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Abstract

In this paper, responses of a single pile embedded in sand soil (loose and dense) under dynamic loading (sinusoidal dynamic 

vibrations	 of	 0.1	 g	 to	 0.5	 g)	 have	 been	 investigated	 by	 two-dimensional	 analysis	 using	 the	 finite	 element	method	 (FEM).	 Viscous	

(dashpot)	boundaries	have	been	used	for	taking	the	boundary	effects	of	far-field	into	account.	The	applicability	and	accuracy	of	site	

responses	of	two-dimensional	analysis	due	to	the	FEM	modelling	have	been	well	verified	with	one-dimensional	site	responses.	The	

results	indicate	that	the	relative	density	of	sand	(loose,	dense)	becomes	prominent	for	the	displacements	of	the	pile,	specifically	under	

the	frequency	effects	of	resonance.	While	the	pile	in	loose	sand	causes	the	displacements	of	0.1	m	to	0.5	m,	the	pile	in	dense	sand	

leads to the displacements of 0.05 m to 0.25 m, proportionally with the dynamic loads from 0.1 g to 0.5 g. Moreover, the displacements 

reach	their	peak	value	at	the	frequency	ratio	of	the	resonance	case.	Viscous	boundaries	are	found	sufficient	for	modelling	excessive	

displacements due to dynamic loading. However, the displacements reveal that high vibrations (> 0.1 g for loose sand, > 0.2 g for 

dense	sand)	influencing	the	pile	deformations	are	critical	for	the	issues	of	settlements.	This	is	more	significant	for	the	resonance	case	

in	order	for	ensuring	sufficient	design.	Consequently,	the	findings	from	the	study	are	promising	good	contributions	for	pile	design	

under	the	dynamic	effect.
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1 Introduction
The investigation of pile responses, which has a signif-
icant role in the geotechnical applications of poor soils, 
due to dynamic loading (earthquake loads, wind loads, 
wave loads, vibratory machine loads etc.) becomes a sig-
nificant concern for the engineers in practice [1]. Although 
the numerical efforts about the pile responses under static 
loading are relatively wide, the studies about dynamic 
loading are less due to its complicated nature of model-
ling. Thus, they still need further research. The theoreti-
cal, experimental, and numerical studies on the behavior 
of a single pile under the dynamic load can be observed in 
earlier works [2–6]. The horizontal movement of the end 
pile embedded in a homogeneous soil is studied against 
earthquake response as one of the first studies [3]. On the 
other hand, both the horizontal and vertical movements 
of the end pile embedded in a homogeneous soil are 

investigated in a further study [7]. These earlier studies 
have provided a fundamental idea for understanding the 
behavior of the pile-soil system [6]. The earlier efforts are 
extended by some researchers [8–14] by conducting exper-
imental works on the behavior of piles under the dynamic 
load. Moreover, the studies are experimentally improved 
by conducting centrifuge tests [15–18].

Even though the experiments of pile under dynamic 
loading are limited, their results still provide good insights 
for the experimenters in practice. Shake table tests (using 
60 % relative density of sand soil and a rigid steel plate 
(14.1 tons) placed on the top of the piles to represent the 
superstructure) are carried out to evaluate the effect of 
the piles damaged by strong ground motion on the super-
structure [19]. It is observed that that maximum bending 
occurred in the piles is about 1.5 m below the superstructure 
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and at the top of the piles. It is also noted that dynamic load 
lead to large displacements at the ground surface resulting 
in the superstructure to move 36 cm horizontally. Large-
scale shake table and centrifuge experiments (represent-
ing the superstructure by a mass of 15.6 tons placed at the 
top of the pile group in the layout 2 × 2) are conducted 
to study the behavior of piles under dynamic loading [20]. 
It is found that maximum deformations are developed at 
the top of the piles. The results from two experiments are 
observed well compatible. Centrifuge tests are carried out 
for investigation of the effects of different dynamic ampli-
tudes (by sinusoidal dynamic loads of 0.08 g and 0.47 g) on 
a single pile embedded in saturated sand [21]. The bending 
moments due to high vibration (0.47 g) are obtained larger 
than the ones due to low vibration (0.08 g). The amplitude 
of vibration is found significant on the pile response. Shake 
table tests are performed to study the rigid piles embed-
ded in silty clay soil conditions under different dynamic 
loadings [22]. A granular material (sand and gravel) is 
placed between pile and foundation for using as a cush-
ion. From the testing, the bending moments are found zero 
at the top of pile due to the granular material. It is stated 
that the granular material is able to decrease the bending 
moments at the top of pile. The lateral capacity, ductility 
and energy dissipation capacity of single piles (number 
of 18 aluminium model piles) with different cross-section 
(square, circular and hexagon) embedded in the sand (with 
two relative densities of 30 % and 70 %) are experimen-
tally investigated under the dynamic load [23]. The lateral 
capacity and the energy dissipation capacity of piles in the 
dense sand are obtained higher than the ones of loose sand. 
This is attributed to the increase of shear resistance due 
to stiffness of the dense sand. At a constant level of dis-
placement, the piles with circular cross-sections become 
most favorite regarding the energy dissipation capacity for 
both loose and dense sand. A series of shake table tests are 
conducted to study the behavior of axially loaded of 3 × 1 
pile group with or without a raft foundation [14]. Total dis-
placements (vertical) of the pile group with the raft founda-
tion are measured 2 times smaller than the ones of the pile 
group without the raft foundation. It can be proposed that 
construction raft foundation over the pile group is able to 
reduce the displacements.

Numerical modelling of experimental efforts is rela-
tively beneficial for further criticism of dynamic load-
ings. The finite element method (FEM) is known as one 
of the favorite methods frequently used for modelling the 
behavior of piles under the dynamic load in a linear elastic 

and homogeneous soil in previous efforts [6, 24–28]. It is 
observed that FEM mostly gives accurate results match-
ing with experiments that validate numerical model-
ling. A comparison of the centrifuge test and numerical 
model (using PILE-3D-EFF code based on the finite ele-
ment method) is performed for the responses of a single 
pile in the sand under the dynamic load [29]. The bending 
moments using the FEM is well matching with the ones 
of testing under the vibrations that represent the weak and 
strong ground motions in both. Three-dimensional numer-
ical analyses (using the code of DIANA-J3) are performed 
to investigate the laterally loaded piles embedded in the 
sand [30]. The numerical results (maximum horizontal dis-
placement occurring on the pile head) are estimated well 
consistent with the results from the shake table test until 
approximately the fourth-second of the testing and then 
continue with less consistency. A numerical model (using 
finite element method via the code of DGPILE-3D) of 
pile group embedded in the sand (loose and dense) under 
dynamic loading is compared with centrifuge tests [31]. 
The accelerations and bending moments in the piles esti-
mated from numerical analysis (i.e. finite element method) 
are in a good agreement with the ones measured from 
centrifuge tests. Using the finite element method, two-di-
mensional analysis (using the code of PLAXIS 2D) has 
been performed for respond of the soil located below an 
embankment with or without mini piles under the dynamic 
load [32]. It is estimated that maximum accelerations at the 
midpoint of the embankment with the case of mini-piles 
are smaller than the ones from without mini-piles.

Despite the significant efforts in earlier studies, it is 
observed that numerically investigations of a single pile 
embedded in the sand under the dynamic load (sinusoi-
dal motion) are still insufficient regarding the effects of 
dynamic amplitudes and frequencies. Moreover, this is 
the most concerned with the responses specifically under 
resonance effects. In this paper, displacements of a single 
pile embedded in the sand (loose and dense sand) have 
been numerically investigated under dynamic loading 
(sinusoidal motion) regarding the acceleration and fre-
quency effects. In view of this, the effect of resonance fre-
quency between sand and dynamic loading is considered 
as a particular attempt for the pile displacement. Two-
dimensional analysis has been performed using the finite 
element method for pile responses. It is believed that the 
findings obtained from the study could be beneficial for 
the engineers in practice for the settlement issues of pile 
design against the dynamic load.
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2 Materials and methodology
Numerical investigations throughout the study for the 
responses of the single pile embedded in the sand (with the 
relative densities of loose and dense states) under dynamic 
influences are performed in two-dimensional (2D) analysis 
using PLAXIS 2D [33]. Under the employed conditions 
presented below, the effects of the relative density of sand, 
amplitude (acceleration) of the dynamic load (vibration 
of sinusoidal motion) and frequency on the respond of 
the pile have been computed in the numerical analyses.  
The resonance influence is figured out by a particular con-
cern in the computations.

2.1 Description of materials
An advanced site characteristic (i.e. including hardening 
soil model) studied in this article are presented in Table 1 
for loose sand (relative density of 30 %) and dense sand 
(relative density of 80 %). Since using accurate soil model 
is essential for the prediction of soil responses, the numer-
ical analyses in this article have been carried out employ-
ing the hardening soil model to reflect the behavior of 
sand more realistically [34]. The suitable employment of 
the model parameters of soil such as the unit weight, sec-
ond stiffness, tangent stiffness, angle of internal friction, 
angle of dilatancy and cohesion, etc., has been benefited 
from past work by using their proposed formulas [35].

γ dry RD kN m= + ( )  
15 4 0 100
3

. / /  (1)

γ sat RD kN m= + ( )  
19 1 6 100
3

. / /  (2)

Readers interested in the technical details of the model 
parameter can apply to the past studies mentioned above.

As for the pile properties, a cylindrical concrete pile 
presented in Table 2 including material characteristics is 
used throughout the study. As shown in the table, the pile 
is mechanically behaved as a linear elastic material with 
the damping ratios of 5 % generally proposed in concrete 
applications [36–39]. A deep foundation can be defined as 
a pile foundation if the ratio of the pile depth to the pile 
diameter is greater than 4 [40]. Thus, while the pile diame-
ter of 0.4 m is selected, the ratio of pile depth to pile diame-
ter is equal to 10, that value is employed for dynamic anal-
ysis. The diameter of 0.4 m could be adequately considered 
for numerical investigation, due to some limitations (i.e. 
time consumption, computational effort, etc.) in computa-
tional methods. Moreover, the pile model is studied with 
axial symmetry, owing to its circular shape on the plan, 
during the numerical analysis under the dynamic load.

Table 1 The properties of sand regarding for hardening soil model

Parameters Loose Dense

Dry unit weight of sand, γdry (kN/m3) 16.2 18.2

Secand stiffness, E50 (kN/m2) 18000 48000

Tangent stiffness, Eeod (kN/m2) 18000 48000

Unloading/Reloading stiffness, Eur (kN/m2) 54000 144000

Angle of internal friction, ϕ (°) 32 38

Angle of dilatancy, ψ (°) 2 8

Cohesion, c (kN/m2) 0.1 0.1

Damping ratio, ξ (%) 5.0 5.0

Poisson's ratio, ν 0.2 0.2

Power for stress-level dependency of stiffness, m 0.60 0.45

Failure ratio, Rf 0.9625 0.9000

Table 2 The material properties of the pile

Parameters Properties

Material model Linear elastic

Unit weight of concrete, γ (kN/m3) 24.0

Young's modulus, E (kN/m2) 3×107

Poisson's ratio, ν 0.2

Damping ratio, ξ (%) 5.0

2.2 Methodology: modelling of pile-soil system
For modelling the near field of pile and substructure (soil) 
in the article, finite element method (FEM) is used for the 
numerical investigations. The FEM can be described by 
the responses of nodal points combined by discrete ele-
ments in soil body [41]. It relatively becomes a powerful 
tool for engineering applications with a limited size of 
boundary dimensions, while large dimensions of soil body 
lead to some restrictions [42].

The basic equation for the time-dependent movement 
of a volume under the influence a (dynamic) load is given 
below.

M u C u K u P t. . . + + = ( )  (3)

Here, M is the mass matrix, C is the damping matrix, 
K is the stiffness matrix, u is the displacement vector and 
P is the load vector. The displacement (u), the velocity (u̇) 
and the acceleration (ü) can vary with time. The last two 
terms in the foregoing equation (K.u = P) correspond to 
the static deformation. In the matrix M, the mass of the 
materials (soil + water + any constructions) is considered 
and that matrix is implemented as a lumped matrix. Since 
numerical analyses are performed in dry sand conditions 
(soil + any constructions), therefore the liquefaction is not 
considered in the study. The matrix C represents the mate-
rial damping of the materials. Material damping is caused 
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by friction or by irreversible deformations (plasticity or 
viscosity). In order to define the damping matrix, extra 
parameters are required, which are difficult to determine 
from experiments. In addition to this, Rayleigh damping, 
which is partially compatible with experimental data, can 
be used for the classical damping model. In this damping 
model, C is formulated as a function of the mass and stiff-
ness matrices as given below.

C M K= +α α
0 1
. .  (4)

Here, when the contribution of M is dominant, more of 
the low-frequency vibrations are damped, and when the 
contribution f K is dominant, more of the high-frequency 
vibrations are damped as shown in Fig. 1 [43].

The modelling of the far-field (around the soil body) is 
built with a relatively reliable artificial boundary called 
viscous boundary or dashpot boundary (where the stress 
waves hitting the model boundaries are damped without 
reflecting back due to damping). The viscous boundary 
provides satisfactory responses for body waves because 
they absorb reflected energy by the advantage of using fre-
quency independence to applied stresses [42].

It is known that the boundary dimensions of substruc-
ture model under dynamic excitations are generally larger 
than static analysis otherwise stress waves will be reflected 
leading to distortions in the computed results [44]. 
However, locating the boundaries far away requires many 
extra elements and therefore a lot of extra memory and 
calculating time. Thus, it is necessary to define an opti-
mum dimension for modelling. This is because modelling 
by smaller dimensions does not reflect dynamic deforma-
tions well, while large ones need a huge amount of effort 
in calculation time and computational memory. Hence, the 
finite element modelling of the near field in this study is 
constructed within the vertical and horizontal lengths of 
8 m and 80 m, respectively. It is demonstrated from the 
trials of horizontal lengths (50 m, 60 m, 70 m, 80 m, 90 m 
and 100 m) that there is no significant effect on the defor-
mations under dynamic load beyond the distance of 80 m. 
On the other hand, the vertical length is restricted to 8 m, 
because the surface layers nearly within 30 m depth are 
more prominently amplified under dynamic load [45, 46].

Using the finite element methods in most numerical 
methods, the geometry is divided up into several elements 
forming a mesh or grid. It is also known that the element 
size affects the outputs such as stress, strain and displace-
ment. Thus, in order for providing more precise outputs, the 
element size should be chosen small sizes as far as can be 

done. In this article, five different mesh densities from very 
coarse to very fine sizes are tested. Then, the meshes of the 
finite elements have been chosen as very fine size for all 
analyses to avoid the effect of the mesh density. Moreover, 
the described pile-soil modelling is illustrated in Fig. 2.

For a robust numerically investigation of dynamic exci-
tation on the pile embedded in both loose soil (sand) and 
dense soil (sand), a verification of soil natural frequency 
(with different relative densities) in the proposed model 
between the free vibration analysis numerically and the 
corresponding formulas analytically can be strongly rec-
ommended before an extensive dynamic effort. This would 
provide the dynamic responses of the pile-soil system to 
be accurately ensured during estimations. It is essential 
that the fundamental frequency for both soil and struc-
ture becomes crucial for understanding the resonance 
case under dynamic excitation [47]. For the homogeneous 
soil deposit with a constant shear wave velocity resting 
on rigid bedrock proposed in the study, the fundamental 
frequency can be analytically determined by successive 
formulas (i.e. Tn = 4H/(Vs(2n – 1)), Vs = (G/ρ)0.5, ρ = γ/g, 
G = E/2(1 + ν)), fn = 1/Tn, where, Vs, H, Tn, G, ρ, E, ν, γ, g, 
fn, are equal to shear wave velocity, layer thickness, nat-
ural period corresponding to nth mode of vibration, shear 

(b)
Fig. 1 Variation of modal damping ratios with natural frequency: 

(a) Mass-proportional damping and stiffness-proportional damping, 
(b) Rayleigh damping [43]

(a)
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modulus, density, Young's modulus, Poisson's ratio, unit 
weight, gravity acceleration and natural frequency, respec-
tively) [47, 48]. The comparisons of frequency estimations 
numerically (free vibration) and analytically versus rela-
tive density of sand are shown in Fig. 3. For the same rel-
ative density, it can be seen from the frequencies that the 
numerical estimations (free vibration) are not much dif-
ferent from the analytical results. Thus, for the proposed 
model (Fig. 2), it can be concluded that the numerical anal-
ysis can be realistically considered for further dynamic 
investigations. When compared the estimations of the nat-
ural frequency of soils in past works, it is observed that 
while some researchers use the numerical approach (free 
vibration analysis) [49], others prefer analytical approach 
dependent upon experiments [50]. In this present study, 
the loose sand and the dense sand respectively having the 
relative density of 30 % and 80 % are studied for investiga-
tion the pile responses under dynamic effects. Their nat-
ural frequencies are estimated as 2.80 Hz (for loose sand) 
and 4.50 Hz (for dense sand) which are obtained from the 
free vibration analyses where the finite element model has 
only soil body and no structural elements.

2.3 Comparison of site response effect for 1D and 2D 
analyses
Prior to the 2D numerical effort of the employed model 
throughout the study, it could be valuable to compare its 
site response performances with one-dimensional analy-
sis. This comparison could be considered as a validation of 
the 2D numerical analysis. As it is known that the soil and 
bedrock surfaces are infinitely extended in a horizontal 
direction by the assumption of shear wave (SH) in the ver-
tical direction. It can be noted that the ground responses 

(a) Pile-soil system and boundary conditions

(b) The finite element mesh used in numerical analyses
Fig. 2 Description of the pile-soil model system

Fig. 3 The natural frequency values of soil for different relative 
densities
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obtained from the presumptive methods (1D, 2D) are rea-
sonably compatible with the responses measured during 
many earthquakes [47]. In this article, the performances 
of 2D dynamic site effects (i.e. from PLAXIS 2D) has 
been compared with the one-dimensional site effects 
obtained from the code of DEEPSOIL [51]. It is reported 
that DEEPSOIL relatively enables to perform one-dimen-
sional seismic site response analysis by equivalent linear 
and nonlinear behaviors widely used in most of the prac-
tical applications [52]. This ability of DEEPSOIL allows 
researchers to conduct unprecedently large-scale simu-
lations by capturing the effects of variability and uncer-
tainty of soil, and dynamic motions.

For comparison, a sinusoidal motion (vibration) with the 
maximum amplitude of 0.1 g and a frequency of 3 Hz has 
been applied to the loose sand from the base (bedrock) for 
5 seconds. The surface responses of the sinusoidal motion 
by the site responses of the 1D and 2D analysis are illus-
trated in Fig. 4. From the plots, while the maximum ampli-
tude of 0.79 g is resulted by 1D analysis, 2D analysis yields 
to the maximum amplitude of 0.80 g. It can be said that that 
the one-dimensional analysis responses similar amplitudes 
to the ones of two-dimensional analysis. Thus, 2D-site 
effects can be considered as verified with 1D-site effects. 
Because of the responses, it is understood that the 2D 
numerical analysis employed in this article could poten-
tially offer the site effects accurately and reliably.

One and two-dimensional ground response analysis by 
modelling a high sand column which is assumed to have a 
constant shear modulus through the depth of the profile is 
carried out by Ertugrul [53]. Obtained results are similar 
for the two different analysis methods. In order to compare 
one and two-dimensional ground response analysis, some 
studies are performed by Pehlivan et al. [54]. The results 
show that multiple one-dimensional analysis can generate 
median response spectra across at 100-m wide region of 
interest that are similar to two-dimensional analysis.

3 Result and discussion
3.1 Effect of relative density of sand under resonance case

Using 2D numerical analysis, the effect of the relative 
density of sand (Dr = 30 % for loose sand, Dr = 80 % for 
dense sand) has been investigated regarding the resonance 
influences between dynamic load and sand (without pile). 
A frequency of dynamic load that is similar to the frequency 
of sand is applied for the satisfaction of resonance condition. 
The response and behavior of machine foundations rest-
ing on dry sand are investigated by Al-Mosawi et al. [55]. 

The experimental results show that the maximum sand dis-
placement occurs at the resonance frequency. For the esti-
mations, while the maximum amplitude of 0.1 g is used for 
the sinusoidal dynamic motion, the frequencies of dynamic 
motion are employed as 2.80 Hz and 4.50 Hz that respec-
tively represent frequencies of loose and dense sands under 
dynamic load. The resonance results (at a specific point of 
x-direction of 40.0 m, y-direction of 8.0 m at the soil sur-
face) of dynamic motion for loose and dense sands are illus-
trated in Figs. 5–6 respectively for the amplitudes of accel-
eration and displacement.

Fig. 4 Comparison of dynamic motions due to the 1D and 2D site 
response analysis

Fig. 5 Resonance influence of sinusoidal motion regarding the 
acceleration values for the loose and dense sand at the soil surface

Fig. 6 Resonance influence of sinusoidal motion regarding the 
displacement values for the loose and dense sand at the soil surface
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Under resonance effect of the dynamic motion of 0.1 g, 
the loose sand is able to amplify up to 0.73 g, while the 
dense sand is able to reach to 0.82 g (Fig. 5). Even though 
similar maximum amplitudes are obtained under accelera-
tions of sinusoidal motion, the sinusoidal motions through 
the loose and dense sands are different due to their dif-
ferent frequencies. As expected, it is observed that loose 
sand is amplified later than the dense sand due to its higher 
natural period (or lower natural frequency). The findings 
(Fig. 6) can be observed well comparable with the past 
effort that performs centrifuge tests [31]. Similarly, the 
loose sand (Dr = 27 %) is found to produce significant 
accelerations that reach to ones of dense sand (Dr = 73 %). 
As for the displacement amplitudes (Fig. 6), maximum 
displacements are estimated to be 0.011 m and 0.004 m 
for the loose and dense conditions, respectively. While the 
loose sand leads to large displacements, the dense sand 
results in small displacements. This is clear evidence that 
the relative density of sand plays a significant role in the 
displacements under dynamic motion. Moreover, it can be 
concluded that the loose sand results in the responses of 
significantly higher displacements than the ones of dense 
sand under resonance frequency of dynamic vibration. 
Hence, it can be said that dynamic motion under resonance 
effect becomes relatively prominent on the deformations 
specifically for poor soils (loose sand in this study).

3.2 Effect of dynamic load under resonance case
Understanding the pile responses against the dynamic 
motion is prominent for the issues of dynamic design in 
sand soils [6, 14, 17]. Thus, the responses (acceleration, ver-
tical displacement) of pile founded in loose and dense sands 
are investigated in this section under various accelerations 
of dynamic load (i.e. sinusoidal vibration). For dynamic 
responses, the vibrations of sinusoidal motions of 0.1 g, 

0.2 g, 0.3 g, 0.4 g and 0.5 g are applied to the sand from 
base (bedrock) for 2 seconds. In order to obtain the max-
imum response of pile, the vibration time of 2 seconds is 
found sufficient after many trials, thus no further time per-
formance is attempted. For properly modelling the fric-
tional interactions between the concrete pile and sand, the 
interface elements are adequately defined regarding the rel-
ative density of sand (loose, dense). The dynamic responses 
(acceleration, displacement) of the pile are estimated at the 
head of the pile. Moreover, distributions of displacements 
are displayed for an arbitrary vibration of 0.3 g for under-
standing the modifications and boundary effects within the 
near field of pile and substructure (sand).

Fig. 7 The accelerations at the pile head in the loose sand for different 
amplitudes

Fig. 8 The displacements at the pile head in the loose sand for different 
amplitudes

Fig. 9 The displacement distribution occurring around the pile in the loose sand
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The results of dynamic effects are illustrated in the 
plots of Figs. 7–9 for loose sand and in Figs. 10–12 for 
dense sand. It is found that the accelerations and displace-
ments at pile head increase with the increased dynamic 
load for both loose and dense sand. Moreover, loose sands 
result in higher responses of amplitudes than dense sands. 
This clearly indicates that relative density is prominent 
for the pile-founded sand under vibration. Under the base 
vibrations of 0.1 g to 0.5 g, the pile in loose sand is able to 
response the accelerations of 0.5 g to 3.5 g (Fig. 7), while 
the pile in dense sand can lead to amplify the accelerations 
of 0.5 g to 2.5 g (Fig. 10). Similarly, the pile in loose sands 
results in the displacements of 0.10 m to 0.50 m (Fig. 8), 
while the pile in dense sand leads to the displacements of 
0.05 m to 0.25 m (Fig. 11).

For the design issues, settlements due to the pile dis-
placements obtained by the vibrations greater than 0.1 g 
can be considered high for the loose sand, recommended 
in past work (Table 3) [56].

A similar concern is valid for the dense sand under the 
vibrations greater than 0.2 g. Hence, dynamic effects should 
not be underestimated during the design of pile specifically 
for loose sands. Regarding the distribution of displacements 
under dynamic loadings (Figs. 9 and 12), it is seen that the 
pile is severely modified around the surrounding area.

It is clear from the distributions of displacement that 
the near-field substructure is more influenced due to the 
pile in loose sand compared to dense sand. While the dis-
placements in loose sand appear to minimize beyond the 
distance at least by two times of pile depth, the ones in 
dense sand are minimized beyond the distance by one 
time of pile depth. The modifications indicate that bound-
ary conditions (i.e. boundary lengths and model (dashpot) 
is adequate in this article. The dimensions of dissipation 
(minimization) of dynamic effects around the pile here 
can be well comparable with reflexive waves studied in 
past works. It is reported that the effects of reflexive waves 
are negligible within 3–4 times of the foundation radius in 
the horizontal direction and 2–3 times of the foundation 
radius in the vertical direction [57, 58].

3.3 Effect of various frequencies of dynamic load
The frequency of dynamic load for the pile embedded in the 
sand under a dynamic load can significantly influence the 
resulting responses (displacement) of the pile-soil system. 
A numerical study is performed by Ertugrul [53] in order 

Fig. 10 The accelerations at the pile head in the dense sand for different 
amplitudes

Fig. 11 The displacements at the pile head in the dense sand for 
different amplitudes

Fig. 12 The displacement distribution occurring around the pile in the dense sand

Table 3 Typical allowable total settlements for foundation design [56]

Type of structure Typical allowable total settlement (mm)

Office buildings 12–50

Heavy industrial buildings 25–75

Bridges 50
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to understand the effects of input base excitation charac-
teristics (peak acceleration amplitude and frequency of 
the excitation), soil strength on the dynamic response of 
cantilever earth-retaining walls. Analyses show that the 
base motion frequency becomes an important factor on 
magnitudes of dynamic thrust when it approaches the nat-
ural frequency of the system.

So as to investigate the effect of frequency, there are 
two ways to follow; (using a dynamic load with various 
frequencies while keeping the constant the natural fre-
quency of soil, or else using a dynamic load with constant 
frequency while changing the natural frequency of soil). 
Since the latter is more difficult than the former, it is cho-
sen the first way in this section. Hence, different ratios 
of the various frequencies of a dynamic load (with 0.1 g 
amplitude) to a constant frequency (natural frequency) of 
sands (wn = 2.80 Hz for loose and wn = 4.50 Hz for dense) 
shown in Table 4 are numerically analysed and estimated 
for understanding the effect of frequency on the vertical 
displacement of pile. Here, it can be noted that the fre-
quency ratio (w/wn) of 1 means resonance case, where the 

frequency of vibration equals to the natural frequency of 
sand. These ratio values were selected because the dynamic 
magnification factor generally reaches its maximum values 
while the frequency ratio is between 0.5 and 2.0 [43].

The resulting displacements at the pile head versus fre-
quency ratios are illustrated in Fig. 13 for loose sand and 
in Fig. 14 for dense sand. It is found that displacements are 
in an uptrend with increased frequency ratios up to the res-
onance case (w/wn = 1). They reach to a peak value at the 
resonance that indicates the priority of frequency effect 
under resonance condition. Beyond the resonance, they 
decrease with frequency ratios. The displacement of the 

Table 4 Frequencies of the dynamic load for different (w/wn) ratios

Amplitude (g) w/wn w for loose (Hz) w for dense (Hz)

0.1 0.75 2.100 3.375

0.1 1.00 
(resonance) 2.800 4.500

0.1 1.25 3.500 5.625

0.1 1.50 4.200 6.750

0.1 1.75 4.900 7.875

w = frequency of dynamic load; wn = natural frequency of sand

Fig. 13 The displacements at the pile head in the loose sand for different frequency ratios

Fig. 14 The displacements at the pile head in the dense sand for different frequency ratios
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pile in loose sand yields to 0.12 m under the resonance fre-
quency (w/wn = 1), while the dense sand results in 0.07 m. 
It is important to remember the fact that the strong ground 
motion is mostly amplified dependent upon its frequency 
content as well as the soil characteristic [59, 60, 61].

From the results, it is clear that pile embedded in loose 
sand is amplified the displacement larger than the one which 
is embedded in dense sand. This indicates that loose soils 
are more prone to frequency effects resulting in high defor-
mations under vibration. Concerning with the dynamic 
behavior of soil, it is well established that the characteristic 
(i.e. stiffness) of super and sub substructures largely depends 
on the frequency content of the dynamic load [60, 61].

It can be noted that all the displacements due to the fre-
quency effects (except for the loose sand at the resonance 
condition) under the vibration of 0.1 g here are acceptable 
(Table 3) for the design issues of settlement by pile foun-
dation. However, the settlements due to the displacements 
larger than the vibration of 0.1 g as emphasized earlier 
should rigorously be assessed for the frequency effects 
during the pile design. Alternately, the pile dimensions 
employed in this study should be revised against adverse 
vibrations (i.e. > 0.1 g) in order for ensuring sufficient 
design. This is specifically prominent for resonance case.

The time-frequency computational method is proposed 
by Changwei et al. [62] based on the elastic wave theory 
and Hilbert-Huang transform, which is full three-dimen-
sional nonlinear time history analysis method in order to 
investigate seismic active earth pressure of rigid retain-
ing wall. The results show that the frequency of seismic 
wave has a significant effect on the resultant force of seis-
mic active earth pressure and the critical rupture angle of 
backfill soil.

4 Conclusions
Responses of a single pile embedded loose and dense 
sands have numerically investigated under the dynamic 
load in this study. In summary, two-dimensional analy-
sis has been performed using the finite element method. 
Absorbent (viscous or dashpot) boundaries have been used 
for accounting the boundary effects of far-field (i.e. around 
soil body). Prior to further analysis, soil response of 
two-dimensional analysis here has been well confirmed 
with one-dimensional site response analysis. Under the 
employed conditions in the study, the effects of the rela-
tive density of sand, amplitude (acceleration) of dynamic 
load (vibration of sinusoidal motion) and frequency have 
been estimated for the responses of the pile, specifically 

for displacements. Resonance effect has also been evalu-
ated by great concern. It has been observed that the results 
obtained in the study are presenting good insights specifi-
cally for the design issues of pile settlements. However, as 
a final remark, they require a testing confirmation (shake 
table) as a separate topic in a future study. On the basis of 
the numerical effort given in the study, the following main 
concluding remarks can be proposed for the pile embed-
ded loose and dense sands under the dynamic effect:

Regarding the soil (loose and dense sand) without pile 
under the dynamic load of resonance frequencies (accel-
eration of 0.1 g, and resonance frequencies of 2.80 Hz for 
loose sand, 4.50 Hz for dense sand), the relative density is 
found prominent on the displacements at the soil surface. 
It is obtained that the loose sand is amplified later than the 
dense sand due to its higher natural period (or lower natu-
ral frequency), as expected. Consequently, the loose sand 
is found to response significantly higher displacements 
than the ones of dense sand under resonance frequency of 
dynamic vibration. 

On the effect of dynamic load (0.1 g to 0.5 g) to the pile-
soil system, the accelerations and displacements at pile 
head are found to increase with the increased dynamic load 
for both loose and dense sand. Again, loose sand results in 
higher responses than dense sand. While the pile in loose 
sands results in the displacements of 0.1 m to 0.5 m, the 
pile in dense sand leads to the displacements of 0.05 m to 
0.25 m. Thus, it can be concluded that displacements of the 
pile due to high vibrations (> 0.1 g for loose sand, > 0.2 g 
for dense sand) should be assessed as out of acceptable lev-
els for the issues of settlements during pile design.

On the effect of the surrounding area of the pile due 
to an arbitrary dynamic load (0.3 g), the pile is severely 
modified around the surrounding area. The near-field 
substructure is more influenced due to the pile in loose 
sand compared to dense sand. While the displacements 
can be neglected beyond the distance at least two times 
of pile depth for loose sand, the ones in dense sand can be 
neglected beyond the distance at one time of pile depth. 
The modifications indicate that boundary conditions 
(i.e. boundary lengths and model (dashpot) are adequately 
designed for the pile-soil system. 

On the effect of frequency, it is found that the influences 
(displacements) on the pile increase with frequency ratio 
up to the resonance case and reach their peak value at the 
resonance. Beyond that resonance, they decrease with the 
increase of the frequency ratios. Again, it is found that the 
resonance effect becomes prominent on the magnitude of 
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displacements. The displacement of the pile in loose sand 
yields to 0.12 m under the resonance frequency (w/wn = 1), 
while the dense sand results in 0.07 m that are all accept-
able for settlement issues. However, higher vibrations of 

dynamic load (> 0.1 g) could result in high displacements 
that require a revision of pile dimensions against the adverse 
effects of frequency variations during the pile design. This 
is specifically prominent for the resonance case.
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