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Lateral behavior of a pre-installed single pile subjected to cyclic lateral loads in
saturated silty sand

Comportement latéral d'une pile unique préinstallée soumise a des charges latérales cycliques
dans du sable saturé

Sung-Ha Baek, Seung-Hwan Lee, Byoungil Kim, Changho Choi, Jinwoo Cho & Choong-Ki Chung
Korea Institute of Civil Engineering & Building Technology, Republic of Korea

ABSTRACT: Cyclic lateral loads change the overall stiffness of the soil-pile system and cause permanent displacement on the soil-
pile interface, which can severely affect stability of the structures. In this paper, model pile tests were conducted on a pre-installed
aluminum flexible pile in saturated sand in order to evaluate the effect of cyclic lateral loads on the overall stiffness of the soil-pile
system and permanent displacement. Saemangeum soil, which was classified as SM in unified soil classification system (USCS),
was used to prepare the saturated model ground with 40 and 70% of relative densities. Test results showed that the cyclic lateral
loads changed the overall stiffness of the soil-pile system; the overall stiffness increased at the relative density of 40% and decreased
at the relative density of 70%, unlike current design standard. Also, the cyclic loads accumulated the irreversible lateral displacement
on the soil-pile interface (i.e., permanent displacement). As the number of cyclic lateral load increased, these effects were
accumulated, but the stiffness change and permanent displacement due to one loading cycle gradually decreased.

RESUME : Les charges latérales cycliques modifient la rigidité globale du systéme sol-pieu et provoquent un déplacement permanent
sur l'interface sol-pieu, ce qui peut gravement affecter la stabilité des structures. Dans cet article, des essais de pieux modéles ont été
réalisés sur un pieu flexible en aluminium pré-installé dans du sable saturé afin d'évaluer I'effet des charges latérales cycliques sur la
rigidité globale du systéme de pieux sol et le déplacement permanent. Les sols de Saemangeum, classés SM dans le systéme unifié de
classification des sols (USCS), ont été utilisés pour préparer le sol modéle saturé avec 40 et 70% de densités relatives. Les résultats des
essais ont montré que les charges latérales cycliques modifiaient la rigidité globale du systéme sol-pieux; la rigidité globale a augmenté
a la densité relative de 40% et a diminué a la densité relative de 70%, contrairement & la norme de conception actuelle. De plus, les
charges cycliques ont accumulé le déplacement latéral irréversible sur l'interface sol-pieu (c'est-a-dire le déplacement permanent). Au
fur et 2 mesure que le nombre de charges latérales cycliques augmentait, ces effets s'accumulaient, mais le changement de rigidité et le
déplacement permanent dus a un cycle de chargement diminuaient progressivement.

KEYWORDS: Cyclic lateral load; soil-pile system; model pile test; single pile; sandy soil.

1 INTRODUCTION 2008; Choo and Kim, 2016; Lee et al., 2019), and the permanent
lateral displacements have been assessed (Rosquoet et al., 2007,
Off-shore structures are primarily subjected to cyclic lateral Paik and Park, 2010; LeBlance et al., 2010; Nicola and Ibsen,
loads of wind, waves, and tidal forces, whereas they are less 2014). Most of these studies were conducted on soil classified as
affected.by axial logds from thelr self-weight. When lateral load§ poorly graded sand (SP) according to the Unified Soil
are cyclically applied on a pile, the lateral stiffness of the soil Classification System, whereas studies performed on granular
surrounding the pile changes. Also, permanent lateral soil containing fine particles such as silty sand (SM) are rare.
displacement accumulates, causing deterioration in structure Therefore, when evaluating the lateral behavior of piles installed
functionality and bearing capacity reduction (Achumus et al, in SM soil, the results of research conducted on soil classified as
2009). Therefore, to achieve stable performance in off-shore SP have been applied. However, because the particle size of
structures, the lateral behavior of pile foundations subjected to granular soil significantly affects soil behavior (Lamb et al.,
cyclic lateral loads should be investigated and then considered as 1979), the soil-pile interaction exhibits a different behavior. Han
the dominant design factor. et al. (2010) argued that the current design method, which
The p-y curve method, which defines the relationship between investigates lateral behavior without considering the type of
the soil resistance (p) generated between a soil-pile interface and granular soil, is problematic because granular soil of different
lateral displacement (y) by depth, is the most widely applied particle sizes differ in stiffness in the elastic region.
method to investigate the lateral behavior of piles. To date, the In this study, saturated model ground was prepared using SM
p-y curve of O’Neill and Murchinson (1983) adopted by the API soil with two different relative densities (40% and 70%), and a
(1987) (hereinafter referred to as the API p-y curve) is the most series of static and cyclic lateral load tests were conducted on a
frequently applied for granular soil. In the API p-y curve, to flexible model pile. Based on the model test results, the stiffness
consider the effect of cyclic lateral loads (i.e., changes in soil change of the surrounding soil and permanent lateral
stiffness and permanent lateral displacement), a reduction factor displacement were investigated when the pile was subjected to
of 0.9 is uniformly applied to the soil resistance evaluated in a cyclic lateral loads, of which the results can serve as reference
static loading test. However, the API p-y curve has been proposed data when designing piles installed in saturated SM soil.

from a few field tests, and the curve cannot be used to perform
accurate predictions of the lateral behavior of piles installed in
the different conditions (e.g., type of soil, pile, load conditions,
etc.).

Hence, changes in the stiffness of soil surrounding the pile
have been evaluated by applying a cyclic lateral load on the
model pile installed on granular soil (Kim et al., 2004; Kim et al.,

2601



2 TEST PROGRAM

2.1 Test apparatus

A series of model pile tests were performed in an 1800-mm-long,
600-mm-wide, and 1200-mm-high cuboid acrylic soil box, as
shown in Fig. 1. Table 1 shows the specifications of the model
pile used in this study. The model pile was fabricated using an
aluminum pipe (aluminum alloy with a hollow cylinder shape)
with an outer diameter of 30 mm, thickness of 1 mm, and length
of 1400 mm. Allowing for a 300 mm boundary zone which is 10
times outside diameter (Rao et al., 1998), four model piles with
a 30 mm outside diameter were simultaneously installed in the
soil box. The pile tips were fixed at the bottom to simulate a rock-
socketed pile.
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Figure 1. Schematic drawing of the model pile test set-up (cross-sectional

view).

Table 1. Material properties of the model pile

Outside diameter (mm) 30
Length (mm) 1,400
Embedded depth (mm) 950
Thickness (mm) 1
Elastic modulus (GPa) 70

The lateral load was applied to the model pile using a
displacement-controlled lateral loading device with a free-head
condition at 100 mm above the ground surface. During the tests,
the lateral load and displacement were measured using a load cell
attached to the loading device and a linear variable differential
transformer, respectively. In addition, a strain gauges were
attached to the model pile surface at a depth of 50, 100, 200, 300,
500, and 700 mm from the ground surface, and the strain was
measured to investigate the behavior by the depth (i.e., the p—y
behavior). As the model pile test of this study was performed
under static conditions, the load, displacement, and strain were
measured once every 2 s using a static data logger.

2.2 Model ground

Saemangeum soil was sampled in Buan-gun, Jeollabuk-do,
South Korea near the Saemangeum reclamation site. Fig. 2 and
Table 2 show the particle size distribution and index properties
of Saemangeum soil, respectively. Saemangeum soil is classified
as SM in unified soil classification system (USCS) with a 3.42
coefficient of uniformity (Cx) and a 0.08 mm mean grain size
(Ds0). 37.5% of Saemangeum soil is finer than sieve no. 200
(mesh opening size: 0.075 mm) while less than 5% of SP soil
passes through sieve no. 200; thus, the cohesive components
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present in SM soil have a significant influence on soil-structure
interaction behavior compared to SP soil.
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Figure 2. Particle size distribution of the test specimen.
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Table 2. Index properties of the test specimen.
USCS Dj() (mm) Cu Gs

SM 0.08 3.42 2.67

Emin

1.04

emax

1.40

The model ground was prepared with the relative densities (Dr)
of 40% and 70% which stand for loose and dense states,
respectively. The model ground comprised seven layers (five
layers of depth 150 mm each and two layers of depth 100 mm
each), with a total depth of 950 mm. First, the amount of dry soil
sample required to compose each layer of the model ground was
calculated and prepared while considering the volume of each
layer and the relative density; subsequently, the soil was soaked
for 10 days to minimize the effect of air between particles. In a
manner similar to the actual field soil reclamation technique, the
soil was formed by pouring wet sand in a box filled with water
by layer and compacting using a rammer (Yang, 2009). After
terminating the model tests, the relative densities and the degrees
of saturation were measured at four positions with the
preinstalled aluminum cans, showing good consistency.

2.3 Test procedure and test condition

Table 3 shows the model pile test conditions. As mentioned
earlier, considering the specifications of the soil box and model
pile as well as the boundary zone of the lateral behavior of the
piles, four piles can be installed simultaneously for the test.
Therefore, the process of installing the piles by fixing them to the
bottom of the soil box and forming the model ground was
repeated twice (once for each relative density) to perform the
model pile test.

Table 3. Model pile test conditions.

Test no. D, (%) Lateral loading condition
T1 40 Static load

T2-T4 40 Cyclic load (0.3H,, 0.6H,,, and 0.9H,,)
T5 70 Static load

T6-T8 70 Cyclic load (0.3H,, 0.6H,,, and 0.9H,)

After constructing the model ground, a static lateral load
(loading rate of 0.03 mm/s) was applied on the first pile to
investigate the static lateral load capacity (Hus) and static p-y
curve. Subsequently, loads equivalent to 30%, 60%, and 90% of
Hyus (loading rate of 0.03 mm/s) were cyclically applied in two
ways for 20 times on the remaining three piles. Cyclic lateral
load-lateral displacement curves and cyclic p-y curves were
obtained, and the permanent lateral displacement and stiffness
changes of the surrounding soil were investigated under cyclic
loads.



3  PERMANENT LATERAL DISPLACEMENT OF CYCLIC
LATERALLY LOADED PILE

Fig. 3(a) shows the static lateral load—lateral displacement curves
obtained from static lateral load tests (T1 and T5). According to
Fleming et al. (1992), static lateral load capacity (Hus)
corresponds to the load-causing displacement of 10% of pile
diameter. For the relative densities of 40% (T1) and 70% (T5),
Hys was evaluated 86.1 N and 169.6 N, respectively; then, the
cyclic lateral load magnitudes were calculated as 24.9 N, 49.8 N,
and 74.8 N, and as 50.9, 101.8, and 152.6 N, respectively, which
were equivalent to 30%, 60%, and 90% of H.s.

Fig. 3(b) representatively shows the cyclic lateral load—lateral
displacement curves obtained from the cyclic lateral load tests
(T6-T8). In both cases of 40% and 70% relative densities,
permanent lateral displacement occurred in the first loading
direction of the pile as the lateral load was cyclically applied onto
the pile. When a lateral load was first applied to the pile, the soil
at the front of the pile (i.e., the initial direction of the lateral load)
was compacted, whereas the soil at the rear side was in an active
state. Thus the soil flowed and prevented a gap, thereby ensuring
contact with the pile surface. Subsequently, when the lateral load
was applied in the opposite direction, the rear side of the pile,
which was in the active state previously, had a smaller
displacement for the opposite-direction load of the same
magnitude owing to the sand filled in the gap. This process
continued cyclically, and it was speculated that the cumulative
lateral displacement occurred in the direction of the pile’s first
load application (Long and Vanneste, 1994).
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Figure 3. Lateral load and lateral displacement curves: (a) Static load
tests (T1 and T5) and (b) cyclic load tests (T6-T8).

Figs. 4(a) and (b) show the permanent lateral displacement (yv)
for 40% and 70% relative densities, respectively. In all test
conditions, the cyclic lateral load induced a permanent lateral
displacement in the soil surrounding the pile. The permanent
displacement of a pile decreased with the relative density
whereas increased as the number and magnitude of the cyclic
lateral load increased. The increment in the permanent lateral
displacement caused by a one-time load decreased gradually.
This is because as the permanent lateral displacement was caused
by the repeated compaction and filling of the soil surrounding the
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pile, with the increase in the number of cycles, the soil
compaction and amount of filling decreased gradually.
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curves: (a) D, =40% (T2-T4) and (b) D, = 70% (T5-T8).
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Figure 5. Normalized permanent displacement and the number of cyclic

lateral load curves.

To eliminate the effects of the relative density and magnitude
of the cyclic lateral load on the permanent lateral displacement,
a normalized permanent lateral displacement (yn/ys), which is
defined as the ratio of the cumulative permanent lateral
displacement (yw) for N times of cyclic loading to the permanent
lateral displacement (y) that occurred during the initial loading,
was investigated for each test condition. Fig. 5 shows the
relationship between the normalized permanent lateral
displacement (yn/yr) and the number of cycles (V). Similar to the
trend from the model pile test of Paik and Park (2010), the
normalized permanent lateral displacement (yw /y;) was neither
affected by the relative density of the soil nor the magnitude of
the cyclic load. Meanwhile, the permanent lateral displacement
increment by the increase in the number of cycles (N) was
relatively small compared with the result of Paik and Park (2010).
It is believed that some cohesive components present in SM soil
reduced the soil compaction and filling amount under the cyclic
load, thereby reducing the permanent lateral displacement.



4 SOIL-PILE STIFFNESS CHANGES UNDER CYCLIC
LATERAL LOAD

In the model test, strain was measured using the strain gauge
attached to the model pile surface, and the p-y curve for each
depth was obtained through a simple beam theory (Heyenyi,
1946). The process of deriving the p-y curve has been described
in detail by Baek et al. (2018). Fig. 6 illustrate the static p-y curve
and the 20™ cyclic p-y loop at the 4D depth. With the increase in
the relative density, the confining pressure of the soil as well as
the stiffness of the p—y curve (the magnitude of p shown for the
same y) increased.
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Figure 5. Static p-y curve and the 20" cyclic p-y loop at the 4D depth: (a)
D, =40% and (b) D, = 70%.

The effect of cyclic lateral load on soil-pile stiffness differed
according to the relative density. In the 40% relative density soil,
the stiffness of the 20™ cyclic p-y loop was greater than that of
the static p-y curve, and the soil-pile stiffness demonstrated an
increasing trend under a cyclic load (Fig. 5(a)). The opposite
trend was observed in the soil with a relative density of 70%, and
the soil-pile stiffness decreased under a cyclic load (Fig. 5(b)).
As reported by Long and Vanneste (1994), in relatively loose soil
with a relative density of 40%, the soil became densified when
subjected to a cyclic load; however, in relatively dense soil with
a relative density of 70%, the soil was disturbed when subjected
to a cyclic load.

As mentioned above, the API p-y curve that is typically used
when designing piles installed in granular soil applies a reduction
factor of 0.9 to the soil resistance evaluated during a static test to
account for the cyclic load effect. However, as evident from the
results of the model pile test performed in this study and the
recommendations of Long and Vanneste (1994), two contrary
cyclic effects might appear depending on the relative density. In
other words, for a more reasonable design of a pile subjected to
a cyclic lateral load, the current design method (API p-y curve
method), which applies a uniform reduction factor (0.9), should
be improved through additional investigations.
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5 CONCLUSIONS

In this study, 1-g model pile tests were performed to investigate
the behavior of pile foundations installed in saturated SM soil
and subjected to cyclic lateral loads. The model piles were —pre-
installed in saturated SM soil of 40% and 70% relative densities,
separately, and lateral loads of three different magnitudes (0.3 Hus,
0.6 Hus, and 0.9H.s) were applied cyclically 20 times each. The
following results were obtained:

e  Under cyclic lateral loads, permanent lateral displacement
cumulated in the direction of the first load on the pile. The
cumulative permanent lateral displacement increased as the
number and magnitude of the cyclic load increased, but the
increment in the permanent lateral displacement caused by
a single load gradually decreased. This is because the
permanent lateral displacement was caused by the repeated
compaction and filling of the soil surrounding the pile; the
soil compaction and filling amount decreased gradually as
the number of cycles increased.

e The normalized permanent lateral displacement (yn/yi)
increased with the number of cycles but was not affected by
the relative density of the soil and the cyclic load magnitude.
The permanent lateral displacement increment by the
increase in the number of cycles (V) was smaller than that
of the pile installed in SP soil. This is because some
cohesive components present in the SM soil reduced the soil
compaction and filling amount when applied with cyclic
loads.

e  The effect of cyclic lateral loads on soil-pile stiffness varied
depending on the relative density. In relatively loose soil
with a relative density of 40%, the soil-pile stiffness
increased due to densified soil under cyclic loads.
Meanwhile, in relatively dense soil with a relative density
of 70%, the soil-pile stiffness decreased due to the
disturbance of the soil under cyclic loads. Therefore, for a
more reasonable design of a pile subjected to cyclic lateral
loads, the current design method (API p-y curve method),
which applies a uniform reduction factor (0.9), should be
improved through further investigations

The results of this study are expected to be utilized as reference
data for the design of piles installed in saturated SM soil and
subjected primarily to cyclic lateral loads. Considering that the
above-mentioned results were obtained by small-scale model
tests, further studies are necessary to validate and supplement
this study.
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