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Abstract
Offshore wind turbine foundations are subject to  107–108 cycles of loadings in their designed service life. Recent research 
shows that under cyclic loading, most soils change their properties. Discrete Element Modelling of cyclic simple shear tests 
was performed using PFC2D to analyse the micromechanics underlying the cyclic behaviours of soils. The DEM simula-
tion were first compared with previous experimental results. Then asymmetric one-way and two-way cyclic loading pattern 
attained from real offshore wind farms were considered in the detailed parametric study. The simulation results show that 
the shear modulus increases rapidly in the initial loading cycles and then the rate of increase diminishes; the rate of increase 
depends on the strain amplitude, initial relative density and vertical stress. It shows that the change of soil behaviour is 
strongly related to the variation of coordination number, rotation of principal stress direction and evolution of degree of 
fabric anisotropy. Loading asymmetry only affects soil behaviours in the first few hundred of cycles. In the long term, the 
magnitude of (γmax − γmin) rather than loading asymmetry dominates the soil responses. Cyclic loading history may change 
the stress–strain behaviour of a soil to an extent dependent on its initial relative density.
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Abbreviations
a  Parameter defining the magnitude of fabric 

anisotropy
amax  Fabric anisotropy at maximum shear strain
amin  Fabric anisotropy at minimum shear strain
d50  Diameter at which 50% of the sample’s mass is 

comprised of particles with a diameter less than 
this value

e  Void ratio
G  Shear modulus
Mmax  Maximum moments in a load cycle
Mmin  Minimum moments in a load cycle and
Mult  Ultimate moment capacity
Nc  Coordination number
t  Deviator stress
s′  Mean stress

γmax  Maximum shear strain (shear strain amplitude) of a 
cyclic simple shear test

γmin  Minimum shear strain in a cyclic simple shear test
ζc  Ratio of minimum moment to the maximum 

moment
ηc  Parameter defined to quantify the degree of asym-

metry of cyclic loading
θa  Direction of the principal fabric
σ  Vertical stresses on the sample in a cyclic simple 

shear test
τmax  Shear stress at maximum shear strain
τmin  Shear stress at minimum shear strain

1 Introduction

1.1  Background and motivation

Offshore wind turbine foundations are subjected to a com-
bination of cyclic and dynamic loading arising from wind, 
wave, 1P (rotor frequency) and 2P/3P (blade passing fre-
quency) loads. Designing foundations for offshore wind 
turbines is challenging as: (1) these are dynamically sensi-
tive structures in the sense that natural frequencies of these 
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structures are very close to the forcing frequencies [1]; (2) 
cyclic loading can induce accumulated rotation of foun-
dation but the tolerance for the total rotation at seabed is 
suggested as low as 0.5° in DNV [2]. The soil-foundation 
interactions under cyclic lateral loading have been investi-
gated intensively by field tests [3], scaled model tests [4–10], 
FEM simulations [11] and DEM simulations [12, 13] with 
majority focused on mono-pile foundations as it is the main 
type of foundation for offshore wind turbines. Empirical 
relationships for the foundation tilt or stiffness were derived 
from the model tests but few attention was drawn on the soil 
disturbances due to the limitations of monitoring technique. 
With the aid of numerical modelling, stress and strain field 
within the soils could also be visualised in addition to the 
foundation responses. But due to the high computational 
costs, the number of loading cycles in the numerical simula-
tions for the entire soil-pile system is usually limited.

The cyclic lateral load considered in the literature is 
mainly symmetric two-way loading or simply loading/
unloading. Only a few considered the effects of asymmet-
ric cyclic loadings, e.g. Zhu et al. [7, 8, 14]. Zhu et al. [7] 
found that the accumulated rotation of suction caisson foun-
dation increases with decreasing ζc (the ratio of minimum 
moment to the maximum moment), i.e. two-way cyclic load-
ing causes more accumulated rotations. It contrasts with the 
findings by Zhu et al. [8], where one-way cyclic loading 
causes more accumulated rotations. It demonstrated that it 
is necessary to perform a systematic study on the influence 
of asymmetric cyclic loading on soil-structure interactions. 
On the other hand, Jalbi et al. [15] reviewed the wind and 
wave loading data from 15 offshore wind farms and deter-
mined the maximum and minimum moment applied at the 
mudline of a wind turbine. It was found that ζc lie in the 
range between − 0.5 and 0.5 for these wind farms. This is a 
combined effect of wind load with high magnitude but low 
frequency and wave load with low magnitude but high fre-
quency. With increasing water depth, the magnitude of wave 
load increases and may change the one-way cyclic loading 
caused by wind load into two-way loading. A schematic dia-
gram illustrating the variations is given in Fig. 1a.

To attain detailed information of soil-structure interac-
tions under various conditions, it is better to consider a small 
zone of soils adjacent to the structure and replicate it in an 
element test with similar stress conditions and stress paths. 
Intensive investigations have been conducted using labora-
tory element tests to examine the accumulated deformation 
[16, 17] and variation of stiffness [18, 19] of soils under 
cyclic loading in different load conditions. However, these 
experimental studies have no access to the micro-mechanism 
underlying the soil responses. Discrete element modelling 
of cyclic tests were also widely adopted to link the macro-
scale soil responses and underlying micro-mechanism dur-
ing cyclic loading including [20–22]. However, these studies 

were limited to symetric two-way loadings, which are differ-
ent from the real loading scenarios in offshore wind farms 
as found by Jalbi et al. [15]. This is a knowledge gap to fill 
in the current study.

1.2  Aim and scope of the paper

Majority of current offshore wind turbines are supported 
by monopile foundation, which is a large steel tube typi-
cally 30–40 m in length and 3–7 m in diameter. Unlike 
the slender piles for offshore structure, monopile tends to 
rotate rather than bend under lateral load or overturning 
moment. Therefore, the interactions between the monopile 
and the soil element in front of the monopile is analogic 
to a cyclic simple shear scenario, where the vertical stress 
remains almost constant, as shown in Fig. 1b. It is noted 
that the vertical stress applied on Block A may fluctuate 
slightly due to the compaction and rearrangement of soils 
above Block A, but this fluctuation is negligible comparing 
with the vertical stress levels considered in the current study. 
Therefore, cyclic simple shear tests were adopted to explore 
the soil responses under various cyclic loading patterns and 
its underlying micromechanism, in particular, to study the 
soil stiffness and deformation responses. The cyclic loading 
profiles considered are illustrated in Fig. 1c, which embrace 
the load scenarios summaries by Jalbi et al. [15] as well as 
previous studies.

Experimental cyclic simple shear tests on typical silica 
sand (RedHill 110) have been conducted in previous studies 
[23]. DEM simulations were first performed using PFC2D 
in the current study and compared with the experimental 
results. The micromechanical parameters were then ana-
lysed to find the relationships between the micromechanical 
parameters and macroscopic responses with particular focus 
on the influence of one-way and two-way loading patterns. 
Finally, original samples and cyclically sheared samples 
are simply sheared till the critical state. Variations of soil 
stress–strain response and volumetric response as a conse-
quence of cyclic loading history were analysed under the 
critical state framework.

2  Description of DEM simulation 
programme

In the experimental study performed by Nikitas et al. [23], a 
cyclic simple shear apparatus was used for testing cylindrical 
soil samples with 50 mm in diameter and 20 mm in height 
as suggested in ASTM D6528 [24]. RedHill 110 Sand, a 
poorly graded fine grained silica sand with  d50 = 0.18 mm 
and particle size distribution (PSD) curve shown in Fig. 2, 
was tested as this soil has been used to carry out scaled 
model tests on different types of foundations [25, 26]. Strain 
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controlled drained cyclic simple shear tests with symmetric 
two-way loading on sand with various relative densities, ver-
tical stresses and shear strain amplitudes were performed.

In the current study, a commercial DEM code PFC2D 
(Itasca, 2008) was used to perform the presented simu-
lations. The experimental cyclic simple shear test is a 

Fig. 1  a Combination of wind 
and wave load, b schematic 
diagram of soil stress conditions 
surrounding a monopile and c 
one-way and two-way cyclic 
loading patterns adopted in cur-
rent DEM simulations
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three-dimensional problem; however the current study only 
models a thin slice of the sample in the middle. It is obvious 
that a two-dimensional simulation cannot accurately rep-
resent the three-dimensional granular soil. However, there 
is no intention in this paper to reproduce the physical test 
quantitatively, but analyse the similar underlying micro-
mechanism because the major and minor principal stresses 
in a simple shear test lie in the loading plane considered in 
the 2D simulations.

The sample initially generated for testing is about 20 mm 
in height and 50 mm in width, similar to the sample dimen-
sions in experiments [23]. It contains 8000 disks with size 
ranging from 0.1 mm to 0.3 mm and  d50 = 0.18 mm, match-
ing the  d50 value in experiments. The PSD curve is also 
given in Fig. 2. Note that the PSD range is narrower in the 
DEM than that in experiments due to the unrealistic com-
putational time required for simulating samples with the 
same particle grading as in experiments. Parameters used in 
DEM simulations are listed in Table 1. Two sets of samples 
were generated with radius expansion approach followed 
by 1D-consolidation (laterally confined) with particle fric-
tion coefficient, μ = 0 and 1.0, to generate relative dense and 
loose samples, respectively. Particle friction coefficient was 
then changed to 0.5 and specimens were brought to equi-
librium again with the new frictional coefficient. Final void 
ratios (e) of the relative dense and loose samples at two dif-
ferent vertical stresses (σ) are also listed in Table 1. Note 
that due to different boundary velocity in consolidation 
stage, the loose sample reached slightly lower e at 50 kPa 
than that at 100 kPa.

In the modelling of the cyclic simple shear test, a drained 
condition is maintained, i.e. the vertical normal stress is 
kept at a prescribed value by stress-controlled top and bot-
tom walls (moving in or out to maintain the required stress 
level). The left and right side walls were rotated about their 
midpoints to realise the simple shear condition. The DEM 

simulation program of the cyclic simple shear tests is pro-
vided in Table 2. Symmetric two-way loading were planned 
for comparison with experimental tests [23] and other exper-
imental tests and DEM simulations in literature. Various soil 
packing densities and vertical stresses (Series A), various 
strain magnitudes (Series B) were considered. In addition, 
the effect of asymmetry of cyclic loading (i.e. one-way or 
two way loading) were investigated. Similar to the param-
eter, ζc, used by Zhu et al. [7], in this paper, strain ratio, 
ηc = γmin/γmax, was defined to quantify the degree of asym-
metry of cyclic loading as strain-controlled cyclic tests were 
performed in the current study. Strain ratios, ηc, between 
0.5 and − 1.0 were considered to embrace the load ratios 
encountered in real wind farms as summarised by Jalbi et al. 
[15] and previous work. For easy comparison, one series of 
simulations were planned with the same value of γmax − γmin 
but various ηc (Series C), and two other series were planned 
with the same γmax but various ηc (Series D and E).

Twelve measurement circles, as depicted in Fig. 3, were 
defined within the sample to measure the average stress, void 
ratio and coordination number. The results presented in the 
following sections are the average value from these twelve 
measurement circles.

3  DEM simulation results

3.1  Macro‑scale responses

The shear stress-shear strain curve forms hysteresis loops 
during cyclic loadings. Stress–strain relationships for the 
symmetric two-way loading (Series A, B, C) are similar. 
Thus only results from Series E were presented in Fig. 4. 
While ηc decreases from 0.5 to − 1.0 (one-way loading to 
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Fig. 2  Particle size distribution (PSD) of test sand in experiments 
[23] and current DEM simulations

Table 1  DEM simulation parameters

DEM parameter Value

Particle density 2650 kg/m3

frictional coefficient between particles 0.5
frictional coefficient between particle and wall 0.5
Normal stiffness of particle 8.0 × 107 N/m
Shear stiffness of particle 4.0 × 107 N/m
Normal and shear stiffness of boundary 4.0 × 109 N/m
Vertical stress 50 kPa, 100 kPa
Void ratio Dense: 0.185 

(σ = 50 kPa), 
0.181 
(σ = 100 kPa)

Loose: 0.215 
(σ = 50 kPa), 
0.227 
(σ = 100 kPa)
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symmetric two-way loading), stress–strain relationships also 
show different evolution trends. With ηc = 0.5, shear strain 
only reverses half way, shear stress reduces to a positive 
value slightly above zero in the first cycle. With the pro-
gress of cyclic loading, shear stress at both γmax and γmin 
deceases steadily. As a consequence, the negative τmin at γmin 
approaches the same magnitude of the positive τmax at γmax, 
even though both γmax and γmin are positive values. With 
decreasing ηc, the τmin decreases more as γmin decreases. 
However, the trends of τmax are quite different, even though 
γmax remains the same. When ηc > 0, τmax decreases with 
cyclic loading; when ηc = 0, τmax remains almost constant 
during cyclic loading; when ηc < 0, τmax increases with cyclic 

loading. It demonstrates that the magnitude of γmin affected 
the stress response at γmax. Following 1000 number of load-
ing cycles, no matter the symmetry of loading cycles (one-
way or two-way), shear stress oscillates two-way symmetri-
cally, i.e. negative τmin at γmin reaches the same magnitude 
as the positive τmax at γmax.

The shear modulus (G) of the sample can be calculated as

The variations of G in all simulations under cyclic 
loading are illustrated in Fig. 5. The magnitudes of shear 
moduli in the DEM simulations (e.g. 5–6.5  MPa for 
σ = 100 kPa, dense sample, γ = (− 0.52%, 0.52%)) are in 
the same range as the values from the experimental tests 
[e.g. 4–6 MPa for σ = 100 kPa, relative density = 50%, 
γ = (− 0.5%, 0.5%)] in Nikitas et al. [23]. Referring to 
Fig. 5a, for both loose samples, there is a clear increase 
in G under cyclic loading; while for both dense samples, 
G decreases obviously, which was not observed in the 
experiments. Reason for this could due to the irregular 
shapes of particles, wide particle grading and possible 
particle abrasion or crushing in experiments, which could 
lead to continuously densification of samples. However, 
these phenomena could not be easily replicated in DEM 

(1)G =
�
max

− �
min

�
max

− �
min

Table 2  DEM simulation 
program

a Same simulations

Simulation 
Series

Simulation ID (γmin, γmax) σ (kPa) Packing density

A A-1 (− 0.52%, 0.52%) 50 Loose
A-2 100 Loose
A-3a 50 Dense
A-4 100 Dense

B B-1 (− 0.10%, 0.10%) 100 Dense
B-2a (− 0.52%, 0.52%)
B-3 (− 1.04%, 1.04%)

C C-1a (− 0.52%, 0.52%) (ηc = − 1) 100 Dense
C-2 (− 0.29%, 0.75%) (ηc = − 0.39)
C-3 (0, 1.04%) (ηc = 0)

D D-1 (− 0.92%, 0.92%) (ηc = − 1) 100 Dense
D-2 (− 0.46%, 0.92%) (ηc = − 0.5)
D-3 (− 0.23%, 0.92%) (ηc = − 0.25)
D-4 (0, 0.92%) (ηc = 0)
D-5 (0.23%, 0.92%) (ηc = 0.25)
D-6 (0.46%, 0.92%) (ηc = 0.5)

E E-1 (− 0.92%, 0.92%) (ηc = − 1) 100 Loose
E-2 (− 0.46%, 0.92%) (ηc = − 0.5)
E-3 (− 0.23%, 0.92%) (ηc = − 0.25)
E-4 (0, 0.92%) (ηc = 0)
E-5 (0.23%, 0.92%) (ηc = 0.25)
E-6 (0.46%, 0.92%) (ηc = 0.5)

Fig. 3  Schematic diagram of soil sample and locations of measure-
ment circles
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simulations. After 6000 cycles, G of the loose samples and 
the dense samples at a same σ approach a same constant. 
As shown in Fig. 5b, G increases dramatically with reduc-
ing γmax as expected, and in all cases G reduces slightly 

during cyclic loading. The results correlated quite well 
with the observations from scaled model tests with differ-
ent types of offshore wind turbine foundations [4–6, 27] 
and the field measuremens [28].

Fig. 4  Stress–strain relationships during cyclic loadings for simulation Series E
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With the same magnitude of (γmax − γmin) in Series C, 
the two-way loading resulted in higher G than the one-
way loading in the first few hundred cycles (Fig. 5c). 
The reason is that the true strain level for the one-way 

loading is larger than those for the two-way loading (i.e. 
1.04% > 0.75% > 0.52%), and as expected G decreases 
with increasing strain level. However, following large 
number of loading cycles, soil losts memory of initial 

0

1

2

3

4

5

6

7

1 10 100 1000 10000

Sh
ea

r M
od

ul
us

 (M
Pa

)

Number of Cycles

Loose σ=50kPa Loose σ=100kPa
Dense σ=50kPa Dense σ=100kPa

(a) Compare vertical stress σ and packing density with
γ=(-0.52%, 0.52%) – Series A

0

2

4

6

8

10

12

1 10 100 1000 10000

Sh
ea

r M
od

ul
us

 (M
Pa

)

Number of Cycles

γ (-0.104%,0.104%)
γ (-0.52%,0.52%)
γ (-1.04%,1.04%)

(b) Compare strain amplitude
γmax (dense sample, σ =100kPa) – Series B

4.5

5

5.5

6

6.5

7

1 10 100 1000 10000

Sh
ea

r M
od

ul
us

 (M
Pa

)

Number of Cycles

γ (-0.52%,0.52%)
γ (-0.29%,0.75%)
γ (0%,1.04%)

(c) Compare loading asymmetry
(dense sample, σ =100kPa) – Series C

0

1

2

3

4

5

6

7

8

1 10 100 1000 10000

Sh
ea

r M
od

ul
us

 (M
Pa

)

Number of Cycles

γ (0.46%,0.92%)
γ (0.23%,0.92%)
γ (0,0.92%)
γ (-0.23%,0.92%)
γ (-046%,0.92%)
γ (-0.92%,0.92%)

(d) Compare loading asymmetry
(dense sample, σ =100kPa) – Series D

0

1

2

3

4

5

6

1 10 100 1000 10000

Sh
ea

r M
od

ul
us

 (M
Pa

)

Number of Cycles

γ (0.46%,0.92%)
γ (0.23%,0.92%)
γ (0,0.92%)
γ (-0.23%,0.92%)
γ (-046%,0.92%)
γ (-0.92%,0.92%)

(e) Compare loading asymmetry
(dense sample, σ =100kPa) – Series E

Fig. 5  Evolution of shear modulus during cyclic loading in DEM simulations



 L. Cui et al.

1 3

73 Page 8 of 20

strain levels and the key parameter dominating the long 
term stiffness is the magnitude of (γmax − γmin), which are 
the same for the three simulations, so are the final G val-
ues. Similar phenomena also observed in the DEM simu-
lations of pile-soil interaction under cyclic loading by 
Cui and Bhatacharya [12]. The main reason for this may 
be that asymmetry only appears in the first cycle and the 
remaining cycles appear to be pseudo-symmetric about a 
non-zero mean shear strain, (γmax + γmin)/2. The different 
soil responses caused by asymmetric loading in the first 
cycle are gradually eliminated by the pseudo-symmetric 
loading. Samples seem to reach a cyclically stable state 
with response center drifted to the non-zero mean shear 
strain and no obvious differences between samples can 
be observed.

With the decreasing values of ηc in Series D and E, 
G decreases obviously as the magnitude of (γmax − γmin) 
increases (Fig. 5d and e), which confirms the findings 
from Series C that the key parameter dominating the 
long term magnitude of stiffness is the magnitude of 
(γmax − γmin). It can also be observed that G decreases in 
dense samples and increases in loose samples in general. 
The exemptions are the dense samples with ηc > 0, where 
the magnitude of (γmax − γmin) may be not large enough to 
produce the same effect.

The evolutions of void ratio, e, of all simulations under 
cyclic loading are illustrated in Fig. 6. The increasing G 
of loose samples could be explained by the densifica-
tions of samples (reduction in e) as observed in Fig. 6a. 
The G values for the dense samples reduce obviously, but 
they only dilated slightly. There should be other causes 
for the remarkable decrease of G, which will be investi-
gated further in the latter part of this paper. Moreover, 
e of the two samples at σ = 50 kPa coincide, which con-
sists with the coincidence of their G values. However, 
for the two samples at σ = 100 kPa, e of the loose sam-
ple is still higher than that of the dense sample, which 
is also consistent with the comparison of their G val-
ues. As shown in Fig. 6b, with higher γmax, dense sam-
ple dilates slightly more in the initial stage. However, 
for γmax = 1.04%, sample dilates first and then contracts 
slightly. As seen from the monotonic simple shear tests 
in the latter section (Fig. 14), this is mainly because the 
specimen approaches failure from 2% of shear strain thus 
the sample is disturbed and re-arranged significantly dur-
ing cyclic loadings. As observed from Series C in Fig. 6c, 
the three simulations with the same value of (γmax − γmin) 
but different values of ηc shows very subtle differences in 
void ratio. However, with increasing value of (γmax − γmin) 
in Series D/E (Fig. 6d, e), void ratio reduces/increases 
more obviously. This confirms again that the magnitude 
of (γmax − γmin) rather than ηc dominates the responses.

3.2  Micro‑scale mechanism

The observed macro-scale stress and strain responses should 
be underlain by the micro-scale (particle-scale) mechanism. 
In the following section, micro-scale parameters, includ-
ing the coordination number, contact force network, fabric 
anisotropy, principal stress rotation, etc., were examined in 
details to bridge the micro–macro gaps.

3.2.1  Coordination number  (Nc)

The coordination number  (Nc) is the average number of con-
tacts surrounding each particle. It has a strong relation with 
the stress level within the sample [29]. The evolutions of  Nc 
under cyclic loading for the four samples under various test 
conditions are shown in Fig. 7. It is clearly shown in Fig. 7a 
that the initial low  Nc corresponds to initial low shear stress 
(thus low G in Fig. 5a). The increase in G for the two loose 
samples is related to the increase in  Nc and the decrease 
in G for the dense samples agrees with the reduction in 
 Nc. When values of G coincide, the coordination numbers 
also coincide. As observed in Fig. 7b, with higher γmax, 
 Nc reduces more and quicker with loading cycles, match-
ing the reduction of G. As shown in Fig. 7c, with the same 
(γmax − γmin), the initial value of  Nc was lowest with ηc = 0 
(one-way loading) due to higher γmax; however after 100 
cycles,  Nc decreases to similar value for all three ηc values, 
which agrees with the trend for the G in Fig. 5c. As seen 
from Fig. 7d,  Nc does not change significantly for ηc > 0 but 
decrease more significantly with decreasing ηc for ηc ≤ 0, 
which agrees with the observations of G in Fig. 5d and e 
in Fig. 6d.  Nc for Series E all increases remarkably with 
cyclic loading but the differences between various ηc are 
insignificant.

In summary, considering all observations of G, e and Nc, 
we can see that lower e (denser packing) results in higher 
Nc, which in turn leads to higher stress level, thus higher G.

3.2.2  Contact force network

The evolution of the contact force network within the dense 
soil sample at σ = 100 kPa is illustrated in Fig. 8. Before 
cycling, the contact force network illustrates an approxi-
mately isotropic and uniform distribution (Fig. 8a). Once 
cycled to the maximum strain, e.g. + 0.52%, the stronger 
contact forces are aligned to the shorter diagonal direction 
and weaker contact forces can be observed at the other two 
diagonal corners (Fig. 8b). When the specimen is cycled to 
− 0.52%, the strong contact force direction rotated to the 
other diagonal direction, and the locations of the weaker 
contact force network also shifts accordingly (Fig. 8c). To 
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statistically quantify the orientations of contact forces, the 
contact fabric is analysed Sect. 3.3.3; to statistically quantity 
both the magnitudes and orientations of the contact forces, 
the principal directions were examined in Sect. 3.3.4.

3.2.3  Fabric

The spatial distribution of the contact force directions can be 
quantified by fabric. There are many evidences of the impact 
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of fabric anisotropy on the characteristics of granular materi-
als [30, 31]. Therefore, it is worth to analyse the evolution of 
soil fabric in the current cyclic loading conditions. Various 
definitions of fabric can be found in the literatures [32]. The 

one adopted in the current study is the Fourier approxima-
tion [33], which quantifies the distribution of contact direc-
tion per radian as:
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where a is a parameter defining the magnitude of fabric ani-
sotropy and θa is the direction of the principal fabric. For an 
isotropic sample, a = 0 and E(θ) =1/2π, which is a circle with 
a uniform distribution of 1/2π per radian.

The histogram of spatial distribution of directions of par-
ticle contact normals for the dense sample at σ = 100 kPa 
is illustrated in Fig. 9. The Fourier approximation function 
is indicated by the red ellipse with the long axis indicat-
ing the major principal direction of fabric (θa). The major 
principal fabric direction of the initial sample is 92°. When 
sheared to the maximum strain (0.52% or 0.3°), the major 

(2)E(�) =
1

2�

[

1 + a cos 2
(

� − �
a

)]

principal fabric direction rotates to the diagonal direction 
(θa≈ 130.0°); when it is sheared to minimum strain (− 0.52% 
or − 0.3°), the major principal fabric direction rotates to the 
perpendicular diagonal direction (θa≈ 40.0°). Note that the 
sample boundaries are only rotated up to 0.6°; however, the 
major principal fabric direction rotates about 90°.

The evolutions of θa at γmax and γmin for Series A and D 
are plotted in Fig. 10; the other Series show similar trends 
to Series A thus not included here. Note that the initial θa 
at γ = 0 for the four samples are 83° (loose, σ = 50 kPa), 
165° (loose, σ = 100 kPa), 80° (dense, σ = 50 kPa) and 92° 
(dense, σ = 100 kPa). It can be observed from Fig. 10a, that 
the rotation of θa occurs slowly in loose samples. For the 
loose sample with σ = 50 kPa, θa at γmax starts from about 

Fig. 8  Evolution of contact 
force network during the 
first simple shear loading 
cycle (dense sample with 
γ = (− 0.52%, 0.52%) and 
σ = 100 k)
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110° and increases slowly to 130° at large cycle number; 
while for the loose sample with σ = 100 kPa, θa at γmax starts 
from about 140° and decreases slowly to 130°. However, 
for both dense samples, θa at γmax reaches 130° in the first 
loading cycle and remains at 130°. Rotation of θa at γmin 
shows similar trend: rotation of θa occurs slowly in loose 
samples until it reaches 40°; θa in dense samples arrives at 
40° in the first cycle. In the other simulation Series, rotation 
of θa does not show obvious difference with various γmin or 
ηc except for the Simulation D-6 with ηc = 0.5, where θa at 
γmin does not reduce to 40° as other simulations, but stays 
at 130° for γmin for about 10 cycles, then reduces slowly 
to 65° following 6000 loading cycles. The stabilised fabric 
following cyclic loading is not a unique feature for drained 
tests, but also observed in undrained cyclic tests [34, 35]. 
It is also interesting to observe that θa at γmax and θa at γmin 
do not symmetric about 90°, but 85° for all simulations, 
despite their loading asymmetry. One hypothesis for this 

phenomenon is the rotation direction in the first quarter of 
the first cycle. Further investigation will be carried out in the 
future to verify this hypothesis.

The magnitude of fabric anisotropy is quantified by a 
in Eq. (2). It has been demonstrated previously [30, 31] 
that larger magnitude of anisotropy can result in higher 
shear stress. As illustrated in Fig. 9, a relates to the aspect 
ratio of the red ellipse. At γmax, the long axis is along 
130° and short axis is along 40°; at γmin, the long axis 
and short axis swop locations. Thus, the variation of fab-
ric anisotropy from γmax to γmin can be quantified by the 
change of axis length along one principal direction, or 
amax+ amin. On the other hand, fabric anisotropy is an indi-
cator of shear stress magnitude, while G is determined by 
(τmax − τmin)/(γmax − γmin); therefore, amax+ amin could be 
an indicator of G for the same level of (γmax − γmin). The 
evolutions of amax+ amin for the five simulation Series are 
shown in Fig. 11. It is clear in Fig. 11a that amax+ amin 

Fig. 9  Spatial distribution 
of contact normals (dense 
sample with γmax = 0.52% and 
σ = 100 k)
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for the dense samples drops significantly, which agrees 
with the fact that G for these samples also drops obvi-
ously. And amax+ amin for the loose samples increases 
clearly, which matches the increase in G (Fig. 5a). With 
increasing γmax, degree of anisotropy increases dramati-
cally (Fig. 11b), which reflects the increasing shear stress 
level. However, as (γmax − γmin) also increases significantly, 
G reduces. In Series C, (γmax − γmin) remains the same, 
thus amax+ amin for ηc = 0 is lower than the other two cases 
in the first 100 cycles and then approaches similar values 
with other two cases (Fig. 11c), which agrees with the 
trend for G for this Series (Fig. 5c). In Series D and E, 
amax+ amin increases with decreasing ηc, which results in 
increasing (τmax − τmin) (Fig. 4); however, as (γmax − γmin) 
also increases with decreasing ηc, the resultant G is actu-
ally decreasing. Thus, change of G is a combined result 
of variation of degree of anisotropy and strain amplitude, 
and in Series D&E, strain amplitude has a greater impact 
than the degree of anisotropy.

3.2.4  Rotation of principal directions

The average stresses within the specimen during cyclic load-
ing were monitored and the principal stresses and principal 

directions were determined. It is found that the major princi-
pal directions and the major fabric directions incline similar 
angles to the horizontal: 130º for both the major principal 
directions and the major fabric directions at γmax; 40º for 
the major fabric directions and 50º for the major principal 
directions at γmin. The rotations of the major principal direc-
tions in the first three cycles were illustrated in Fig. 12. Note 
that the initial major principal direction of the loose sample 
with σ = 100 kPa has an approximate horizontal orientation, 
while the remaining three samples have approximate vertical 
orientations. The rotation of the major principal direction 
of the loose sample with σ = 50 kPa is slower than the other 
three samples in the first three cycles (Fig. 12a). The rota-
tion of the major principal direction for various γmax yields 
same values at maximum and minimum strain, but forms 
larger loops for larger γmax (Fig. 12b). Apart from the loose 
sample with σ = 50 kPa, for all the remaining samples with 
symmetric two-way loading as shown in Fig. 12a–c, major-
ity of the principal direction rotation occur at about half the 
γmax (γmin) in the loading (unloading) stages. Outside the 
strain range of (γmin/2, γmax/2), principal directions remain 
almost constant. Due to this feature, the rotation of principal 
direction with ηc > 0 in Series D and E shows some interest-
ing characteristics. In particular, in Simulation D-6, where 
ηc = 0.5, as γmin is only half of γmax, rotation of principal 
direction has not start yet before the loading changes direc-
tion in initial cycles. As a result, major principal direction 
remains at about 130° in the first three cycles (black curves 
in Fig. 12d). Rotation of principal direction for this sample 
gradually started after ten cycles and approaches 80° at the 
end of 6000 loading cycles. This delayed rotation of princi-
pal stress direction agrees with the delayed rotation of prin-
cipal direction of fabric (Fig. 10b). In Simulation E-6 (loose 
sample with ηc = 0.5), as sample is relative loose and there 
are more spaces for particle movements and rearrangements, 
even the γmin is only half of γmax, rotation of principal direc-
tion starts from the first cycle to a smaller extent (Fig. 12e). 
But the shapes of the direction-strain loop are still different 
from majority simulations: the delay of rotation when load-
ing direction changes at γmin is not observed in Simulation 
D-6 and E-6. This is because the principal direction has yet 
stabilised at γmin as other simulations with lower γmin.

3.2.5  Particle movements

Particle movements during 6000 loading cycles for a few 
representative simulations are displayed in Fig.  13. It 
can be observed clearly from Fig. 13a that for the dense 
sample with ηc = 0.5 (Simulation D-6), the particles flow 
anticlockwise slightly within the box due to the low value 
of (γmax − γmin), i.e. low intensity of vibration. As the ηc 
decreased to − 1.0 (Fig. 13b), i.e. (γmax − γmin) increases, 
particle movements are more remarkable and there are local 
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vortices formed. For both simulations, no clear volumetric 
change can be observed, which is consistent with the void 
ratio observation. However, for the two simulations of loose 
samples (Fig. 13c and d), in addition to the local vortices, 
clearly inward particle movements can be observed along the 
top and bottom boundaries, which is again consistent with 
the observations of void ratios. Moreover, the particle dis-
placements are more intensive with increasing (γmax − γmin), 
because there are more voids within loose samples allowing 
particle movement and rearrangements.

3.3  Effect of cyclic loading on p‑y curve and critical 
state analysis

In the design of monopile for the offshore wind turbine, 
soils surrounding monopile may be replaced by a series of 
independent springs with their reaction forces applied to 
monopile specified by p–y curves. The p–y curve could be 
attained from the conversion of a τ–γ curve [36]. There-
fore, it is worth to check the variations of τ–γ curve (thus 
p–y curve) following 6000 cycles of loading.
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Figure 14 shows the normalised τ-γ curves for the origi-
nal dense and loose samples (without cyclic loading) with 
σ = 50 kPa and 100 kPa as well as the evolutions of e during 

monotonic simple shear tests until shear strain γ = 52%. 
Dense samples show higher initial stiffness and higher peak 
stress ratios as expected. Specimen with similar initial e 

40

60

80

100

120

140

160

-0.6 -0.4 -0.2 0 0.2 0.4 0.6

M
aj

or
 p

rin
ci

pa
l d

ire
ct

io
n 

(º)

Shear strain γ (%)

Loose σ=50kPa
Loose σ=100kPa
Dense σ=50kPa
Dense σ=100kPa

(a) Compare vertical stress σ and packing
density with γ=(-0.52%, 0.52%) – Series A

40

50

60

70

80

90

100

110

120

130

140

-1.2 -0.8 -0.4 0 0.4 0.8 1.2

M
aj

or
 p

rin
ci

pa
l d

ire
ct

io
n 

(º)

Shear strain γ (%)

γ (-0.104%, 0.104%)
γ (-0.52%, 0.52%)
γ (-1.04%, 1.04%)

(b) Compare strain amplitude γmax

(dense sample, σ =100kPa) – Series B

40

50

60

70

80

90

100

110

120

130

140

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

M
aj

or
 p

rin
ci

pa
l d

ire
ct

io
n 

( º)

Shear strain γ (%)

γ (-0.52%, 0.52%)
γ (-0.29%,0.75%)
γ (0, 1.04%)

(c) Compare loading asymmetry
(dense sample, σ =100kPa) – Series C

40

50

60

70

80

90

100

110

120

130

140

0 0.2 0.4 0.6 0.8 1

M
aj

or
 p

rin
ci

pa
l d

ire
ct

io
n 

(º
)

Shear strain γ (%)

γ (0.46%, 0.92%)
γ (0.23%, 0.92%)
γ (0, 0.92%)

(d) Compare loading asymmetry
(dense sample, σ =100kPa) – Series D

40

60

80

100

120

140

160

0 0.2 0.4 0.6 0.8 1

M
aj

or
 p

rin
ci

pa
l d

ire
ct

io
n 

(º
)

Shear strain γ (%)

γ (0.46%, 0.92%)
γ (0.23%, 0.92%)
γ (0, 0.92%)

(e) Compare loading asymmetry
 (loose sample, σ =100kPa) – Series E

Fig. 12  Rotation of major principal direction in the first three loading cycles



 L. Cui et al.

1 3

73 Page 16 of 20

Fig. 13  Particle convections in 
6000 loading cycles (amplified 
by 2.0)
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shows slightly higher peak stress ratio and initial stiffness 
under lower σ. The e responses of dense samples showed 
clearly dilation and finally approached the critical e, while 
loose samples also showed slightly dilation.

Similar monotonic simple shear tests were also performed 
on those four samples followed 6000 cycles of symmet-
ric loadings with shear strain amplitude γ = ± 0.52%. The 
stress–strain and volumetric responses during monotonic 
simple shear test were illustrated in Fig. 15. Comparing 
Fig. 15b with Fig. 6a, it is interesting to observe that loose 
specimen densifies during cyclic loading, with e approaches 
constants similar to the values for dense samples; how-
ever, these values are not the critical e. The cyclic loading 
equalises the sample density which leads to very similar 
stress–strain response and volumetric responses of these four 
samples as observed in Fig. 15.

To have a better understanding of the relationship of the 
stress ratios and e at the peak and critical states, the stress 
paths for the eight simulations as well as the critical state 
line (CSL) were plotted in Fig. 16, where the mean stress 
s′ = (σ1′ + σ2′)/2, the deviator stress q = σ1′ − σ2′ and σ1′, σ2′ 
are the principal stresses. The CSL is obtained by least-
square fitting of the e-log(s′) values or the q–s′ values of the 
eight simulations at the critical state. It can be observed that 
the e for one relative loose sample (σ = 100 kPa) is just below 
the critical state e, while the other loose sample (σ = 50 kPa) 

is below further (Fig. 16a). The e values for the two dense 
samples are well below the critical state e. In the simple 
shear tests, their mean stresses first increase to the peak state 
value with small increases of e, then decrease significantly 
with further increases of e until reaching the critical state 
line. It can be seen that the loose sample with σ = 100 kPa 
has similar response to real loose sand; the loose sample 
with σ = 50 kPa has similar response to medium sand; and 
the two dense samples behave similar to very dense sand. As 
shown in Fig. 16b, these four samples reach different peak 
failure envelops due to various initial e values.

When the two loose samples subjected to 6000 cycles 
of symmetric shearing loadings, their e values reduce sig-
nificantly with mean stresses remain unchanged; while the 
two dense samples remain similar e and mean stresses dur-
ing cyclic loading (Fig. 16c). When the cyclically sheared 
samples are subjected to simple shear tests, all four sam-
ples have similar responses: reaching a same peak failure 
envelop due to similar e and then dropping onto the critical 
state line (Fig. 16d). Therefore, cyclic loading equalises the 
distances between the sample state points and the critical 
state line. Based on the critical state soil mechanics theory, 
the distance between a soil state and the critical state line 
dominates soil responses, thus the four samples post cyclic 
loading show very similar responses.
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4  Conclusions

Series of DEM simulations of cyclic simple shear tests with 
various strain profiles (one-way or two-way) were performed 
to explore the variations of soil characteristics under cyclic 
loading and its underlying micro-mechanism. It has been 
found that:

• Shear modulus for loose soil increases rapidly in the 
initial loading cycles as a result of soil densification, 
and then the rate of increase diminishes when void ratio 
approaches a constant; shear modulus of the very dense 
samples in DEM decreases but dilation is not the main 
reason.

• Under the same vertical stress and strain amplitude, shear 
moduli and void ratios of dense sample and loose sample 
approach the same values at larger number of cycles.

• Shear modulus increases with increasing vertical stress 
and relative density, but decreases with increasing strain 
amplitude as expected.

• Higher shear stress level and shear modulus are corre-
lated to higher coordination number and higher magni-
tude of fabric anisotropy.

• Accumulated rotation of principal direction of fabric 
and major principal direction occurs slowly in loose 
sample, but reaches the final value in the first cycle in 
dense sample. In each symmetric loading cycle, major-
ity of the principal direction rotation occurs between 
half of γmin and half of γmax in spite of the magnitude of 
γmax. There are delays in the reverse of principal direc-
tion rotation immediately after the boundary rotation 
is reversed apart from the case with ηc = 0.5 where the 
vibration intensity is low and sample has not stabilised 
at γmin.

• Loading asymmetry only affects soil behaviours in the 
first hundreds of cycles. In long term, the magnitude of 
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(γmax − γmin) rather than loading asymmetry dominates 
the soil responses.

• Changes in the stress–strain behaviour (thus p-y curve) 
of soil due to cyclic loading are significantly dependent 
on the initial relative density and the distance between 
the state point and the critical state line.

This study verifies the capability of DEM in analysing 
the micro-mechanism underling the soil stiffness variation 
during cyclic loading. More studies will be carried out in the 
future work, in particular, non-circular disks will be consid-
ered to explore the particle shape effect. An empirical model 
for evolution of shear modulus will be established to include 
the impact of all macroscopic and microscopic parameters. 
These findings provide basis for improving the design codes 
for offshore wind turbine foundations.
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