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ABSTRACT: Offshore anchor piles are widely employed in mooring systems of floating wind turbines and oil 

platforms. As these piles would encounter long-term cyclic mooring loads in the full life, the cyclic cumulative 

displacement should be considered carefully. In this study, a series of model tests were carried out to investigate the 

behavior of the offshore anchor piles under cyclic inclined pullout forces. A new loading system, which can impose 

independent vertical and horizontal cyclic loads on a pile head with the same frequency, was designed to study the 

effect of the cyclic load angle. The tests show that the model pile had a minimum rate of cumulative displacement 

under horizontal cyclic loads and a maximum rate at the cyclic load angle of around 60 degrees from the horizontal 

plane. Furthermore, the displacement is not accumulated when the amplitude of the uplift load is smaller than the 

30% ultimate capacity.
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1 INTRODUCTION

The world’s escalating demand for energy has 

resulted in offshore developments moving into deeper 

waters and untested environments. These deep-water 

structures usually consist of moored floating facilities, 

which are tethered to the seabed via an anchoring 

system (Randolph et al. 2010). In this anchoring system 

of floating wind turbines and oil platforms, anchor piles 

are widely employed when the water depth is greater 

than 60m (Thresher et al. 2008).

Fig. 1. Anchor piles of a typical floating platform.

Figure 1 illustrates the mechanical behavior of 

anchor piles for a typical floating wind turbine. Floating 

wind turbines are usually subjected to cyclic wind, 

current, and wave loads in practice, thus the number of 

inclined load cycles can reach 10 million times during 

the full life span. Most of the researches on this issue 

was either for lateral cyclic loads or axial cyclic loads 

on the anchor piles. However, few studies focus on the 
coupling effect of anchor piles under both vertical and 

lateral cyclic loads. The cyclic cumulative displacement 

of anchor piles under inclined cyclic pull-out load, 

which can lead to permanent deformation of structures, 

is one of the top concerns in the design.

Many methods have been proposed for estimating 

the lateral deformation of an anchor pile under lateral 

cyclic loads in sandy soil. Hettler (1981) concluded a 

logarithmic relationship between the cumulative 

displacement and the number of cycles, but this 

predicting model was only suitable for cycles numbers

less than 100. Little and Briaud (1988) carried out 

several lateral cyclic load tests on a single pile and 

proposed a power function predicting model, which is 

expressed as

1Ny y N (1)

where N is the number of cycles, y1 is the cumulative 

displacement after the first cycle and yN is the 

cumulative displacement after the Nth cycle. Based on 

a series of 1g laboratory tests, Leblanc et al. (2010) 

found that the accumulated rotation of a stiff pile was 

strongly affected by the characteristics of the applied 

cyclic load. Zhu et al. (2016) conducted centrifuge 

model tests on laterally loaded piles in sand and it was 

indicated that the accumulated lateral displacement was 

approximately linear with the logarithm of the number 

of cycles. 

For anchor piles under axial cyclic loading, Poulos 

et al.(1989) presented a cyclic stability diagram 

involving the average load and the cyclic load 

amplitude to capture the behavior of rigid piles under 

axial cyclic loading. Rimoy et al. (2013) conducted 

in-situ tests on seven steel pipe-piles in marine sandy

sites and claimed that displacements accumulate rapidly 
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over a few cycles in the unstable zone. Tsuhaet al (2012) 

performed 1g laboratory tests, remarking that the axial 

behavior was affected by the number of cycles, the 

mean load, and cyclic amplitude. Chin and Poulos 

(1991) proposed a simplified cyclic degradation -z
model to assess the pile accumulated displacement 

under axial cyclic loadings. Furthermore, Zhou et al. 

(2019) improved this model using elastoplastic 

boundary surface theory.

As discussed, the previous research mainly 

investigated the lateral or axial cyclic behavior of piles 

independently. More importantly, the available model 

tests on piles under inclined cyclic loaded are very 

limited. It is of great importance to do experimental 

research to investigate the behavior of anchor piles 

under inclined cyclic loads. This study aims to explore 

the behavior of anchor piles in sand subjected to 

inclined cyclic loading using 1g model tests. The 

relationship between cyclic cumulative displacement 

and the applied load amplitude and the loading angles 

that affect the rate of the evolution of the cumulative 

displacement are investigated.

2 MODEL TESTS

2.1 Soil and model pile preparation

The sand used for the model test was Fujian 

standard sand. A predetermined amount of dry soil 

sample was prepared and poured into the soil container 

by the sand pourer technique to control the 

compactness of the soil. The average relative density of 

the soil was 50.8%. The density of the prepared soil 

was 1.457g/cm3 and the void ratio was 0.812. More 

detailed soil properties can be found in Table 1.

Table 1. Properties of Fujian standard sand

Description Value

Particle sizes, D50: mm 0.1

Specific gravity, Gs 2.641

Maximum void ratio, emin 0.649

Maximum dry void ratio, emax 0.981

Critical angle of friction, φ 36°

The model pile made of steel was 25 mm in 

diameter(D), 750 mm in height (L), and 2 mm in wall 

thickness (t), representing a prototype anchor pile of a 

wind farm in the East China Sea at 1:112 scale model. 

The wall thickness of the model pile was determined by 

the method of equivalent stiffness to ensure that the 

relative pile-soil stiffness of the model pile and the 

prototype pile are consistent. The relative roughness of 

the pile-soil interface was kept consistent by sticking 

sandpaper on the shaft of the model pile. The model 

pile and the geometries are shown in Fig. 2a and Table 

2, respectively.

Table 2. Geometry of the model pile and prototype pile

Property Prototype pile Model pile

Penetration depth, L 71.5 (m) 65 (cm)

Pile head, H 22.2 (m) 10 (cm)

Wall thickness, t 3.5-4.5 (cm) 0.2 (cm)

Pile diameter, D 2.8 (m) 2.5 (cm)

EsL4/EpIp 930 930

（a）

（b）

Fig. 2: (a) Model pile used in this test; (b) Schematic diagram of 

the test setup.

2.2 Loading system and test setup

LeBlanc et al. (2010) reported a loading system to 

generate horizontal periodical cyclic loads. Following 

the idea, a new loading system was developed and 

verified to generate the cyclic loading appropriately, as 

shown in Fig.3. When the motor rotates periodically, 

the distance between the pivot joint and the weight 

hanger G1 changes periodically so that the load applied 

to the anchor pile changes periodically. By adjusting

the weights G1, G2, and G3 and the angle 𝜃𝜃, it can 

impose independent vertical and horizontal cyclic loads 

on a pile head with the same frequency. The electric 

motor was a geared AC motor rotating at a frequency of 

0.1Hz. The soil container was 700mm in length, 

700mm in width, and 900mm in height.

2.3 Parameter definition and test program

In this test, Fu represents the monotonic ultimate 

capacity at a certain loading angle. Fmax and Fmin denote 

the maximum and minimum actual applied load 

respectively. Conventionally, two load parameters 
namely ζa, and ζb, are defined to describe the 

characteristics of the cyclic load, as expressed in Eq.2.

Department of Geotechnical Engineering, Tongji University, Shanghai, China



465

Physical Modelling in Geotechnics

© 2022 KOREAN GEOTECHNICAL SOCIETY (KGS), Seoul, Korea, ISBN 978-89-952197-7-5





f ζa≠ζb and

 θ.



ζa

α 
ζa 



：



max min

max

      (0 2)

                (0 1)

a a

u

b b

u

F F

F

F

F

 

 

   

   


(2)

in which ζa and ζb are the cyclic load amplitude 

parameter and the cyclic load peak parameter, 

respectively.

Monotonic loading tests were first performed to 

obtain the ultimate capacity at various angles (θ). After 

that, the cyclic loading tests were carried out under 

different load parameters and loading angles. Once the 

total displacement of the pile top reaches 0.2D (or the 

pile is fully pulled out, the load was taken as the 

ultimate bearing capacity. The loading angle (θ) varied

from 0° (pure lateral direction) to 90° (pure axial 

direction). The complete loading program is 

summarized in Table 3. Noted that the tests in this 

study only consider the scenarios of ζa=ζb.

Table 3. Loading program

Set No. θ/° Type ζa ζb N(Cycles)

A

A1 0

Static

- - 1

A2 30 - - 1

A3 45 - - 1

A4 60 - - 1

A5 75 - - 1

A6 90 - - 1

B

B1

90

Cyclic

0.15 0.15 10000

B2 0.30 0.30 10000

B3 0.45 0.45 10000

B4 0.60 0.60 10000

B5 0.75 0.75 10000

C

C1 0 0.4 0.4 10000

C2 30 0.4 0.4 10000

C3 45 0.4 0.4 10000

C4 60 0.4 0.4 10000

C5 75 0.4 0.4 10000

3 RESULTS AND DISCUSSION

Figure 3 presents the monotonic load-displacement 

response measured of Set A. It can be seen that the pile 

response is the stiffest at a loading angle of 0° and the 

pile with a loading angle of 45° offers the maximum 

ultimate resistance. The pile appears to be pulled out 

more easily with the loading angle tending to the axial 

direction.

The evolution of the accumulated displacement is 

evaluated in terms of the dimensionless ratio (yN /y1)

and expressed on a log scale. The result of axial cyclic 

loading tests (Set B) is shown in Figure 4. It was 

observed that the cyclic cumulative displacement yN

does not accumulate with cycle numbers when ζa≤0.3. 

This phenomenon can be explained as the balance of 

the resistance (the friction of interface and weight of the 

pile) and the applied cyclic load. When the cyclic load 

amplitude parameter ζa ranges from 0.3 to 0.75, the rate 

of the cyclic cumulative displacement has a significant 

increase with the increases in ζa until the pile is finally 

pulled out. The predicting model (see Eq.1) proposed 

by Little and Briaud (1988) is further used to fit the 

experimental data. As illustrated in Figure 5, the 

parameter in the predicting model varies with the 

cyclic load amplitude parameter ζa. However, in the 

laterally cyclic loading tests of LeBlanc et al. (2010), a 

fixed value was proposed for the parameter . 

Fig. 3. Monotonic test results for different loading angles.

Fig. 4. Axial cyclic test results for different load amplitude.

Fig. 5. Variation of  with ζa.

Figure 6 plots the normalized accumulated 

displacement (yN /y1) against the cycle numbers (N)

under different loading angles. It is found that the 

displacements in the tests of Set C have a gradual 

accumulation with the increasing cycle number. To 
better compare their cumulative rates, Figure 7 shows 

the variation of parameter with the loading angle. The
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cumulative rate of the normalized displacement has a 

peak at the loading angle of 60°. A minimum rate is 

found at 0 degrees.

Figures 5 and 7 demonstrate that the parameter in 

the predicting model (see Eq.1) varies with the loading 

angle and amplitude imposed on anchor piles. The 

value increases with the load amplitude, but increases 

first and then decreases with an increase in loading 

angle. In fact, the cumulative displacement of anchor 

piles under cyclic inclined load is governed by the 

coupling effect of the load amplitude and loading 

angles. To obtain a more accurate parameter, more tests 

need to be conducted in the consideration of the 

scenarios of ζa≠ζb and different length-diameter ratio.

Fig. 6. Cyclic test results for different loading angles.

Fig. 7. Variation of  with θ.

4 CONCLUSIONS

A series of model tests were conducted to 

investigate the behavior of anchor piles under 

inclined cyclic loads. Based on the test results, the 

following conclusions can be obtained: 

(1) In this test, the cumulative rate of the

normalized displacement has a peak at the loading 

angle of 60°. A minimum rate is found at 0 degrees.

(2) The load amplitude has a significant influence on

the cyclic cumulative displacement but affects it 

differently for lateral and axial directions. It is found 

from the tests that the parameter in the predicting 

model varies with the cyclic load amplitude parameter 

ζa. For the accumulated displacement prediction 

model, the power exponent α has a nearly linear 

relationship with the load amplitude parameter ζa for 

axial direction. 
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