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Abstract

The established foundation type for most offshore wind turbines is monopile. Due to waves
and wind, the monopile of such structures experiences cyclic loading that causes the
rearrangement of the soil grains around the pile, altering the damping ratio and stiffness of the
soil-pile system. In this study, the impact of changing the loading frequency and soil density
on the horizontal displacement, stiffness, and damping ratio on piles under cyclic lateral load
has been evaluated. A series of experimental tests have been carried out by applying one-way
cyclic lateral loading with three frequencies on PVC piles with different length-to-diameter
(L/B) ratios in loose and dense sand. The horizontal displacement, stiffness, and damping ratio
values were obtained for each test. Also, the constant coefficients of equations proposed by
other researchers (to determine deformation, stiffness, and damping ratios) were evaluated.
The results are presented that the change of loading frequency has a considerable influence on
the absolute values of displacement, stiffness, and damping ratio, however, it has a negligible

effect on constant coefficients.
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1. Introduction

Vast developments have been made during the last decades in offshore wind turbines,
fulfilling an essential role in reducing carbon dioxide levels [1]. These types of structures are
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commonly established on single monopole piles [2]. The cyclic loads applied to the
foundation of offshore structures are principally caused by wind and waves. The number of
cyclic loads is usually more than one million during their lifetime. The responses of these
structures can be categorized into four types: elastic, elastic shakedown, plastic shakedown,

and ratcheting behavior [3].

Soil-pile system degradation occurs during cyclic loading, consisting of ‘material’ and
‘mechanical’ degradation [4]. Material degradation is the consequence of changes in soil
properties like density and pore pressure. In contrast, mechanical degradation results from soil
yield occurring along the pile or by gaps developing between the soil and pile [5]. Figure 1
depicts the three states of soil behavior subject to cyclic loading concluded from experimental

and numerical research, including progressive failure, stabilization, and shakedown [6, 7].

Insert Figure 1

The shakedown state develops during accumulated plastic strains, decreasing with the
number of cycles, leading to material stabilization (i.e., only elastic deformation occurs) [8].
The cyclic load applied to the pile may be one- or two-way, symmetrical or asymmetrical, and

induced by load-controlled or displacement-controlled modes [9].

It is well known that the cyclic lateral load on the pile leads to an accumulation of permanent
displacements with the number of load cycles [10-13]. The rate of permanent accumulation
deformations tends to diminish with the number of cycles [14]. The secant stiffness is usually
greater than the initial stiffness and grows with each cycle [15]. Figure 2 depicts the two types
of stiffness defined in the literature: absolute (ka) and cyclic (kc) secant stiffness [16].

Insert Figure 2

Some researchers have reported that monopile cyclic secant stiffness increases with the
number of cycles [11, 17-19]. Furthermore, the cyclic stiffness dramatically increases in the
first few cycles [20], so that 90% of the growth is acquired in the first 20 cycles [21].
However, a decrease in cyclic stiffness has been observed under specific cyclic loadings [22-
24]. The cyclic stiffness of the system largely depends on the magnitude and characteristics of

the applied cyclic displacement [25].

The influence of frequency on dry sand seems to be negligible when the range of loading
frequency is less than 1 Hz [16]. According to the drained cyclic simple shear test with a

frequency below 1.9 Hz, no dependence was observed between the rate of accumulated



displacement and frequency [26]. Also, this phenomenon was reported due to the effect of the
load frequency on the residual strains in the drained cyclic triaxial test on ballast with a
loading frequency between 0.1 and 30 Hz [27]. In contrast, some researchers showed that the
behavior of soil tends to become stiffer at higher loading rates, [28] i.e., the pile head
displacement increases with an increase in frequency (0.45, 0.65, and 0.94 Hz) for the same
number of cycles [29].

In general, the damping of the foundation-structure system is entirely dependent on the
structural vibrations [30]. The damping of wind turbine structures involves the combination of
hydrodynamic damping, aerodynamic damping, tower oscillation dampers, structural
damping, and soil damping [31], among which soil damping is most influential yet cannot be

easily estimated [30].

Soil damping falls into three categories: radiation damping, material damping, and pore-
pressure dissipation. Although elastic wave propagation generates radiation damping within
soil mass with a relatively high load frequency (f > 1Hz), the damping of material is affected
by the soil hysteretic phenomenon, corresponding to the dissipation of energy by the soil.
Finally, damping results from pore-pressure dissipation if the pile is installed in coarse
materials with high permeability [32, 33].

The published research cited herein focused mainly on the deformation behavior of piles
under cyclic lateral loading, yet comprehensive studies have not been dedicated to the
influence of frequency variations on the soil properties. This research gap encouraged the
authors to investigate the response of piles under cyclic lateral load. In this study, a cyclic test
program has been arranged to evaluate the impact of changing the loading frequency and soil

density on the horizontal displacement, stiffness, and damping ratio.
2. Materials
2.1 Soil

Offshore wind turbines are installed in a wide range of soil conditions and various layers,
ranging from dense sands to stiff clays, rocks, and layered soils. For example, the soil layers
in the typical marine strata of the North Sea consist of sandy and coarse media [34]. This

paper focuses on the response of piles in granular materials [19, 35].



The soil used in this investigation was Firoozkooh sand, with its grain size distribution
being depicted in Figure 3. Table 1 represents other soil specifications, classifying it as poorly
graded sand (SP).

Insert Figure 3

Insert Table 1
2.2 Pile
PVC pipes with embedded lengths of 400, 600, and 800 mm were used as the piles. A
variety of length to diameter ratios (L/B) were adopted to cover the behavior of both short and
long piles based on the relative stiffness of the soil-pile system. The mechanical

specifications of the PVC pipe are summarized in Table 2.
Insert Table 2
3. Experimental setup
3.1 Sample preparation

A new raining system designed and developed at the Soil Mechanics Research Center of
Ferdowi University, was employed to fill the reservoir tank. This system, which has been

fully described in detail elsewhere [36], can create a sand bed with a specified density.
3.2 Test setup and loading system

Figure 4 depicts the schematic diagram of the test setup, including loading systems, the soil
tank, the data logger, and the terminal box. The soil tank had a rectangular shape with 1200
mm in length, 600 mm in width, and 1000 mm in height. To minimize the boundary effects,
the size of the soil tank was taken equal to 8B-12B and 3B-4B in the direction of the lateral

load application and perpendicular to this direction [37].

The loading system comprised a servo motor, ball screw, rail, wagon, support bearing, and a
load cell with 2 N accuracy placed between the rod and pile (Figure 4). The load eccentricity
was kept constant at the height of 350 mm (e=5.5B) relative to the soil surface. This
eccentricity fell between approximately 2B and 25B, which some researchers recommend for

offshore structures subjected to wind and wave loads [38].

Two series of instruments were employed to measure pile deformation. As the first series,
three linear variable differential transformers (LVDTs) were installed at different levels,

including the soil surface, the point of load application, and 10 cm beneath this point. These



LVDTs measured the horizontal displacement of the pile. As the second series, eight
mechanical gauges were installed outside of the reservoir tank at the depths of 200 mm, 400
mm, 600 mm, and 800 mm (Figure 4). These gauges, which were connected to the pile by
flexible wires, were passed through the holes created on the soil tank. They were used to

specify the behavior of the pile as flexible or rigid.

Once the tank was filled, the electrical gauge and loading system were positioned on the soil
surface and connected to the pile to measure the surface lateral displacement. The raining
system was utilized to prepare the soil samples with two relative densities of 24% and 97%,
corresponding to the unit weights of 13.8 and 15 kN/m®, respectively (see Table 3).

Insert Table 3
3.3 Test program and procedure

In the present study, the ultimate static capacity of a pile under horizontal load was derived
from the load-displacement curve when the pile head movement reached 0.1B. In this manner,
ultimate capacities were assessed for all piles (monotonic tests in Table 4). The one-way
cyclic loading (& =0) tests were conducted while keeping the cyclic load ratio constant
(&,=0.4) for different soil densities and different embedded lengths of piles. The non-
dimensional parameters, & and &, were defined as follows [11]:

& = (Maximum load)/ (Ultimate static capacity)
& = (Minimum load)/ (Maximum load)

The number of loading cycles was 5000 with three different frequencies (0.07, 0.14, and
0.28 Hz) for all experiments. The loading frequencies adopted in this research were in the
range of 0.05-0.3 Hz, which typically occur during the lifetime of offshore structures [6]. It is
worth mentioning that the frequency of cyclic loading of soils is classified between 0 to 1 Hz
[39]. The range of typical loads and excitations of an offshore wind turbine is between 0 to
0.5 Hz [40]. Corresponding to the frequency of offshore waves, Abadie set the loading
frequency in an experimental investigation at 0.106 Hz [41]. The cyclic load ratio (§,=0.4) has
been kept constant, therefore, the maximum load in each cycle is constant. The amplitude in
each cyclic test is the maximum load (Hmax). Amplitudes of cyclic lateral loads have been

presented in Table 4.

Each experiment was assigned a unique code as L*f*H or L*f*L. The letter L and f,

followed by a number, represent the embedded length (in cm) and loading frequency (in Hz),
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respectively. The letters H and L at the end of the number indicate the soil density as high
(97%) or low (24%) (Table 3). For example, L60f0.07H indicates that the embedded length of
the test pile, loading frequency, and soil density (D;) were 600 mm, 0.07 Hz, and 97%,

respectively. The details of the performed experiments are presented in Table 4.
Insert Figure 4
Insert Table 4
4. Scale effects

Small-scale pile models are preferred in the laboratory because full-scale models are not
always feasible due to the high cost and time consumption. Alternatively, small-scale
experiments can suffer from scaling effects which should be minimized to ensure that the
observed behavior can be extrapolated to predict the full-scale behavior. In this manner all test
results have been expressed in non-dimensional form, as shown in Table 5, to enhance the

applicability in practice [11].
Insert Table 5

Progressive failure in test models is related to the grain size [42], and it is often
recommended that the pile model diameter (B) to particle size (dsp) ratio should be above 40
[43]. This ratio was about 90 for the soil used in the current study, indicating the effect of this
scale on the experimental results would be negligible. In other investigations, length to
diameter ratios of 4, 5, 7, 10, 18, 20, 28, 30, and 38 were used with scaling factors of 1:14,
1:26, 1:30, 1:40, 1:40, 1:50, 1:80, and 1:100 [11, 16, 35, 44, 45]. In the present study, L/B
ratios between 6 to 13 and the scaling factor of 1:60 was selected for simulating a single pile

in the practical situation with different lengths of 24, 36, and 48 m and a diameter of 3.8 m.

Cuéllar (2011) [16] has employed the scaling rules for all physical quantities as summarized
in Table 6 [16, 46].

. Insert Table 6
Based on Table 6, the main dimensions of the study for the prototype and the laboratory

model have been shown in Table 7.
Insert Table 7



5. Results and discussion
5.1. Accumulated displacement

Figures 5-7 represent the test results of the pile subjected to the cyclic lateral loading with
the embedded lengths of 400 mm, 600 mm, and 800 mm at different load frequencies and soil
densities. The pile's horizontal displacement comprises the pile and soil deformation around
the pile, which consists of elastic and plastic displacement from a loading cycle. The tests
demonstrated that in a specific cyclic loading number (N), the higher loading frequency
resulted in more pile head displacement than the lower loading frequency. Also, the rate of
increasing pile displacement under cyclic loading was more in dense sand than loose sand.
The piles with the embedded lengths of 600 mm in loose and dense sand behaved as rigid and

flexible piles, respectively.
Insert Figure 5
Insert Figure 6
Insert Figure 7

The pile head horizontal displacement under cyclic lateral loading can be predicted by the
following approaches: logarithmic and power functions [47, 48].

Yo _14bIn(N) L)
Yq

Yo _ya

Yo _ 2
. (2)

In this case, y; and y, are the first and N™ lateral displacements under load cycles. Also, b
and a are the constant parameters of the logarithmic and power models. Tables 8 and 9
summarize the magnitudes of b and a, which depend on many factors such as the soil density,

installation method, cyclic load ratio, pile/soil stiffness ratio, and load characteristics [49-55].
Insert Table 8

Insert Table 9



Based on the experimental results of the pile head accumulated displacement, both
logarithmic and power models (see Equations 1 and 2) were employed to fit the measured
displacement. The values of b and a determined in this manner for all tests and their
results are gathered in Table 10. As an example, this approach was adapted for a pile with 600

mm length, embedded in the dense sand (Figures 8).
Insert Figure 8
Insert Table 10

The magnitudes of b and a for flexible and rigid piles with different lengths, soil densities,
and load frequencies were in the range of 0.03 to 0.2 and 0.03 to 0.12, respectively (see Table
11). The results show good agreement with other researchers' findings for these parameters
(Tables 8 and 9).

Insert Table 11
5.2 Stiffness

It is well known that the stiffness of the soil-pile interaction depends on the number of load

cycles. It is represented as follows [56]:
(kaN /kal) = Nit (3)

where k; and ky are the absolute cycle secant stiffness values corresponding to the first and
N™ cycles, respectively, and t is a constant parameter equal to a for rigid piles as defined in
Equation 2 [10]. The test results under one-way horizontal cyclic loading with up to 5000

cycles persuade us to recommend t=a for all types of piles with different conditions.

The dimensionless stiffness is defined for the soil—pile system by Equation 4:

P S (4)
B./¥'LP,

where Pg, L, »', and B are reference stress, embedment length, soil density, and pile

diameter, respectively. This equation can be employed for cyclic stiffness evaluation
(Equation 4).



The non-dimensional unloading stiffness (RUN) of the model piles under one-way horizontal

cyclic loading is defined in Figure 9, and it can approximately be estimated as follows [11]:

lzuN :k\ul+AH In(N) (5)

A

where K, and Ay are the dimensionless unloading stiffness at the first cycle and a constant

coefficient, respectively.
Insert Figure 9

The value of Ay was computed by gathering all test results, after which Equation 5 was fitted
into the data (see Figure 10-13). Table 12 summarizes the magnitudes of Ay and the
coefficient of determination (R?). Based on experimental research, Leblanc et al. concluded
that AH is independent of load characteristics and relative density [11]. However, some
researchers (e.g., Chen et al.) believe that this parameter is highly dependent on the relative
density of soil. Also they showed there is no apparent correlation with the cyclic ratio [44].
Our test results revealed that the constant Ay is a function of pile length, soil density, and load
frequency in both stiff and flexible piles. The data of Table 12 are classified in Table 13
according to different load frequencies and densities. The variations of Ay in different load
frequencies and densities are dependent on the soil compaction, resulting from the sand

particle subsidence around the pile.
Insert Figure 10
Insert Figure 11
Insert Figure 12
Insert Figure 13
Insert Table 12
Insert Table 13
5.3 Damping ratio

It is well known the evolution of hysteresis loop can be explained by the loop area, which is
directly proportional to the soil damping ratio. This issue is presented in the non-dimensional

form and represented as follows [41]:



= A f P, (6)
Awys - B L77/r3

Figure 14 displays the typical pile response to one-way continuous long-term cyclic loading.
In the following section, selected cycles are shown to emphasize the evolution of the
hysteresis loop shape and pile accumulated deformation with the number of cycles. The test
results depicted in Figures 15 to 22 clearly indicate the loop shape tightening with an
increasing number of cycles, which follows an exponential decay pattern:

Ay ey =A N ™ (7)

N (hys)

where A, is a dimensionless function of the load magnitude and my is a power coefficient
[41]. To estimate parameter ma, the variations of the normalized hysteresis area were plotted
in terms of the number of cycles for each test, and Equation 7 was fitted to the test data. This
procedure, which was employed for all tests, is depicted in Figure 23 for loose sand. Table 14

summarizes the values of my, indicating an average mp value of 0.29.
Insert Figure 14
Insert Figure 15
Insert Figure 16
Insert Figure 17
Insert Figure 18
Insert Figure 19
Insert Figure 20
Insert Figure 21
Insert Figure 22
Insert Figure 23

The pile subjected to cyclic horizontal loading undergoes two phases of densification and
convection. The densification phase starts from the first loading cycle, and a rearrangement
among soil particles occurs due to lateral pile displacement, leading to soil compaction. It is

well known that densification generally leads to the soil stiffening around the pile, which may
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produce significant variations in the cyclic behavior of the foundation in the long term [57].
This behavior, which depends on the soil and pile conditions, results in the shakedown and
ratcheting states [3]. The second phase commences when the soil reaches the maximum
possible density. During this phase, a ratcheting deformation occurs in the soil particles based
on the cyclic lateral movements of the pile (see Figure 24) [16, 58]. It is important to
emphasize that both convective grain migration and densification take place simultaneously.

According to the tests depicted in Figures 15 to 22, the pile reaches the ratcheting
displacement in loose sand more quickly than the dense one.

Insert Figure 24

The damping ratio as a non-dimensional parameter is generally employed to measure
dissipation of energy. This parameter is specified as the ratio between the energy which has

been dissipated during one cycle over the total elastic energy, i.e.[58]

D _i%

a Ar Ae| (8)

where Anys is the dissipated energy or sum of the energy consumed due to both hysteretic and
ratcheting behavior, approximated by the loop area. In Figure 25, the area enclosed by the
reload-unload loop is shown as highlights within the gray surface. Accordingly, Ag is the
stored elastic energy, which is defined by the upper triangle from the mean load to the

maximum load amplitude (hatched area, Figure 25) [59].

The cyclic damping ratio can be calculated as follows [41]:
Do =DgN o )

where Dy is the first loop damping ratio, and mg is a constant coefficient estimated by

experimental tests. The damping ratio calculated for each of our tests and for loose sand is
depicted in Figure 26 in terms of the number of cycles. It is possible to estimate mqy by fitting
Equation 9 to the damping ratio calculated in Equation 8. The magnitudes of my are
summarized in Table 14. Also, the range of D, reported in Table 15 is comparable with the
results of other investigations. For instance, Abadie et al. estimated the first cycle damping
ratio as 0.28, and Byrne evaluated this parameter in the value of 0.2 based on laboratory tests
[41, 60].

Insert Figure 25
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Insert Figure 26
Insert Table 14

Insert Table 15

6. Design Recommendation

Although a great number of parametric studies on experimental and full-scale piles should be
conducted to provide an applicable design methodology, the research represented herein
suggests employing the logarithmic and power functions to determine pile head displacement
after N loading cycles. The range of the constant coefficient in the functions is roughly 0.03 to
0.2, and the value of the first damping ratio is between 0.15 and 0.45. The absolute secant
stiffness reduces with the load cycles. However, the cyclic secant stiffness may increase or
decrease with the number of cycles, largely depending on the magnitude and characteristics of

the applied cyclic loading and soil density.
7. Limitations

One of the primary limitations of the study presented in this paper is related to the limited
soil conditions. This research evaluated the response of piles in sandy soil, which according to
the many sites of monopile foundation may be located in clay or limestone in the field [61].
The experiments were performed on dry sand and it was anticipated that the results would be

similar due to the reduction of water pressure in the saturated sand quickly [62].

The tests have been conducted at 1 g condition which may affect soil dilatancy and friction
angle in comparison with the field [11, 44]. finally, the characteristics of wave and wind load

in the field are very complicated but in this research, the loading pattern was regular [16].
8. Conclusion

This paper focuses on the behavior of monopiles subjected to cyclic lateral loading
embedded in dry loose and dense sands with loading frequency variations in the range of 0 to
0.3 Hz. Based on the test result, the proposed equations for displacement, unloading stiffness,
and damping ratio by other researchers were calibrated and the constant coefficients were
determined. As the main findings, it is shown that the loading frequency variations have a

considerable effect on the absolute values of displacement, unloading stiffness, and damping
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ratio but an insignificant effect on the constant coefficients of equations. Also, the other

conclusions can be summarized as follows:

- An increase in either the number of cycles or frequency leads to an increment in the lateral

displacement of a single pile under one-way cyclic horizontal loading.

- There is generally a high degradation of the hysteresis loop area and damping ratio in the

first ten cycles, reaching less than half of the initial magnitude.

- The hysteresis loop area reduces by increasing the number of cycles. Consequently, the
loop area changes to resemble a line shape, indicating elastic behavior (ratcheting

displacement); this occurs more quickly in loose sand than dense sand.

- Both logarithmic and power function models properly predicted the accumulated
displacements using constant parameters of “a” and “b”. The magnitudes of “b” and “a” for
dense and loose sand were in the range of 0.03 to 0.2 and 0.03 to 0.12, respectively. These
values were specified based on different embedded pile lengths at three loading frequencies

and depend on the soil conditions, type of piles, and loading conditions.

- The non-dimensional unloading stiffness of the soil-pile system subjected to lateral loading
increases with the number of load cycles. However, the absolute secant stiffness decreases
with the load cycles. The magnitude of coefficient Ay (Equation 5) in unloading stiffness

depends on soil density, embedded length pile, and load frequency.
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List of notations

a = constant parameter of power equation; k, = absolute secant stiffness;
A = area corresponding to elastic energy; k. = cyclic secant stiffness

Ay = constant coefficient in unloading stiffness & = non-dimensional stiffness;

equation;
Anys = hysteresis loop area; k,n= non-dimensional unloading stiffness;
Apys= normalized hysteresis area; L = embedded length of the pile;
b = constant parameter of logarithmic equation; ma = power coefficient in hysteresis area equation;
B = outer diameter of the pile; my = constant coefficient in damping ratio equation;
C. = curvature coefficient; n = scaling factor;
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C. = uniformity coefficient; N = number of cycles;

dso = average grain size; Pr = reference pressure;

D, = damping ratio; t = constant parameter in absolute secant stiffness
equation;

D, = relative density of the soil; u = horizontal displacement in unloading stiffness;

e = load eccentricity; y = pile head lateral displacement;

El = stiffness of the pile; y = effective unit weight of soil;

Es = Young’s modulus of the soil; ¥, = unit weight of soil;

f = load frequency; @ = friction angle for the sand;

G, = specific gravity; & & = load characteristic parameters;

H = lateral load; A = aspect ratio;

Hmax = maximum amplitudes of lateral load; o0 = displacement ratio;

H = normalized lateral load:;
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lateral loading
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Figure 1. Modes of soil behavior under cyclic loading [7]

Load

Absolute
secant
stiffness

ka

—{

J“C-fy

s <
tjkm K
7
/
/ .
L .
// / p Cyclic
g secant
4 ’f stiffness
SN ke

-

) / . Deflection
F LI

1st cycle 2nd cycle n.th cycle

Figure 2. Cyclic response of a laterally loaded pile [16]

100

T L I
90 / -
80 [ . .
70 L i
g
=2
< 60 |- i
c
(<5}
O 50 | 4
[}
o
5 40 F .
=]
Y og g
°
20 - / -
10 ./o -
o—
0 Lot Lol e
0.01 0.1 1 10

Particle size (mm)

Figure 3. Grain size distribution of Firoozkooh sand used in the

19



experiments

LEGEND
@— Servo Motor
@ - Ball Screw
(3) - Load Cell
(4) - Rail & Wagon
(5) -Plate
(6) - Bolt
(@) - Pile
-LVDT
@ -Tank
| - String
|
|

(1)~ Gage

(12)- Terminal Box
@3-PpC

({4- Sand

DETAIL "1"

Figure 4. Schematic diagram of the test model

A L40f0.28L
oos | A L40f0L4L
: A L40f0.07L °®
o L40f0.28H L
) ® 140f0.14H o ®
2 ® L40f0.07H . °
£ 0041 °® o o°
<] ° o o°
g ° o o°,
8 ¥ 4 o *° o ®
= o 0° ° °
Z | qeet®™® e 0°
D002 © 9 o R
) °© A AA A 4 A AAA
D Lasks A 2L A A4 4
L 4 Adatit L LA 4 aaa asm
A
0.00 T T T 1
1 10 100 1000 10000

Number of Cycles, N

Figure 5. Normalized horizontal displacement of the pile with 400 mm embedded length subjected to cyclic

lateral loading

20



L60f0.28L
= L60f0.14L
00641 w | 60f0.07L
L60f0.28H <«
= <« L60f0.14H bR «
2 <« L60f0.07H < P
£ 0,04 < <
z < <
g < <«
§ 44«" ) «u
= CR ] <« 1
2 q s muEm
Boozq4 ¢ mum m EE oy
.| = ..- [ | - mE [} n
manm ™ [ 1]
0.00 T T T 1
1 10 100 1000 10000

Number of Cycles, N

Figure 6. Normalized horizontal displacement of the pile with 600 mm embedded length subjected to cyclic

lateral loading

L.80f0.28L
» L80f0.14L
00691 ) |gofo.07L
L80f0.28H
z = L80f0.14H L
° = L80f0.07H . u
8 = "
£ 004 R
5 - .. - n
n n
% g = 2P >
8 u >
3 ! > > PP > > > > S » >
0 0.02- R » > >
> >
0.00 T T T 1
1 10 100 1000 10000

Number of Cycles, N

Figure 7. Normalized horizontal displacement of the pile with 800 mm embedded length subjected to cyclic

lateral loading

244 | a L60f0.14H
—— Hettler 1981 "
224 |- - Littlead & Briaud 1988 L«

T T 1
1 10 100 1000 10000
Number of Cycles, N

Figure 8. Horizontal displacement of the pile with 600 mm embedded length with logarithmic and power

functions

21



Hm
Kz — @
uN (U 557U
o L e
< Hm uN
=S N S -
L
=
5 i
-— 1
2+
A
)
1
1
Uy U Uy u'_\[g 5
Figure 9. Definition of unloading stiffness
1404 | & L40f 0.28L
® | 40f0.28H
Leblance 2010
< 120
E 100
2 g
S
é 60 4
£
40
20 T T

T T 1
1 10 100 1000 10000
Number of cycles, N

Figure 10. Results of the pile with 400 mm embedded length and 0.28 Hz loading frequency

160

® L40f0.07L
v L40f0.07H v

140 4 |— Leblance 2010 w v v
~
o
& 120
=
£
@
2 100
[
=
p=]
w
S 80
£
a ° °

[ [}
60 ° ®* 2% oo
L/
40 ; . i i .
0.1 1 10 100 1000 10000

Number of cycles, N

Figure 11. Results of the pile with 400 mm embedded length and 0.07 Hz loading frequency

22



L80f 0.28L o
801 | e L80f0.28H
Leblance 2010 ®

70 H

60

50

40

Dimensionless stiffness, k"

30

20 T T T T |
1 10 100 1000 10000

Number of cycles, N

Figure 12. Results of the pile with 800 mm embedded length and 0.28 Hz loading frequency

L80f 0.07L
70 H v L80f0.07H v M
—— Leblance 2010
x
& 60
{5
=
£
k73
2 50
o
f =
E=l
2 v
£ 404 vV oy
z
30 4
T T T T 1
0.1 1 10 100 1000 10000

Number of cycles, N

Figure 13. Results of the pile with 800 mm embedded length and 0.07 Hz loading frequency

Force (N)

Displacement (mm)

Figure 14. The load-displacement curve of L60f0.14H

23



0.15 4

—1
—s
——10
_ — 100
1000
T 10— 3000
= —— 5000
[+
3
=]
[}
S
3
E
S 0.054
P4
L40f 0.28L
0.00 f T T 1
0.000 0.005 0.010 0.015 0.020

Displacement ratio (5)

Figure 15. Normalized lateral load and horizontal displacement relationship at various cycles for L40f0.28L

0.15

[y
— 0.0
k=]
&
°
h=]
N
<
E
S 0.05
z
L40f 0.07L
0.00 T T
0.000 0.005 0.010

Displacement ratio (3)

Figure 16. Normalized lateral load and horizontal displacement relationship at various cycles for L40f0.07L

// |

T T T
0.02 0.04 0.06

Normalized load ( H )

Displacement ratio (3)

Figure 17. Normalized lateral load and horizontal displacement relationship at various cycles for L40f0.28H



0.5 4

—1
—5
—— 10
0.4 4= 100
—~ 1000
T —— 3000
- —— 5000
T 031
k=]
o
&
g 0.2 4
(=]
b4
0.1+
L40f 0.07H
00 T T T T
0.00 0.01 0.02 0.03 0.04

Displacement ratio (8)

Figure 18. Normalized lateral and horizontal displacement relationship at various cycles for L40f0.07H

0.10

0.08

Normalized load ( H )

0.06

0.04

0.02

L80f 0.28L
0.00 £ £ T
0.00 0.01 0.02 0.03

Displacement ratio (3)

Figure 19. Normalized lateral load and horizontal displacement relationship at various cycles for L80f0.28L

0.10
—1
—5
——10
0.08 =100
—~ 1000)
T —— 3000
- —— 5000
B 0.06
o
=l
5]
N
=
g 0.04 -
o
z
0.02 -
L80f 0.07L.
000 T T T T 1
0.000 0.005 0.010 0.015 0.020 0.025

Displacement ratio (8)

Figure 20. Normalized lateral load and horizontal displacement relationship at various cycles for L80f0.07L

25



0.16

—1
—5
——10
— 100
~ 012 1000
IT —— 3000
- —— 5000
k=]
[53
k=]
2 008
N
=
€
£
o
z
0.04
L80f 0.28H
0.00 : T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Displacement ratio (8)

Figure 21. Normalized lateral load and horizontal displacement relationship at various cycles for L80f0.28H

0.16

~ 012
T
bt
[+
S
T 008
N
S
£
(=}
4
0.04
L80f 0.07H
0.00 T T T T ]
0.00 0.01 0.02 0.03 0.04 0.05

Displacement ratio (8)

Figure 22. Normalized lateral load and horizontal displacement relationship at various cycles for L80f0.07H

= =

< <
£y %
1 J

i
<
S
1

e

Normalized hystersis area, A
=
5]
1

i
<
£
1

=
<
=

HXd4dbrbvonR*

L40f 0.28L
L40f 0.14L]
L40f 0.07L]
L60f 0.28L]
L60f 0.14L
L60f 0.07L
L80f 0.28L|
L80f 0.14L|
L80f 0.07L]

— AN(hys) = ATN_OSZ

N
<

10°

T T
10 10° 10° 10°
Number of cycles, N

Figure 23. Normalized hysteresis loop area versus number of cycles for loose sand

26



wl .
W"%
Q7

P

densifying soil
Convecting Soil

Figure 24. Two phases of densification and convection for a cyclic laterally loaded offshore pile [16]

Load

max

~|g

min

Displacement

Figure 25. Definition of the cyclic damping ratio [41]

10°

L40f 0.28L
L40f0.14L
L40f 0.07L
L60f 0.28L
L60f 0.14L
L60f 0.07L,
L80f 0.28L
L80f 0.14L
L80f 0.07L

Damping ratio, Da
5
-

BHXdbrbvonRt

107 T T T T
10" 10° 10 10° 10° 10
Number of cycles, N
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Table 1. Specifications of Firoozkooh sand
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Specific Average grain Uniformity Curvature
gravity, G size, dsp: mm coefficient, C, coefficient, C,
2.71 0.70 1.8 1.2
Table 2. Properties of the PVC pipe
Weight El Thickness Outer
(N/m) (kN.m?) (mm) diameter (B) (mm)
8.6 0.680 2.63 63
El = stiffness of the pile
Table 3. Strength parameters of Firoozkooh sand
Unit weight, Relative ® Es
7s (KN/m®) density, D, (%) (degree) (MPa)
134 2411 33 16.4
15.6 97+1 415 40
@ = friction angle for the sand; Es = Young’s modulus of the soil
Table 4. Test program
No. L (m) f (Hz) Humax (N) D, (%) & N
L40f0.28H 0.4 0.28 68.67 97 0.4 5000
L40f0.14H 0.4 0.14 68.67 97 0.4 5000
L40f0.07H 0.4 0.07 68.67 97 0.4 5000
L60f0.28H 0.6 0.28 9221 97 0.4 5000
L60f0.14H 0.6 0.14 92.21 97 0.4 5000
L60f0.07H 0.6 0.07 9221 97 0.4 5000
L80f0.28H 0.8 0.28 92.21 97 0.4 5000
L80f0.14H 0.8 0.14 9221 97 0.4 5000
L80f0.07H 0.8 0.07 92.21 97 0.4 5000
L40f0.28L 0.4 0.28 19.91 24 0.4 5000
L40f0.14L 0.4 0.14 19.91 24 0.4 5000
L40f0.07L 0.4 0.07 19.91 24 0.4 5000
L60f0.28L 0.6 0.28 47.87 24 0.4 5000
L60f0.14L 0.6 0.14 47.87 24 0.4 5000
L60f0.07L 0.6 0.07 47.87 24 0.4 5000
L80f0.28L 0.8 0.28 48.17 24 0.4 5000
L80f0.14L 0.8 0.14 48.17 24 0.4 5000
L80f0.07L 0.8 0.07 48.17 24 0.4 5000
L40H 0.4 Monotonic - 97 Monotonic -
L60H 0.6 Monotonic - 97 Monotonic -
L80H 0.8 Monotonic - 97 Monotonic -
L40L 0.4 Monotonic - 24 Monotonic -
L60L 0.6 Monotonic - 24 Monotonic -
L80L 0.8 Monotonic - 24 Monotonic -
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Table 5. Non-dimensional parameters [11]

Horizontal load H=H/B L%y
Aspect ratio A=L/B
Displacement ratio d=y/B

Table 6. Scaling laws for model tests under 1-g conditions [16, 46]

Parameters Scaling law Dimension
Length, L 1/n L [m]
Force, H 1/n’ FN]

Unit weight, y 1 FILP[N/m?
Bending stiffness, El 1/n° F*L?[N.m’]
Frequency, f n'? /T [Hz]

n is scaling factor

Table 7. Magnitudes of parameters in prototype and model scale

Parameters Model scale Prototype scale
B(m) 0.063 3.8
Pile L(m) 0.4,0.6,0.8 24, 36, 48
El (N.m?) 6.8%10? 5.0%10"
. dsg (Mmm) 0.7 0.7
Soil 5
y (KN/m®) 13.8,15 13.8,15
H (N) 0~90 0~1.9*10'
Loads e (m) 0.35 21
f (Hz) 0.05~0.3 0.01~0.04
Table 8. The magnitudes of b proposed by others
Type of test Soil Piles N max b Reference
1g model Dry sand Stiff 10000 0.2 [47]
Centrifuge Dry sand Stiff 5 0.18-0.25 [50]
In situ Sand Flexible 100 0.02-0.24 [49]
In situ Clay & sand Flexible 10000 0.087 [51]
Centrifuge Dense dry sand Flexible 50 0.4-0.18 [52]
Centrifuge Dry sand Flexible 500 0.12 [53]
Centrifuge Dense dry sand Stiff 1000 0.17-0.25 [20]
1g model Dry sand Flexible 10000 0.21 [39]
In situ Dense sand Stiff 5000 0.125 [54]
Table 9. The magnitudes of a proposed by others
Type of test Soil Piles N max a Reference
In situ Loose, medium Flexible 40 0.062-0.086 [55]
1g model Dense, medium Flexible 10000 0.12 [39]
In situ Dense Stiff 5000 0.085 [54]
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Table 10. The “b” and “a” values from the experimental results

No. L(m) b R’ a R’ observed
L40f0.28H 0.15 0.981 0.11 0.975 Stiff
L40f0.14H 0.4 0.17 0.923 0.11 0.974 Stiff
L40f0.07H 0.20 0.951 0.12 0.982 Stiff
L60f0.28H 0.13 0.972 0.09 0.974 Flexible
L60f0.14H 0.14 0.952 0.10 0.990 Flexible
L60f0.07H 06 0.17 0.978 0.11 0.980 Flexible
L80f0.28H 0.11 0.973 0.08 0.986 Flexible
L80f0.14H 0.8 0.11 0.979 0.08 0.971 Flexible
L80f0.07H 0.09 0.951 0.07 0.964 Flexible
L40f0.28L 0.08 0.792 0.06 0.944 Stiff
L40f0.14L 0.4 0.09 0.973 0.06 0.934 Stiff
L40f0.07L 0.08 0.777 0.06 0.675 Stiff
L60f0.28L 0.09 0.954 0.06 0.906 Stiff
L60f0.14L 0.6 0.06 0.947 0.05 0.871 Stiff
L60f0.07L 0.08 0.992 0.06 0.973 Stiff
L80f0.28L 0.06 0.913 0.05 0.854 Flexible
L80f0.14L 0.8 0.03 0.899 0.03 0.896 Flexible
L80f0.07L 0.05 0.906 0.05 0.888 Flexible

Table 11. Range of “b” and “a” values from the experimental results
Soil Piles N max b a
Stiff 0.15-0.2 0.11-0.12
Dense dry sand .
Flexible 0.09-0.17 0.07-0.11
Stiff 5000 0.06-0.09 0.05-0.06
Loose dry sand )
Flexible 0.03-0.06 0.03-0.05
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Table 12. Dimension constant (Ay) from the experimental tests

No. L(m) Ay R
L40f0.28H 6.80 0.835
L40f0.14H 0.4 8.80 0.824
L40f0.07H 3.40 0.562
L60f0.28H 3.70 0.883
L60f0.14H 0.6 3.30 0.823
L60f0.07H 2.20 0.598
L.80f0.28H 3.90 0.827
L.80f0.14H 0.8 3.80 0.844
L.80f0.07H 3.20 0.773
L40f0.28L 2.30 0.830
L40f0.14L 0.4 1.70 0.520
L40f0.07L 2.70 0.550
L60f0.28L 1.50 0.931
L60f0.14L 0.6 1.40 0.917
L60f0.07L 1.90 0.902
L80f0.28L 2.30 0.918
L80f0.14L 0.8 3.30 0.908
L80f0.07L 2.50 0.875

Table 13. Classified values of the dimensionless constant (Ay)

Soil (Relative density) Load frequency (Hz) Stiff piles Flexible piles
0.28 23,15 2.3
Loose (24%) 0.14 14,17 33
0.07 27,19 2.5
0.28 6.8 3.7,3.9
Dense (97%) 0.14 8.8 3.3,38
0.07 3.4 22,32

Table 14. The “m,” and “my” values from the experimental results
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No. Ma my No. ma My

L40f.28H 0.24 0.10 L40f.28L 0.29 0.20
L40f.14H 0.21 0.11 L40f.14L 0.29 0.25
L40f.07H 0.26 0.21 L40f.07L 0.21 0.17
L60f.28H 0.29 0.19 L60f.28L 0.30 0.24
L60f.14H 0.27 0.19 L60f.14L 0.29 0.25
L60f.07H 0.26 0.20 L60f.07L 0.19 0.15
L80f.28H 0.35 0.24 L80f.28L 0.36 0.28
L80f.14H 0.34 0.24 L80f.14L 0.37 0.26
L80f.07H 0.34 0.25 L80f.07L 0.30 0.22
Average 0.28 0.19 Average 0.32 0.25

Table 15. Range of “A,” and “D,o” from the test results

. . Ar DaO
Soil (density) - -
Min Max Min Max
Dense (97%) 1.20E-04 2.40E-03 0.090 0.445
Loose (24%) 6.00E-05 6.70E-04 0.130 0.560
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