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elasticity on their behavior. The tested model pile sections included one square and three circular shapes
and were made of polyethylene and polyurethane materials. The frequency of the cyclic loading was 0.29
Hz and the total number of loading cycles was 145 for all the tests. The model piles were tested in a metal
test tank equipped with various facilities including a cyclic lateral loading system, devices to measure

displacement and pressure along with the pile, an inverter to adjust or change loading frequency, a sand  Keywords:

raining system, etc. Test results indicated that, from a global point of view, the soil modulus of lateral Cyelic lateral load

subgrade reaction and maximum moment developed in the pile increases with the number of loading

. . . Model test
cycles; however, the rate of increase gradually decreases. These variations may be formulated using a
logarithmic relationship which includes a degradation parameter that reflects the rate of the mentioned Sand
decrease. It was also concluded that the cyclic effects are more significant for the lateral load resistance ~ Pile geometry

and stiffness than for the moment. The maximum moment at the 145th cycle for piles with various Lateral stiffness.
section geometries and elasticity moduli varied from 1.10 to 1.18 times the value obtained in the first

cycle. Depending on the section shape and dimension, cyclic loading can increase the lateral stiffness of

the soil at depths shallower than about 6.2 to 9.3 times the pile diameter.

1- Introduction

Numerous studies have shown that the effect of cyclic
loading on piles is a function of the number of cycles and
characteristics of the applied load (see [1-5]) and various
methods have been proposed to take into account these ef-
fects. The API and DNV design codes [6,7] apply a depth-
dependent modification factor to modify the ultimate soil re-
sistance based on the studies of Reese et al. [8] for the design
of offshore structures. However, these modifications do not
consider the effects of the number of loading cycles and char-
acteristics of the applied load.

Bartolomey [9] studied the changes in the deformation
modulus of the soil, the nature of the time-dependent pore
pressure variations in the soil, and the other factors affecting
the lateral behavior of piles both theoretically and experimen-
tally. Field cyclic test data for piles installed in the sand were
analyzed by Long and Vanneste [2] who found that cyclic
loading affects the amount of pile deflection significantly.
They found that the decrease in lateral stiffness and strength
of piles in sands is more significant in one-way loading when
compared to two-way loading. Based on results obtained
from tests with less than two hundred loading cycles, they
proposed correction factors for the lateral stiffness of sandy
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soils. Lin and Liao [3] reviewed earlier studies and proposed
anew method based on field tests to reduce soil resistance us-
ing power law as a function of the number of cycles.

Several authors have proposed approaches for the deter-
mination of the effect of cyclic loading based on various theo-
ries and analyses (see [10,11]). Rosquoet et al. [4] investi-
gated the change in tangent stiffness and the accumulation of
displacement under lateral cyclic loading and observed that
it varies approximately logarithmically. Based on the results
of a series of small-scale centrifuge laboratory experiments
on sand, Leblanc et al. [1] concluded that cyclic loading al-
ways increases soil-pile lateral stiffness, and this increase is
independent of relative density. This conclusion is in contrast
with the current methodology of decreasing static p-y curves
to account for cyclic loading. They found that the accumu-
lated rotation depends on the relative density and is strongly
affected by the characteristics of the applied cyclic load and
proposed a method to predict changes in stiffness due to long-
term cyclic loading. Rudolph et al. [12] studied the effect of
the direction of loading on the cyclic behavior of piles and
concluded that the accumulation of displacement is signifi-
cantly smaller when loading is applied in one direction com-
pared to the case in which loading direction changes.
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Vahabkashi and Rahai [13, 14] showed that the stiffness
of the pile-soil system increases with the increase in the load-
ing cycles. Compared to piles with portions of their length
extended above the ground surface, pile-soil system stiffness
increase is higher when the entire pile length is embedded
in the soil and the applied displacement at the pile head is
greater. When piles are embedded in loose sand, the dissipa-
tion of energy is higher in the initial cycles and it decreases as
the number of loading cycles increases.

Using results of centrifuge model tests, Truong and Le-
hane [15] examined the lateral loading behavior of displace-
ment piles in soft kaolin and the effects of pile shape, pile end
conditions, and clay over consolidation on the (p—y) curves.
The tests were also modeled using the finite element method
to compare the behaviors of the circular, square, and H pile
sections used in the centrifuge tests. Both experimental and
numerical results showed that the pile section shape has an im-
portant influence on the p—y curves. However, they observed
no clear effect of the pile end condition on these curves. They
also concluded that higher net pressures can develop against
the square and H piles compared to circular piles since larger
volumes of clay per unit pile width are involved in the failure
mechanisms developed around the square and H piles.

Results of laboratory model tests on rigid monopiles in
cohesionless soils subjected to lateral cyclic loading con-
ducted by Abadie et al. [16] exhibited Masing behavior when
the piles were subjected to symmetric cyclic loading. Results
also showed some effects of the extended Masing behavior
even after a large number of non-symmetric cyclic loading
and, an increase in the accumulated ratcheting deformation
due to non-zero mean applied load. The rate of ratcheting de-
creased with an increase in the number of cycles, however, it
did not decrease to zero but it depended on the magnitude of
the cyclic load. For the tests conducted by Abadie et al. [16],
changes in the shape of the hysteresis loop shape in the form
of an increase in the secant stiffness and decrease in the loop
area occurred mainly during the first 50 cycles of loading.

A study of the behavior of large-diameter monopile foun-
dations for offshore wind energy converters conducted by
Frick and Achmus [17] showed that long-term cyclic lateral
loading leads to an accumulation of permanent deflections
and rotations of these monopolies. While these deflections
and rotations should be limited to satisfy the serviceability
criteria, predictions of their accumulation rates were found to
be unreliable and difficult.

Displacement-controlled cyclic loading tests on a short
steel monopole conducted by Darvishi Alamouti et al. [18]
showed that the secant stiffness of the soil-pile system may
increases, decrease, or remain constant depending on the ap-
plied cyclic displacements regime. These results are not con-
sistent with the current design methodology in which only
degradation is assumed to occur during cyclic loading. It was
found that the influence of cyclic loading on the cyclic bend-
ing moments along the pile shaft is of minor significance.

Qin and Guo [19], Leblanc et al. [1], and Peng et al. [20]
indicate that cyclic lateral loading of piles in the sand can
compact the soil around the pile and increase the pile-soil
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stiffness. Considering these changes during the design of
foundations such as those of turbines is essential since they
affect the frequency of the turbine structural system and this
has a significant effect on its response to dynamic loading.

While Leblanc et al. [1] reported only increases in soil-
pile stiffness during cyclic loading in sandy soil, Klinkvort
and Hededal [21] also observed decreases in stiffness for cer-
tain loading conditions. On the other hand, one-way, stress-
controlled, cyclic lateral loading tests conducted by Chiou et
al. [22] on a small-scale Aluminum pile in dry sand showed
that the soil-pile stiffness decreases with an increase in the
number of loading cycles.

Moreover, recent studies by Faresghoshooni et al. [23]
showed that for tests with different pile cross-section shapes,
dimensions, and moduli of elasticity, the pile head load and
stiffness of the pile-soil system at the end of the 145" cycle
varied from 1.4 to 1.85 times those of the first cycle for dif-
ferent section shapes, dimensions, and moduli of elasticity.
Such effects have not been considered or quantified in current
methodologies available for the design of piles subjected to
cyclic loading.

In spite of the considerable research conducted in recent
years on the cyclic behavior of piles, comprehensive data that
can be used to provide general rules for considering the ef-
fects of many of the parameters that influence such behav-
ior is still lacking. Besides, as indicated before, some of the
results presented in current literature involve specific condi-
tions or, are contradictory. Accordingly, general design rules
have not yet been established or adopted in current design
codes for considering soil-pile interaction issues, especially
for short piles. It is, therefore, necessary to build a compre-
hensive database that includes the study of the effects of vari-
ous soil and pile conditions such as different soil types and
properties, different pile geometries, various loading patterns,
etc. on pile behavior.

To compare the cyclic behavior of piles with different sec-
tion geometries and moduli of elasticity, and to provide ex-
perimental data for use in proposing analytical relationships
for displacement-controlled conditions, four experiments are
conducted in the current study using small-scale pile models
having different section geometries and made of polyethylene
and polyurethane materials. The pile sections are subjected
to two-way, constant displacement amplitude cyclic loading,
and the overall response, such as the pile head load (given
that the displacement amplitude is constant), stiffness of the
pile-soil system, maximum moment, and p—y curves are inves-
tigated for the various cycles.

Faresghoshooni et al. [23] provided load-displacement
model test results measured at the pile head and test data on
changes in stiffness with the number of cycles relevant to the
pile head for various pile cross-sections and moduli of elas-
ticity. The mentioned results involved measurements only at
the pile head. However, in the current study, based on mea-
sured loads and displacements at various depths along the pile
length, changes in stiffness with the number of cycles are de-
termined for various points along the pile length for different
pile cross-section shapes and moduli of elasticity. Changes in
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Fig. 1. Equipment used in the model testing of single piles.

the maximum moment induced in the pile with the number of
loading cycles are also studied and results are shown and dis-
cussed for piles with various cross-section shapes and moduli
of elasticity. It is expected that these results and the relation-
ships derived from this data provide substantial assistance in
formulating design rules applicable to piles subjected to cy-
clic loading for various conditions.

2- Testing Equipment and Setup

Model piles having 65mm wide square, and 65 and
74.2 mm circular sections were tested ina 1 x 1 x 1 m test
tank filled with loose, dry sand placed by raining from a
constant height of 1x1 m raining area. Considering that the
largest dimension of the cross-section of the 880 mm long
model piles was 74.2 mm, a distance of more than six times
this dimension existed between the pile perimeter and the
tank wall to minimize boundary effects. A relatively uniform,
average relative density of 24.4 was achieved for the sand,
which indicates that the sand was in a loose state. The use of
loose sand in the model tests facilitates relating the results of
these tests, which are conducted under low stresses, to the be-
havior of in situ piles, which are subjected to higher stresses.
Considering the dilatancy characteristics of sands, loose sand

subjected to low stresses behaves similarly to dense sand sub-
jected to high stresses.

The lateral loading device was capable of applying loads
at various constant frequencies and constant pile head dis-
placement amplitudes. An inverter was used to adjust the
loading frequency to 0.29 Hz (a period of 3.47 s) and the
displacement amplitude was selected to be constant and equal
to 48 mm and 76 mm for the different experiments. Various
parts of the equipment used for conducting the cyclic lateral
loading tests on the model piles are shown in Fig. 1 and de-
tails of the equipment and testing procedure are provided by
Faresghoshooni et al. [23].

Test data was collected by several displacement sensors
(LVDTs) and load cells mounted at five points selected at
equal depth intervals along the pile length. A load cell was
also used to measure changes in the pile head load during
the constant displacement amplitude loading. A dynamic data
logger was used to record the test data. It allowed ten read-
ings per second and, given the cyclic loading period of 3.47 s,
sufficient data points were recorded during loading to ensure
relative continuity of the test results. A sketch of the pile and
its instrumentation is shown in Fig. 2.
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Fig. 2. A sketch of the instrumentation used in the model testing.

The dry sand used in the test is a local soil known as the
Firoozkuh F161 sand produced by crushing parent rock.
It is uniform fine sand of SP type according to the unified
classification system ASTM D 2487 [24]. Its maximum and
minimum void ratios are 0.931 and 0.58, respectively, and its
mean void ratio D_; is 0.21 mm.

3- Specifications of the model piles

Internal forces and lateral displacements vary along the
length of a laterally loaded pile, with greater changes typi-
cally occurring at shallower depths and smaller changes at
greater depths. Depending on soil and pile properties, depths
up to which greater changes of the mentioned variables oc-
cur vary, and piles in which these changes extend along most
of the pile length are considered to be short piles. Piles may
behave as short, long, or intermediate depending on the soil
stiffness, and the pile moment of inertia, length, and modulus
of elasticity. In the interpretation and application of the re-
sults of the tests conducted in the current study, it is important
to determine whether the tested pile is considered as long,
short, or intermediate so that the test results can be compared
and applied to piles with similar conditions.

The model piles used in the current study were made of
Polyethylene and Polyurethane and their cross-sections were
either square or circular. Table 1 shows the four combinations
of shapes and materials used in the tests conducted in the cur-
rent study.

The same method was used for filling the test tank in all
the tests and a sand relative density of 24.4 may therefore
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be assumed for all tests. The same embedded pile length of
880 mm was also used for all tests. Therefore, differences in
the behavior of model piles were due to differences in the
pile moment of inertia (cross-section shapes and dimensions)
and the pile modulus of elasticity (pile material stiffness), the
combination of which constitutes the pile flexural rigidity.

Matlock and Reese [25] indicated that piles may be con-
sidered as long (flexible) if L5 and short (rigid) if Loy
where L is the pile length and T is its characteristic leggth
defined as:

T =522 (1)

In which E and I are the modulus of elasticity and mo-
ment of inertia of the pile section, respectively, and their val-
ues depend on the material, size, and shape of the pile cross-
section, and p i is the soil reaction modulus whose value for
loose dry sand ranges from 1800 to 2200 kN/m? according to
Matlock and Reese [25].

To determine the L/T ratio of the piles in various cases,
the modulus of elasticity of the pile material should be ob-
tained. This was done by conducting special tests on cantile-
ver beams made of the pile material and measuring the beam
deflection caused by loading it at its two ends as shown in
Fig. 3.
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Table 1. Specifications of sections of the pile models.

L
T for Ny (min) = 1800-

Test Cross- Material Width or Moment of Section

No. section Diameter(mm) inertia (m*) code 2200
1 Square Polyethylene 65 1.49E-06 Sqr65 3.18-3.31
2 Circular Polyethylene 65 8.76E-07 Circ65 3.54-3.68
3 Circular Polyethylene 74.2 1.49E-06 Circ74.2 3.18-3.31
4 Circular Polyurethane 65 8.76E-06 Circpu65 6.12-6.37
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Fig. 3. Cantilever beam test setup used to obtain piles elastic moduli

Following the application of the point loads at the two
free ends of the beam, the vertical deflection 6, in the middle
of the beam span was measured. This deflection is related to
the other parameters shown in Fig. 3 according to the follow-
ing relationship:

5 WLa
S8EI

)

In the above equation, E is the modulus of elasticity of the
material, and the values of a, L and W may be determined as
shown in Fig. 3. By using different values of load and plotting
the measured values of 6 vs the applied loads W, the slope of
the plot, which represents the pile stiffness (x ") was de-
termined and substituted in Eq. (2) to obtain the fhodulus of
elasticity of the material.

Based on the results of the tests, moduli of elasticity of
Polyethylene and Polyurethane were determined to be 1.96
and 0.126 GPa, respectively. Using the moduli of elasticity
and dimensions of the model piles, flexural rigidities of the
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piles and their behavior types were obtained. Considering
the maximum and minimum values of 7, recommended
by Matlock and Reese [25] for the sand tested as indicated
before, characteristic length T values ranging from 0.239 to
0.277 m for the Polyethylene piles and from 0.138 to 0.144
m for the Polyurethane piles were obtained. Based on these
results, ratios of L/H for the model piles were calculated as
shown in Table 1. For the piles made of Polyethylene, this ra-
tio ranged from 3.18 to 3.68 and these piles are therefore con-
sidered as having an intermediate length. For the pile made of
Polyurethane, L/H values of 6.12 and 6.37 were obtained and
this pile is therefore considered as being a long pile according
to the Matlock and Reese [25] criteria.

It is noted that the mentioned designations of the tested
piles as intermediate and long piles were obtained using val-
ues of reaction modulus applicable to the initial density of the
soil, but this value may change upon cyclic loading due to
densification of the surrounding soil. However, considering
Eq. (1) and the values of the reaction modulus of denser sand,
subsequent changes in this modulus are not expected to affect
the designation of piles used in the current study.

4- Testing Method

Details of the testing procedure are provided by Faresgho-
shooni et al. [23] in which, the application of the two-way,
constant displacement amplitude loading to the pile head is
described in detail. Using the results of these tests, effects
of the number of loading cycles, section shape, section di-
mensions, and pile modulus of elasticity on the soil-pile stiff-
ness, soil pressure, maximum induced moment along the pile
length, etc. were studied.

For each test, variations of pile head lateral load and dis-
placement, and soil pressures and pile displacements at four
locations along the pile length were recorded during loading.
Using the data collected, changes in the soil-pile lateral stiff-
nesses, displacements, pressures, moments, and shear forces,
and the p-y curves along the pile length were determined. All
tests were conducted at a frequency of 0.29 Hz, which is con-
sidered slow and sufficiently low to prevent dynamic effects
in the soil [26].

A pile may be subjected to approximately 107 loading cy-
cles during its lifetime. Applying a large number of cycles is
usually difficult and it is therefore common to carry out tests
with a limited number of cycles and extrapolate the results
for the numbers desired. In the current study, the number of
cycles was limited to 145. The lateral displacement ampli-
tude of the pile head is y_-4g8 mm, which is at least 657 (
Lo 38 os ) of the pile’s largest dimension.

It 1s noted that the purpose of the current laboratory mod-
eling is to analyze and compare behaviors of piles having dif-
ferent section geometries and elastic moduli rather than ob-
tain values applicable to full-scale conditions. In this respect,
the various section geometries and pile materials shown in
Table 1 are used to compare the behavior of piles having
different cross-sections and materials. A comparison of the
behavior of circular and square piles with the same width
and modulus of elasticity can be made by comparing results
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for sections Circ65 and Sqr65; a comparison of circular and
square piles with the same flexural rigidity and modulus of
elasticity can be made by comparing results from sections
Circ74.2 and Sqr65, and comparison of circular sections with
the same dimensions but with different moduli of elasticity
can be made by comparing results from sections Circ65 and
Circpub5.

5- Test Results
5- 1- Pile Moment profiles

The profile of induced moments along the pile length may
be determined using the lateral displacement data (deflec-
tion curve) obtained from the measurements made at the five
points along the pile length. Variations of the moment at any
time during the tests may be calculated by differentiating the
deflection curve twice.

Fig. 4 shows the profiles of moments at maximum lateral
displacement along the pile length after a selected number
of loading cycles is applied to the four pile sections tested.
It may be seen that the profile of moments along with the
pile initially increases relatively faster with the increase in
the number of loading cycles, especially at the approximately
210mm and 570 mm depths, where the maximum positive
and negative moments develop. The location of the maxi-
mum bending moment is at about z=210 mm, which corre-
sponds to (2.8D) for Circ74.2 and (3.2D) for Sqr65, Circ65,
and Circpu65. It may also be noticed that the maximum posi-
tive and negative bending moments along the pile lengths are
very similar for the Circ74.2 and Sqr65 piles with the same
flexural rigidity despite their different widths. However, the
Sqr65 and Circ65 piles with the same width experience dif-
ferent maximum moments with the lower maximum mo-
ments induced in the circular section. On the other hand, the
Circpu65 section experienced very low maximum moments
due to the much smaller flexural rigidity despite its having
the same section shape and width as the Circ65 section pile.

5- 2- Changes in the normalized maximum moment with the
number of cycles

To examine changes in the pile maximum moment with
the number of cycles for each test, variations of the maxi-
mum moment at the various loading cycles normalized to the
maximum moment at the first cycle are calculated and plotted
for various numbers of cycles as shown in Fig. 5. The figure
shows the relationship between the 2= ratio with the num-
ber of cycles for the various pile sectitils. M maes and M .y
are the maximum moments of the pile head in the first and N*"
cycles, respectively.
Fig. 5 shows that the normalized maximum moment
increased with the increase in the number of loading cycles.
Comparison with results reported by Faresghoshooni et al.
[23] and those shown later in this section indicate that the
degree of increase was less significant for the normalized
moment compared to the pile head lateral load and stiffness
of the pile-soil system. This finding is similar to that found by
Garnier [27] and Chiou et al. [22].
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A. Faresghoshooni and S. M. R. Imam, AUT J. Civil Eng., 5(4) (2021) 643-656, DOI: 10.22060/ajce.2021.19518.5739

----- Circ74.2

12 = Circ65

Mmax,N/Mmax,1
[,

0 20 40 60

Sqre6s

= - - Circpu65

80 100 120 140 160

Number of cycles, N

Fig. 5. Normalized maximum moment versus loading cycles.

Although all the pile sections were subjected to the same

value of lateral displacement amplitude, Y., the increase in
the maximum moment of the pile-soil system is seen to be
influenced by the geometry and modulus of elasticity of the
pile cross-section. From the plotted curves, it is shown that
the maximum moment induced in the different pile sections
at the end of the 145th cycle is 1.11 to 1.18 times greater
than the maximum moment induced in the pile in the first
cycle. This is equivalent to increases in a maximum moment
of 11 to 18% due to the applied cyclic loading. These results
indicate that the greatest increase in the normalized maxi-
mum moment occurred in the Sqr65 section and the least oc-
curred in the Circpu65 section. The results also indicate that
the normalized maximum moment of the Sqr65 and Circ65
piles having the same material and width (diameter) and mo-
ment of inertia ratio of 1.7 are 1.19 and 1.17, respectively.
In other words, at the end of the cyclic loading, the increase
in normalized pile maximum moment for the square section
is about 2% greater than that of the circular section despite
the relatively large difference in their moment of inertia (and
therefore, their flexural rigidity).
On the other hand, for the Sqr65 and Circ74.2 piles having the
same flexural rigidity and different widths, the normalized
maximum moment values after 145 cycles are 1.19 and
1.18 respectively, indicating that the sections with the same
flexural rigidity but different widths have a similar normalized
maximum moment (about 1% greater increase in the square
section) at the end of the cyclic loading. This indicates that
the percent increase in maximum moment of the pile in loose
sand during cyclic loading of piles made of the same material
depends more on the moment of inertia (or flexural rigidity)
of their section than on the pile width.

650

Comparison of results for the circular Circ65 and Circpu65
piles with a modulus of elasticity (and flexural rigidity) ratio
of 15.55 and the same width and section moment of inertia
shows that their normalized maximum moment after 145
loading cycles are 1.17 and 1.11, respectively, a difference of
about 6%. This indicates that for piles with the same section
shape and size but made of a material with different moduli of
elasticity, the increase in the normalized maximum moment
is greater for the pile with the greater elastic modulus (and
flexural rigidity).

A comparison of the maximum moment increases for the
three pairs discussed before indicates that the “increase” in
the maximum induced moment in the piles due to cyclic load-
ing depends mainly on the pile flexural rigidity EI (i.e., the
product of moment of inertia and modulus of elasticity) rather
than the section width, modulus of elasticity, or moment of
inertia alone.

5- 3- Relationship of the normalized maximum moment with
the number of cycles

In the displacement-controlled loading system used in this
study, the following logarithmic relationship may be used for
the variation of the ratio of the maximum moment in the N*
cycle to that in the first cycle, with the number of cycles:

Mo _ 14 epn (V)
max,l

(€)

In which N is the number of cycles and c is a fitting param-
eter showing the rate of increase. By fitting the normalized
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Fig. 6. Comparison of changes in the normalized maximum moment with the number of cycles obtained
from tests with those from the proposed relationship for the various pile sections.
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Fig. 7. Definition of the soil-pile stiffness obtained from a loading cycle.

maximum moment curves shown in Fig. 5 to Eq. (3), values
of the parameter c for pile sections Sqr65, Circ74.2, Circ65,
and Circpu65 are determined to be 0.038, 0.035, 0.034, and
0.023, respectively. A comparison of the fitted curves with the
measured data is shown in Fig. 6. A comparison of the fitting
parameters indicates that both the pile section geometry and
modulus of elasticity affect the increase in the maximum mo-
ment due to cyclic loading rather than the width (or diameter)
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of the pile section, as indicated before.

5- 4- Variation of subgrade stiffness with the number of cycles
To investigate the lateral subgrade stiffness changes of the
pile-soil system at different depths, the lateral subgrade stiff-
ness of the pile-soil system in a cycle is defined here as the
slope of the line passing through the minimum and maximum
points on the load-displacement loop as shown in Fig. 7.
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Based on the variations of the loads exerted on the pile,
as measured at the locations of the load cells installed along
the pile length, and the pile lateral displacement at those lo-
cations, the soil-pile stiffness curves were built at different
depths in each test. Since the contact area between the load
cell surface and the soil is constant and equal to 4 cm?, the
measured loads at various depths can be converted to pres-
sures by dividing them into this contact area, and the ratios
of pressure to displacement, which is the soil lateral subgrade
reaction at that depth, can be determined. Therefore, varia-
tions of the stiffnesses discussed here also indicate the varia-
tions of lateral subgrade reaction of the soil at those depths.

Using the load-displacement curves obtained from the
various tests, changes in stiffness during the loading cycles
at different depths were determined. In Figs. 8 toll, the
stiffness changes of the pile-soil system with the number
of loading cycles for the different pile sections were nor-
malized by dividing them by the stiffness of the pile-soil
system in the first cycle. Similar to the behavior shown by
Faresghoshooni et al. [23] for the pile head, the stiffness
at depth below the soil surface increased with the increase
in the number of loading cycles for piles Sqr65, Circ74.2,
and Circ65. The curves indicate that at depths of 200 mm
to 600 mm below the soil surface, the stiffness increased
significantly, but for the depth below 600 mm, its increase
was insignificant.

Comparison of results shown in Figs. 8 to 10 confirms
that the rate of increase in stiffness with the number of load-
ing cycles is greatest in Sqr65, followed by Circ74.2, and

1.8

z=-200 mm (2.7D)
— —2z=-600 mm (8.1D)

then Circ65. This may be due to the larger volume of soil in
front of the pile being displaced and compacted (densified) in
the square pile, followed by the circular pile with the higher
diameter and then the pile with the lower diameter. The final
increase in stiffness due to cyclic loading is also highest for
Sqr65, for which a 70% increase in stiffness occurred at 200
mm depth below the soil surface at the end of the test. On
the other hand, Fig. 11 shows that the pile with the smallest
section modulus, the Circpu65, has experienced the smallest
increase in stiffness at all depths, with less than 30% increase
in stiffness at 200 mm depth below the soil surface. Com-
parison of stiffness changes with the number of cycles shown
in Figs. 8 to 11 indicate that the rate of stiffness increase is
higher in the initial loading cycles, and the rate of increase
gradually decreases with the increase in the number of cycles.
A clear change in the rate of increase occurs after about 40 to
60 loading cycles, after which this rate decreases significantly
or reaches about zero, where further cyclic loading does not
increase the stiffness anymore. This stage is reached earlier
in the piles with the smaller section modulus such as the Cir-
cpub5 pile.

Figs. 8 to 11 can also be used to examine the rate of in-
crease in stiffness with the increase in depth below the soil
surface. All figures indicate that the final increase in stiffness,
which occurs at the end test, decreases with the increase in
depth below the soil surface. This is likely because of the
decrease in amplitude of displacement during cyclic loading
with depth, and the resulting decrease in soil densification at
greater depths.

= = —=7z=-400 mm (5.4D)
— - - z=-800 mm (10.8D)

Normalized stiffness

80 100 120 140 160

Number of cycles, N

Fig. 8. Stiffness changes in the Circ74.2 section at various depths below the ground surface.
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=200 mm (3.1D) - — —2z=-400 mm (6.2D)

— —7=-600 mm (9.3D) — - - z=-800 mm (12.4D)

1.8

Normalized stiffness

0 20 40 60 80 100 120 140 160
Number of cycles, N

Fig. 9. Stiffness changes in the Sqré5 section at various depths below the ground surface.

z=-200 mm (3.1D) — — —z=-400 mm (6.2D)
— —7=-600 mm (9.3D) — - - z=-800 mm (12.4D)

1.8

1.7

Normalized stiffness

160

Number of cycles, N

Fig. 10. Stiffness changes in the Circ65 section at various depths below the ground surface
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— —7=-600 mm (9.3D) — - -

dimensionless form and it is expected that the trends and gen-
= = =2z=-400 mm (6.2D)

z=-800 mm (12.4D)
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Fig. 11. Stiffness changes in the Circpu65 section at various depths below the ground surface.

5- 5- Depth of influence of various pile sections

An important aspect of pile behavior is its depth of influ-
ence, the depth below which the pile is no longer affected by
the displacements or loadings that occur at shallower depths.
Various researchers have reported different depths for the
zone of influence, as a function of pile diameter, D. A value of
2.63D was reported by API [2], 4D by Reese, Cox, and Koop
[1], and 5D by Garnier [27], and 7.5D by Chiou et al. [22]. It
seems likely that this depth is also affected by soil density and
pile stiffness, in addition to pile diameter.

From the test results shown, it was found that the men-
tioned depth of influence zone was about 8.1D for Circ74.2,
9.3D for Sqr65 and Circ65, and 6.2D for Circpu65. These
differences in the influence zone may be due to the difference
in the relative stiffness of the soil and pile. In general, the
depth of the influence zone will be related to the depth range
at which the pile exhibits its major response. For a pile-soil
system, the major response of the pile is related to the char-
acteristic length of the pile-soil system. According to Chiou
and Chen [28] and Chiou et al. [22], the characteristic length
is a function of the pile diameter and the modulus ratio of pile
and soil. A larger pile diameter and a greater ratio of modulus
of the pile to the soil will result in a deeper zone of influence
for the pile-soil system.

5- 6- Application of test results to full-scale piles

In the model tests conducted in the current study, the size
of the pile and stresses in its surrounding soil were signifi-
cantly smaller than those of full-size, prototype piles. Results
discussed in previous sections were presented in normalized,
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eral forms of variations obtained in the current study are also
applicable to prototype, in-situ piles. However, numerical
values of the parameters obtained for the proposed relation-
ships may not be the same as those that may apply to full-
scale conditions. Numerical values of such parameters appli-
cable to in-situ conditions can be more accurately obtained
from results of full-scale tests that are not easily carried out.
Nevertheless, some guidelines in applying model test results
to full-scale conditions using scaling effect considerations are
briefly provided here. The reader is referred to relevant refer-
ences such as that of Wood [29] for further details.

If results obtained from the current study are to be applied
to an in-situ pile with dimensions N times greater than those
of the model pile, a variable obtained from the model tests
should be multiplied by an appropriate factor, which depends
on the parameters affecting that variable, to convert it to a
value relevant to the full-scale condition. For example, stiff-
ness in the small strain range may be considered to primarily
depend on the square root of ambient stresses in granular soils
[29]. In model tests, stresses are N times smaller than in-situ
conditions. Therefore, small strain stiffness in in-situ condi-
tions is approximately proportional to N times the stiffness
obtained from model tests. For medium strains, both stress
and void ratio (density) affect stiffness; and, the combined
effects may be taken into account using the concept of “state
parameter, y” defined as the difference between the current
void ratio and the void ratio at a critical state for the same
mean effective stress. It is well known that soils having the
same state parameter behave similarly and, therefore, looser
soils subjected to low stresses behave similarly to denser soils
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subjected to high stresses. This implies that to represent in-
situ soils that are subjected to stresses higher than those in
model tests, the void ratio in the model tests should be higher
than that of the in-situ soil.

If the ratio of the model test to in-situ stresses is M, and the
slope of the critical state line in the void ratio vs. logarithm
of the mean effective stress plot is 1, the difference in the void
ratio of the soil used in the model tests and that of the in-situ
soil should be Dt =11nM. For example, for a pile with dimen-
sions 20 times larger than the model pile (N = 20), stresses in
the model test are 20 times smaller than in-situ stresses and
M = 1/20. For a 1= 0.03 for the tested Foroozkooh sand, the
void ratio of the sand used in the model tests should be 0.09
higher than that of the in-situ soil. Considering the difference
of 0.351 between the maximum and minimum void ratios of
the tested sand as indicated in section 2, the sand with D_=
24.4 used in model testing may be considered as representing
an in-situ soil having a relative density of 0.256 greater than
the tested soil, or soil with D, = 50%. Similar analogies can be
made for piles with dimensions having other ratios compared
to the model pile, and for other studied variables.

6- Conclusion

Two-way cyclic lateral loading tests on model piles hav-
ing different section geometries and material types were con-
ducted in the current study. A total of four tests with a con-
stant displacement amplitude of 48 mm were performed in
test tanks filled with loose sand. A loading frequency of 0.29
Hz and a total number of loading cycles of 145 were used in
all the tests. The following general conclusions may be de-
rived from the results of the current study:

e  The normalized maximum moment at the pile shaft
at the 145" cycle for piles with various section geometries
and elasticity moduli varied from 1.10 to 1.18 times the val-
ue obtained in the first cycle. An increase in the normalized
maximum moment with the number of cycles may be shown
by a logarithmic relationship and is greater for the pile with
greater elastic modulus. The rate of increase was found to
be higher during the first approximately 40 cycles and after
about 100 cycles, it became very small or non-existent. Dif-
ferent rates of increase were observed for the various section
geometries and elasticity moduli.

e  For square and circular piles with the same width
and diameter and elastic modulus, increases in normalized
soil-pile stiffness at various depths and also in a maximum
moment due to cyclic loading were greater for square piles
compared to circular piles. This may be due to the larger
volume of densified sand per unit pile width and the greater
increase in density of the sand surrounding the square pile
compared to the circular piles.

e  Similar to the pile head behavior reported previously
[23], at 200 mm to 600 mm depths below the soil surface, the
pile-soil stiffness also increased with the number of cycles,
but the rate and amount of increase were smaller at greater
depths and higher cycle numbers. At depths greater than 600
mm, stiffnesses increased insignificantly with an increase in
the number of cycles. The maximum depth of the influence

zone for the subgrade stiffness varied from 6.2D to 9.3D be-
low the soil surface for the piles with various section geom-
etries and elastic moduli. Piles with larger diameters and ratio
of the pile to soil modulus had deeper zones of influence.
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