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Abstract. With increasing of offshore wind turbines (OWTs) in recent years,
the supporting structure are needed to suite the cases with water depth greater
than 100 m. In such cases, the effects of wind, wave and current become much
obvious, and jacket support structure are recommended for the OWTs. During
the service period, the soil-pile interaction has a significant effect on the
dynamic response of the OWT structure. Thus, this paper aims to first investi-
gate the characteristics of soil-pile interaction under the cyclic loadings, and then
study the dynamic responses of the jacket support OWTs. Based on the
bounding surface elasto-plastic theory, the cyclic t-z curve is proposed, which
used to simulate the load-displacement relationships along the pile shaft. Related
parameters can be analyzed and calibrated based on the constant normal stiffness
cyclic direct shear test of pile-soil interface. The cyclic t-z curves are pro-
grammed using the software COMSOL, and used in the FEM model for the
dynamic simulation of jacket foundation OWT. Under two-way sinusoidal
regular load case, the dynamic responses of jacket foundation OWT are simu-
lated and studied. The results show that the API t-z curve will underestimate
natural frequency, which leads to insecure design for jacket foundation OWTs.
And the proposed cyclic t-z model can reflect natural frequency degradation
under cyclic loading, which can well evaluate the dynamic response than API
method.

1 Introduction

The soil-pile interaction has a significant effect on the dynamic response of the OWT
structure, including natural frequency degradation, permanent accumulated rotation
(Wei et al. 2015; Carswell et al. 2016). The current design methods are based on the
elastic theory in the API (2007) and DNV (2013) codes, so, the code methods can’t
consider the natural frequency change under cyclic loads. Dong (2012) proposed a p-
y model based on the boundary surface elasto-plastic theory, which can simulate the
soil-pile interaction under cyclic loading. McCarron (2016) proposed a boundary
surface model for soil resistance to cyclic lateral pile displacement with arbitrary
direction.

Compared to monopile, the pile resistance of jacket foundation mainly depend on
the tension and pression which results that the t-z curve has great effect on the dynamic
response of OWTs. This paper aims to first investigate the characteristics of soil-pile
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interaction (t-z curve) under the cyclic loadings, and then study the dynamic responses
of the jacket support OWTs. Related parameters in cyclic t-z model can be calibrated
by cyclic direct shear test of pile-soil interface. The intention is to develop a new
method to evaluate the dynamic response of jacket OWTs.

2 Boundary Surface Model Theoretical Framework

Traditional p-y, t-z curves aren’t suitable for cyclic loading and two-way loading.
Based on the boundary surface theory, this paper developed a t-z model, which has
cyclic weakening effect.

2.1 Elasto-Plastic Cyclic t-z Model

Model Building
The t-z model relating the pile axial displacement z at a certain depth and the pile axial
resistance t for unit area. The displacement increment dz caused by the resistance
increment dt is decomposed into elastic part and plastic part, which are showed in
Fig. 1, and this can be described as:

dz ¼ dze þ dzp ð1Þ

where dze, dzp are the elastic, plastic displacement increment respectively.

For elastic resistance factor: Ke ¼ dt
dze

ð2Þ

For plastic resistance factor: Kp ¼ dt
dzp

ð3Þ

The elastic-plastic resistance factor relating the resistance increment dt and the axial
displacement increment dz is of the form:

Fig. 1. Constitution of soil-pile interactive spring
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Kep ¼ 1
1
Ke

þ 1
Kp

ð4Þ

Firstly, define the boundary,

pmax ¼ pm; ð5Þ

pmin ¼ �pm; ð6Þ

and the boundary length is

q ¼ 2pm: ð7Þ

In the Eqs. 5–7, pm is the maximum soil-pile interface friction in a certain depth in
history. When dp > 0, q is the distance between the minimum boundary −pm and the
current p; When dp < 0, q is the distance between the maximum boundary pm and the
current p. That is to say, when

dp � p[ 0; q ¼ pm þ pj j; ð8Þ

when

dp � p\0; q ¼ pm � pj j: ð9Þ

Dong (2012) gives the plastic resistance factor Kp expression in p-y model:

Kp ¼ hKef ðypÞðpu=pm � �q=q� 1Þ ð10Þ

where h is curve shape parameter, f(yp) is degradation function:

f ðypÞ ¼ ðq=�qÞn þ e�a

R
dypj j
yr ½1� ðq=�qÞn� ð11Þ

where n is model parameters, equal to 10 and a is degradation parameter,
R

dypj j is
accumulated plastic displacement of spring, yr is the reference displacement.

The study found that for the t-z curve in sand, the displacement required for the
soil-pile surface ultimate resistance is far less than that of p-y curve, which meas t-
z curve in sand degradates slower than p-y curve. So, the degradation function in the
reference (Dong 2012) is not suitable for soil-pile surface mechanics in sand under
cyclic loading. In addition, parameters in the p-y model can’t be calibrated using soil
element laboratory tests.

This paper adopt the p-y curve theory framework in reference (Dong 2012) to
develop a t-z model in which the parameters can be calibrated using soil element
laboratory tests. And then, this paper develops a new t-z curve degradation function in
sand, which makes results are in good agreement with the experimental results. The
new degradation function is showed in Eq. 12:
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gðypÞ ¼ 1

1þ
R

dypj j
yr

� �a � b �
Z

dypj j ð12Þ

where a, b are model parameters.

Model Parameters’ Calibration Based on Soil Element Laboratory Tests
In order to fix the parameters in the model at every depth, a certain simplification is
needed to deal with the actual problems. The main assumptions are listed as follows:

(1) The same soil at different depth have the same displacement to reach the ultimate
resistance.

(2) The same soil at different depth have the same friction angle of soil-pile interface.
(3) The same soil at different depth have the same degradation law in soil-pile surface

mechanics.

Based on the three assumptions, model parameters at every depth can be confirmed.

(1) Elastic resistance factor Ke

Elastic resistance factor Ke is the initial tangent modulus for t-z curve, which is a
constant in the model. The relationship between shear stress and shear displace-
ment can be obtained by direct shear test of soil-pile interface, which is called s-
z curve. The initial tangent modulus of the s-z curve is elastic resistance factor Ke.

(2) Capacity pu
pu is the ultimate strength of the soil-pile interface, which can be calibrated by
direct shear test of soil-pile interface at a certain normal stress. In addition, pu also
can be estimated by Eq. 13:

pu ¼ r � tanu � K ð13Þ

where r is effective stress at a certain depth, u is soil-pile surface friction angle,
K is coefficient of lateral pressure, equal to 0.8.

(3) Curve shape parameter h
Curve shape parameter h controls the t-z curve’s shape for monotonic loading,
which can be calibrated through direct shear test of soil-pile interface.

(4) Degraded parameters a, b
Degraded parameter a, b control the stiffness degradation under cyclic loading. The
test results found that the strength of the interface is greatly degraded after first
cycle, and in the subsequent cycles, the strength degradation of the interface is
smaller, as well as the gap between different cycles decreases gradually. Parameter
a controls the strength degradation in the first cycle, b controls the strength
degradation in the subsequent cycles. Through cyclic direct shear test of the soil-
pile surface, parameters a, b can be obtained by fitting date or try method.

In this way, this part explanation can calibrate t-z model parameters based on soil
element laboratory tests.
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3 Engineering Application

This part is an example of engineering application to calibrate t-z model parameters
based on the cyclic direct shear test of soil-pile surface results obtained from reference
(Shang 2016). After parameters calibration, the cyclic t-z curves are programmed using
the software COMSOL, and used in the FEM model for the dynamic simulation of
jacket foundation OWT.

3.1 Introduction About Cyclic Direct Shear Test of Soil-Pile Surface

From reference (Shang 2016), the cyclic direct shear test of soil-pile surface under
constant normal stiffness (CNS) condition has 10 mm shear displacement amplitude
and 20 cycles, and the shear speed is 5 mm/min, the normal stress is 90 kPa. The sand
used in test is China ISO standard sand, which d50 is 0.34 mm, Dr = 90%. The surface
of steel plate is treated with polishing, and the roughness of the surface is close to the
roughness of the steel pipe pile.

3.2 t-z Model Parameters’ Calibration

(1) Elastic Resistance Factor Ke

From the results of soil-pile surface cyclic direct shear test, the relationship between
shear stress and shear displacement in the first loading can be obtained. In Fig. 2(a),
it is can be seen that the first few points are approximated to a linear, so, the line’s
sloop is the elastic resistance factor Ke. In this case, Ke ¼ 3:862� 107 Pa/m.

(2) Curve Shape Parameter h
Due to h control the shape of the stress-displacement curve, we can adjust the value
of h to make the simulated curve fits in well with the first loading curve (before
peak point). Figure 2(b) shows the comparison of simulation curve and test curve
when h = 2.5.

Fig. 2. Calibration of elastic resistance factor Ke (a) and curve shape parameter h (b)
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(3) Friction Angle of Soil-Pile Surface u

Friction angle of soil-pile surface u can be obtained using Eq. 14.

u ¼ arctan
smax

r

� �
¼ arctan

35:21
90

¼ 21:367� ð14Þ

where smax is the peak strength in the first loading, r is normal stress.
(4) Degraded Parameters a, b

Due to the test data isn’t complete, data fitting can’t be carried out to calibrate a, b.
In this case, using try method to calibrate a, b. Figure 3 shows the comparison
between simulation and test date hysteresis loops when a = 0.05, b = 0.55. It can
be seen that the simulation curve coincides with the test curve in general.

3.3 Brief Introduction About the Numerical Model

In this part, using FEM software COMSOL builds a numerical model to study the effect
of cyclic degraded t-z curve to dynamic response of jacket foundation OWT. Some
detail information about the jacket foundation OWT can be found in Table 1. The soil
condition is assumed to the homogeneous sand which is the same with the above tested
sand. The jacket foundation OWT numerical model is built by using the beam element,
and the number of total elements are 224. To study the effect of cyclic t-z curve, this
numerical model is combined with the API p-y, API Q-z and the cyclic t-z.

In this paper, one load case under two-way deterministic condition is investigated.
The load direction is along the diagonal of the jacket structure which is the most
dangerous case, and the point load magnitude acted on the hub is showed in Eq. 15.

F ¼ 5000 � sinð2p � f � tÞ ½kN� ð15Þ

where f is the load frequency, f = 0.1 Hz.

Fig. 3. Calibration of degradative parameters a, b
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4 Results and Discussion

The numerical simulation founds that the first order natural frequency has degraded
from 0.31942 to 0.31743 Hz after 18 cycles. Table 2 shows the initial natural fre-
quencies, natural frequencies’ change after 18 loading cycles and the natural fre-
quencies obtained by using the API t-z curve.

The results show that the cyclic t-z model can consider natural frequency degra-
dation after loading cycles. So, the method is more accurate to reflect the fact. At the
same time, it can be seen that the natural frequencies obtained by using the API
t-z curve is lower. A main problem in the jacket structure design is the global stiffness
over the upper limit, so, using API t-z curve will underestimate natural frequencies
which leads to insecure design.

5 Conclusion

This paper developed a cyclic t-z model based on the boundary surface theory, and
studied the cyclic t-z model’s effects on the dynamic response of jacket foundation
OWTs by using FEM method. The results show that the API t-z curve will underes-
timate natural frequencies, which leads to insecure design. And the proposed cyclic
t-z model can reflect natural frequencies degradation under cyclic loading, which can
better evaluate the dynamic response than API method.

Table 1. Jacket foundation and OWT’s parameters

OWT parameters Value

Rated power (MW) 4
Mass of rotor nacelle assembly (RNA) (t) 243.0
Tower length (m) 73.0
Pile length (m) 54.0
Pile diameter (m) 2.2
Water deep (m) 28.3
Foot distance of jacket bottom (m) 22.0
Foot distance of jacket top (m) 12.0

Table 2. Comparation of first four order natural frequencies

Cycle number First order (Hz) Second order (Hz) Third order (Hz) Fourth order (Hz)

0 0.31942 0.31997 1.6133 2.173
18 0.31742 0.31972 1.6133 2.0884
API t-z 0.31432 0.31501 1.6133 1.9636
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