt
permeability is extended till the depth of 12m. In this case, the pile acts as an “end bearing pile”. End Bearing
piles are those that terminate in hard, relatively impenetrable material such as rock or very dense gravel.

20m Soil Model: In this model, a liquefiable stratum of cohesion less medium dense sand with silt
permeability is extended till the depth of 20m (Figure 3). In this case, the pile will act as “friction pile”. A
friction pile is one in which load is mainly resisted by the friction at the pile soil interface.
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Table 2: Sol Properties of M, G and Clay Model

M Model G Model Cohesive Medium
i.e. Soil 7 i.e. Soil 9 Clay i.e. Soil 17
Soil Elastic Properties
Saturated mass density 1.9 ton/m” 1.9 ton/m” 1.5 ton/m”
Pressure Depe[l__fience Coefficient 0.5 0.5 0.5
max 75,000 kPa 75,000 kPa 60,000 kPa
Zmax 200,000kPa 200,000kPa 300,000 kPa
Fluid Properties
Fluid mass density 1.0 ton/m” 1.0 ton/m” 1.0 ton/m”
Combined bulk modulus 2,200,000 kPa 2,200,000 kPa 2,200,000 kPa
Horizontal Permeability 1.0x10"' mis 0.1 m/s 16 mis
Vertical permeability 1.0x10" m/s 0.1 m/s 167 mis
Soil Non-Linear Properties
Peak shear strain 10 % 10 % 10 %
Friction angle
Cohesion 0 0 75 kPa

Dilatancy / Liquefaction Parameters

Phase transformation angle
Contraction parameter 0.07 0.07

0

Dilation parameter 1 0.4 0.4 0
Dilation parameter 2 2 2 0
Liquefaction parameter 1 10kPa 10kPa 0
Liquefaction parameter 2 0.01 0.01 0
Liquefaction parameter 3 1 1 0

This comparative model is analysed to demonstrate the effect of depth of liquefiable stratum because as the
depth increases, the acceleration that reaches at surface also increases. Due to increased acceleration at surface,
the deflections at the surface also increase. Also more flow is expected in this region because at the interface of
two soil surfaces where water film will be formed, there is no pile to resist that flow. The properties of soil used
in this model are illustrated in Table 2 (M Model).

4.4, Model 4: Stone Columns

The stone column technique is a ground improvement process where vertical columns of compacted
aggregate are formed through the soil that is to be improved. These columns are mainly used for drainage
purposes in clays to increase consolidation rate.

In this study, few simulations have been analysed to understand how soil draining conditions of sand under
seismic loading can be improved economically. Simulations have been run with different S/D ratios, with
different diameter of columns and altering the depths of these columns to check for the most accurate and frugal
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approach. In these simulations, model is given the same input motion as in previous models i.e. VELACS
motion of 14 seconds.

Models with different S/D Ratios: In these models, saturated cohesion less loose soil with sand permeability
up to depth of 10m is used. In these models, the pile diameter used is 0.75m and the pile depth is 10m. The
spacing between piles is varied for each simulation. Results are compared with soil model in which no stone

column is used to see the effectiveness of columns in controlling lateral deflection of pile. The spacing calculation
for models having different S/D ratios is shown in Table 3.

TABLE 3: S/D Variation of Stone Columns

Diameter (m) S/D  S=2D(m) S’=S/2(m) 2" Mesh Layer(m)

0.75m - -
0.75m 2 1.5 0.75 0.375
0.75m 2.5 1.875 0.9375 0.5625
0.75m 3 2.25 1.125 0.75
0.75m 3.5 2.625 1.3125 0.9375
0.75m 4 3 15 1.125

Models with different diameters of Stone Columns: In these models, saturated cohesion less loose soil with
sand permeability up to depth of 10m is used and the depth of pile used is also 10m. Different cases are analysed
by altering pile diameter. Usually, it is preferable to keep least diameter and length to make the column
economical. The S/D ratio is kept constant in all these simulations. Total four simulations have been analysed
with diameter varying from 0.6m to 0.75m with an increment of 0.5m each.

Models with different lengths of Piles: In all these models, saturated cohesion less loose soil with sand
permeability up to depth of 10m is modelled with pile diameter of 0.75m but the depth of pile is varying. The
S/D ratio is kept constant in all these simulations. Total six simulations have been analysed with length varying
from 10m to 5m with decrement of 1m each.

5. Results and Discussions

It is clear from Figure 4, that the non-linear analysis has produced maximum deflections when sandy soil is
combined with silty soil layers (GMG), rather than in cases where the strata only contained cohesive soil (Clay
17). From analysis results as shown in Figure 4, it is clear that Sand 9 (G model) which is saturated cohesion less
medium dense sand with gravel permeability deflects less than GMG model.

Simulations results also show that it is not necessary for whole strata to be liquefiable to produce maximum
deflections and causing failure in pile. A small lens of liquefiable layer sandwiched between the non-liquefiable
strata can also cause great deflections and failure in pile [7]. Referring to Figure 4, it can be stated that when a
lens of liquefiable layer is sandwiched between layers with least liquefaction potential produces a concentration
of shear at the interface of two layers on the pile and the soil above this surface flows which is termed as “crust

99

flow”.
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Ground inclination leads to crust flow; even mild changes in inclination angle produce significant effects on pile deflection (see figure 5
Figure 5 depicts that when inclination angle is increased by 2°, magnitude of deflection is twice compared to when inclination was set equal to 2

3.

There is no effect of inclination on shear force and bending moment but the pile in more inclined ground produces more rotation than the pile in
less inclined ground.
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Fig. 5: Effect of Inclination on Deflection and Pile Response Profiles towards Ground Inclination versus Depth

http://dx.doi.org/10.17758/UR.U0915335

142



5.1. Model A Analysis Results

The analysis results have shown that Model G undergoes least displacement because of its higher
permeability while Model M represents a higher magnitude of displacement because of its low permeability, as
shown in Figure 6. But when a small lens of sand with silt permeability is sandwiched between soils of high
permeability i.e. GMG Model, end displacement has increased extensively. This can be defined by considering
the concepts of flow liquefaction and crust flow. The effect of mild ground inclination is incorporated in the
model. Due to seismic loading, water dissipates from the sand with higher permeability but same is not the case
with sand of low permeability. Due to this, water film is formed at the interface of two soils and because of
ground inclination, the soil above the interface flows like liquid and this phenomenon is called the crust flow.
Due to this, greater shear is experienced by the pile at the interface as shown in Figure 7. Bending moment is
least where maximum shear force is applied and similarly maximum pressure is applied along that portion of
pile where it is in contact with liquefiable soil (see figure 7). Figure 6 represents the same phenomenon in terms
of displacement vs. time graph. Pile displacement is a function of time [8].
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5.2. Model 2 Results

The analysis results for this model confirm major concept as with model 1. There is a formation of water
film at interface of two soils, this time at the upper side causing greater shear at pile along interface.

Pile Response: Figure 8, shows that pile in clay remains static and show little movement because in this case
non-linear pile behaviour is considered. CMC Model where a liquefiable stratum is sandwiched between clay
layers show a failure in the liquefiable strata, which causes upper soil to flow and causes greater shear at the pile
area along the interface (see Figure 8) [8].

Soil Response: In clay, due to seismic loading, very small strains are generated at the surface as compared to
CMC model in which large strains are produced due to failure of underlying liquefiable soil layer. Below the
liquefiable layer, behavior of both the models is same. Also, the behavior of soil at 1.375m around the pile is
opposite to the response of soil at soil-pile interface. This can be explained with the help of changes in behavior
of clays due to pile installation. Due to pile driving, the area around the pile up to 0.375m from soil-pile
interface is remolded zone where the strength is reduced. The soil beyond this is the compression zone and has
more strength, shown in the Figure 9. But, in the present case, values of stresses and strains in remolded zone
(interface) and compression zone are almost same because clay is a pressure independent soil and changes in
stresses due to presence of water are negligible.
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5.3. Model 3 (Comparison Model) Results

This model is analyzed to find out the difference between the friction pile and the end bearing pile and to see
the effects of acceleration reached at the surface due to seismic loading with respect to the depth of the
liquefiable strata. The acceleration increases as it propagates through the soil. So when the depth of liquefiable
layer is more, magnitude of acceleration is higher and the pile experiences higher lateral load. The acceleration
at top of 20m model is more than 12 m model, shown in Figure 10.

Due to higher acceleration at ground surface, 20m soil model show more displacement of pile at ground pile
surface level. What is important here is the increased deflection at the bottom of 20m soil pile model. This
increased deflection at bottom is because the pile is not fixed at the base, acting as friction pile and is unable to
resist the soil flowing underneath it causing it to flow as well. Similarly, 20m soil model is subjected to more
shear force and bending moment on the than 12m model, shown in Figure 11.
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5.4. Model 4 (Stone Column) Results

Stone columns are one of the methods used for the soil improvement and improving the draining properties
of the water strata. Stone columns are used for mitigation of liquefaction-induced lateral deformation in sands.

Variation in S/D Ratio: Usually, a uniform grid is assumed and then stone columns are installed in the
corners of grid. For making this technique to be economical as well as efficient, it is required to increase the
spacing between columns. A preliminary analysis has been performed by running few simulations to
demonstrate the effect of spacing on the liquefaction induced pile deformations. Calculations of how variations
have been made to spacing between columns have been included in the methodology section. The results of
these simulations indicate that as the column spacing decreases, there is a decrease in liquefaction induced end
deflection (see Figure 12). The change in deflection with respect to spacing is small e.g. when spacing is
increased from S/D=2 to S/D=4, deflection increased from 1.25m to 2.75m (120% increase); but in a case where
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no column was installed, deflection is 9m. So for designing the stone column grid, first allowable deflections are
to known [9].

Variation in Diameter: The variation in the pile diameter also affects the drainage properties of soil in
which they are installed. Although changes in the end deflection of pile are minor but it can help obtaining the
economical solution. In all these solutions, S/D ratio is kept constant .i.e. 2 but the diameter of pile is varied
from 0.75m to 0.6m. The pile deflection varies from 1.1875m against 0.75m diameter to 1.375m against 0.6m
diameter, with 13.6% increase in deflection (see Figure 13). So it is concluded that instead of varying S/D ratio,
the more effective and economical solution is to change the diameter of the stone column. The behavior of the
depth of stone column is quiet abrupt and the change in the depth has no linear effect on deflection.

O PP = 0
FH/#

Depth(m)
S : 3
X +
vepth (m)
> :

—¢—5/Dratio=2

S < —&—S/Dratio=2.5 8-
8 3‘ —+— Diameter=0.75m
S/Dratio=3
—+— Diameter=0.7m)
—8—5/Dratio=3.5
-10 @ -10

——5S/Dratio=4 Diameter=0.65mn

»—Bench Mark —+— Diameter=0.6m)

0 2 4 6 8 10 0 0.5 1 15

Longitudinal Displacement (m) Longitudinal Displacement (m)

Fig. 12: Effect of Placing of Stone Columns in Pile Fig. 13: Effect of Change of Diameter on end
Deflection Displacement of Pile

6. Conclusion

In this study, aspects of the behavior of sandy soils towards seismic loading are discussed. A base shaking
analysis was conducted for a singular circular pile in various formations of soil strata with major emphasis on
the depth and relative position of a liquefiable layer under seismic loading.

This research study gives a general view of the minor features of soil and ground inclination that must be
considered while designing the pile foundations. Even mild slopes and small lens of liquefiable layers can be
very damaging in case of earthquakes [10].

A small lens of liquefiable layer sandwiched between the non-liquefiable strata can also cause great
deflections and failure in pile. Similarly, pile displacement is a function of time and pile deflection is
significantly more in liquefiable soil strata. The depth of liquefiable layer also dictates the total lateral
displacement of pile. As the depth is more, the magnitude of acceleration is higher and the pile experiences
higher lateral load. The effect of spacing and diameter of stone column have direct relation to end pile deflection.
The effect of diameter of stone column is more important than varying the spacing between columns. Hence for
design purposes, hit and trail method by varying the diameter of column can be employed to optimize the design.
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Slopes usually exits in the coastal areas so during construction of buildings in these areas one must consider
the forces that will act on foundations. Location and depth of liquefiable layer is of special concern because
lateral forces on the pile due to flow liquefaction are dependent upon depth of liquefiable layer. For shallow
depths forces on pile are magnified. In some cases, like in the bridge construction in coastal areas, soil can be
improved even after the completion of construction by installing stone columns but in the construction of high
raised buildings, soil improvement strategies must be given proper attention in the planning phase. In these cases,
one must go for the monopole. The monopole foundation consists of a pile with a diameter of between 3.5 and
4.5 meters. The pile is driven some 10 to 20 meters into the seabed depending on the type of underground strata
and these piles can resist more lateral forces relatively easily. In ongoing projects of OpenSeesPL, one project is
to devise a model to construct a pile with an envelope of stone/gravel along its perimeter to reduce the pore water
pressure acting laterally on the pile. Also another project is mixing of earth with cement or some other material is
also under consideration to increase the strength of soil. So these can be adopted to improve soil strength and
decrease liquefaction susceptibility and shall improve the soil-pile interaction.
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