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Abstract - Numerical investigations to obtain the kinematic response of piles in soil under vertical dynamic loading using three-
dimensional finite element modelling were carried out in the time domain. A numerical model was validated against the available
solutions for end-bearing single piles. Based on this validation, the model for floating single pile was developed. Besides the elastic
assumptions for soil, the effects of soil and soil-pile interface nonlinearities on the kinematic response of piles were examined. The results
show that the kinematic response factors of the end-bearing single pile and floating single pile based on elastic soil match well with the
available analytical/numerical solutions. The assumption of the insignificance of the soil-pile interface may hold true for end-bearing
single pile with elastic soil consideration. Whereas both in cases of end-bearing single pile and floating single pile, with consideration
for soil nonlinearity and the soil-pile interface nonlinearity, the kinematic interaction can increase reasonably considering piles can move
easily against relatively weaker soil.
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1. Introduction

Soil-pile-structure interaction is typically considered in the structural design using the sub-structuring approach [1, 2]
wherein inertial and kinematic interactions are determined separately. During seismic excitation, kinematic interaction that
causes a difference in the movement of piles and the surrounding soil as a result of stiffness contrast between the two has
been a subject of immense interest [3-7]. It is noteworthy that most of the available studies focus on the lateral ground
excitations; kinematic interactions under vertical ground motions are generally ignored assuming it as a conservative design
approach [8, 9]. However, neglecting the role of vertical kinematic interaction despite knowing the site-specific
characteristics and possible damaging effect of vertical ground motions, as reported in some recent earthquakes, can be
misleading [10]. Additionally, over-conservative design practices for structures are being discouraged all over the world with
the emergence of performance-based design strategies. Mindful of all, it is of significance to understand the influence of
modified ground motion on the response of pile foundations by kinematic interaction.

A range of work has been carried out for the vertical kinematic interaction of piles in recent years. Some of these studies
have utilised boundary element methods to estimate the pile response [11, 12] while others have considered the spring and
dashpot system for soil and pile [8, 9]. Additionally, studies based on numerical approaches are equally available. Anoyatis
et al. [8] employed the finite element approach in the frequency domain to validate the proposed elastodynamic model. Most
of these analytical and numerical approaches, however, assume soil to be linear elastic/viscoelastic in obtaining the kinematic
response. It is well known that soil exhibits nonlinear behaviour when subjected to intense loading conditions. Besides, these
studies do not consider the interface between the soil and the pile, although, piles may slip against the soil due to the
difference in relative soil-pile movement.

The current study employs nonlinear three-dimensional finite element modelling to quantify vertical kinematic
interactions in the time-domain. Both the elastic and inelastic behaviours of soil are considered. Additionally, the frictional
interface between the soil and pile is considered to account for the possible slip of piles against the soil. Firstly, an end-
bearing single pile model is validated against the available analytical results for end-bearing single piles. The approach is
then extended to floating single piles. Results are obtained in the form of kinematic response factors and amplification ratios.
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2. Numerical Modelling For Soil-Pile

Three-dimensional finite element modelling was carried out using commercially available software PLAXIS 3D v.21.01
[13]. Table 1 shows three different simulation cases considered in this study for variations in model size, pile configuration,
and pile tip. In the table, Ep and Es are Young's modulus of elasticities of pile and soil, respectively; L is the length of the
pile; d is the pile diameter; and H is the soil height.

Table 1: Types of numerical simulation cases.

Simulation run Modulus ratio | Slenderness ratio Soil height by Pile Pile tip condition
case length ratio configuration
- (EpEs) (L/d) (H/L) - -
RC-1 100 25 1 Single pile End-bearing
RC-2 100 20 2 Single pile Floating

2.1. Validation using an end-bearing single pile

The numerical model used for the end-bearing single pile (RC-1) is presented in Fig. 1. Only the half symmetry was
considered to decrease the computational time. The lateral dimension of 200 times the diameter of the pile (d) was used to
get proper attenuation of dynamic waves of soil without any reflection near the boundaries (after Anoyatis et al. [8]).
Additionally, free-field boundaries were used. The vertical dimension of soil was selected equal to the pile length to have
the same boundary conditions at the pile tip and soil base. The sides of the soil were laterally constrained to enable only
vertical translation. Two kinds of models were established: one with joined nodes between soil and pile and the other having
separated nodes to check the effect of the soil-pile interface. To mesh three-dimensional volumes of soil and pile, four-node
tetrahedral linear elements were used. The minimum element size was selected such as to avoid any hindrance in the
propagation of dynamic waves.

Vertical dynamic loading in the form of unit harmonic acceleration (1 m/s2) for a wide frequency range (0.5 Hz to 36
Hz) was applied at the soil base and tip of the end-bearing single pile. Transient dynamic analysis was performed to consider
the effects of soil and soil-pile interface nonlinearities. Four kinds of analysis were performed for RC-1 considering: (a)
elastic soil, (b) elastic soil and soil-pile interface, (c) nonlinear soil, and (d) both soil and soil-pile interface nonlinearities.

For soil, properties of Gifu sand [2] were used. Soil nonlinearity was incorporated in the models through Mohr-Coulomb
(MC) failure criteria; MC yielding criterion was used for the frictional soil-pile interface. The properties considered for the
soil and soil-pile interface are listed in Table 2. Young’s modulus of soil (Es) was determined using the values of shear wave
velocity, density, and Poisson’s ratio of the soil. Besides, the shear strength parameters were deduced using triaxial test data
of the soil. For the soil-pile interface, the material strength of interface was reduced two-thirds times the strength of soil, as
conventionally taken for cohesionless soil [2]. Moreover, 5% Rayleigh damping was considered in all analyses.
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Fig. 1: Numerical model for RC-1: end-bearing single pile (all dimensions are in “m”).
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Table 2: Parameters used for Mohr-Coulomb model and soil-pile interface

Parameter Symbol | Value Units
Young's modulus of soil Es 148,200 | kPa
Shear wave velocity of soil Vs 171.5 m/s
Compressional wave velocity of | V, 420.1 m/s

soil

Density of soil Ds 17.6 kN/m?
Poisson’s ratio of soil Ve 0.4 -
Friction angle of soil 17 40.7 Degrees
Cohesion of soil c 1 kPa
Dilatancy angle of soil "% 10.7 Degrees
Interface to soil material ratio Rinter 0.67 -

The resulting absolute kinematic response factors (| I, |) for case RC-1 determined by dividing the oscillation at the pile
top to that at the soil surface, are shown in Fig. 2. The values are plotted against the dimensionless frequency ratio (w/w;),
where w is the angular frequency and w, is the first resonant frequency determined as

Vpn
Wy = o (1)

where V;, is compressional wave velocity of soil and H is the height of the soil domain. By Eq. (1), w,=26.4 rad s71

It can be seen from Fig. 2 that | I, | agree well with the finite element-based solution by Anoyatis et al. [8] and analytical-
based solution by Dai et al. [11] in the entire frequency range. In the range of w/w,= 0 through w/w,= 0.3, the close to the
static response of pile can be seen as | I, | become close to one; the pile moves together with the soil. Close to the resonant
frequency (w/w;= 1), a slight variation in | I, | can be noticed in the zoomed view, highlighting possible amplification of
soil surface movement at the resonant frequency.

With the increase in loading frequency, the kinematic response factors begin to decrease until around w/w; = 3.5. This
results from the difference in the vibration response of the stiffer pile and softer soil against higher frequency components
of the incident vertical dynamic wave also termed as filtering effect kinematic interaction. Beyond this dimensionless
frequency ratio, the fluctuating pattern of | I, | can be observed.

1.0
—— Mylonakis and Gazetas (2002) Winkler model

--~-- Anoyatis et al. (2013) Analytical solution
- === Anoyatis et al. (2013) FEM Harmonic solution

0.8 ==== Dai et al. (2020) Analytical solution
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Fig. 2: Kinematic response factor for end-bearing single pile.
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Fig. 3: Kinematic response factor for end-bearing single pile: comparison of elastic soil with soil and soil-pile interface nonlinearities.

In Fig. 3, the comparison among kinematic interactions for case RC-1 based on elastic soil, elastic soil with the soil-pile
interface, nonlinear soil only, and nonlinear soil with the soil-pile interface is presented. It is evident that for elastic soil with
the soil-pile interface, the values are comparable to the ones by elastic soil only. As with the incident vertical dynamic wave
acting at pile tip and soil base, the pile is not able to show any change in response even with its independent nodes from the
surrounding elastic soil than with joined nodes.

With consideration of soil nonlinearity, a significant increase in overall | I,, | can be seen. According to the amplification
ratio data of pile top and soil surface (explained in the ensuing paragraph), less restriction against pile movement is offered
by the nonlinear soil around the pile shaft. Besides, the soil surface movement may decrease with nonlinearity. Hence, these
changes in movements of pile top and soil surface increases the values of | I, |. While at w/w; = 1, a noticeable decrease in
| I, | can be observed at the first frequency resulting from the amplification of soil surface at resonant frequency (discussed
in the subsequent paragraph). Moreover, consideration of soil and soil-pile interface nonlinearities change the pile response
prominently when compared with soil nonlinearity only case. It stems mainly from the fact that the pile faces weaker
restrictions relying on the frictional contact with soil and hence, can slide easily. Additionally, the decrease in the soil surface
motion with nonlinear properties can further increase the values of | I, |. Besides, at the first resonant frequency, the decrease
in | I, | occurs analogous to other cases.

The absolute ratios of the vertical motions applied at the pile top to those at the soil base termed as amplification ratio
(I Al) are shown in Fig. 4. Results show that the maximum amplification ratio of around 7 appears at the first resonant
frequency of soil (i.e., at w/w;=1). It can be noticed that the amplification ratios of the pile using elastic soil with/without
the soil-pile interface are analogous.
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Fig. 4: Amplification ratio and corresponding phase at pile-top of end-bearing pile.
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Fig. 5: Amplification ratio and corresponding phase at soil surface of end-bearing single pile.

With nonlinear soil only and both soil and soil-pile interface nonlinearities, the amplification ratios can increase
noticeably than the elastic ones during higher frequency ratios (> w/w;= 1). This results from the ease in vertical movement
of the pile with soil/soil-pile interface nonlinearities (as discussed earlier). Moreover, the phase differences between the
oscillations of pile top and soil base show that the slight variation occurs at w/w,= 1. The values increase till w/w;= 3.5,
showing the filtering effect of the higher frequency components of the vertical dynamic waves.

The amplification ratios (| A ) and equivalent phase differences (¢) at soil surface for case RC-1 are presented in Fig.
5. The maximum amplification at the first resonant frequency can be noticed for each analysis. Beyond this frequency, the
decreasing trend of the values occurs. In comparison to Fig. 4, it is evident that the soil surface and pile top show analogous
values at lower frequencies, while with the increase in frequencies, the difference in values keeps increasing. Besides, it can
also be observed that | A | at the soil surface decrease slightly with the consideration of nonlinearities.

Also, it can be observed in Fig. 5 that ¢ at the soil surface tend to increase with the increase in loading frequency
resulting from the change in vibrating mode of soil after the first resonant frequency. On the contrary, the changes in ¢ at
the pile top are insignificant in higher frequencies (Fig. 4), as it is difficult for the pile to move following the soil movement
due to its higher stiffness.

2.2. Numerical modelling of floating single pile

Based on the validation of the end-bearing single pile, the same numerical methodology was employed for the floating
single pile in RC-2. As indicated in Table 1, the height of the soil domain is kept twice the length of the pile. Whereas the
lateral dimensions were kept the same (200x100) as in RC-1. The same free-field boundaries were used in lateral directions.
Besides, the same vertical dynamic loading, as explained in section 2.1 was applied from the soil base.

§ . Single pile
\L, . s t # Vertical dynamic

loading from base (u,)

Fig. 6: Numerical model for RC-2: floating single pile (all dimensions are in “m”).
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Fig. 7: Kinematic response factor for floating single pile.
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Fig. 8: Kinematic response factor for floating single pile: comparison of elastic soil with soil and soil-pile interface nonlinearities.

The results presented in Fig. 7 shows the attained absolute kinematic response factors (| I, |) for case RC-2 for the elastic
soil conditions. It can be seen that numerical-based | I, | correspond reasonably well with the analytical values by Mylonakis
and Gazetas [9]. In higher frequency ratios, the values decrease significantly, showing higher filtering against the vertical
dynamic waves with more height of the soil domain.

In Fig. 8, | I, | based on elastic soil are related to the resulting values by elastic soil with the soil-pile interface, nonlinear
soil only, and nonlinear soil with the soil-pile interface. In contrast to the irrelevance of consideration of soil-pile interface
with elastic soil in RC-1, | I, | become relatively higher than those obtained by the elastic soil with floating pile-tip boundary
conditions. Hence, the pile is able to translate more freely with constraints relying on the surrounding soil at the pile tip and
pile shaft after facing the incoming vertical dynamic wave. With nonlinear soil, | I, | become higher than the ones attained
from the elastic soil with soil-pile interface case due to lesser constraint to the vertical translation of pile. Moreover, the
combination of soil and soil-pile interface nonlinearities allows a sharp increase in | I, | ; the values can reach around 2 in
contrary to the reduction effect of vertical kinematic interaction with elastic soil considerations in the higher frequency
region.

The resulting absolute amplification ratios (| A |) and phase differences (¢) for case RC-2 are plotted in Fig. 9. As
experienced in the case of the end-bearing single pile, with the inclusion of nonlinearities, the pile movement amplifies
against the applied oscillations at the soil base. Besides the maximum values near the first resonant frequency of the soil, the
decrease in values by the filtering process in higher frequencies can be seen. Moreover, the difference in pile movement by
each numerical case becomes more noticeable in higher loading frequency ranges. Furthermore, higher values of ¢ can be
noticed in the case of the floating pile, due to the presence of sufficient soil depth beneath the pile tip. Overall, the values of
¢ between the pile top oscillation to soil base oscillation does not vary much with nonlinearities.
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Fig. 9: Amplification ratio and corresponding phase at pile-top of floating single pile.
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Fig. 10: Amplification ratio and corresponding phase at soil surface of floating single pile.

The amplification ratios (| A |) based on the ratios of oscillations achieved at the soil surface to those applied at the soil
base are summarised in Fig. 10. After the maximum amplification at the first resonant frequency, a decrease in values can
be observed. The filtering ability of soil against higher frequency components of the dynamic loading is maximum in the
case of nonlinear soil with the soil-pile interface. Hence, the ratios of the decreasing values of amplification at the soil surface
to the increasing values at the pile top (i.e., Fig. 9) result in a dominant increase of kinematic interactions (i.e., Fig. 8). Also,
higher values of damping in the soil are observed due to higher soil depth.

4. Conclusion

This study investigates the effect of soil and soil-pile interface nonlinearities on vertical kinematic interactions of piles.
For this purpose, numerical modelling using three-dimensional finite elements was used. Two kinds of piles are analysed:
end-bearing single pile and floating single pile. At first, the kinematic response factors for the end-bearing single pile are
validated with the past analytical/numerical-based studies using elastic soil. Then, by considering the soil-pile interface for
elastic soil, it is confirmed that the kinematic interaction remains almost the same. While with nonlinear soil only or with the
combination of nonlinear soil and soil-pile interface, the kinematic interactions can increase significantly due to an increase
in the pile movement by lesser restraint offered by the surrounding weaker soil. Corresponding results of amplification at
pile top and soil surface also highlight this finding.

In the case of floating single pile, the kinematic interactions by elastic soil with the soil-pile interface can be slightly
higher than without it. This results from lesser constraint offered by the soil beneath the pile tip than the end-bearing
conditions. The kinematic interactions increase with the inclusion of nonlinearities. Moreover, with amplification data at pile
top and soil surface, it is clear that with nonlinearities, pile movement can increase while the soil surface movement can
decrease, resulting in a significant rise in kinematic interactions.

It must be noted that the determined results are based on specific properties of soil and pile.
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