
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


 

Finite-Element Modeling of Axial Cyclic 
Loads on Piles for Offshore Wind Turbine 
Foundations 
 
Bao Li Zheng, Bruce L. Kutter 
Department of Civil and Environmental Engineering – University of California, Davis, CA, USA 
 
 
ABSTRACT 
Foundations for offshore wind turbine structures are subjected to continuous cyclic loading due to wind and waves over 
the course of operation. Cyclic vibration may cause densification of the soil around the pile and decrease in lateral effective 
stress; on the other hand, high-amplitude, monotonic axial loads may cause dilation of the adjacent soil and a 
corresponding increase in normal effective stresses. The combination of these mechanisms leads to complex variations 
of the soil-pile interaction stiffness, capacity, and pullout rate that are not fully understood. A centrifuge test program was 
performed at the University of California, Davis, to explore the effect of different load combinations on the axial behavior 
of model test piles (Allmond et al. 2016; Zheng et al. 2017). Results from the centrifuge experiments demonstrated the 
potential for increase and reduction of the axial capacity and pullout rate depending on load combinations. An axisymmetric 
finite-element model is developed in OpenSees (McKenna et al. 2010) to study the evolution of stiffness, capacity and 
pullout rate. The 2004 Dafalias and Manzari Bounding Surface Plasticity model is used for soil response. This paper 
presents the development of the numerical model, and global and element behaviors under various loading conditions. 
Globally, the model predicts reduction in axial capacity and increase in pullout rate with increasing number of cycles and 
cyclic amplitudes. Locally, cyclic reloading causes dilation and cyclic unloading causes contraction. Overall, cyclic loading 
results in net dilation in the near-field region and net contraction in the far-field region. Reduction of radial effective stress 
at the interface and mean effective stresses in all elements are observed, which explains the predicted reduction in axial 
capacity. The numerical model is shown to be helpful for understanding this complex soil-structure-interaction problem. 
 
 
 
1 MOTIVATION 
 
Understanding the influence of axial soil-pile interaction is 
critical for efficient design of multi-pile-supported offshore 
wind turbine structures (OWTS). The system must satisfy 
limits on stiffness and displacement. These requirements 
are particularly challenging for OWTS due to their complex 
dynamic loading conditions, shown in Figure 1(a)). 
Understanding is lacking for design challenges such as: 

 
 Millions of cycles of small amplitude cyclic loads due 

to the blade passing frequency and the one-per-
revolution out-of-balance loads, 

 A relatively small number of large amplitude wave 
and wind loads associated with major storms,  

 Depending on the prevailing wind direction, static 
axial loads will cause compression on one side and 
tension on the other side of the platform,  

 Some piles may be subject to two-way cyclic loading 
(compression-tension) if the static loads are small, 
while others may have cyclic loads superimposed 
onto significant static tensile or compression loads.  

 
Significant degradation in the soil-pile capacity could 

lead to excessive deformation, thereby rendering the 
turbine inoperable. Axial degradation or stiffening would 
also result in a change in the resonant frequency of the 
system and a potential for undesirable resonance at either 
the blade passing frequency or the rotor frequency.  

Current design for OWTS adopts the interaction 
diagram framework (Poulos 1988; Jardine and Standing 
2000; Tsuha et al. 2015). Such diagrams plot zones of 

stable, metastable, and unstable tensile pile behavior on 
graphs of Qcyclic/QT versus Qmean/QT, where QT is the tensile 
capacity, Qcyclic is the axial cyclic load, and Qmean is the 
mean axial load. Some literatures have adopted Qstatic 
(axial static loads) over Qmean. These diagrams imply 
monotonically increasing damage as the number of cycles 
increases and as either Qcyclic or Qmean increases.  
 
 

 
Figure 1. (a) Potential loads experienced by an OWTS, and 
the transfer of loads to the foundation piles. (b) Photo of the 
UC Davis centrifuge test setup prior to spin-up. 
 
 
 A series of centrifuge tests (see Figure 1(b)) was 
performed at the University of California, Davis (UC Davis), 
Center for Geotechnical Modeling (Allmond et al. 2016; 
Zheng et al. 2017). The program was designed specifically 



 

to advance the understanding of the influence of load 
combinations (i.e., combination of static and cyclic load 
amplitudes, and the number of cycles) on stiffness, axial 
capacity, and pullout rate. The validity of the interaction 
diagram approach of Tsuha et al. (2015), similar to that 
shown in Figure 2(a), is also evaluated using the data set. 
 
 

 
Figure 2. (a) Load combinations explored in the UC Davis 
centrifuge test program (Allmond et al. 2016; Zheng et al. 
2017). (b) Centrifuge results showing the change in axial 
capacity, ΔQT/QT, with load combinations. 
 
 

Centrifuge results, such as Figure 2(b), demonstrate 
the potential for increase or decrease in axial capacity that 
follows a more complex pattern than is implied by the 
interaction diagrams.  For example, as shown by the star 
data points (hollow and solid markers represent one-way 
and two-way loading, and arrows denote test progression), 
the axial capacity, QT, does not monotonically decrease as 
cyclic load increases. In fact, the opposite is observed; 
capacity increased when the cyclic loads were greater than 
the static loads, and decreased after applying a series of 
smaller cyclic loads. Effect of complex loading is observed, 
but the fundamental mechanisms causing the response 
could not be answered. This paper aims to introduce a 
finite-element (FE) model developed in OpenSees 
(McKenna et al. 2010) to investigate the mechanisms. 
 
 
2 BACKGROUND 
 
The tensile capacity, τ, can be characterized by Eq. 1. 
Degradation in capacity according to Eq. 1 may be caused 
by either a reduction in the friction angle, δ, or a reduction 
in the horizontal earth pressure coefficient, K. Two potential 
mechanisms of cyclic softening of axially-loaded piles in 
sand are: (1) dense sand around the pile may dilate during 
shearing, creating a looser material with smaller effective 
peak friction angle (reducing δ); and/or (2) densification of 
the sand around the pile during cyclic loading could reduce 
the effective lateral confining stress on the pile and 
decrease the frictional resistance (reducing K). 

In summary, contraction leads to the loss of effective 
stress, which leads to loss of strength; dilation leads to 
increase in effective stress and increase in strength.  
Complexity arises because the zones of contraction and 
dilation vary with distance from the pile. Instead of the 
undrained condition applied in lab tests, the shear zones 
around the pile are confined by elastic soil. This elastic soil 

provides a normal stiffness to the shear zone that has been 
modeled by a Constant Normal Stiffness (CNS) boundary 
condition in some laboratory interface shear test programs 
(e.g., Tabucanon et al. 1995; DeJong et al. 2003; Porcino 
et al. 2003). Comparing to drainage conditions, a CNS 
boundary is analogous to a partially-drained system, with 
the soil responding between the extremes of undrained 
(fixed) and drained (free) systems. 
 
 

τ = Kσ' tan(δ)v        [1] 

 
 

A number of numerical models have been developed 
by researchers to quantify the degree of cyclic degradation 
on piles. One example is the program RATZ, developed by 
Randolph (2003), which implements a load transfer 
approach with the cyclic loading history to estimate 
capacity degradation. Achmus et al. (2015) presented a 
two-dimensional FE model for predicting cyclic stability and 
deriving more comprehensive interactive diagrams. These 
models typically make use of a failure criterion (e.g., Mohr-
Coulomb) and some empirical correlations for stiffness 
degradation. However, the fundamental response of the 
soil (e.g., shear-induced volume changes) is not captured. 
Others have developed 2D plane-strain models using 
discrete element method to simulate interface shearing 
(e.g., Peng et al. 2014; Martinez and Frost 2017). While 
these models are more fundamentally accurate, they are 
typically more computationally expensive compared to 
continuum-based models, and some behavior is lost 
through a plain-strain approximation of an axisymmetric 
problem. 
 
 
3 MODEL CONSTRUCTION 
 
3.1 Constitutive Model and Soil Parameters 
 
The constitutive soil model selected is the Dafalias and 
Manzari (2004) Bounding Surface Plasticity model. This 
model, henceforth referred to as DM04, incorporates the 
critical state framework and a fabric tensor that enhances 
contraction during reverse loading - features that were 
considered to be potentially important for this problem 
where shear-induced volume changes are expected to 
dictate the soil-pile response. With the exception of the 
Poisson’s ratio, the parameters presented in Dafalias and 
Manzari paper (obtained by calibration to results from 
triaxial tests on Toyoura Sand) were directly used for the 
simulations presented herein. Properties of Toyoura Sand 
presented in Verdugo and Ishihara (1996) were used, 
which includes the mean grain size, D50, of 0.17 mm. 

Initial simulations with the model parameters from 
Dafalias and Manzari (2004) showed that the peak pullout 
capacity of the aforementioned centrifuge experiments and 
the subsequent softening to a residual pullout capacity was 
better modeled by increasing the Poisson’s ratio from 0.05 
to 0.25. The arbitrary adjustment of the Poisson’s ratio was 
considered to be appropriate for this paper to demonstrate 
that the numerical model and the constitutive model could 



 

capture much of the physics of the mechanisms of cyclic 
axial loading of piles. However, the next phase of the 
project will involve more rigorous calibration of the 
constitutive model using the available experimental data 
from direct simple shear tests (e.g., Parra Bastidas et al. 
2016) and triaxial tests (e.g., Vasko 2015) on Ottawa F-65 
Sand, which was used in the centrifuge experiments. 

 
3.2 Mesh Details 
 
A drawing of the FE model is shown in Figure 3(a). The 
selected mesh consists of thirteen trapezoidal Stabilized 
Single-Point (SSP), eight-node brick elements (referred to 
as SSPBrickUP in OpenSees, see McGann et al. 2015). 
The element contains only one integration point, which 
significantly reduces computational time. The coupling of 
displacement and pressure (u-p) allows for modeling of 
different drainage conditions. Furthermore, this element 
has been used and is shown to be effective for simulations 
using the DM2004 constitutive model (Ghofrani and 
Arduino 2016). For simplicity, the soil is currently modeled 
as being drained (zero pore water pressures). While three-
dimensional brick elements are used in the simulations, the 
axisymmetric nature of the problem allows the model to be 
simplified to only a thin array of elements aligned in the 
radial direction away from the interface. 

 
 

 
Figure 3. (a) FE mesh and boundary conditions. (b) An 
enlarged view of the far-field springs. (c) Plan view of the 
selected, “post-installation” mesh geometry (θ = 5°). The 
pile is indicated by the green dotted arc (r0 = 4.65 mm). 

 
 

The mesh is composed of two regions (see Figure 3(c)). 
The first region, with a thickness of 18D50 models the near-
pile soil response where strain localization is expected to 
occur. For the present simulations, 18D50 is 3.1 mm, which 
is comparable to the pile radius, r0, of 4.65 mm.  For most 
of the simulations, the near-pile region was subdivided into 
three equal-thickness elements; the thickness of these 
elements (6D50) was chosen to correspond to the thickness 
of observed shear bands adjacent to a boundary (DeJong 
et al. 2003; Martinez and Frost 2017). The strategic choice 
of the element thickness in relation to D50 is intended to 
approximately account for particle size effects. The 

sensitivity of the results of the simulations to the element 
thickness is discussed in Section 4.2. The second region 
consists of ten brick elements of constant thickness-to-
width aspect ratio. This region represents the conditions 
out to far-field, where strains are elastic. 

Pile installation is modeled indirectly by cylindrically 
expanding the inner surface of the mesh from an initial 
cavity with radius of 0.9r0 to 1.0r0. This cavity expansion 
phase creates a distribution of reducing radial effective 
stress with increasing radial distance from the pile. The 
mesh geometry after the installation is shown in Figure 
3(c). 

 
3.3 Boundary Conditions 
 
A CNS condition is imposed at the outer mesh boundary 
(see Figure 3 (b)). The elastic soil is represented with a 
stiffness of kr, computed using Eq. 2, which is derived from 
the theoretical solution for cylindrical cavity expansion of a 
linear elastic material. The form shown in Eq. 2 is typically 
presented in literature (e.g., Tabucanon et al. 1995). The 
shear modulus, G, is based on the empirical correlation 
used in Dafalias and Manzari (2004). Each node at the 
outer mesh boundary has a spring stiffness equal to one-
fourth of kr. 

 
 

2G
k =r rout

        [2] 

 
 

Vertical springs are attached to the four nodes on the 
outer mesh surface for shear stress transfer to the elastic 
soil. The stiffness of each vertical spring is equal one-fourth 
of kz, obtained using Eq. 3, which is based on the analytical 
solution relating vertical equilibrium to shear deformation 
(Randolph and Gourvenec 2011). The parameter ζ is the 
log ratio of the “magical” radius, rm, to r0. The “magical” 
radius represents the radius away from the pile where the 
vertical deflection becomes negligible (Randolph and 
Wroth 1978). Baguelin and Frank (1979) observed that ζ 
typically falls between 3-5 for floating piles; ζ is assumed to 
be 4 in the simulations presented herein. 

 
 

G G
k = =z r ζ 4rout out

       [3] 

 
 

Additional displacement constraints are imposed on 
mesh. As shown in Figure 3(a) and (b), the nodes along the 
positive and negative θ surfaces are connected to stiff 
tangential springs, kθ, to limit tangential displacements. 
Stiff radial springs are attached to nodes at the interface to 
model a rigid pile. The two vertically-aligned nodes on each 
vertical surface are constrained to be equal degrees of 
freedom in the tangential direction. The four nodes on each 
vertical surface are constrained similarly in radial and 
vertical directions. By enforcing equal degrees of freedom 
vertically, the mesh behaves as if it were bounded by soil, 
and vertical strain is prevented from developing. 



 

4 MODEL VERIFICATION 
 
4.1 Boundary Conditions 
 
The results shown in Figure 4 were obtained using an 
elastic-isotropic material to demonstrate that the boundary 
conditions are imposed correctly. Radial compression and 
vertical shear stresses are applied at the interface. 
Distributions of stresses at the Gauss point in the middle of 
each element are plotted in Figure 4. Stress distributions 
are normalized by the respective interface stresses 
obtained from predicted interface forces. Theoretical stress 
distributions attenuate according to 1/r2 and 1/r, 
respectively for radial compression and vertical shear. As 
shown, simulations agree precisely with the theory. 

 
 

 
Figure 4. Simulated versus theoretical stress attenuations 
with distance from the interface for an elastic-isotropic soil: 
(a) radial stresses, σ'r, and (b) vertical shear stresses, τrz. 
Radial distances are normalized by the “pre-installation” 
cavity radius, 0.9r0. 

 
 

4.2 Mesh Size and Discretization 
 
It is important to understand how element thickness affects 
the stress-strain response in the region near the pile where 
shear banding is expected. To address this concern, the 
near-pile region is subdivided into 1, 3, and 9 equal 
thickness elements, with element thicknesses of 18, 6, and 
2D50, respectively. Results from the three meshes are 
compared using the DM04 constitutive model and by 
applying a vertical displacement at the soil-pile interface. 
Figure 5(a) compares the stress distributions for the three 
meshes assuming uniform stress in each element, 
consistent with the fact that each SSP brick element has a 
single Gauss point. For the simulation with a single thick 
near-pile element, the peak element shear stress is about 
25% less than the theoretical interface shear stress. When 
subdivided into 3 or 9 elements, the difference between the 
first Gauss point stress and the theoretical interface shear 
stress is reduced to 10% or 5%, respectively. 

Figure 5(b) compares the stress-strain response at the 
middle of the near-field region (r = r0 + 9D50), which 
corresponds to Elements 1, 2, and 5 for element 
thicknesses of 18, 6, and 2D50 respectively. This 
comparison is consistent with the occurrence of shear 
localization in the first element, as shown by the large strain 
difference between thicknesses of 18D50 and 6D50. Along 
with Figure 5(a), the comparison of mesh size effects 
demonstrates that it is reasonable to model the shear zone 

using the first element, and that a mesh size of 3 elements 
provides reasonable estimate of the interface shear stress. 
 
 

 
Figure 5. Comparison of the stress distributions for different 
mesh sizes used to model the near-field region (18D50). 

 
 

5 SIMULATIONS AND RESULTS 
 
A series of simulations have been performed to evaluate 
the FE model (summarized in Table 1). Note that the 
analyses presented herein are based on the sign 
convention used by OpenSees, where stress and strain 
values are positive in tension. In other words, positive 
volumetric strain (εp) indicates dilation and negative mean 
effective stress (p') indicates compression. 
 
 
Table 1. Summary of inputs and outputs for simulations. 
 

 
 

τstat τcyc Δτult

τult,pullout τult,pullout τult,0.4±0.02,n=1

kPa % mm mm/1000 cyc
-435 -- -- --

1 -468 0.0 0.006 5.54
5 -467 -0.2 0.006 1.18

10 -466 -0.5 0.006 0.63
20 -463 -0.9 0.007 0.36
50 -457 -2.3 0.010 0.20

100 -448 -4.2 0.014 0.14
200 -434 -7.1 0.023 0.12
500 -409 -12.6 0.057 0.11

1000 -381 -18.6 0.166 0.17
1 -465 -0.6 0.013 13.3
5 -457 -2.2 0.017 3.34

10 -449 -4.0 0.021 2.12
20 -435 -7.1 0.031 1.54
50 -406 -13.2 0.067 1.34

100 -376 -19.6 0.164 1.64
200 -325 -30.5 0.583 2.92
250 -293 -37.5 0.931 3.72
290 -259 -44.5 1.333 4.60
315 -231 -50.6 1.747 5.55

1 -459 -1.9 0.026 26.5
5 -435 -7.1 0.044 8.79

10 -413 -11.7 0.071 7.09
20 -383 -18.0 0.147 7.34
50 -307 -34.3 0.683 13.7
1 -444 -5.2 0.055 55.4
5 -386 -17.5 0.169 33.7

10 -328 -29.9 0.483 48.3
0.3 1 -426 -8.8 0.088 87.9
0.4 1 -405 -13.4 0.130 130
0.5 1 -388 -17.0 0.187 187
0.6 1 -423 -9.5 0.273 273

Δzcyc RPR

Pullout

0.4

0.05

0.02

0.1

0.2

n τult



 

Figure 6 shows the stress path of Element 1 for a typical 
cyclic loading simulation. Internal stresses are established 
via a two-stage consolidation phase: (1) isotropic 
compression of 10 kPa is applied, during which, elements 
are set to deform linear elastic to prevent yielding under 
low stress state; (2) material plasticity is toggled on, and 
the elements are consolidated to the target confinement of 
σ'vc = 100 kPa with K0 = 0.5. The initial void ratio before this 
phase is selected using an iterative approach until a 
uniform relative density (DR) of 70% is achieved at the end 
of the consolidation phase, and thus, prior to disturbances 
from pile installation and shearing. After consolidation, the 
mesh is dense-of-critical (see Figure 7(d)). Following 
consolidation, pile installation is simulated via cylindrical 
cavity expansion (described previously in Section 3.2). A 
vertical displacement of 3 mm is applied at the interface 
post-installation to measure the pre-cyclic axial capacity 
(τult,pullout, see “Pullout” in Table 1). For subsequent 
simulations, installation is followed by force-controlled 
shearing, which includes a mean shear stress of 40% of 
τult,pullout superimposed with a cyclic component (τcyclic = n 
cycles of 2% to 60% of τult,pullout). At the end of shearing, a 
pullout test is performed to measure post-cyclic axial 
capacity. From herein, load combinations will be 
referenced using the notation “X±Y, n=Z”, where X and Y 

are the static and cyclic stress ratios, respectively, and Z is 
the number of cycles. 

 
 

 
Figure 6. Example of a stress path (q-p') of Element 1 for 
the simulation of 0.4±0.2, n=10, where q is the deviatoric 
stress and p' is the mean effective stress. A typical 
simulation with cyclic loading follows the sequence of: (1) 
K0 consolidation, (2) pile installation simulated by 
cylindrical cavity expansion, (3) monotonic shearing to a 
mean shear stress (4) cyclic shearing about the mean 
shear stress, and (5) monotonic pullout test.

 
 

Figure 7. Response of Elements 1, 4, 7, and 13 to 0.4±0.2, n=10. E1 is the first element from the interface. With the 
exception of (c), circles indicate the states before the consolidation phase is applied; for (c), the circle indicates the state 
before any shear loading is applied (i.e., prior to “Static Shear” in Figure 6). For (a) to (d), the squares indicate the states 
after the post-cyclic, monotonic pullout test is performed. 
 
 
5.1 Soil Response to Cyclic Loading 
 
Figure 7 presents response of Elements 1, 4, 7 and 13, to 
0.4±0.2, n=10. Element 1 (E1) is the first element from the 

interface, and is intended to model the behavior of the 
shear zone. Figure 7(a) shows accumulation of shear 
strains for E1 to E7, after the respective yield loci are 
reached; as expected, E1 develops the most shear strain. 



 

In Figure 7(b) to (d), it appears E1 dilates during monotonic 
shearing and cyclic reloading (increase in εp and e). 
Relating volume changes of E1 to the loading stages 
shown in Figure 6, monotonic shearing causes dilation and 
relaxation of p', whereas cyclic reloading causes dilation 
and increase in p'. During cyclic unloading, E1 experiences 
contraction and reduction in p'. Overall, net dilation and 
reduction in p' are observed in the shear zone (E1). 
Compared to E1, cyclic loading induced net contraction 
and reduction in p' for E4 to E13. Post-cyclic pullout test 
causes all elements to dilate, with E1 reaching critical state, 
as shown in Figure 7(d). 

The volume change of E1 has some influence on the 
response of E4. Dilation of E1 may have suppressed the 
dilative tendency of and possibly contributed to the 
compression of E4, leading to the cyclic-induced net 
contraction of E4. Likewise, dilation of E4 during reloading 
in turn influences the volume changes of E1 and E7. 

The cyclic stress reduction behavior shown in Figure 
7(b) is comparable to the undrained cyclic response of 
contractive material in liquefaction problems. Undrained 
cyclic loading causes build-up of excess pore pressure in 
contractive material and reduction of mean effective stress 
towards zero. In Figure 7, drained cyclic loading induces 
reduction in mean effective stress, along with net dilation in 
the near-field region and net contraction in the far-field 
region. This combination of stress and volume change is a 
feature of using a CNS boundary condition, as opposed to 
a fixed (undrained) boundary used in liquefaction studies, 
where volume change in the system is denied. 
 
5.2 Interface Response to Cyclic Loading 
 
Figure 8 compares the predicted interface behavior of the 
monotonic pullout test, 0.4±0.02, n=10, and 0.4±0.2, n=10. 
The t-z response shown in Figure 8(a) reveals the lack of 
peak shear stresses in all the simulations, despite a dense-
of-critical initial condition. Because the bounding surface 
used in the DM04 constitutive model, which controls the 
peak behavior, is a function of stress ratio, this is why the 
peak response and post-peak softening towards critical 
state appear in stress ratios space, τrz/σ'r, instead (see 
Figure 8(b)). A small reduction in the stress ratio is shown 
at the end of the 10th cycle for 0.4±0.2, n=10. This reduction 
corresponds to the damping of acceleration and the 
transition from dynamic to steady-state response. 
Additionally, the radial effective stress, σ'r, is shown to 
decrease with cyclic loading. 

It is interesting to note in Figure 8 that the pullout 
stiffness after cyclic loading of 0.4±0.02, n=10 (black) is 
higher than the monotonic pullout stiffness (red). This effect 
on the stiffness is a feature of the DM04 constitutive model. 
The deviatoric back stress-ratio tensor, used by the DM04 
constitutive model, resets after every stress reversal. When 
it resets after the first cycle of shear stress, the normalized 
distance to the bounding surface suddenly changes. To 
account for this feature, the evolution of the capacity with 
the number of cycles is relative to the capacity of the pile 
after the reset (i.e., 0.4±0.02, n=1). In other words, the 
change in capacity due to resetting of the yield locus is not 
considered.  

 

 
Figure 8. Examples of the interface response: evolution of 
(a) the vertical shear stress, τrz, and radial effective stress, 
σ'r, and (b) the stress ratio, τrz/σ'r, all versus the vertical 
displacement, z. 
 
 
5.3 Summary of Global Response Measures 
 
Two global response measures are used to quantify the 
cyclic-induced instability (summarized in Table 1): (1) the 
change in tensile capacity, Δτult, and (2) the residual pullout 
rate (RPR). The RPR is a normalized displacement 
measure, computed per Eq. 4, that allows for comparison 
of pile stability across simulations with different number of 
cycles. In Eq. 4, n is the number of cycles, Δzcyc is the 
residual displacement after n cycles, and 1000 refers to the 
normalization of Δzcyc to 1000 cycles. 

 
 

Δz cyc
RPR =

n / 1000
       [4] 

 
 

Figure 9 compares the computed global response 
measures against the numbers of cycles and cyclic 
amplitude. Only one cycle is shown for simulations with 
high cyclic amplitudes (i.e., τcyc/τult,pullout of 0.3 and higher). 
For these simulations, the analyses have stopped before 
five cycles could be completed. Within the five cycles, the 
tensile capacity has reduced significantly due to cyclic 
softening, such that the applied stress could no longer be 
supported. 

Several interesting trends are shown in Figure 9(a) and 
(b). For the same cyclic amplitude, the tensile capacity 
reduces with increasing number of cycles; for the same 
number of cycles, the tensile capacity reduces with 
increasing cyclic amplitude ratios. As discussed in Section 
2, contraction causes reduction in σ'r and in the friction that 



 

can be mobilized on the side of the pile. Figure 7 and Figure 
8 combine to show that the contraction and reduction in σ'r 
and p' occur simultaneously during cyclic unloading. 
Increasing the number of cycles allows more contraction to 
occur, which further reduces σ'r and τult. Increasing the 
cyclic amplitude ratio allows for greater contraction to occur 
per cycle, which leads to more reduction in σ'r and τult per 
cycle as well. 

 
 

 
Figure 9. Global response measures (Δτult and RPR) 
against number of cycles, cyclic amplitudes, and load 
reversal. For all simulations, τstat/τult,pullout = 0.4 and 
τcyc/τult,pullout = 0.02 to 0.6. Simulations denoted in red 
appear only in (a) and (c). 

 
 

One feature of the DM04 constitutive model is the 
development of fabric during dilation, which enhances 
contraction during reverse loading. In a separate study not 
presented here, it is observed that the fabric develops 
when dilation occurs during cyclic reloading. Contraction 
during cyclic unloading is enhanced by fabric development, 
and σ'v reduces more than the case where the fabric was 
disabled. Increase in number of cycles allows for more 
fabric-enhanced contraction to occur over the course of 
loading, while increase in cyclic amplitude allows for more 
fabric development and enhanced contraction per cycle. 
The presence of fabric helps facilitate the reduction in 
capacity, and is accounted for by the DM04 constitutive 
model. 

Two of the simulations performed include two-way 
loading (i.e., τcyc> τstat, see Table 1). Figure 9(b) shows that 
an increase in the tensile capacity may be possible during 
load reversal. Fabric develops in the direction of loading: 
under tension, fabric for tensile shear developed; when 
loading reverses, fabric for compressive shear develops, 
thereby erasing some of the pre-developed tensile fabric 
and reducing the tendencies for contraction and reduction 
in σ'r and τult. 

Figure 9(c) shows the dependence of the RPR on the 
cyclic amplitude ratios and the number of cycles. The 
model predicts that the RPR is initially high, then the RPR 
reaches a minimum before increasing again toward failure. 
As expected, an increase in the cyclic amplitude means 
fewer cycles are required to reach the minimum RPR state 
and fewer cycles to failure. Interestingly, this FE model 
predicts that failure will eventually occur even for 
τcyc/τult,pullout as small as 0.02, as shown by the increase in 
RPR from 500 to 1000 cycles. 

Figures 9(b) and (d) show how the pullout resistance 
degrades faster and the RPR increases as the cyclic stress 
ratio increases, with one exception: for the case of 0.4±0.6, 
where the cyclic stress ratio is larger than the static stress 
ratio (i.e., two-way loading), an increase in the tensile 
capacity is predicted after 1 cycle of loading is applied. 
Surprisingly, however, the RPR is greater under two-way 
loading; the mechanics behind this behavior is not fully 
understood. 

 
5.4 Effects of Continuous, Low Amplitude Cycling 

 
A primary motivation of this work is to investigate the soil-
pile response under large number of low-cyclic-amplitude 
cycles. The load combination of 0.4±0.05 has been loaded 
to instability (n = 315, see Figure 9 and Figure 10). At 
failure, the capacity has reduced by 50%. The RPR is 
increasing at a higher rate, indicating the pile is becoming 
increasingly unstable. 

Figure 10 shows the pullout behavior of E1 (shear 
zone) after different numbers of cycles of 0.4±0.05. As 
shown in Figure 10(a), the stress ratio increases toward a 
peak after 100 cycles, and remains high past 150 cycles. 
This behavior is also observed in Figure 10(c), where the 
dilative tendency, dεP/|dγrz|, is greatest between 100 to 150 
cycles. At 200 cycles, the stress ratio has begun to reduce. 
At 315 cycles, the stress ratio has degraded to an 
amplitude similar to the demand, and failure is imminent. 
The mean effective stress is shown in Figure 10(b) to be 
decreasing with increasing number of cycles. Combined 
with Figure 10(a) and (d), it appears E1 arrives at a 
relatively constant stress loop after about 150 cycles, 
during which ratcheting begins, and plastic strains 
accumulate under constant cyclic stiffness. This is a known 
behavior of the DM04 constitutive model. 

Ratcheting was observed in the UC Davis centrifuge 
experiments for a load combination of 0.4±0.05, n=100,000 
(Allmond et al. 2016). Coincidentally, the observed 
ratcheting response corresponded to the secant stiffness 
of the soil-pile interface degrading to a residual value. Pile 
ratcheting is a real phenomenon in this complex soil-pile 
interaction problem. The ability for the DM04 constitutive 
model to simulate this behavior is useful for understanding 
the stability of a soil-pile system under long-term, small-
amplitude cyclic loading. However, it is necessary to 
recalibrate the model parameters against experimental 
data on cyclic degradation (e.g., Tabucanon et al. 1995) to 
reduce the potential for over- or under-predicting 
ratcheting-induced plastic strains. 

 



 

 
Figure 10. Pullout response of Element 1 after different number of cycles of 0.4±0.05. The simulation completed 315 cycles 
before becoming unstable. The spike at the end of the 315-cycle simulation (blue circle) is a result of numerical instability. 

 
 

6 CONCLUSION 
 
This paper introduces an axisymmetric FE model 
developed in OpenSees to investigate the soil-pile 
response under axial cyclic loading. The development of 
this numerical model is motivated by an unclear 
understanding of the evolution of stiffness, capacity and 
pullout rate under different combinations of static and cyclic 
loads that were observed in a centrifuge program 
conducted at UC Davis. The 2004 Dafalias and Manzari 
Bounding Surface Plasticity model is selected because of 
the implementation of the critical state framework and a 
dilation-induced fabric memory that enhances contraction 
during reverse loading. These features were considered to 
be potentially important for understanding the influence of 
shear-induced volume changes on the soil-pile response. 

Overall, the FE model appears to predict reasonable 
behavior. Monotonic shearing and cyclic reloading causes 
dilation, while cyclic unloading causes contraction. 
Contraction leads to reduction of the radial and mean 
effective stresses, and hence a reduction in the tensile 
capacity. Increasing the number of cycles and cyclic stress 
amplitude further promotes the degradation of capacity. 
Observations of the residual pullout rate (RPR) reveals an 
initial state of relatively rapid pullout, followed by a 
minimum RPR, before becoming increasingly unstable. 
These regions are shown to be sensitive to load 
combinations, and are expected to vary with initial 
conditions such as relative density and confinement, as 
well as soil and pile properties. Ratcheting is an innate 
behavior to the DM04 constitutive model. This behavior can 
be used to simulate tension-induced pile ratcheting, and is 
useful for understanding the response of piles under long-
term, small-amplitude cyclic loading. It is interesting to note 

that the cyclic nature of the loading and the advanced 
modeling of the stress-strain response is fundamentally 
similar to the evaluation of these systems against seismic 
loading. 

Current evaluation of the performance of a pile-
supported OWTS is based on an interaction diagram 
framework, which relates zones of stability, based on 
displacement thresholds, to static and cyclic loads to 
predict pile stability. With the complex nature of offshore 
loading and the inherent variability within the environment, 
the robustness of these stability thresholds should be 
better understood. The FE model is shown to a useful 
platform for understanding this soil-pile interaction problem 
by allowing the factors contributing to the overall 
complexity to be studied.  

The FE model has room for improvement. Recalibration 
of the constitutive model parameters for cyclic degradation 
is necessary. Additional soil layers and a flexible pile can 
be included to simulate a full soil-pile system. 
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