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ABSTRACT: Monopiles are commonly used as the foundation for offshore wind farm structures and often subjected to severe lateral 

loads due to wave and wind loads. A series of centrifuge model tests have been performed to investigate the response of free-head 

monopiles subject to repeated lateral loads in soft clay. First, the degrading characteristic of soil undrained shear strength is calibrated 

by the cyclic test. Subsequently the test results reveal the degradation of lateral stiffness of a monopile is mainly caused by the soil 

remolding due to the accumulation of the plastic strain during loading. The ratio of the post-cyclic remolded lateral stiffness to the 

initial intact one is exactly the strength ratio of soil between fully remolded and intact state calibrated by T-bar. Finally, a simplified 

numerical method is proposed to predict post-cyclic remolded lateral stiffness. A good agreement with the test results verifies the 

rationality of this method. 
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1  INTRODUCTION 

Monopiles are commonly employed as the foundation for 
offshore wind farm structures with a diameter  up to 8 m and 
a length/diameter ratio ranging from 4 to 12. The bending 
rigidity	  of the pile can be up to 4000 GNm2 (Hokmabadi et 
al., 2012). In the field, monopiles often experience severe 
lateral loads repeatedly due to strong waves, currents and tides.  
 

 
Figure 1. Schematic model set up and instrumentation (all dimensions 
in model scale in mm)  

Testing a fully restrained monpile in the centrifuge, Zhang et 
al. (2011) reported that the degradation behavior of a monopile 
is a result of its cumulative plastic displacement. In the field, 
however, the pile may experience rotation at its pile head. In 
view of this, a series of centrifuge model tests are carried out in 
the present study to examine the behavior of free-head 
monopiles subject to repeated lateral loads in soft clay. As 
normally consolidated NC clay having soil strength varying 
linearly with depth is fairly common in offshore (Qi and Gao, 

2014), this soil strength profile is investigated in the present 
study.  

By evaluating the degrading behavior of lateral stiffness of 
the observed test results, a simplified method is proposed to 
predict the post-cyclic lateral stiffness of a monopile. 

 
2  CENTRIFUGE SET-UP AND PROCEDURE 

Figures 1 and 2 show a sketch and photograph of the centrifuge 
model setup of a model monopile subject to repeated lateral 
loads in the present study. The internal diameter and height of 
the cylindrical model container are 550 mm and 400 mm, 
respectively. The model steel tube pile has an external diameter 
of 38 mm and a tube thickness of 1.2 mm. Full-bridge strain 
gauges were installed along the model pile shaft to record the 
changes in strains along the pile under lateral loads at different 
loading cycles. After coating the model pile with a thin layer of 
epoxy to protect the gauges and wires, the final external pile 
diameter and tube thickness are 40 mm and 2.2 mm, 
respectively. All the tests were carried out at 50g on the 
National University of Singapore geotechnical centrifuge (Lee 
et al, 1991). Hence the prototype pile is 2 m in diameter with a 
prototype flexural rigidity EI=30 GNm2. The embedded length 
of the model pile is 240mm, equaling to 12m in prototype 
dimension. The loading point is at 40mm above the mud 
surface (2m in prototype scale) 
 

 
Figure 2. Photograph of model pile after loading 

The properties of the kaolin clay used in the present study 
are given in Hartono (2014). To prepare the soil sample, a 
20mm thick sand layer was first placed at the base of the model 
container. Kaolin clay slurry with a water content of 120% was 
then placed above the sand. Under a consolidation pressure of 4 
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 kPa at 1g for one week, the clay slurry was then subject to 16-
hour self-weight consolidation at 50g under double drainage 
condition to achieve almost full degree of consolidation. The 
model pile was installed into the soil at 1g at a constant rate of 1 
mm/s using a closed-loop hydraulic servo-valve control system.  

Figure 1 illustrates that two potentiometers were used to 
measure the vertical displacement of the pile head and T-bar. 
Two laser displacement transducers were used to monitor the 
inclination of the plate fixed on the pile head deflection at 2 
elevations and hence the pile head rotation. The lateral load was 
measured by a load cell placed in the front of the actuator. After 
completion of consolidation in the centrifuge, the final 
prototype thickness of the NC clay was 14.5 m thick.  

3  TEST PROGRAM 

A cyclic T-bar penetration test was conducted after completion 
of the soil consolidation at 50g. The T-bar was penetrated at a 
displacement rate 	  of 3 mm/s to measure the initial soil 
strength profiles. In the present study, the soil remolded 
strength ratio, , proposed by Einav and Randolph (2005) is 
employed to denote the ratio of the soil strength between the 
original and fully remolded state. According to Finnie’s (1993), 
the following displacement rate for T-bar penetration would 
ensure and undrained situation: 

30


vc

Dv
                                        (1) 

where  is the T-bar diameter  and  is the coefficient of 
consolidation. The length and diameter of the model T-bar are 
20 mm and 5 mm, respectively. Figure 3 shows the typical 
profile of initial measured undrained shear strength. The 
average gradient for the initial strength profile is about 1.39 
kPa/m. The  (= , 	 	⁄ ) is established to be about 
0.33. 

 
Figure 3. Undrained shear strength profiles  

Six centrifuge tests are reported in this study. The first test 
served as the reference test with solely monotonic loading. The 
other 5 tests were conducted under the displacement-control 
loading with displacement amplitude ranging from 1% to 20% 
pile diameter D. Following Finnie’s (1993) formulation in 
Equation 1, the pile installation rate was set at 1 mm/s to ensure 
undrained conditions. In all the tests, the applied lateral load 
was terminated till the gradient of the final load-displacement 
response became constant. 

 

4  TEST RESULTS 

Figures 4 and 5 show the entire pile-head load-displacement 
curves with the displacement amplitudes of 1%D and 5% 
respectively. The measured response of the monopile does not 
reveal an obvious “stiffening” effect on the reloading path. This 
observation is different from the test results of a pile embedded 
in slightly over-consolidated (OC) clay reported by Matlock 
(1970). Normally the stiffening effect takes place when the soil 
gap caused by the previous loading closes with reverse 
reloading. However, for NC clay, the soil near the surface is 
very “soft” and it is hence easy to move with the pile under the 
action of gravity. Figure 2 shows that there is no gap at the 
interface of soil and pile and as such, the hysteretic curves are 
not affected.  

Furthermore, if the lateral stiffness is defined as the ratio of 
the displacement amplitude to the corresponding reaction force 
in each cycle, by observing the hysteretic loops, it can be found 
that there is a rapid stiffness decay in the initial cycle and the 
decay then slowly declines in subsequent cycles. 
Simultaneously the comparison of these two tests reveals that 
the degradation rate depends on the pile cyclic amplitude. The 
larger amplitudes would lead to more rapid degradation rates. 
 

 
Figure 4 Repeated loading test with the amplitude of 1% diameter  

 
Figure 5. Repeated loading test with the amplitude of 5% diameter  

Figure 6 further shows the load-displacement of the 
monotonic test and the final cycle of the repeated loading tests. 
It is evident that at the same loading displacement the initial 
stiffness is much larger than the post-cyclic final stiffness. For 
the amplitude with 1% diameter, the initial stiffness is 
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8169kN/m and the final stiffness is 2609kN/m. For the 
amplitude with 5% diameter, the initial stiffness is 2630kN/m 
and the final stiffness is 920kN/m. In terms of Zhang et al. 
(2011), the degradation of the lateral stiffness is induced by the 
soil remolding during repeated loading. The soil around the 
monopile would experience a gradual reduction from the initial 
intact state to the fully remolded state. Simultaneously the 
initial undrained shear strength would decrease to the remolded 
strength. 

Therefore, a reasonable inference is that the post-cyclic 
monopile can be seen to be located in the fully remolded soil. 
And Zhang et al. (2011) indicated that for the displacement-
control loading the soil movement in each cycle is similar. 
Consequently, the final remolded lateral stiffness of a monopile 
should reduce to  times of its initial stiffness. The 
conclusion is supported by the current test results. For these two 
tests, the ratios of the initial stiffness to the final remolded 
stiffness are around 0.32 and 0.35 respectively, which are fairly 
close to  of 0.33 calibrated by the T-bar cyclic test. 

 
Figure 6. Comparison between the load-displacement of the monotonic 
test and the final cycle of the repeated loading tests  

Based on the founding above, a simplified finite element 
analysis can be established for predicating the post-cyclic 
remolded stiffness, namely using a remolded undrained shear 
strength as the soil strength to calculate the response of a 
monopile due to a lateral load. It is evident that the obtained 
reaction force is the minimal value at that displacement. The 
corresponding stiffness would be a conservative prediction. In 
the next section, a numerical analysis will be carried out to 
verify this viewpoint. 

5  NUMERICAL ANALYSIS FOR PREDICTING THE 
REMOLDED REACTION FORCE CURVE 

In the present study, the finite element program Plaxis 3D is 
employed to analyze the response of a monopile subjected to a 
horizontal load. In order to verify the validity of the FEM 
model, the monotonic test will be analyzed first. The FE mesh 
embedded with the pile is depicted in Figure 7, where the pile 
diameter, length and embedded depth are the same as the 
dimension of prototype pile. The Tresca material model with an 
associated flow rule is adopted to model the undrained clay. 
USCAE (1990) proposed the rigidity factor ⁄  that 
could be used to estimate the clay initial undrained elastic 
modulus  according to the initial undrained shear 
strength	 . For the current NC strength profile (the slope of 
1.39kN/m) measured by the T-bar test, a consistent ⁄  
ratio of 200 is adopted for the whole foundation. The Poisson’s 
ratio is set to 0.499 to simulate undrained conditions. The 
isotropic geostatic stress field corresponding to a soil 

submerged unit weight of 6.4 kN/m3 is established initially. The 
plate elements is applied to simulate the monopile with the 
same geometric dimension in the test. According to the study of 
Yu et al. (2015), a friction factor of 0.34 is adopted for the soil 
and pile interface. The pile is progressively pushed up to a 
maximum prescribed displacement of 0.2 times of its 
diameter 	 . The analysis is performed in a displacement 
control mode. 

 
Figure 7. 3D Finite element model used in analysis 

Figure 8 shows the comparison of the monotonic load-
displacement curves between the experimental and numerical 
results. A good agreement can be found from the start to the end. 
Therefore, based on the current FEM model, the remolded 
strength ,  will be applied to calculate the remolded 
reaction forces. In terms of the definition, the ,  equals to 

. By numerical and experimental analyses, Huang and 
Liu (2015) demonstrated that the undrained elastic modulus has 
a similar degrading behavior with the soil strength. Hence, the 
same rigidity factor , ,⁄  is adopted.  

 
Figure 8. Comparison of reaction forces between the initial state and the 
remolded state 

The remolded load-displacement curve is plotted in Figure 8, 
as comparisons, which also illustrates the final cycles from 
Tests 2-6. It is obvious that the remolded reaction-force curve 
presents a lower prediction than the test results, but the 
difference is acceptable. For the actual situation, the soil around 
the monopile is fully remolded due to repeated loading, but the 
far-field soil still has the intact strength, which would take part 
in resisting the external force. For the current simplified 
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 numerical analysis, the stiffness of the far-field soil is neglected 
so that the remolded resistance is underestimated.  

Since the remolded curve obtained from the simplified 
numerical analysis provides a minimal estimation for the 
reaction force at that displacement, a more significant 
application can be proposed. As shown in Figure 8, each point 
on the curve can be seen as not only the remolded reaction force 
corresponding to a displacement-control repeated loading, but 
also the maximal displacement caused by a load-control 
repeated test in which the remolded reaction force is exactly the 
load amplitude. From this angle, the remolded reaction-force 
curve can be used to predict a conservative remolded lateral 
stiffness corresponding to a given load amplitude, because the 
load-control loading more tallies the actual situation than the 
displacement-control loading. 

6  CONCLUSIONS 

A series of centrifuge model tests have been performed to 
investigate degrading behavior of a monopile subject to the 
repeated loading in NC clay. The following conclusion can be 
drawn from the current research: 

1) The degradation of lateral stiffness of a monopile is 
mainly caused by the soil remolding due to the accumulation of 
the plastic strain during loading. Just like the T-bar cyclic test, 
the soil around the monopile also would tend to the fully 
remolded state with the cycle increasing. In the displacement-
control repeated loading tests, the ratio of the post-cyclic 
remolded lateral stiffness to the initial intact one is exactly the 
strength ratio of soil between fully remolded and intact state 
calibrated by T-bar.  

2) A simplified numerical method is established for analyze 
the minimal reaction-force curve, which can be used to predict 
the remolded reaction force corresponding to a given 
displacement amplitude. A good agreement with the test results 
verifies the rationality of this method. 

3) The remolded reaction-force curve can be used to predict 
a conservative remolded lateral stiffness corresponding to a 
given load amplitude.  
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