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ABSTRACT

Pile foundations are employed to sustain both vertical and horizontal loads in various geotechnical
applications, including coastal and offshore engineering. The contemporary design methodology analyzes
the response of piles under combined horizontal and vertical loads independently and then superimposes
them. This simple analytical method does not account for the combined loads' coupling effect. The number
of studies on this subject is limited and the findings thus far are unclear about the effect of vertical loads on
the lateral response of piles. In this paper, a number of model experiments were performed under different
load conditions using the particle image velocimetry technique in well-graded sandy soil with a relative
density of 65%. The results indicate that the presence of a low vertical load improves the lateral behavior
of piles with L/D ratio (20, 25) due to the soil densification effect, and when the vertical load becomes 60
and 80% it results in a declining of the pile's lateral capacity. In piles with L/D ratio equal to 30, the P-A
effect is more significant than the soil densification impact, which produces more pile deformation. This

study also discusses the lateral displacement along the pile shaft using the PIV technique.
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I.  INTRODUCTION

A wide range of structures constructed on soft or loose soils
are supported by pile foundations, as shallow foundations are
prone to significant settlement or possess insufficient bearing
capacity. These piles can support not only vertical loads, but
also lateral loads or combinations of lateral and vertical loads.
Numerous conditions, such as earthquakes, powerful winds,
wave action, vessel collisions, liquefaction, and slope failure,
can generate lateral loads. According to modern practice, the
piles are usually analyzed separately to assess bearing capacity
and settlement for vertical load and to evaluate flexural
behavior for lateral load. This method is only effective with
slight horizontal loads. In coastal and offshore regions, where
horizontal loads can reach 10%-20% of vertical loads,
examining the combined vertical and lateral load interaction
effects is crucial and requires a methodical approach. The
combined effect of vertical and lateral loads has not been
thoroughly investigated.

The existing literature provides inadequate information,
resulting in inconsistent findings on how piles' horizontal
behavior is affected by vertical loads. Several studies have
investigated the effect of vertical loads on the lateral response
of piles to lateral loads. Numerical analysis and model testing
have been utilized to investigate this phenomenon. Some

researchers have demonstrated that vertical loads enhance the
lateral performance of piles [1-3]. Conversely, additional
research has demonstrated that vertical loads decrease the
lateral bearing capacity of piles [4, 5]. The influence of
numerous factors, such as pile rigidity [6, 7], load application
sequence [8, 9], and soil properties [10, 11] can determine the
impact of vertical loads on the lateral behavior. Therefore, the
underlying cause-and-effect process needs to be clarified to
assess accurately the vertical loads' impact on piles' lateral
response. Many researchers have addressed the issue of vertical
and horizontal loadings by employing experimental testing
conducted at full and small scales [12-19], experimental studies
involving the use of a centrifuge model [20], and analytical
models and numerical simulations [21-24].

Particle Image Velocimetry (PIV) is a non-intrusive optical
measurement method employed to visualize and quantify fluid
dynamics or material displacement. PIV, when utilized in the
analysis of laterally loaded piles, offers significant insights into
soil-pile interaction by documenting the deformation and
displacement of soil particles surrounding the pile under lateral
loading conditions. PIV is employed to quantify pile deflection
behavior along the pile shaft and the transmission of lateral
loads from the pile to the adjacent soil [25-28].
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II. MATERIALS AND METHODS

A. Materials

The soil used for all models’ tests is dry, clean sand sourced
from a local construction material agent. Prior testing, the sand
was air dried in a laboratory and was then sieved using a No. 2
sieve to remove large particles and any undesirable materials.
Standard laboratory experiments were carried out to determine
its physical characteristics. The physical parameters of the
examined sand are summarized in Table I. The results (Figure
1) demonstrate that the sand is classified as well-graded sand
(SW) according to the Unified Soil Classification System
(USCS).

TABLE L PHYSICAL AND SHEAR PROPERTIES OF THE
USED SANDY SOIL
Index property Value Standard
Effective size, (mm)
D1 0.11
D38’ 0.4 ASTM D 2487 [29]
’ . and ASTM D 422
D60 0.85 2006) [30
Coefficient of uniformity (C,) 7.73 ( ) [30]
Coefficient of curvature (C.) 1.71
Specific gravity (Gs) 2.67 ASTM ])[3815]4 (2006)
. . 3 ASTM D 4254 -
Max. unit weight (kN/m’) 17.46 (2006) [32]
. . . 3 ASTM D 4253 -
Min. unit weight (kN/m”) 16.2 (2006) [33]
Max. void ratio 0616 | @ -
Min. void ratio 05 | -
Relative density (RD)% 65 |
Unit weight yd (kN/ m®) 7 | -
Void ratio 054 | e
Internal friction angle ¢ (°) 36.6°~ 37° ASTM D3080- 11
(direct shear test) o [34]
Internal friction angle ¢ (°) 36.8° ~ 37° ASTM-D7181-20
(triaxial test) ° [35]
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Fig. 1. Grain size distribution of the sandy soil.

B. Pile Models and Experimental Steel Box

In the current research, hollow aluminum half square piles
with closed ends and a cross section of 20 x 10 mm were used
in all models with 1 mm wall thickness, 70 GPa , Young’s
modulus, and 0.0025x10°® m* moment of inertia. To prevent
sand intrusion, the piles were sealed with silicone sealant. The
pile models were produced with three distinct length-to-
diameter ratios (L/D), specifically 20, 25, and 30, considered as

short, intermediate, and long piles, respectively [36]. It is worth
noting that the loads in all curves represent the double of the
applied loads (because half pile-section was installed in the
model). The pile cap utilized for the pile head is a well-made
steel plate with dimensions of 250 mm x 150mm X 3mm.
Choosing materials that closely mimic the properties of the soil
and pile materials used in full-scale applications is crucial. For
example, using natural sands with similar particle size
distributions can help replicate the behavior of real soil
conditions more accurately.

The experimental system comprises a rectangular box with
dimensions of 750 mm length, 250 mm width, and 800 mm
depth. The box was manufactured using 3 mm-thick steel plates
for its base, two sides, and backside. The front side of the box
was made of a 19-mm-thick glass sheet, as depicted in Figure
2. The thick glass was needed to prevent any buckling of the
front side during tests.

Fig. 2. Experimental steel box.

C. Particle Image Velocimetry Camera

The camera utilized in the present study is the Nikon
D5200, a digital SLR camera with a resolution of 6000x4000.
The camera was linked to a laptop for storing the captured
photos, which were subsequently analyzed using the PIV
approach for determine the lateral deformation along the pile
shaft (Figure 3).

Fig. 3.

PIV camera system.

III. TEST PROCEDURE

A. Soil Preparation

An essential aspect of the PIV technique is the inclusion of
colorful targets that correspond to the movement of the soil
matrix. These targets are captured through sequential
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photography to track their motion. To achieve this, 20% of the
initial soil amount used in the models was dyed with black ink
and thoroughly mixed with the remaining soil required to fill
the container. As earlier mentioned, the sand used in this study
has a relative density of 65%, indicating medium-density.
However, before sand placing, the container was partitioned
into layers of equal heights using remark lines, extending all
the way to the top of the box. Each layer has an even thickness
of 10 cm. The particular relative density was accomplished by
performing uniform distributed blows with a steel hammer after
placing the predetermined weight of soil. A precision ruler with
a sharp edge was then utilized to achieve the closest proximity
level surface.

B. Pile Installation and Dial Gages

To begin preparing the model, the first step was to
vertically install the pile. Following that, the soil was prepared
to achieve a certain density. Steel clamps were utilized for pile
setting. The clamp serves the purpose of ensuring that the pile
was aligned vertically and securely fixed to the side and upper
surface of the box. To verify the vertical alignment of the pile,
a measuring tool was used. To eliminate the friction between
the pile shaft face (one side in contact with the Perspex glass
sheet), lubricating oil was applied along one side of the pile
shaft. This step is necessary to prevent any entrance of sand
particles between the pile and the glass sheet. Finally, after soil
preparation and placing into the steel box, the upper surface
was leveled. Then, two dial gauges with a precision of 0.01 mm
were placed at pile cap to measure the vertical and lateral
movements of the pile head during the test time. The gauges
were held in place using a magnetic stand base positioned
opposite the cap of the pile.

C. Compression and Lateral Loading Tests

Once the pile-loading test instrument was prepared and the
pile was installed in the designated sand at the specified
penetration depth, a PIV camera was positioned in a suitable
location to capture photos of each load increment.
Subsequently, static compression tests, static lateral load tests,
and combined load tests were conducted for each considered
L/D ratio. The static compression loading tests were conducted
in accordance with the ASTM D1143-1994 [37] standard for
vertical loading tests. The load was applied by incrementally
increasing dead weights onto the pile cap until the pile failed,
as shown in Figure 4. The tests for static lateral loading were
carried out accordance with the ASTM D3966-1990 [38]
standard for lateral loading tests. The lateral load was exerted
on the pile using a weir, which was attached to the pile cap on
one side and to the loading base on the other side through a
pulley arrangement. The lateral load was gradually applied
using dead load until the displacement reached 20 mm, which
is equivalent to the diameter of the pile, as shown in Figure 5.

Vertical and lateral weights were applied together in two
stages. Initially, vertical loads were imposed, followed by the
application of lateral loads in the subsequent step, while
maintaining a constant vertical load. The pile was exposed to a
vertical load in four stages, with each stage representing 25%
of the total vertical ultimate carrying capacity of the pile.
Subsequently, the lateral load was applied as shown in Figure
6(a). The pile head settlement of the compression test and the

lateral displacement of the pile head were measured with dial
gauges for each load increment. A picture for each load
increment was taken, as shown in Figure 6(b).

Fig. 4. Vertical load test.

(b)

Fig. 6. (a) Combined load test, (b) PIV camera used.

IV. RESULTS AND DISCUSSION

A. Ultimate Axial Load Capacity Estimation

Figure 7 depicts the correlation between the vertical load
capacity and the settlement measured at the pile head.
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Fig. 9. Methods of Vult estimation for piles with L/D=25.

The assessment of the ultimate capacity or failure load of
the pile requires the application of a precise criterion based on
the analysis of load-settlement data received during testing.
Historically, many methodologies have been proposed for
assessing the ultimate capacity of axially loaded piles. The
methods used to assess the ultimate resistance demonstrated by
the tested piles are Davisson’s Method (1972), Tangent

method, Chin-condner extrapolation (1970), Shen's method
(1980), Hirany and kulhawy (1989), Hansen 80% criterion
(1963), Decourt extrapolation (1999), De Beer Yield Load
(1968), and Mazurkiewicz's Method (1972) [34-36]. Figures 8-
10 clarify the ultimate vertical loads (Vult) gradient using the
above mentioned methods.

900 -

Ultimate vertical load,Vu(N)

Fig. 10.

Methods of Vult estimation for piles with L/D=30.

B. Ultimate Lateral Load Capacity Estimation

The techniques used in this work to evaluate the test results
from lateral load tests in order to calculate the failure load rely
on the structure's allowable displacement that the piles are
supporting. Typically, the recognized criteria for assessing the
ultimate lateral force are the failure load criterion (the failure
load is defined as the load at which the tangents on the load-
movement curve intersect) and the lateral displacement
criterion (a failure load measured at a lateral displacement or
deformation of 6.25 mm) [41]. Table II presents the ultimate
lateral load (Hult) for the pile. It is evident that the value of
(Hult) for a pile with L/D = 25 and 30 is higher than that of
L/D =20 by approximately 14.51% and 44.54%, respectively.

TABLE II. OBSERVED AND INTERPRETED Hult VALUES
FOR A SINGLE PILE
Observed Interpreted Hult (N)
Elglbiﬂ(:)efd L/D pile lateral Intersection | L02d at 6.25 Adopted
1 g( ) load at test | " “The mm Hult (N)
prie (mm end (N) etho displacement
400 20 568.98 375 258.4 258.4
500 25 647.46 400 295.9 295.9
600 30 745.56 525 373.5 373.5

Three values of the L/D ratio were investigated in order to
clarify how it affects the horizontal displacement experienced
at the pile head. The relationship between the lateral load
capacity and the horizontal displacement produced at the pile is
depicted in Figure 11, which represents measurements taken at
the top of the pile. It should be noted that the test halted when
the lateral displacement reached roughly 20 mm, which is equal
to the width of the pile. It is evident that as the L/D ratio
increases, the lateral load value also increases. This can be
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attributed to the enlargement of the skin friction area during
soil movement between the pile shaft and the surrounding soil
results in an increase in soil resistance thrust, which helps to
withstand the applied lateral load. Similar behavior was noted
by other researchers, e.g. [37-39].
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Fig. 11.  Lateral load vs. displacement curves.

C. Piles Subjected to Combined Lateral and Axial Loads

Accordingly, to examine how the model piles behave when
subjected to both lateral and vertical loads, the effects of
applying vertical loads of 20%Vult, 40%Vult, 60%Vult, and
80% Vult were examined.

1) Inflounce of Vertical Load on the Lateral Response of the
Pile

Figures 12-14 illustrate the effect of vertical load on the
lateral behavior of piles for L/D equal to 20, 25, and 30.
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Fig. 12.  Lateral load vs. lateral displacement curves for L/D=20.

For piles exposed to both lateral and axial loads, the results
demonstrate that when the slenderness ratio is between 20 and
25 (short to intermediate pile), there is an increase in the lateral
capacity of the piles when low percentage vertical loads (20%
Vult) are present. This phenomenon is attributed to the increase
in soil stiffness induced by vertical loads, known as the soil
densification effect. In other words, soil densification resulting
from the applied vertical loads reduces the pile's horizontal
displacement and bending moment.

Legend
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= 40% Vult
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— 80% Vult

Lateral Load, H(N)

O e 1 1 1 1 1 ]
0 4 8 12 16 20 24
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Lateral load vs. lateral displacement curves for L/D=25.
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Fig. 14.  Lateral load vs. lateral displacement curves for L/D=30.

On the other hand, as the vertical loads reach 40% Vult, a
reduction in lateral capacity is noted compared to the condition
with 20% vertical loads. Even so, the lateral capacity remains
higher than that of pure lateral load in both cases. This
phenomenon can be attributed to the development of bending
moments caused by the increased vertical loads. Finally, when
vertical loads increase to 60% Vult and 80% Vult, this results
in an additional bending as the pile's lateral deformation
advances. The last behavior is termed the P-A effect and it
causes a decrease in lateral capacity (the P-A effect means that
the increase of vertical load causes amplified lateral deflection
because the force (P) acts on the displaced pile, creating larger
bending moments. This can lead to a reduction in the lateral
capacity of the pile) .These results are in accordance with those
in [40]. Conversely, in piles with a slenderness ratio of 30 (high
L/D ratio, long pile) as shown in Figure 13 the P-A effect is
more significant than the soil densification impact.
Concurrently, the P-A effect is developed with increasing
vertical loads, producing more pile deformation.

Figures 15-17 provide a concise overview of how vertical
loads affect the lateral capacity when considering the
slenderness ratio (L/D) of the piles. It is evident that the lateral
deformation of the pile head diminishes as the vertical load
escalates for vertical load smaller than 30% of the Vult.
However, the lateral deformation at the pile head escalates as
the vertical load increases to values greater than 30% of the
Vult, in accordance with [42] in which the lateral deformation
decreases with increasing vertical load until the vertical load

www.etasr.com

Al-Amery & Al-Dahlaki: Behavior of Piles subjected to Combined Axial and Lateral Loading



Engineering, Technology & Applied Science Research

Vol. 15, No. 2, 2025, 21187-21196 21192

reached 50% Vult. Then the lateral deformation starts to

increase with increasing vertical load.
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Fig. 15.  Hult vs Vult percentage for L/D=20.
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D. Lateral Displacement along the Pile Shaft

In order to determine the lateral displacement for various
lateral load levels along the pile shaft, the images captured by
PIV-camera for each test were analyzed. Accordingly, two
photos were examined concerning the nearest value of the
predicted ultimate lateral load, and two images were presented,
i.e. before and after the ultimate lateral load. This section
investigates the influence of the pile slenderness ratio (L/D)
and vertical load level on the deformation behavior of a lateral

single pile, specifically focusing on how these two parameters
affect lateral load-induced displacement.

1) Lateral Displacement under Pure Lateral Load along the
Pile Shaft

Figure 18 shows the lateral displacement along the pile for
all the considered L/D values.
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Fig. 18.  Lateral displacement along the pile shaft under pure lateral load for
piles with L/D equal to (a) 20, (b) 25, and (c) 30.

It is clear from Figure 18 that the lateral displacement along
the pile shaft is proportionate to the lateral load. By taking into
account the magnitude of the applied lateral load and the
embedded length ratio, first, the displacement value is altered
to a positive value at the pile top and then decreased to zero at a
certain depth. In other words, regardless of the load level and
for all embedded length ratios, the piles always experience their
highest lateral displacement at the top and thereafter decline
steadily until reaching zero. Figure 18 demonstrates that piles
with L/D ratios of 20, 25, and 30 exhibits a fixation point
(where the lateral displacement is zero) at an approximate
distance of 1.8D, 2.5D, and 4.4D from the pile base,
respectively. After the fixation point, all positive lateral
displacements along the pile shaft drop to zero. It is noted that
the position of the fixity point depends on and is sensitive to
both the embedded length ratio and the lateral load level.

In general, at a certain lateral load level, the point of fixity
is located far away from the pile base as L/D increases. In
contrast, it moves toward the pile base for increasing lateral

load and vice versa.
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The observed behavior may be attributed to the increase in
the confining pressure that surrounds the pile shaft, which
constrains the lateral movement of the pile shaft near its base.
For the same pile diameter, the soil confining pressure
increased as the pile's embedment depth increased.
Accordingly, when the lateral load level is low, the confining
pressure absorbs a significant proportion of the applied lateral
load, leading to no lateral displacements at the fixation point.
On the other hand, as lateral load increases, the absorbed
portion of the load decreases and the fixity point moves down
to a certain depth depending on L/D and lateral load level as
discussed above.

2) Lateral Displacement along the Pile Shaft for varying
Vertical Load

The lateral displacements along the piles shaft were
investigated for L/D values of 20, 25, and 30 under 20, 40, 60,
and 80% of Vult. The subsequent sections analyze the
outcomes for each pile in relation to the vertical load level.

Figure 19 displays the horizontal displacement along the
pile shaft when exposed to 20% Vult. When 20 mm of
displacement is specified, the deflection point (as measured
from the pile base) for piles with L/D values of 20, 25, and 30
is observed to be around 3D, 1.3D, and 1.4D, respectively.
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Fig. 19.  Lateral dispacement along the pile shaft under 20% Vult for piles
with L/D equal to (a) 20, (b) 25, and (c) 30.

In Figure 20, the lateral displacement along the pile shaft is
shown for 40% Vult. For a specified displacement of 20 mm
that corresponds to the pile diameter at the pile head, the point
of deflection, as measured from the base of the pile for piles
with L/D values of 20, 25, and 30 is seen to be around 1D,
3.6D, and 3D, respectively.
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Fig.20. Lateral displacement along the pile shaft under 40% Vult for piles
with L/D equal to (a) 20, (b) 25, and (c) 30.

Figure 21 displays the pile shaft's lateral displacement at
60% Vult. For a specified displacement of 20 mm, the point of
deflection, as determined from the pile base for piles with L/D
of 20, 25, and 30 is seen to be around 3D, 6.2D, and 7.6D,
respectively.

Figure 22 shows the lateral displacement along the pile
shaft under 80%Vult. It is observed that the deflection point
(measured from the pile base) for piles with L/D = 20, 25, and
30 is approximately 6D, 7.5D, and 9D for the specified
displacement, which is equivalent to the pile diameter at a pile
head.

The previous data illustrate that the displacement values for
all slenderness ratios passed zero and turned positive for
varying amounts of vertical load and L/D ratio depending on
the magnitude of the imposed lateral load. However, regardless
of the load level and embedded length ratios, the highest lateral
displacement was obtained at the top of the piles and thereafter
reduced to zero. Moreover, the slenderness ratio is a critical
parameter that influences the deformation of a pile under a
combined load. Observations indicate that, for all L/D ratios, a
slight negative displacement is caused close to the pile base by
the body of the pile rotating around the inflection point when
the vertical load level is high (i.e. 80% Vult). The negative
displacement is orientated in the opposite direction of the
applied force, and its greatest magnitude occurs precisely at the
base of the pile. The position of inflection points is influenced
by the ratio of embedded length and remains nearly constant at
a certain point.
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V. CONCLUSION AND FUTURE SCOPE

A series of experiments was performed to examine the
impact of combined loads on the response of the soil-pile
system, taking into account various pre-vertical loading
conditions and L/D ratios. In previous studies, the responses of
piles subjected to combined vertical and horizontal loads have
been studied independently and subsequently superimposed in
contemporary design methodology. This simple analytical
method does not account for the coupling effects of the
combined loads. The studies on this subject are limited and the
findings thus far are inconclusive about the impact of vertical
stresses on the horizontal reaction of piles. A critical aspect of
the work involves determining the displacement along the
piles, as the majority of research in this area is theoretical and
relies on software applications. In this study, a wide range of
loads was examined in contrast to prior studies, encompassing
an extensive range of uncertainty that facilitates a thorough
comprehension of pile behavior. This investigation's results
allow for the following conclusions:

1. For short to intermediate piles, low vertical loads improve
piles' lateral capacity due to the soil densification effect.
However, excessive vertical loads reduce it due to the P-A
effects.

2. In long piles, the P-A effect is more pronounced than the
influence of soil densification, as it increases pile
deformation by creating additional bending moments.

3. The piles consistently exhibit their maximum lateral
displacement at the top, subsequently diminishing
progressively until reaching zero when the piles are
subjected to pure lateral load.

4. The position of the fixity point is sensitive to both the L/D
ratio and the lateral load level. At low lateral loads, the
confining pressure absorbs much of the load, keeping the
displacement at the fixation point at zero. As the lateral
load increases, less load is absorbed, causing the fixation
point to shift deeper into the pile.

5. The slenderness ratio is a critical parameter that
influences the deformation of a pile under a combined
load.

6. For all L/D ratios, the pile body has a tendency to rotate
around the inflection point and create a slight negative
displacement close to the pile base when the vertical load
level is high.

The results of the study at hand allow practitioners to get a
thorough comprehension of pile behavior under combined
vertical and lateral loading and to consider the combined
effects of these loads in pile design, particularly for high-rise
buildings and offshore constructions. For future work, the
following are recommended:

1. A comparable investigation may be conducted on piles in
cohesive soils or other sand densities.

2. The response of pile group exposed to combined loading
conditions should be studied.
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