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Abstract: This study presents the findings of a 3D finite ele-
ment modeling on the performance of a single pile under
various slenderness ratios (25, 50, 75, 100). These percent-
ages were assigned to cover the most commonly config-
uration used in such kind of piles. The effect of the soil
condition (dry and saturated) on the pile response was also
investigated. The pile was modeled as a linear elastic, the
surrounded dry soil layers were simulated by adopting a
modified Mohr-Coulomb model, and the saturated soil lay-
ers were simulated by the modified UBCSANDmodel. The
soil-pile interaction was represented by interface elements
with a reduction factor (R) of 0.6 in the loose sand layer and
0.7 in the dense sand layer. The study was compared with
the findings of 1g shaking table tests which were performed
with a slenderness ratio of 25. In the validation case, there
was a clear correlation between the laboratory findings and
the numerical analyses. It was observed that the failure
mechanism is influenced by the soil condition and the slen-
derness ratio to some extent. Under the dry soil condition,
no base pile deformation was observed; However, tip pile
movement was observed under the saturated soil condition
with pile slenderness ratios of 25 and 50. The findings of
this study are also aimed to include an approximation of
the long-term deformations at the ground surface which
has experienced shaking.
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1 Introduction
Pile foundation is usually subjected to vertical loads. How-
ever, in different circumstances, some piles are subjected
to vertical loads, lateral loads, and moments. Traffic, seis-
mic events, wind, and earth pressure are the elements that
contribute to lateral forces to the pile. The irregularity of
the axial loads, the fixity of the building to the ground, and
the position of the resultant horizontal forces on the pile
concerning the ground surface are all factors that might
contribute to moments in the pile. When a horizontal load
is imposed to the top of a pile that can move in a horizontal
direction, the load is first absorbed by the ground surface.
The ground surface, on the other hand, compresses elasti-
cally as well as some pressures are transferred to the soil at
a deeper depth. Thus, the ground yields plastically as the
lateral force is increased, and the applied load continues
to deeper depths. There are cases where the length of the
pile is insufficient for such a flexural stiffness to keep its
significance (short pile). In this case, the passive resistance
has reached its maximum at the pile head and tip, thus the
whole pile rotates as a rigid body.

During such seismic events, the following are the main
contributing loads to a pile; axial load due to inertial
and kinematic influences, inertial load owning to the su-
perstructure, and other loads related to kinematic effects
(ground movement). Poulos and Davis [1, 2] stated that the
resistance of the pile foundation in the horizontal direc-
tion is extremely critical in the construction of structures
subjected to earthquakes, soil movement, and waves. Var-
ious studies have used the 3D finite element approach to
evaluate the response of piles under lateral load [3–5].

Pile foundations may be classified into two types ac-
cording to the ratio of the effective unsupported length (L)
to the average pile diameter (D), such that when L/D>30 the
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pile is considered as a long pile, and when L/D<20 the pile
is considered as a short pile [6, 7]. Jie Han [8] stated that
piles may classify as long, intermediate, and short piles
based on their diameter and the critical length (T) such
that D>=4T, 2T<D<4T, and D>=4T respectively. The critical
length (T) is equal to (EpIp/Es)0.25, where Ep and Es is the
modulus of pile and soil respectively and Ip is the pile mo-
ment of inertia. Three possible failure modes are available
when a pile is set with a pile cap that is prevented from ro-
tating, short pilesmaymove as a rigid body, whereas longer
piles may first generate a plastic hinge at the pile cap zone,
and then a plastic hinge further down the pile, as shown in
Figure 1 [9]. Regardless of the fact that piles are designed
with a high safety factor, some recent earthquakes have
detected piles fail due to the creation of plastic hinges [9].

Figure 1: Pile failure modes due to lateral loads [9]

Bhattacharya and Tokimatsu [10] stated that the pile
slenderness ratio is considered as the ratio of the effective
length to the minimum radius of gyration. The authors sup-
posed that the effective length is the pile length in liquefied
soil layer and the minimum radius of gyration is the square
root of the second moment of area divided by the pile cross-

section area
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. The minimum radius of gyration of

hollow pipe pile is equal to 0.35 times the pile outside diam-
eter. Thus, the authors suggested that the pile is considered
as a short column since the slenderness ratio is less than 50
[10]. The abovewere themain theories related to classifying
the piles according to their slenderness ratio.

Bhattacharya and Bolton [11] stated that the majority
of existing codes (Euro code 8 [12], NEHRP 2000 [13], and
IS1893 [14]) ignore the factors that should be taken into
account to prevent a pile from buckling owing to the axial
force acting on it during soil liquefaction when confining
pressure around the pile decreases. They mentioned that
buckling is the most devastating type of failure, it appears
rapidly, it needs a different design approach than bending,
it depends ongeometric stiffness and is almost independent
of strength while bending is a stable mechanism that is
based on strength. Iman et al. [15] experimentally studied
the effect of slenderness ratio (from 12 to 30) on the laterally

loaded pile (static load) embedded in loose and medium
sand soil (RD=30% and 50%, respectively), their results
showed that the slenderness ratio and the density of the
surrounded soil are the essential parameters that affect the
pile lateral resistance.

Since three-dimensional finite element analyses are
nowadays commonly employed, this paper investigates the
assessments of piles under combined static (50% of the al-
lowable vertical load and 50% of the allowable lateral load)
and dynamic load (Kope earthquake, PGA=0.82g) using this
method. The results of the 3D finite element analysis of a
single pile with different slenderness ratios and different
soil conditions will be discussed in this paper.

2 Soil-pile model
Figure 2 shows the configuration of the soil-pile system con-
sidering different pile slenderness ratios. In this study, the
slenderness ratio is taken as the ratio of unsupported pile
length to the outside pile diameter (L/D). 3D finite element
models were developed via MIDAS GTS NX software, con-
sidering the nonlinear characteristic of the intended model
under the effect of combined static and dynamic loads.
Modified Mohr-Coulomb (MMC) and modified UBCSAND¹
models were used for modeling the dry and saturated soil
layers, respectively. The full details of the models’ input pa-
rameters with the implemented boundary conditions and
meshing were described by Al-Jeznawi et al. [16, 17]. For
instance, youngmodulus was about 11 and 28 Mpa, friction

Figure 2: Configuration of soil-pile system with different pile slen-
derness ratios

1 UBCSAND model is a plasticity constitutive model of effective stress
that can be used in complex stress deformation investigations of
geotechnical engineering. This model was established particularly
for sandlike soils with liquefaction potential during earthquake load-
ing (e.g., sands and silty sands with a relative density less than about
80%).
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angle was about 32∘ and 35∘, poisons ratio was 0.3 for both
loose and saturated layers, respectively. Soil unit weight
was 13.5KN/m3 and 16 KN/m3 for dry loose and dense sand,
respectively; and the effective unite weight was 9.11 KN/m3

and 9.5 KN/m3 for saturated loose and dense sand, respec-
tively. The main input parameters for the saturated soil
model were gathered through laboratory testing and then
calibrated according to Beaty and Byrne [18].

Since the available 1g shaking table tests were all about
the slenderness ratio of 25, which were performed by Hus-
sein and Albusoda [19, 20], the current numerical models
with L/D =25 are validated with these experimental find-
ings. A full-scale model was numerically developed, 0.56
m as pile outside diameter and it was 0.105 m thick with
17.5 m length. The pile tip was located at 11.5 m above the
soil bottom. The dimensions of the whole soil box were
21 m × 21 m × 28 m, the thickness of the loose sand layer
was about 11.2 m and the dense sand layer was about 16.8
m. The pile was attached to an aluminum cover measur-
ing 1.75 m × 1.75 m × 0.35 m in size. The above dimensions
were maintained for the slenderness ratio of 25. However,
with other slenderness ratios, the elements on the sides of
the soil box were extruded to enlarge the box dimensions
to be appropriate with the new slenderness ratio. Using 8
nodes tetrahedral components, a very thin meshing was
adopted to represent the attitude of soil-pile interaction
under various earthquake excitations. To conduct the ex-
isting system, nonlinear static, and nonlinear time history
analyses with three construction phases were adopted: the
first step is to calculate the model self-weight (Gravity load-
ing), the second phase is to calculate coupled static forces
(allowable pile vertical and lateral loads), and the third
phase is to apply the dynamic load (Kobe ground accelera-
tion). During the first and second phases, static constraints
were used; however, for dynamic analysis, new elements
were designed to construct the soil surface spring (using
elastic boundary conditions) and free field features were
developed in the direction of the earthquake.

Consequently, different slenderness ratios were inves-
tigated by keeping the distance between the pile tip to the
bottom of the soil box do not exceed 4D, and the box dimen-
sions were exceeded the least lateral bounds on the pile
lateral response according to the elastic approach; such
that distance = 17D [21].

3 Results and discussion
A 3D finite element model was developed in this study us-
ing MIDAS GTS NX software. The model created refers to

the 1g shaking table tests performed by Hussein and Albo-
suda [19, 20]. The main model consisted of an Aluminum
pipe pile embedded in two sand layers with different densi-
ties (loose sand with RD=30% and dense sand with RD =
75%), as shown in Figure 2. The geotechnical parameters of
the simulation were correlated using physical data of the
soils used in the shake table tests, and the correlation was
maintained throughout the calibration process to meet the
actual soil characteristics.

Themaximumdeformation of the pile shaft under com-
bined static-dynamic loads with different slenderness ra-
tios under the conditions of dry and saturated soil layers is
shown in Figure 3. For the dry conditions, there is roughly
no lateral deformation within the dense sand layer because
of the soil densification which in turn restricts the relative
displacement of the pile. On the other hand, the pile lat-
eral deformation was significant in the loose sand layer.
The shape and the trend of the deformation weree different
depending on the pile slenderness ratio. For high slender-
ness ratios (75 and 100), the pile experienced significant
buckling within the maximum bending moment zone, as
shown in Figure 4. It is noticed that the pile shaft expe-
rienced lateral displacement near the pile tip under the
saturated conditions with the slenderness ratios of 25 and
50, as shown in Figure 3(b).

Under the effect of coupled static-dynamic loads with
saturated soil layers, the pile cap totally deformed with the
four slenderness ratios (Figure 3b). Overall, the pile lateral
displacements were considered high and not applicable
in reality. This huge deflection occurred because the inten-
sity of Kobe acceleration is extremely high (0.82g), thus the
stiffness of the Aluminummaterial might not be enough to
tolerate the above dynamic excitation. Therefore, newmod-
els were developed to check how the lateral displacement
is affected by the pile stiffness (EI). The new models de-
veloped with the same soil and pile conditions, thus three
slenderness ratios selected were 25, 50, and 75, then the
pile diameter increased by about 1.8% to become equal
to 1 m instead of 0.56 m (in the previous cases). The new
models results showed that the pile lateral deflection has
decreased significantly by more than 70% regardless the
effect of soil condition (dry and saturated), as shown in
Figure 4. According to the geotechnical design criteria in
Malaysia, the pile under the effect of lateral load and bend-
ing loads perpendicular to axis of the pile, is not allowed
to move laterally at a maximum of 12 mm. Thus, slender-
ness ratios of 50 and less are only recommended to use
under similar soil and pile conditions; particularly, in areas
exposed to high earthquake intensity.

Figure 5 presents themaximumbendingmoment along
the pile length under combined static-dynamic loads with
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different slenderness ratios at dry and saturated soil layers.
Generally, the trend of the bending moment in all models
was similar and the maximum values were noticed in the
loose sand layer and at the zone of liquefaction in the sat-
urated soil layer. The numerical analysis showed that the
bending moment of the pile embedded in saturated soil

layers experienced a higher bending moment than in dry
soil layers.

It is important to note that the numerical models pre-
sented in this paper were conducted with undrained ef-
fective stress conditions. Thus, the values of excess pore
water pressure ratios were determined with significant pile

(a) Dry state

(b) Saturated state

Figure 3: Lateral pile displacement with the depth

Figure 4: Lateral pile displacement with the depth (Dpile = 1 m)
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(a) Dry state

(b) Saturated state

Figure 5:Maximum bending moment along the pile shaft at the PGA on the pile head (around 8.63 seconds)

Figure 6: The liquefaction and acceleration time history

settlements developed from the ground shaking. Once the
excess pore water pressure reaches the initial vertical ef-
fective stress of the selected soil, the shear strength of the
soil decreases and then. Figure 6 depicts the propagation
of the excess pore water pressure ratio over time with dif-
ferent slenderness ratios (L/D = 25, 50, 75, and 100). The
liquefaction ratio reached the peak value at a zone below
the soil surface and closed to the pile shaft (about 100%)

in time between 10 to 20 seconds as the earthquake starts.
It is important to mention that no liquefaction developed
around the pile tip, since the peak value was about 23%
and the soil softening did not develop.

Pile frictional resistance was estimated based on the
stresses on the soil-pile interface elements. It is observed
that the frictional resistance diminishes during dynamic
excitation; specifically, when the pile is embedded in satu-
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(a) Dry condition

(b) Saturated condition

Figure 7: Frictional resistance of the pile shaft

rated soil layers. The latter may be attributed to the lique-
faction phenomenon which in turn significantly decreases
the soil shear strength. Similar abservations was noticed
by Fattah et al. [22]. Figure 7 shows Numerical analyses
of frictional resistance along the pile length embedded in
saturated soil.

4 Conclusions
In this research, the soil-pile interaction behavior was in-
vestigated using 3D finite element concepts under the in-
fluence of combined static-dynamic loads. The applicabil-
ity of using MIDAS GTS NX with two constitutive models
(modified Mohr-Coulomb and modified UBCSAND) to es-
timate the onset of liquefaction and the post-liquefaction
response was demonstrated. An aluminum pile was embed-
ded in dry and saturated sand soil (Karbala’a soil) where the
tests were performed in the laboratory. The soil parameters
for modified Mohr-Coulomb and modified UBCSAND mod-
els were obtained from simple laboratory tests and then

calibrated based on published correlations. To restrict the
wave reflection of the lateral reaction and interference of
themodel based on the vertical reaction, free field elements
were generated around model sides (in the direction of ap-
plied groundmotion) and elastic boundary conditionswere
employed at the bottom of the model, respectively. Conse-
quently, four different slenderness ratios (25, 50, 75, and
100) were used with two different soil conditions (dry and
saturated). Themain results of L/D = 25 were validated with
the experimental works of the shaking table test [19, 20].
The current paper presents the following conclusions:

– Once the passive resistance at the head and tip is
reached, failure happens at the tip. In the situation
of a long pile, in which it is observed that the overall
net passive resistance created at the lowest portion
of the pile is rather high (as shown in Figure 7), and
so a pile can not move (as shown in Figure 3).

– In the dry condition at a slenderness ratio of 25, the
pile lateral resistance is roughly linear within the
loose sand layer. Then, the pile experiences non-
linear relationship at higher slenderness ratio which
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is more than 25 (Figure 3(a)), revealing that the fail-
ure happened in the pile and it is now acting like
a flexible pile. In general, the pile lateral displace-
mentswith all conditionswere toohigh and exceeded
the maximum tolerable value due to the small pile
diameter (0.56 m) with respect to the slenderness
ratios (25, 50, 75, 100) which in turn affect the pile
stiffness. Additionally, the intensity of the Kobe accel-
eration is extremely high (PGAabout 0.82g). However,
the lateral displacements were roughly reasonable
when the diameter of the pile increased to 1m with
the slenderness ratios of 25 and 50 under similar cir-
cumstances.

– To obtain stability to resist moments caused by hori-
zontal stresses, a pile must be sufficiently embedded
in the non-liquefiable soil layer beneath the liquefi-
able one. The pile may move because of kinematic
stresses if sufficient fixity is not obtained.

– A pile experienced remarkable deformation due to a
significant reduction in soil stiffness when the adja-
cent loose sand soil experienced liquefaction (excess
pore water pressure ratio >85%).
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