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conducted in unsaturated conditions, which results in 
significant stiffness degradation compared to the satu-
rated state. However, post-cyclic loading tests showed 
that the ultimate lateral capacity of the pile is not 
affected by the cyclic loading history. Finally, a modi-
fied p–y curve is proposed for the piles embedded in 
unsaturated sandy soils, and a comparison of its per-
formance with the observed results is promising.

Keywords  Cyclic loading · p–y curve · Pile · 
Lateral loading · Unsaturated soil

1  Introduction

One of the most important concerns in the design of 
pile foundations is their behavior and performance 
under lateral cyclic loads (Basack 2015; Basack and 
Dey 2012). Cyclic loads are caused by environmen-
tal effects, namely, earthquakes, wind, and waves, 
which can occur in the foundations of wind turbines 
and high-rise structures (Long and Vanneste 1994; 
Rathod et  al. 2020). Based on the direction of the 
loads acted on piles, lateral cyclic loads can be clas-
sified into one-way and two-way loading, which may 
be applied under load-controlled or displacement-
controlled conditions (Basack and Purkayastha 2007; 
Consoli et al. 2023). In the case of two-way loading, 
the piles can experience symmetric or asymmetric 
loads depending on the nature of the applied cyclic 
loads. Nevertheless, there are major differences 
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between the one-way and the two-way cyclic load-
ing. Some researchers reported that one-way cyclic 
loading can lead to greater stiffness reduction and 
displacement accumulation (Darvishi Alamouti et al. 
2019; He et al. 2017; Long and Vanneste 1994). On 
the opposite, Arshad and O’Kelly (2014) found that 
an increase in rotation under two-way loading was 
remarkably greater than that of one-way loading. 
Also, other studies showed that the highest degrada-
tion in the stiffness, occurred at asymmetric two-way 
loading due to lower particle densification near the 
pile (Frick and Achmus 2020; LeBlanc et  al. 2010). 
However, controversial results have been reported in 
the literature.

The most common method in engineering practice 
for the design of piles under lateral loads is the p–y 
curves which are proposed in the American Petroleum 
Institute (API) recommendations (API 2000). How-
ever, a limitation of the API p–y curve for sandy soils 
is its prediction of cyclic lateral response by simply 
multiplying the static p–y curve at all depths by an 
empirical correction factor (i.e., 0.9). Thieken et  al. 
(2015) proposed a modification for the API p–y curve 
in the case of cyclic loading in which the number of 
load cycles were incorporated into the model. Due 
to the complex nonlinear characteristics of soil and 
the damping effect on energy dissipation, cyclic p–y 
models have rarely been reported. In addition to these 
works, interested readers may also refer to the works 
of (Cheng et al. 2022; Choi et al. 2015; Wang and Liu 
2016). The response of pile under cyclic loading is 
highly dependent on properties of the cyclic loading, 
including the number of cycles, frequency, and cyclic 
load ratio (Long and Vanneste 1994; Chandrasekaran 
et  al. 2010; Arshad and O’Kelly 2014; Basack and 
Nimbalkar 2018; Owji et  al. 2023). These studies 
have mainly focused on fully saturated or completely 
dry soil conditions, and no consideration has been 
given to soils in their unsaturated condition. In arid 
and semi-arid areas, where the water table is not close 
to the ground surface, a significant portion of the pile 
length is embedded in the unsaturated zone within 
which the degree of saturation varies with depth.

It is well known that the behavior of partially sat-
urated soils is different from that of saturated soils. 
The reason is the variation of the soil stiffness which 
is influenced by the soil matric suction (Lu and Likos 
2006; Oh and Vanapalli 2013). Al-Khazaali and 
Vanapalli (2019) demonstrated that the contribution 

of matric suction to the axial capacity of piles could 
result in 2–2.5 times higher axial capacity compared 
to the saturated condition. On the other hand, the p–y 
curve and hysteretic behavior of pile during cyclic 
lateral loading are substantially governed by the rela-
tive stiffness of the soil-pile system (Choo and Kim 
2016; Komolafe and Ghayoomi 2023), and thus the 
effects of matric suction on soil-pile interaction dur-
ing cycling will be complex.

Physical model tests are needed to understand the 
influence of the degree of saturation on the lateral 
capacity of piles under both cyclic and monotonic 
loading. However, there are only a few experimental 
works addressing the effects of the degree of satura-
tion on the lateral behavior of piles in Centrifuge 
(Machmer 2012; Lalicata et al. 2019) as well as con-
ventional tests (Awad-Allah et  al. 2017) which are 
briefly explained. Machmer (2012) evaluated lateral 
pile response in unsaturated soil under static and 
earthquake loading using centrifuge modelling. Static 
test results showed that the pile bending moment in 
unsaturated conditions was larger than in dry con-
dition. Under dynamic loading, pile settlement for 
unsaturated conditions significantly reduced com-
pared to the dry state. Subsequently, the influence of 
partial saturation of sand on the performance of piles 
under two-way cyclic loading was studied by Awad-
Allah et  al. (2017). In this research, the behavior of 
pile embedded in dense dry sand was compared with 
the results observed from the tests carried out under 
similar conditions but with a uniform degree of sat-
uration of 86%. The comparison showed that in the 
dry case, the modulus of subgrade reaction increased 
with the number of load cycles, while a significant 
reduction was observed under the unsaturated condi-
tion. More recently, Lalicata et al. (2019) conducted 
centrifuge model tests on a rigid pile in unsaturated 
silty soil with two different water table levels; one 
located at the soil surface and another at the half pile 
length. They concluded that partial saturation caused 
improvement in the lateral pile capacity, and com-
paring the loose and dense states, this improvement 
was more pronounced for the loose state. However, 
in the first study, the measured degree of saturation 
along the pile length was completely different from 
real conditions (and hence, results cannot represent 
the actual pile-soil response). In the second study, the 
contribution of matric suction to the lateral capacity 
of the pile was very negligible (degree of saturation, 
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Sr = 86% ), failing to accurately demonstrate the influ-
ence of partial saturation on the pile response. In the 
last attempt, there was no consideration for a partially 
saturated condition.

Soils in arid and semi-arid climates often appear 
in an unsaturated state, which significantly impacts 
their mechanical properties. Consequently, the soil-
structure interaction is influenced by the matric suc-
tion experienced within these soils. However, previ-
ous researches have overlooked the impact of partial 
saturation on pile behavior, mainly due to the scar-
city of large scale in-situ investigation and sophisti-
cated laboratory experiments. The review of previ-
ous works stated above indicates that the role of the 
degree of saturation on the behavior of piles under 
lateral cyclic loading has not been well investigated. 
There is still a considerable lack of knowledge about 
the influence of cyclic loading direction, especially 
in unsaturated conditions. Therefore, a comprehen-
sive study is required to identify the combined effects 
of the two issues on the p–y curves. Moreover, most 
previous studies have focused on the lateral behavior 
of rigid piles, and less attention has yet been given 
to flexible piles. In this study, a physical model rep-
resenting a flexible pile is subjected to a series of 
cyclic and monotonic lateral loading under saturated 
and unsaturated soil conditions which are commonly 
encountered in engineering design. The main objec-
tives and novelty of the present work, therefore, lie in: 
(a) investigation of the effect of variable partial satu-
ration with depth (analogous to the field condition); 
(b) examining the pile behavior under different types 
of lateral cyclic loadings covering one-way as well 
as symmetric and asymmetric two-way loadings; (c) 
understanding the effects of cyclic loading on the ulti-
mate lateral capacity by performing post-cyclic load-
ing tests; (d) development of a modified p–y curve for 
such conditions. To meet all these goals, an extensive 
experimental program was carried out with details 
presented in the following sections.

2 � Materials and Methods

2.1 � Model Pile

A single stainless steel pipe with an outer diameter of 
25 mm, a wall thickness of 0.6 mm, and an embed-
ded length of 550  mm, was employed in this study. 

The elastic Young’s modulus and the yield bending 
moment of the model pile are 197 GPa and 90 Nm, 
respectively. The relative stiffness of the pile-soil sys-
tem was determined according to the Broms (1964a, 
b) and Poulos and Hull (1989) equations which 
indicate that the lateral pile behavior is close to the 
flexible pile. Dietrich (1982) reported that while the 
behavior of rigid pile is significantly influenced by 
the pile aspect ratio (i.e. the ratio of the embedded 
length to the diameter), the behavior of flexible pile is 
affected mainly by the bending stiffness.

Every small-scale test must take into account some 
scaling considerations. Therefore, dimensions must 
be scaled so as to represent the expected pile behavior 
in the large-scale field condition. The model pile was 
scaled into the prototype pile using the similitude law 
proposed by Wood et al. (2002), given by:

where Em , En , Im , and In are the elastic moduli and 
moment of inertia of model and prototype pile, 
respectively, and F stands for the scale factor for 
the length. According to the above scaling law, the 
adopted model pile is equivalent to a steel pipe pile 
with an outer diameter of 0.7  m and an embedded 
length of 12.5 m. For an assumed prototype steel pile, 
the scaling factor is equal to 22.7. A summary of scal-
ing procedure for the model and prototype piles are 
presented in Table 1.

2.2 � Soil Properties

The soil used in this research is a uniform silica 
sand, classified as SP based on the Unified Soil 

(1)
EmIm

EnIn
=

1

F4.5

Table 1   Specifications of prototype pile and model pile

Property Prototype pile Model pile

Physical quantity Steel ST37 Stainless steel
Embedded length of pile (m) 12.5 0.55
Pile diameter (m) 0.7 0.025
Elastic modulus of pile (GPa) 210 197
Bending stiffness of pile 

(kN m2)
8.48 × 105 0.72

Elastic modulus of soil (MPa) 25 6
Relative stiffness 0.001 0.001
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Classification System (ASTM D2487-00) with the 
grain size distribution curve shown in Fig.  1. As a 
well-known construction material in many regions of 
Iran, this soil has been obtained from Firoozkooh in 
Tehran province, Iran. The particle size distribution 

of the sand used in this research is very similar to 
the sand used by previous researchers (Al-Khazaali 
and Vanapalli 2019; Awad-Allah et  al. 2017). The 
ratio of pile diameter (25 mm) to the mean grain size 
(0.18 mm) is approximately 139, ensuring the elimi-
nation of particle size effects on the results. Klinkvort 
et al. (2013) suggested a ratio of more than 50 would 
be adequate to prevent the scale effect.

2.3 � Water Retention Test

Soil water retention curve (SWRC) was obtained 
from the hanging column test according to ASTM 
D6836 (ASTM 2008), commonly used for SWRC 
measurement in coarse-grained soils. For this pur-
pose, a hanging column setup (HCS) was fabricated 
in the laboratory, illustrated in Fig. 2. Testing appa-
ratuses for HCS included a testing cell with an inter-
nal diameter of 64 mm and height of 45 mm, ceramic 
disk with an air entry value of 80  kPa, upper reser-
voir, lower reservoir (i.e., adjustable reservoir), cap-
illary tube, and vacuum gauge as shown in Fig.  2a. 
Sand was placed in the cell and tamped to reach the Fig. 1   Grain size distribution curve of tested sand

Fig. 2   Test setup for meas-
uring SWRC: a hanging 
column setup; b soil speci-
men; c mini-tensiometer
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target density (i.e., density index of 40%) (Fig.  2b). 
After saturating the sample from the bottom line, the 
sample was allowed to reach the equilibrium state 
for at least 24  h, and then the final location of the 
air–water interface in the capillary tube was measured 
accurately. Elevation of the upper reservoir was main-
tained constant, and then elevation of the regulating 
reservoir was lowered until the vacuum gauge showed 
the desired suction. After equilibrium, the new posi-
tion of the air–water interface corresponding to the 
end of the applied matric suction was recorded. This 
procedure was repeated by increasing the applied 
suction to cover the whole range of suction values 
required to develop the SWRC. The measured data 
points were then utilized to generate a continuous soil 
water retention curve using the van Genuchten (VG) 
model (Van Genuchten 1980):

where � is the matric suction and Se shows the effec-
tive degree of saturation calculated as follows:

and Sr is residual saturation. B , m , and n are fitting 
parameters of the VG model, which were optimized 
to the best fit to all SWRC data points. The obtained 
SWRC curve fitted with the VG model is shown in 
Fig. 3. From this figure, the air entry value of the sand 
was determined to be approximately equal to 2 kPa, 
and the degree of saturation of the sand reaches its 
residual value at a matric suction of 3.5 kPa.

2.4 � Soil Box

A 600 × 300 × 900 mm (in length, width, and height, 
respectively) sand box was constructed from steel 
plates with the front side made of transparent plexi-
glass of 15  mm thickness (Fig.  4). These dimen-
sions were chosen based on the model pile diameter 
( Dp ) to minimize the boundary effects. According to 
Khari et al. (2013) and Matlock (1970), the distance 
between the model pile and side walls should be 
greater than 7–10 pile diameter in the direction of the 
lateral loading and 2.5 pile diameter perpendicular to 
the loading plane. Moreover, the distance below the 
pile tip should be extended down to 6 pile diameter. 

(2)Se =

[
1

1 + B(�)n

]m

(3)Se =
S − Sr

1 − Sr

Thus, the fabricated box is large enough to avoid any 
boundary effects on the obtained results. The wall 
thickness of the soil box was chosen 5 mm to make 
it practically rigid with no deflection during the pile 
loading tests.

A drainage layer consisting of 100  mm clean 
gravel with layers of geotextile was placed at the bot-
tom of the soil box to allow a uniform flow of water 
in and out of the sand box. A water reservoir made 
of transparent plexiglass was connected to the drain-
age system of the soil box to supply a constant water 
table (WT) and to allow observation of the water 
level. Saturation and desaturation of the soil were 
facilitated using this mechanism. Once the water level 
reached the top of the soil surface, the water inflow 
was ceased by a float valve, and then the desired 
water table in the soil box was established by lower-
ing the water level in the water reservoir. Details of 
the soil box and the loading device are depicted in 
Fig.  4. Direct measurement of matric suction was 
taken using a mini tensiometer as shown in Fig. 2c. 
As indicated in Fig. 4a, three mini-tensiometers were 
installed at depths of 0, 250, 450 mm to monitor the 
variation of matric suction with depth. Once the equi-
librium was established, the matric suction readings 
were made on these gauges.

2.5 � Loading System and Pile Instrumentation

A displacement control device has been designed 
and developed to apply both monotonic and cyclic 
lateral loading. The major components of this new 

Fig. 3   SWRC of tested sand
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loading device are the stepper motor, ball screw, 
wagon, nut, and loading shaft. The stepper motor was 
programmed to generate sinusoidal displacements, 
allowing the control of various types of cyclic load-
ing. The prominent advantage of the stepper motor is 
that it can control the position precisely and shows an 
excellent response to starting, stopping, and revers-
ing. A hinge connection was placed between the load-
ing shaft and pile head to enable free rotation around 
the pile axis; therefore, the moment at this point was 
assumed to be zero. In order to measure the force act-
ing on the pile, a load cell with a capacity of 1.5 kN 
was placed between the loading shaft and wagon. Two 
linear variable differential transducers (LVDT) with a 
maximum displacement of 50 mm were also installed 
to the top portion of the pile (Fig.  4b). One LVDT 
was installed directly to the pile head, and another 
one was placed 30  mm above the soil surface. The 
latter LVDT measurements allowed the calculation of 

lateral displacement at the soil surface level, which is 
used as a boundary condition for the construction of 
p–y curves. To obtain a precise bending moment pro-
file, eight strain gauge pairs with a half Wheatstone 
Bridge circuit configuration were attached on oppo-
site sides of the pile surface and at equal intervals of 
70 mm. Afterward, the pile shaft was covered with a 
heat shrink tube to protect strain gauges from water 
and possible damage during cyclic loading. The out-
put data from the strain gauges, two LVDTs, and the 
load cell were collected and stored via a data acquisi-
tion system that displayed their values graphically on 
a computer screen. Computer software was developed 
to control and implement the lateral cyclic loading 
condition: the loading frequency, direction, ampli-
tude, and the number of cycles. The arrangement of 
strain gauges, LVDTs, load cell, and loading device 
are presented in Fig. 4a and c.

Fig. 4   Details of the experimental setup: a schematic of test setup and instrumentation; b cyclic loading system; c general arrange-
ment
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2.6 � Model Preparation

The interior sides of the soil box were marked with 
black and white strips and at intervals of 50  mm to 
effectively control the density of sand layers dur-
ing preparation in the sand box. The moist sand 
was manually compacted in layers of 50  mm thick-
ness to reach the target density index. Moreover, in 
certain tests, several containers were placed at vary-
ing elevations inside the soil box and weighted after 
the tests to check the soil density. In this study, tests 
were conducted on the sand with a density index of 
40%. The behavior of sand is governed by the stress 
state. Dense sand may exhibit the behavior of loose 
sand under sufficiently high stress levels, while loose 
sand can behave similarly to dense one if the stress 
levels are quite low. Therefore, it is expected that the 
behavior of medium dense sand used in the lab to be 
similar to that of a dense sand under the field condi-
tion (Bolton 1986; Huang et al. 2015). Non-displace-
ment pile installation was considered in this research. 
For this purpose, when the sand level reached the 
level corresponding to the pile tip, the pile was main-
tained vertically at the center of the sandbox and fixed 
from the top to the loading shaft. The sand was then 
compacted in layers until the appropriate embedded 
length was achieved. Experiments were performed 
under four different levels of the water table, includ-
ing fully saturated (water table at the soil surface), 
250  mm, 450  mm, and 750  mm below the soil sur-
face. Unsaturated tests were conducted according to 
the method proposed by Al-Khazaali and Vanapalli 
(2019) with the following steps: (1) the compacted 
sand in the soil box was saturated from the bottom to 
push air bubbles to the surface. The submerged soil 
was kept for 24 h to ensure complete saturation condi-
tion; (2) water table was lowered to the specific depth 
and was left for another 24 h to reach the equilibrium 
condition. To prevent water evaporation from the sand 
surface throughout the test, the top of the soil box was 
completely wrapped with a plastic sheet. After reach-
ing the equilibrium condition, suctions were meas-
ured, and the pile loading commenced. At the end 
of each test, soil samples were collected at different 
levels of the sand at intervals of 50 mm to obtain the 
variation of water content with depth. The laboratory 
testing program involved monotonic, cyclic, and post-
cyclic lateral loading for a density index of 40%. To 
investigate the effects of cyclic load direction, four 

different conditions for the cyclic loading, namely, 
symmetric two-way, asymmetric two-way, one-way, 
and one-way without complete unloading were con-
sidered for the test program as depicted in Fig. 5. All 
cyclic loading tests were carried out up to 100 load 
cycles and with a frequency of 0.1 Hz and constant 
cyclic displacement amplitude of 3 mm, correspond-
ing to 0.12Dp . The reason for selecting a frequency of 
0.1  Hz was that the predominant frequency in wind 
turbines is 0.1 Hz (Abadie 2015; Frick and Achmus 
2020). The displacement amplitudes were chosen to 
reveal the Serviceability Limit State (SLS). Cyclic 
lateral loads for SLS in wind turbines are about 
45–60% of the ultimate lateral capacity of the pile 
(LeBlanc et  al. 2010). In order to evaluate the post-
cyclic capacity, immediately after the cyclic phase, 
the pile was loaded monotonically the until pile head 
displacement reached 0.2Dp . Results from the mono-
tonic loading condition enabled measurement of the 
pile lateral bearing capacity under both saturated and 
unsaturated conditions. Finally, each loading test was 
repeated at least two times to ensure reproducibility 
of the test results.

3 � Results and Discussion

3.1 � Distribution of Degree of Saturation with Depth

The variation of the degree of saturation over the 
length of the pile in the equilibrium condition is 

Fig. 5   Lateral cyclic displacement with various directions
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shown in Fig.  6. The abbreviations Unsat1, Unsat2, 
and Unsat3 refer to the water table (WT) levels of 
250  mm, 450  mm, and 750  mm, respectively. The 
degree of saturation in the region near the sand sur-
face is similar in both Unsat2 and Unsat3 conditions, 
while Unsat1 is significantly different from the two. 
By lowering the WT from the ground surface, the 
matric suction gradually increases towards the soil 
surface and transfers from the boundary zone to the 
transition zone.

3.2 � Monotonic Loading

Figure 7a presents lateral load–displacement curves 
for monotonic loading tests in both saturated and 
unsaturated soils. The pile was monotonically 
loaded until the pile head displacement reached 
a limit of 0.2Dp . In fact, 0.2Dp corresponds to the 
ultimate lateral load proposed by Broms (1964a, b). 
The lateral bearing capacity at any displacement 
level is substantially higher in tests with the soil in 
the unsaturated conditions. Raising the WT from 
750 to 250  mm decreased the lateral capacity by 
13%, and a further decrease in the WT depth from 
250  mm to the soil surface led to a reduction in 
the lateral capacity by 42%. This result highlighted 
the significant role of the matric suction in the lat-
eral pile response. Upon unloading, a considerable 
portion of the lateral displacement was recovered, 
about 75%, for the piles in unsaturated soil condi-
tions and about 60% for the pile embedded in satu-
rated soil. This finding shows that the suction stress 
significantly affects the elastic–plastic deformation 
of soil surrounding the pile. In general, suction 
enhances the ability of soil to recover its deforma-
tion by expanding the region of elastic deformation. 
That is, yielding and plastic deformation can occur 
at higher states of stress. This happens to be a result 
of the so-called suction hardening often used in Fig. 6   Profiles of degree of saturation for unsaturated tests

Fig. 7   Results of lateral monotonic loading tests: a load–displacement curves for test pile; b variation of subgrade reaction coeffi-
cient with the pile head displacement
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conjunction with the theory of plasticity of unsatu-
rated soils (Alonso et al. 1990).

The coefficient of lateral subgrade reaction ( khp ) 
was back-calculated from the lateral load ( F ) and the 
corresponding pile head displacement (�) using Eqs. 
(4) and (5) (according to Chang 1937), in which, khp 
is assumed to be uniformly distributed along the pile 
length.

where EpIp and h are flexural pile stiffness and load 
eccentricity, respectively, � is the characteristic coef-
ficient of the pile defined by:

where Dp is the pile diameter and khp is the coefficient 
of horizontal subgrade reaction.

The variation of the coefficient of horizontal sub-
grade reaction versus pile head displacement is shown 
in Fig.  7b. From this figure, it is clear that for the 
Unsat2 and Unsat3 tests, the coefficient of horizontal 
subgrade reaction is characterized by an initially high 
value followed by a large reduction up to a displace-
ment level of 2 mm. Beyond this level, it approaches 
a constant value of 0.04 N/mm3. A relatively constant 
trend for khp is observed for the Unsat1 and Saturated 
conditions.

The results indicate that the coefficient of horizon-
tal subgrade reaction, khp , is as low as 0.01 kN/m3 for 
the saturated condition, i.e. approximately one-third 
that of the values obtained for the piles in unsatu-
rated conditions. The results show that the coefficient 
of lateral subgrade reaction is governed by soil mat-
ric suction, which is itself a function of the degree 
of saturation. At large pile head displacements and 
in unsaturated soil conditions, khp reaches a constant 
value. No significant difference was observed.

3.3 � Cyclic Loading

The load–displacement responses for four differ-
ent cyclic loading directions, namely, two-way sym-
metric, two-way asymmetric, one-way, and one-way 
without complete unloading for the Unsat3 condi-
tion, are shown in Fig. 8. All tests exhibit a hysteretic 

(4)� =
(1 + �h)3 + 0.5

3EpIp�
3

F

(5)� = 4

√
khpDp

4EpIp

response under cyclic unloading and reloading, 
implying energy dissipation in the pile-soil system. 
In all loading conditions, the load–displacement 
response of the pile in its initial loading cycle (curves 
in light blue) indicates an almost similar trend to that 
of the monotonic test. From these figures, it is obvi-
ous that the most significant variations for all loading 
conditions occur within their first load cycles. In the 
two-way loading, a gap is formed behind the pile fol-
lowed by the cyclic unloading, which leads to a con-
cave-up load–displacement curve until the pile comes 
back to its initial position. Subsequent cyclic loading 
in the opposite direction creates another gap on the 
other side of the pile. After completing the first cycle, 
separation is observed on both sides of the pile. That 
is the reason for the observed concave shape over the 
remaining cycles. It is noteworthy that such gaps have 
been observed and reported under field conditions (El 
Sharnouby and El Naggar 2012).

The cyclic secant stiffness was used to determine 
the stiffness degradation during the cyclic loading. 
The slope of the line connecting the endpoints of 
the load–displacement curve in each cycle obtained 
from cyclic loading tests was used to define the cyclic 
secant stiffness (Darvishi Alamouti et al. 2019; Fares-
ghoshooni et  al. 2021). The logarithmic expression 
proposed by LeBlanc et al. (2010), given by Eq. (6), 
was then employed to describe the progressive degra-
dation trend:

where k
1
 and kN are the secant stiffness at the first 

and N-th cycles, factor A is a degradation parameter 
and N is the number of load cycles. Therefore, the 
cyclic secant stiffness acquired from each cycle was 
normalized by the initial secant stiffness to reveal the 
effect of cyclic loading on stiffness degradation. As 
shown in Fig.  9, for all types of loading conditions 
except one-way without complete unloading, stiffness 
degradation in the saturated soil conditions was con-
siderably lower than those for unsaturated soil condi-
tions. For the case of two-way loading, the stiffness 
of saturated soil sharply decreased during 14 load 
cycles where it increased slightly afterward. For all 
tests in the unsaturated soil conditions, the decreasing 
trend was observed, and the major portion of degra-
dation occurred within the first 20 load cycles with 

(6)
kN

k
1

= 1 + Aln(N)
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a reduction of approximately 20%. In addition, the 
rate of stiffness degradation in unsaturated conditions 
was lower for the case of one-way without complete 
unloading. Degradation in unsaturated conditions fol-
lowed a decreasing logarithmic trend under different 
cyclic loading modes. However, for the two-way load-
ing tests carried out under saturated soil condition, 
the behavior was not consistent with the expected 
trend from Eq.  (6). The stiffness reduction for both 
Unsat2 and Unsat3 tests was lower than Unsat1 test, 
which means that the matric suction has improved the 
resistance against stiffness degradation. The gap for-
mation at the perimeter of the pile during the cyclic 
loading is believed to be the main reason for the stiff-
ness reduction in unsaturated conditions. For the satu-
rated condition, settlement of the sand surface around 
the pile was observed as shown in Fig. S1, in the sup-
plement of this paper. This observation is attributed 

to sand particles flowing into the gap formed around 
the pile head. Further densification of this area during 
the cyclic loading, prevents further deterioration of 
the secant stiffness. One notable difference between 
the two-way and one-way motion is that under a 
two-way loading, a separation between soil and pile 
occurs on both sides of the pile, whereas under one-
way loading, the gap develops only at one side of the 
pile. Therefore, the reverse component of the two-
way motion can generate an additional reduction in 
the stiffness. Gap formation during the cyclic loading 
is frequently reported for piles installed in cohesive 
soils (Reese and Van Impe 2000; El Sharnouby and 
El Naggar 2012; Hong et al. 2017). Similarly, gap for-
mation in unsaturated sandy soils may be attributed 
to the apparent cohesion induced by the soil matric 
suction. It is noteworthy that the stiffness degrada-
tion is not only dependent on the gap formation but 

Fig. 8   Load–displacement hysteresis at the head of pile for Unsat3 tests: a symmetric two-way; b asymmetric two-way; c one-way; 
d one-way without complete unloading
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is also affected by the reduction in soil resistance 
during the cyclic loading. Gap formation, i.e. com-
pression of unsaturated soils at early stages of stand-
ard cyclic tests, appears to be caused by soil volume 
compression around the pile. It was observed by other 
researchers at the initial stage of loading in unsatu-
rated cyclic triaxial tests (Kimoto et al. 2011).

Figure  10 shows variations of the maximum pile 
head force with the number of cycles under different 
types of cyclic loading. For unsaturated conditions, 
cyclic loading can reduce the lateral pile capacity, 
and the rate of decrease becomes smaller as the cyclic 
loading progress. Such behavior is consistent with the 
cyclic triaxial tests conducted on unsaturated soils 
that show even under a low degree of saturation, an 
increase in excess pore water can gradually decreases 
the mean skeleton stress (Ng and Zhou 2014; Azizi 
et al. 2023). Nevertheless, in the 100th cycle of lateral 
loading, the pile in the unsaturated soil conditions 

had still larger lateral capacities compared to the pile 
embedded in the saturated soil. In these conditions, 
a similar response is observed for all loading cases. 
It can be seen that the lateral cyclic capacity of the 
piles in unsaturated sandy soil is not significantly 
influenced by the loading direction. However, there is 
a remarkable difference between the results obtained 
from different loading directions in the saturated con-
ditions. As a result, it may be concluded that cou-
pling behavior exists between loading directions and 
saturation conditions. For saturated test conditions, 
the formation of excess pore water pressure around 
the pile head can be a function of the loading direc-
tion, whereas, under unsaturated soil conditions, the 
gap formation behind the pile significantly governs 
the lateral response of the pile, resulting in the pile 
capacity being unaffected by the loading direction.

Under the saturated soil conditions, the least lateral 
capacity was observed for one-way loading without 

Fig. 9   Normalized cyclic secant stiffness versus number of cycles for different water-table levels (measurements and fitted relation-
ship)
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complete unloading, reducing the lateral capacity by 
22%. Under two-way loading, the lateral capacity was 
reduced first, followed by a mild increase in the lat-
eral force. In all cases, the largest reduction in the lat-
eral capacity occurred during the first 20 load cycles.

3.4 � Derivation of Pile‑soil Response

Various approaches have been proposed for fitting 
the measured bending moment profiles, including 
polynomial fitting and the weighted residual method 
(Yang and Liang 2007). In this research, a sixth-order 
polynomial function was employed to satisfy the best-
fit curve. Such a choice is believed to be both math-
ematically and practically reasonable as the pressure, 
moment, and deflection profiles can be approximated 
by sufficient precision. The soil reaction profile can 
be back-calculated with the 2nd derivative of the 
bending moment with respect to the depth. As the 

soil pressure at the soil surface must vanish, an expo-
nent of 2.5 was assumed (instead of 2 in the poly-
nomial equation). According to Nip and Ng (2005), 
the direct derivative of the bending moment profile 
can intensify the measurement errors and may lead 
to an undesirable soil reaction profile. To overcome 
these shortcomings, the first and second coefficients 
in the polynomial were replaced by the bending 
moment ( M

0
 ) and the lateral load ( F

0
 ) at the soil sur-

face. Therefore, variations of the bending moment, 
M(z) , and the soil reaction with depth, p(z) , can be 
expressed by:

(7)M(z) = M
0
+ F

0
.z + ez2.5 + dz3 + cz4 + bz5 + az6

(8)

p(z) =
d2M

dz2
= 3.75ez0.5 + 6dz + 12cz2 + 20bz3 + 30az4

Fig. 10   Variation of lateral load at pile head with number of cycles for different water-table levels
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where a , b , c , and e are constants determined from 
the best-fit approximation of the measured bending 
moment profile. Twice integration of the pile curva-
ture ( M∕EpIp) with respect to the depth, z , yields the 
lateral deflection, y , along the pile length, which is 
given by:

The lateral deflection profile is substantially influ-
enced by two boundary conditions: the first condition 
is the pile deflection at z = 0 which can be calculated 
by means of the two LVDTs located at the pile head 
and the second condition is the depth of zero pile 
deflection. For the latter condition, some researchers 
assume that the pile toe is fixed. This assumption is 
valid when the pile is sufficiently long. To overcome 
this problem, the point of zero deflection is deter-
mined following an iterative procedure and satisfying 
compatibility between the deflection profile and the 
soil reaction, as explained by Choo and Kim (2016) 
and Li et al. (2017).

The results obtained using the procedure men-
tioned above for the lateral deflection and the soil 
reaction along the pile length are shown in Fig.  11. 
As clear from Fig.  11a, the soil reaction increases 
with the applied load, and the upper portion of the 

(9)y = ∫ (∫
M

EpIp
dz)dz

soil approaches its ultimate load, while the location 
of the maximum soil reaction remains unchanged 
during the loading process. From Fig.  11b, it may 
be concluded that the maximum soil reaction occurs 
at a depth of approximately 5Dp below the soil sur-
face, regardless of saturation condition. As the WT 
was lowered down, the matric suction was increased, 
which in turn increased the mobilized soil resistance 
and soil reaction along the pile length while deflec-
tions were remained similar for all soil conditions. In 
general, the deflection of the pile decreased with the 
increase in depth and gradually approached zero at a 
point located at 300 mm below the soil surface. This 
length is defined as an effective pile length. The effec-
tive pile length mainly depends on the pile stiffness 
(Randolph 1981) and does not considerably change 
during the loading. Furthermore, Fig.  11c confirms 
that the effective pile length is not affected by the 
degree of saturation either.

The experimental p–y curves under saturated and 
unsaturated soil conditions for the monotonic and 
cyclic loadings are depicted in Fig.  12. These p–y 
curves are obtained from the last cycle of loading. 
Moreover, the API predictions of the p–y curves, 
derived from field tests performed on flexible piles, 
are also shown in the same figure. From this figure, 
it is clear that the API code shows a similar trend for 
both monotonic and cyclic loading, and thus it fails to 

Fig. 11   Derived profiles from strain gauge measurements 
under monotonic loading: a soil reaction for different load lev-
els (Unsat3 test); b soil reaction for different water table lev-

els when pile head displacement is equal to 3  mm; c lateral 
deflection for different water table levels (pile head displace-
ment = 3 mm)
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predict the cyclic behavior. It is noteworthy that the 
API model does not consider matric suction effects, 
which strongly affect the lateral loading predictions. 
Moreover, the API model has this limitation that the 
cyclic behavior of piles is not dependent on the cyclic 
loading characteristics such as number of loading 
cycles, frequency, and cyclic load ratio. These factors 
significantly influence pile response. It also signifi-
cantly underestimates the results of tests under unsat-
urated soil conditions, which may lead to an uneco-
nomical design for piles installed in the unsaturated 
zone. As shown in Fig.  12b, the cyclic p–y curves 
after 100 cycles of loading indicate that a flattening 
of the load–displacement curve corresponding to the 
ultimate soil resistance does not occur in all tests. By 
comparing monotonic and cyclic p–y curves, it can 
be observed that the soil resistance degradation under 
unsaturated conditions is significantly higher than 
that of saturated soil. This implies that the degrad-
ing cyclic factor is not constant and is affected by the 
degree of saturation.

3.5 � Post‑cyclic Behavior

The effects of previous cyclic loading on the ulti-
mate lateral response of the pile were investigated 
by performing post-cyclic tests. The load–displace-
ment behavior under post-cyclic loading and for 

different saturation conditions is depicted in Fig. 13. 
Residual forces induced during the cyclic loading 
phase, cause non-zero forces at the beginning of the 
post-cyclic loading test. Residual forces are affected 
by the type of cyclic loading, and in this study, the 
maximum residual force was observed in the one-
way and one-way without complete unloading tests. 
A comparison between monotonic and post-cyclic 
loading in unsaturated conditions indicates different 
responses for displacement amplitudes falling within 
the gap zone around the pile. These differences high-
light the significance of gap formation on the lateral 
capacity. As the pile was loaded beyond the gap zone 
into the relatively undisturbed region of the soil, 
the load–displacement curve approached the virgin 
monotonic loading curve and recovered its initial 
lateral resistance. Furthermore, the ultimate lateral 
resistance of the pile in the unsaturated soil condi-
tions is unaffected by the cyclic loading history, and 
in the disturbed zone (gap zone), the magnitude of 
reduction is similar for various cyclic loading condi-
tions. As previously explained, in saturated soil con-
ditions, the gap formed around the pile head is filled 
with the loose sand from cyclic loading effects, and 
hence, it is observed that there is a smaller difference 
between the monotonic and cyclic loading results, 
which diminishes with the increase in the lateral load-
ing amplitude.

Fig. 12   Experimental p–y curves for different water table levels at depth of 4Dp: a monotonic loading; b at 100th loading cycle
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3.6 � Role of Matric Suction on the Lateral Capacity

Figure  14a shows the matric suction profile under 
various WT scenarios based on the measurements 
from installed tensiometers. Matric suction profile 
varies nonlinearly with depth and it has larger val-
ues for deeper water tables, as expected. Apparently, 
the matric suction profile deviates from a linear trend 
which is expected and precedented in the literature as 
some factors may cause slight to severe nonlinearity 
(Al-Khazaali and Vanapalli 2019; Oh and Vanapalli 
2013). In essence, when the matric suction exceeds 
the air entry value of the soil, the liquid phase of the 
soil changes from the capillary regime to the funicular 
and pendular regimes. In pendular regime, the water 
phase is no longer continuous, and this phenomenon, 
change of water phase from capillary to funicular and 
pendular regimes, results in the nonlinear variation of 
the matric suction with depth.

In all these scenarios, three various regimes are 
expected to appear along the pile length: (i) a fully 

saturated zone where the matric suction is zero; (ii) 
a capillary fringe zone where the soil is saturated but 
the matric suction is non-zero, and (iii) the unsaturated 
zone where the matric suction increases with distance 
above the water table. Referring to Fig. 14a and c, the 
state of soil near the sand surface is within the residual 
zone for Unsat2 and Unsat3 conditions while it is still 
in the transition zone for the soil condition experienced 
in Unsat1. That is why the degree of saturation at the 
soil surface for Unsat1 is significantly different from the 
other two cases as depicted in Fig. 6.

Lu and Likos (2006) presented the suction stress 
concept to describe the combined effects of the nega-
tive pore water pressure and surface tension on the 
effective stress and shear strength. The suction stress is 
defined by the inter-particle capillary forces which tend 
to pull the soil particles together, as follows:

(10)�s = −
(
ua − uw

)
forua − uw ≤ 0

Fig. 13   Lateral load–displacement curves for post-cyclic loading
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Figure  14b and c show a conceptual model that 
relates the matric suction, the suction stress, and the 
ultimate lateral capacity. The suction stress increases 
with the increase in the matric suction and reaches its 

(11)�s = −

(
ua − uw

)
(
1 +

[
B
(
ua − uw

)]n)m forua − uw ≥ 0

maximum value at suction corresponding to the soil 
air entry value. The average suction stress for each 
condition was also determined based on the aver-
age matric suction (i.e., abscissa of the centroid of 
the matric suction profile) using three mini-tensiom-
eters and the average degree of saturation along the 
pile length. Figure  14c represents the ultimate lat-
eral capacity for monotonic and post-cyclic loading 
at various WT depths. As clear from this figure, the 
ultimate lateral capacity increases nonlinearly with 
average matric suction in the boundary effect zone 
and continues with a slight increase in the transition 
zone. This behavior is consistent with the reported 
works of Vanapalli et  al. (1996) who demonstrated 
that the contribution of the matric suction toward the 
shear strength, is different in transition and boundary 
effect zones. Beyond the air entry value, soil begins to 
desaturate, and the contribution of the matric suction 
to the elastic modulus and shear strength decreases, 
with increasing the matric suction. The increase in 
the ultimate lateral capacity with the average matric 
suction can be directly linked to the variation of the 
average suction stress (see Fig. 14b and c). Therefore, 
the lateral pile behavior depends on the average suc-
tion stress rather than the suction stress itself.

3.7 � Modification of p–y Curve Model for 
Unsaturated Condition

The response of piles under lateral loading can be 
predicted using nonlinear soil springs. The follow-
ing hyperbolic function is often utilized to describe 
the nonlinear features of p–y curve (Georgiadis et al. 
1992):

where k and pu represent the initial moduli of the 
subgrade reaction and ultimate lateral resistance, 
respectively.

In Eq. (12), no explicit parameter is present to take 
into account the influence of partial saturation. To over-
come this handicap, a new static p–y model was devel-
oped in this study, and its performance was verified 
based on the lateral loading test results. The primary 
advantages of a modified p–y curve for unsaturated 
conditions are: (i) the contribution of the matric suction 
to the lateral resistance of piles and (ii) a more realistic 

(12)p =
y

1

k
+

y

pu
Fig. 14   a Matric suction profiles for various water table lev-
els; b suction stress versus matric suction; c ultimate lateral 
capacity of pile for monotonic and post-cyclic loading versus 
average matric suction
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prediction of the lateral pile behavior. To this end, the 
dependence of k and pu on soil suction must be taken 
into account, as addressed subsequently.

Different methods have been proposed for predict-
ing the ultimate lateral resistance in cohesionless soils. 
Zhang et  al. (2005) presented a simple expression for 
the ultimate lateral resistance ( pu) which is expressed 
by:

where � and � are shape factor of pile; pmax = maxi-
mum earth pressure; �max = maximum side shear 
resistance; � = soil unit weight; K = at-rest coefficient 
of earth pressure; � = friction angle at the contact 
between pile and soil; Kp = tan2(45 + ��∕2) , i.e., the 
passive earth pressure coefficient, and Dp is the pile 
diameter.

Lu and Likos (2004) proposed a formula for the 
coefficient of lateral earth pressure in unsaturated cohe-
sionless soils as follows:

where (�v − ua) is the net normal stress. It is usu-
ally assumed that the pore air pressure is continuous 
and connected to the atmosphere (i.e., ua = 0 ). The 
ultimate lateral resistance of unsaturated cohesion-
less soil can be derived by substituting Eq. (16) into 
Eq. (14).

For the present study, it was found that contribu-
tion of �max to the ultimate lateral resistance is negligi-
ble (less than 4%); therefore, Eq.  (17) was reduced to 
Eq. (18), given by:

(13)pu =
(
�pmax + ��max

)
Dp

(14)pmax = K2

p
�z

(15)�max = K�z tan �

(16)Kpu = Kp +
�s
(
1 − Kp

)
(
�v − ua

)

(17)

pu.unsat =

[
Kp +

�s
(
1 − Kp

)
�v − ua

]2

��zDp + ��maxDp

(18)pu.unsat =

[
Kp +

�s
(
1 − Kp

)
�v − ua

]2

��zDp

Several researchers have shown that the horizon-
tal modulus of subgrade reaction is governed by the 
elastic modulus of soil, pile flexural stiffness, and pile 
diameter (Phanikanth et al. 2013; Yoshida and Yoshi-
naka 1972). Therefore, it is important to take into 
account these effects when determining the horizontal 
modulus of subgrade reaction. The formulation pro-
posed by Vesić (1961) considers these effects, given 
by:

where Es and � are the elastic modulus and Poisson’s 
ratio of the soil, respectively. The elastic modulus 
plays an important role in the lateral behavior of piles 
and is commonly kept constant for the soil located 
above and below the WT, ignoring the contribution 
of the matric suction to the elastic modulus. To over-
come this issue, the nonlinear variation of the elastic 
modulus with matric suction proposed by Oh et  al. 
(2009) and expressed in Eq. (20), was adopted in this 
study:

where Eunsat is the elastic modulus under unsaturated 
soil condition, Esat is the elastic modulus of saturated 
soil, S is the degree of saturation, � and � are fitting 
parameters, and Pa is the atmospheric pressure (i.e., 
101.3 kPa). The parameter � depends on the soil type 
and for non-plastic coarse-grained soils, its value var-
ies from 0.5 to 2.5 (Oh et al. 2009). The exponent � 
is often taken as either 1 or 2 for coarse-grained and 
fine-grained soils, respectively. Therefore, � and � 
were considered equal to 0.5 and 1, respectively, for 
the sandy soil adopted in this investigation. Next, 
the value of η was adjusted to achieve the best pos-
sible match between the calculated and measured 
p–y curves, and a value of 2.6 was thus obtained. 
The saturated elastic modulus of the soil used in 
this research was estimated to be 3500 kPa based on 
the density index of 40%. Therefore, the horizontal 
subgrade reaction modulus for unsaturated condi-
tions can be determined by substituting Eq.  (20) in 
Eq. (19). Thus, using the aforementioned derivations 

(19)kh = 0.65

(
Es

1 − �2

)(EsD
4

p

EpIp

) 1

12

(20)Eunsat = Esat

⎡⎢⎢⎢⎣
1 + �

�
ua − uw

�
�

Pa

101.3

� (S�)

⎤⎥⎥⎥⎦
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for the horizontal modulus of subgrade reaction and 
the ultimate lateral resistance for piles embedded in 
unsaturated cohesionless soils, the modified hyper-
bolic relationship for the piles embedded in unsatu-
rated cohesionless soils can be expressed as:

Figure 15 represents the measured p–y curves and 
those estimated using the modified hyperbolic model 
at depths of z = 4Dp and z = 8Dp . From this figure, it 
is clear that there is a reasonable agreement between 
the measured and predicted p–y curves. Hence, it may 
serve as a suitable model to predict the p–y curves for 
piles installed in unsaturated sandy soils under mono-
tonic loading.

4 � Conclusions

In this paper, a series of lateral loading tests on piles 
embedded in sand were performed to investigate 
the influence of partial saturation on the lateral 
behavior of the pile-soil system. This investiga-
tion was aimed to study the load–displacement 
response under various loading conditions and to 
modify available p–y curves. The cyclic and post-
cyclic responses of piles in four various loading 
directions were evaluated using a designed and 
commissioned loading device for this purpose. 

(21)p =
y

1

kunsat
+

y

pu.unsat

To consider the effects of partial saturation, dif-
ferent matric suction profiles were implemented 
by varying the water table level and studying 
the pile response. Moreover, experimental p–y 
curves were derived using the obtained bending 
moment profiles along the pile length. The key 
conclusions of this research are as follows:1.	
The monotonic load–displacement of the piles 
indicated that an unsaturated soil condition leads 
to greater lateral resistance compared with the 
saturated soil at the same displacement level. 
An increase of up to 50% in the ultimate lateral 
resistance was observed for the cases studied.

2.	 The secant stiffness in unsaturated soil condi-
tions was much higher than that in saturated 
conditions. However, the normalized stiffness 
degradation in unsaturated conditions followed 
a decreasing logarithmic trend under different 
cyclic loading modes, which is not consistent 
with the results from the two-way loading tests 
in saturated soil conditions. The opening of a gap 
near the pile head in unsaturated tests during the 
cyclic loading appears to be responsible for this 
significant stiffness degradation.

3.	 For unsaturated conditions, variations in lateral 
resistance during cycling loading were found to 
be similar for all loading directions, with most 
changes occurring during the first few cycles. In 
the saturated state, the lowermost lateral resist-
ance was associated with the test condition of 
one-way without complete unloading.

Fig. 15   Comparison of measured and estimated p–y curves for monotonic loading: a z = 4Dp; b z = 8Dp
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4.	 The results obtained from post-cyclic loading 
tests highlighted the influence of gap formation 
on the load–displacement response in unsatu-
rated soils. Compared to the monotonic loading, 
remarkable differences in the lateral behavior 
of piles were observed for displacements falling 
within the cyclic displacement amplitudes form-
ing the disturbed zone near the pile head. How-
ever, the ultimate lateral capacity was not affected 
by the previous history of cyclic loading.

5.	 Lowering the water table level from the soil sur-
face resulted in a stiffer response in the mono-
tonic as well as the cyclic p–y curves due to 
the contribution of suction stress to the elastic 
modulus and shear strength of the sand. Further-
more, the API code shows a similar trend for both 
monotonic and cyclic loading, and thus it fails to 
predict the cyclic behavior. It also significantly 
underestimates the results of tests under unsatu-
rated soil conditions, which is therefore conserv-
ative and leads to uneconomical design of piles 
embedded in sands. To overcome this drawback, 
a modified p–y model was proposed to predict 
the lateral behavior of piles in unsaturated sandy 
soils, consistent with the p–y curves observed in 
this experimental program.
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Appendix

See Table 2.

Table 2   List of nomenclatures used in this study

Symbol Description

EmIm Bending stiffness of model pile
EnIn Bending stiffness of prototype pile
F Scale factor for length
Se Effective degree of saturation
Sr Residual saturation
B , m,n Fitting parameters of the VG model
� Pile head displacement
khp Coefficient of lateral subgrade reaction
h Load eccentricity
� Characteristic coefficient of the pile
Dp Pile diameter
kN Secant stiffness at the Nth cycles
A Degradation parameter
N Number of load cycles
M

0
Bending moment at the soil surface

F
0

Lateral load at the soil surface
p Soil reaction
y Lateral deflection
�s Suction stress
ua Pore air pressure
uw Pore water pressure
pu Ultimate lateral resistance
� , � Shape factor of pile
pmax Maximum earth pressure
�max Maximum side shear resistance
� Soil unit weight
K At-rest coefficient of earth pressure
Kp Passive earth pressure coefficient
k Initial moduli of the subgrade reaction
Es Elastic modulus of the soil
� Poisson’s ratio of the soil
Eunsat Elastic modulus of unsaturated soil
Esat Elastic modulus of saturated soil
�,� Fitting parameters
Pa Atmospheric pressure
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