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ABSTRACT

The nonlinear stress-strain relationship of synthetic fiber ropes under
cyclic loading is a property of vital importance which directly
influences the dynamic tension response of mooring lines. How to
capture the load-elongation relationship of the synthetic fiber mooring
lines under cyclic loading and obtain the quantitative description is a
key problem which would be of interest to mooring system designers,
platform operators and researchers. The former studies were
insufficient to take into account the true loading history, creep behavior
and the evolution of the dynamic stiffness. A viscoelastic and
viscoplastic model is developed herein to describe the stress-strain
properties of synthetic fiber mooring lines. The total strain is
decomposed into a recoverable viscoelastic strain and an irrecoverable
plastic strain. The time-dependent property and the evolution of the
dynamic stiffness can be fully incorporated in the developed model.
The model is examined by comparing with the experimental results of
polyester ropes under both creep-recovery and sinusoidal loadings.
Through a detailed parametric analysis, further knowledge of the
hysteresis loop and the dynamic stiffness evolution is clearly obtained.
The present work is beneficial to improving the understanding of the
performance of synthetic fiber ropes, and also provides a better basis
for the further research on the mechanical problems of synthetic fiber
mooring lines under complicated loading conditions.

KEY WORDS: Synthetic fiber mooring line; stress-strain property;
dynamic stiffness; time-dependent behavior; evolution; loading history;
cyclic loading.

INTRODUCTION

A mooring system will be designed so that it has sufficient stiffness to
keep the floating offshore platforms from drifting too far off station
while having enough compliance to avoid overload in the mooring
lines, which is resulted from the motions of the platform under the
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influence of the external forces caused by the complicated sea
environment. Since the first installation of floating production systems
by Petrobras in 1997, synthetic fiber ropes are extensively used as
mooring lines for the station-keeping of floating platforms in deep
waters. The taut-wire mooring system (TMS) using synthetic fiber
ropes has become a very attractive alternative to the conventional steel
catenary system (Nielsen and Bindingbg, 2000). However, due to the
mechanical properties of synthetic fiber ropes, the performance and
response of this type of mooring system subjected to cyclic loading
become more complicated. Evaluating the response of the TMS, the
adequacy of the maximum offset and the line tensions with the relevant
acceptable criteria, requires a description of the load-elongation
properties, i.e., the stress-strain properties of synthetic fiber ropes.
However, these properties are rather complex to evaluate and specify,
in comparison with the linear elastic behavior of the equivalent steel
components, because they are both nonlinear and time-dependent
(Francois et al., 2010). The stress-strain relationship of the synthetic
fiber ropes under cyclic loading shows significant nonlinear behavior
such as hysteresis because of viscoelasticity and viscoplasticity of the
material. Based on an experimental investigation, it was observed that
the hysteresis loops of the stress-strain curve superimposed each other
and became stable after the mooring line experienced a certain number
of cycles. This is the dynamic stiffness of synthetic fiber ropes which
shows significant difference from the material properties of steel chains
or wire ropes. Besides, the synthetic fiber ropes also will exhibit creep
and relaxation behavior, which increase the complexity of the evolution
of dynamic stiffness that directly relates to the tension response.

Therefore, during almost 20 years for the development of the TMS, a
number of experimental and numerical studies were performed to
figure out the dynamic stiffness through different ways. An empirical
equation was proposed by Del Vecchio (1992) based on model
experiments for determining the stable rope modulus after sufficient
cycles at a constant temperature, as a function of several influential
parameters. With this formula serving as a starting point, other
researchers performed more model experiments to improve it and tried



to investigate the parametric effects. Bosman and Hooker (1999)
investigated the dynamic stiffness of 3-strand polyester sub-ropes with
breaking strength of 11.25t and full-size polyester ropes with breaking
strength of 150t. It was observed that the mean load was the main
factor that influences the dynamic modulus. Similar experimental
studies on ropes with different sizes or loading conditions also can be
found in the literature (Casey et al., 2000; Frangois and Davies, 2000;
Casey and Banfield, 2002; Davies et al., 2002; Casey and Banfield,
2005; Wibner et al., 2003; Davies et al., 2008; Frangois and Davies,
2008). The main objective of these studies was restricted to obtaining a
stable modified dynamic stiffness for the fiber ropes under cyclic
loading. Thus, on the one hand, this approach cannot fully take into
account the multifactor effects on the dynamic stiffness; on the other
hand, the true loading history and the stiffness evolution cannot be
incorporated in the approach. Additionally, Bitting (1985) tried to
describe the dynamic stress-strain relationship of the nylon and
polyester double braid lines by a three-parameter model involved
spring and dashpot elements, but there were difficulties and
uncertainties in the estimation of the response coefficients. Flory et al.
(2004, 2007) proposed a spring-dashpot model to represent the change-
in-length properties of the polyester fiber ropes under several different
loading sequences, but it was just used to qualitatively describe the
properties and the similar difficulties also existed in determining the
coefficients. Francois and Davies (2008) studied the characterization of
polyester mooring lines and pointed out that the development of a true
“time domain” rheological model and a definitive understanding of
underlying mechanism required further efforts; creep behavior was an
important property due to the viscoelasticity and viscoplasticity of fiber
ropes and would influence the evolution of the dynamic stiffness.
Chailleux and Davies (2003, 2005) proposed a model to describe the
creep behavior of aramid and polyester fibers. Actually, the viscoelastic
and viscoplastic property also exists in many other materials such as
the HDPE (High-Density Polyethylene) (Lai and Bakker, 1995; Lai and
Bakker, 1996; Haj-Ali and Muliana, 2004; Kim and Muliana, 2009),
the epoxy polymer (Xia et al., 2005), and the asphalt sand (Ye et al.,
2010). The constitutive models for these materials make significant
reference to the present work.

STRESS-STRAIN CONSTITUTIVE MODEL

Because the synthetic fiber mooring lines show obvious viscoelasticity
and viscoplasticity, the Schapery thermodynamic theory and a
viscoplastic function are employed. We assume that the total strain
£(t) is the sum of a recoverable viscoelastic strain &.(t) and an

irrecoverable plastic strain &,(t), which can be represented as:

£(t) = £,(t) +£,(1) (1)
The current recoverable strain is dependent on the whole loading
history and can be represented by the single integral constitutive
equation developed by Schapery, which is a macroscopic model based
on thermodynamic assumptions. The Schapery theory is capable of
describing the strong nonlinearity where the time-dependence and
stress-dependence of the creep compliance are not separable. For
uniaxial deformation under isothermal condition, the Schapery integral
form (Lai and Bakker, 1995; Lai and Bakker, 1996) for the current
viscoelastic strain can be expressed by:

= 9,D,0(0) + g, [ AD[y (1) ~4(r)] @)

where, g(t) denotes the stress at time t; g, denotes the nonlinear
instantaneous elastic compliance which measures the increase and
reduction in stiffness; g, denotes the transient creep parameter which
measures the nonlinear effect in the transient compliance; 9, denotes

d(9,0),
dr
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the load rate effect parameter on the creep response; D, and AD ()
are the instantaneous and transient creep compliances; Y is the
reduced time defined by:

w0 =], o [U(S)]
in which a, denotes the time scaling parameter; the nonlinear material

properties 9y, 9;, 9,, and @, are all functions of stress. It should be
noted that these functions are always positive and equal one for
relatively small values of stress magnitudes. In other words, when all
these functions equal one, Eg. (2) corresponds to Boltzmann’s
superposition principle and the material exhibits linear viscoelastic
behavior. The transient compliance AD can be expressed using the
Prony series (Haj-Ali and Muliana, 2004) as:

AD(y) = ZN: D, |:1 - e(—Anl.l/):|

where, N is the number of the terms; Dn is the nth coefficient of the

©)

(4)

Prony series; /1n is the nth reciprocal of retardation time.

Accounting for the following creep-recovery stress history:

_ o, O<tsty
a(t)_{o t <t<t,

where g =0,ift<0; O, isaconstant. If 0<t<t,, Eq. (2) can be
reduced to:

®)

gve(t) = gO DOJC + glgzacAD [l//(t)] (6)
where (/(t) =t/a_(t).I1f t, <t <t,, Eq. (2) can be reduced to:
£.(t) = 0,0, { AD [y, ()] - 2D [, O]} ™
where (4, (t) =t /&, +t =t;; ¢, (t) =t
Substituting Eq. (4) into Eq. (6) yields:
N
gve (t) = gO DOJC + glgza-cz Dn I:l_ e(_An“ag)j| (8)
n=1

Substituting Eq. (4) into Eq. (7) yields:

£,(t)= 0,0, {ZD[l g (/a ‘1} ZD[l e “1)]} ©)

When considering a creep-recovery stress history, the analytical
expression of the strain can be obtained directly. However, if we
account for a sinusoidal loading history, a numerical iterative procedure
is needed to complete the integration of the nonlinear viscoelastic
model. Substituting Eq. (4) into Eq. (2) yields:

£.(0) =e3e<t)—gl<t)g D,q, (1) (10

where:

£5,(1) =[9,()D, + gl<t>gz<t)i_l D,Jott) )

a.() = '[; oo 909, (g)nz' Ml 4, 12)
T

By dividing Eq. (12) into two parts considering a time step At, a
recursive integration form can be obtained. The first part includes the
integral with limits (O, t — At ), and the limits of the second part are
taken as (t — At , 1), where t is the current time. Thus:

a0 = J“ R CATI0) w(r)l}d[gz(T)U(T)]d +.[

t-At

crwo-pon 419, (1) o(7)]
¢ ar dr (13)



The reduced time increment A is given by:

Ag(t) =y (t) -yt -At) (14)
The first integral on the right side of Eq. (13) can be written as:
[ e<-*~Wt>-W<f>n7“[92(3"“)] dr =e™ g, (t-At) (15)

g,(t—At) in Eqg. (15) is the hereditary integral for every term in the

Prony series at the end of the previous time t — At , which can be taken
into account as the history variables that need to be updated and stored
at the end of each time increment. The second term of integral in Eq.
(13) is carried out while assuming that the term g,(7)o(r) is linear
over the current time increment At ; the shift parameter is not directly
a function of time. Then the second integral can be evaluated by:
C eawowen dG@o@)] _1-e v
L Jap (%0700, t-Ma-20](16)
Substituting Egs. (15) and (16) into Eq. (13) leads to:
1- e[-/‘nﬂw(t)]
_ t)o(t)—g,(t—At)o(t - At
w0 [9, () (t) - g,(t - At)o(t - At)] (17)
Substituting Eq. (17) in Eqg. (10), we obtain the current total
viscoelastic strain:

G () =€7*q, (t- A1) +

£,() =W(t)a(t) - ®(t) (18)
where:
(=800, +6,08,0 3., 0,085,030, 5
W(t) =g,(t)D, +g,(t)g,(t) > D,-0g,(t)g,(t)) D,——— (19
0 0 1 2 ~ 1 2 — /]nAl//(t) ( )
_ J WY i) (L —At)
¢(t)—gl(t);Dn{e“ Y20, (t = A1) — g, (t - A[L - ‘“]W} (20)
Substituting Eq. (17) in Eq. (20), allows ®(t) to be rewritten as:
N 1—dAAenl
d(t)=9,(t)> D t)-g,t)olt)—/——— 21
(t) 91(); {0 (1) — g, (1) o () SN0 } (1)
®(t - At) can be then written as:

_ B N e B B 1 — d b=l
D(t-At) =g, (t At); D,{0,(t - At) - g, (t - At)o(t At)iﬂn rocomy @
The current viscoelastic incremental strain can be obtained by:

Ag, () =A(Wo) -AP (23)

where:

AWo)=W(t)o(t) - W(t -At)o(t - At) (24)

AD =) -P(t-At)=Q+P (25)
N

Q=2 D {g, ™" - g,(t-At)}q,(t - At) (26)
n=1

_ _ N _ 1_e[-/|,.Aw(l-Al)] _ 1_e[-/|,.Aw(t)] _
P=g,(t At)%Dn{gl(t At) NI a.() FYYT0) Jo(t-4t)  (27)

It should be noticed that the synthetic fiber mooring lines also show
viscoplasticity; a plastic function is needed to represent this type of
material behavior. The generation of the viscoplastic strain depends on
the yield stress level, i.e., g, and the application duration of the new
stress.  We consider a multiple loading history, i.e.,
a,(t,),0,(t,),....0,t),....0,(,), the viscoplastic strain will be generated
and accumulated if g, 20, and the plastic strain increment As;, due to
the stress o; for atime At; can be given by:

A“:\I/p = gvp (0-| 7tie + Atl) - Svp (a-l ’tie (28)
where t° denotes the effective time when the plastic deformation starts.

The summation of A&, yields the total plastic strain resulting from the
multiple-step stress:
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n
£,(1) =D Ag, (29)
i=1
It is observed that the plastic strain function can be represented by the
following expression (Zapas and Crissman, 1984):

£,(t) =D, (o™ (30)

where D, denotes the plastic strain rate, and M denotes the material
parameter of the plastic function. Both of them are stress-dependent.
The viscoplastic strain under an arbitrary loading history when o, 20,
can be given by:

£,(0) = [ 0()D, (@)m(o)r™ " dr (31)

IDENTIFICATION OF PARAMETERS

It is well-known that the parameter identification is a necessary and key
part for a developed numerical model. In the constitutive model, six
stress-dependent parameters and coefficients of the Prony series must
be determined. In this section, a new data-reduction method to
determine the nonlinear parameters is proposed. In order to determine
the parameters, the experimental results of simple creep-recovery
experiments at different stress levels are employed.

Based on Eq. (1) and Eq. (6), the creep strain at t =0 can be given by:

£.(0)=g,D,0, (32)
Then, the creep strain at t;, which is the time just before the unloading
in the creep-recovery test, can be given as:

- t
£:(t))= 90,0, + 4,8,AD(2)0, + &, (33)
(2
The recovery strain at t;, which is the time just after the unloading in

the creep-recovery test, can be given as:

£ ()= 0.0D()0, +, (3
Following Egs. (32)~(34), g, can be obtained by:
&) —£.(0)-¢
_aD-e0 -4 o

gr (t1+) - gvp
It should be noted that the parameter g, can be easily calculated, as the
values of (), £&(0), &(t') and &, can be directly experimentally

measured from the creep-recovery experiments, as shown in Fig. 1.
Considering the viscoelastic recovery strain, we obtain:

~(t-1) ‘A"[t*““‘lj
e " g & (36)

rve r

) t. t
Fig. 1 A typical strain-time curve for a creep and recovery test

If the stress level is sufficiently small, the material exhibits linear



viscoelastic behavior, which means that the parameters g, and a, all
equal one. Combined with the polynomial fitting of the experimental
data from the creep-recovery experiments, we can determine the
parameters of the Prony series. Repeating the fitting at the higher stress

levels, the parameters 9, and @, can be obtained. Note that in order to
eliminate the plastic strain from the recovery, the relation proposed by
Lai and Bakker (1995) is adopted, i.e., &, = &,.(t,) — & () . Therefore,
the following expression can be derived as:

N —Angl[iJ —ar{iﬂ—q
£ (t)=9,D,0, +9,0, ) .D,[1-e ¥/ +e \*

n=1

) _eh) | (37)

Fitting Eq. (37) to the experimental data, the parameters g, and the

material constant D, can be determined. After determining all
parameters in the viscoelastic model, the viscoplastic strain should be
involved to identify the parameters in the plastic function. Thus, the
total creep strain can be described by:

N 4t
gc (t) = gO DOUc + glgzacz Dn (1-9 & ) + Dpactm (38)
n=1
By fitting Eq. (38) to the experimental data, the parameters D, and M
can be obtained.

Through the above procedure, all the parameters in the developed
model can be determined. Being a demonstration, a single 33t
MBL (minimum breaking load) polyester rope with five loading and
unloading cycles and corresponding strains is applied to identify the
parameters (Davies et al., 2003). For the rope, the loadings were 20%,

30%, 40%, 50%, and 60% MBL ; the experimental results are
presented in Fig. 2.
0.12
| —-— Experimental results 60%
0.104 50% Fom
1 . -
0.08- 43.?
£ 30%
5 0.064 o
& {
20%
0.04—[/"’
0024 | | e JoT— T
0.00 T T T T T T T T T T T 1
0.0 0.5 1.0 15 2.0 2.5 3.0
Time(10%s)

Fig. 2 Experimental resultsfor parameter identification

It was assumed that the material exhibited linear viscoelastic behavior
when the stress was below 20% MBL . In this case, the parameters g,
g, 9, and @&, all equal 1. In fact, it is not easy to define physically
the threshold between the linear viscoelasticity and nonlinear
viscoelasticity, so obtaining the exact threshold value still needs further
effort. Herein, the assumption is adopted for the comparison with the
literature. With all material constants and parameters at each load level
being identified by the creep-recovery experiments, the polynomial
functions are employed to extrapolate the evolution of the parameters
for an arbitrary stress profile. In the present work, D, equals 0.107, the
calibrated elastic compliance and Prony parameters are given in Table
1. The polynomial functions and corresponding coefficients are
presented in Table 2.
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Table 1. Parameters of Prony series

n A, D,
1 1 1.662x10°°
2 101 2.524x1073
3 102 2.527x103
4 10° 4551x10°
5 10™ 7.615x10°°
6 10° 13.366x10°

Table 2. Parameters of the model

Polynomial function

g, =1 o <10%MBL
g, =0.972+0.4420 - 2.0290° +4.6870° -3.6160" &' >10%MBL

g, =1.005-2.8670 + 26.6220° o <30%MBL

{ =5.155-9.7450 +3.3140° o 2 30%MBL

{ g,=1 0 <10%MBL

g, =-05+150 10%MBL < o < 20%MBL

=23.4-220. 50+805 60° —1281.40° +745.70" o 220%MBL

a, =1 o <20%MBL

{a 0.55+5.4830 —21.8330° +31.6670° -16.6670" 0 = 20%MBL

D, =0 o <20%MBL

{D =-0.084+1.1390 - 4. 2040 +6.1560° —3.1890* 0 =20%MBL
{ m=0 o <20%MBL

m=0.055+2.7580 —18.750° +39.167¢° - 250" & = 20%MBL

VALIDATION OF THE MODEL AND PARAMETRIC
ANALYSIS

Comparison between Experimental and Predicted Results

In order to verify the model under creep-recovery loading, the same 33t
MBL polyester rope mentioned before but with different loading
levels and a longer loading time was employed. In this case, the total
loading lasted 136800s; the loading levels are listed in Table 3. The
comparison between experimental and predicted results is presented in
Fig. 3. It is found that the predicted strain evolution correctly follows
the test data but there is a small offset during the process. In order to
further understand the offset, an error analysis was carried out and the
results are listed in Table 4. It is observed from this table that the
relative errors of the predicted results are all within 6.0% whether in the
creep or in the recovery processes. The predicted results show a good
relativity and confirm the effectivity and veracity of the model.

Table 3. Sequence of loading for parameter identification

t (10%) o (%MBL) Time(10%)
0-7.2 30 7.2
7.2-61.2 0 54
61.2-66.6 15 5.4
66.6-73.8 40 7.2
73.8-81.0 20 7.2
81.0-88.2 0 7.2
88.2-109.8 50 21.6
109.8-136.8 0 27




—-— Experimental results

| —— Model prediction

0%

6 8 10
Time(10%s)

12

14

Fig. 3 The comparison between experimental and predicted results

Table 4. Error analysis results

t(s) o (%MBL) |£e _ £m| Relat(ic\’;:)error
(10%)
0-7.2 30 1.233 3.7
7.2-61.2 0 0.640 2.9
61.2-66.6 15 2.489 6.0
66.6-73.8 40 2.420 3.1
73.8-81.0 20 1.861 3.0
81.0-88.2 0 1.431 5.2
88.2-109.8 50 3.989 4.4
109.8-136.8 0 1.238 3.7

The experimental data in the literature (Wibner et al., 2003) were also
employed to verify the model under sinusoidal loading. In this case,
900 cycles of the stress-strain hysteresis curve between 25%~55%
MBL are presented in Fig. 4, where the middle part of the cycles is
ignored. It is evident that in the loading and unloading processes, the
hysteresis loop gradually becomes superposed and remains stable after
certain cycles. Based on the developed model, we can also obtain 900
cycles of the stress-strain hysteresis loop under the same loadings, i.e.,
25%-~55% MBL , as indicated in Fig. 5. It can be found that the
hysteresis loop is also superposed and becomes stable after certain
cycles. This is a property of vital importance of the synthetic fiber
ropes under cyclic loading (Bitting, 1985; Francois and Davies, 2000;
Flory et al., 2004; Flory et al., 2007). The last cycle can be clearly seen
in Fig. 5 and Fig. 6, which is generally used to calculate the dynamic
stiffness of the synthetic fiber ropes. Because it was difficult to find the
corresponding stress-strain hysteresis curves of the case mentioned
herein, just the qualitative analysis was performed, but it can also
illustrate a good relativity and validity of the model.

Through the two loading cases, it is demonstrated that the model can
capture the key properties of the synthetic fiber ropes whether under
creep-recovery or sinusoidal loadings. However, it should be
emphasized that only the qualitative analysis for the sinusoidal loading
case was performed due to insufficiency of the test data for the stress-
strain hysteresis loops. In fact, there are still uncertainties in describing
the hysteresis properties of synthetic fiber ropes. Further complete and
integrated model experiments need to be carried out.
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0.6

Experimental results

0.4+

0.2

Nominal stress(O/MBL)

0.0
0.03

T
0.04
Strain

Fig. 4 900 cycles of the stress-strain relationship based on
experimental results

0.6
—— Model prediction
3
s 0.4
=)
[2]
(%]
<
B 52l NN
E 0.2 N=i N=900
IS
[=}
z
0.0 T T T 1
0.00 0.02 0.04 0.06 0.08
Strain

Fig. 5 900 cycles of the stress-strain relationship based on model
results

Parametric Analysis

In this section, the parameters of the model including 9,, 9, 9., &,,

D, and M are investigated in detail through designing six cases.
Three values of each parameter are adopted but the others are
determined by Table 2. The sinusoidal loading condition is adopted; the
mean load L, equals 20% MBL , the load amplitude L, equals
10% MBL , and the loading period T equals 10s.

0.4
- g,=1 g,=15 9,72
= 0.3
m 4 ~
s 4 e
S 27 i
73 ,5/ ./,'//’/
¢ 021 L2702
= e e
2 i ////
g e
g 0.1 / //,
z ///’/'
0.0 . . ; i
0.00 0.02 0.04 0.06 0.08
Strain
Fig. 6 The influence of {, on the stress-strain relationship for a

singlecycle

The influence of the parameter g, on the stress-strain curve for one
cycle is presented in Fig. 6. It is indicated that, with the increase of g,
from 1 to 2, the secant stiffness becomes lower, and the maximum
strain under the peak loading and the residual strain of the recovery end
in the single cycle become larger. The influence of g, on the dynamic



stiffness of 500 cycles loading is presented in Fig. 7. It is observed
from this figure that there are no significant increases in the dynamic
stiffness and it is almost smooth in the whole loading process. It is due
to that the constant is adopted as the value of g,, thus the nonlinear
effect of g, is not taken into account. Besides, it can be found that
there are significant decreases in the dynamic stiffness with g,

changing from 1 to 2, because ¢, is the instantaneous elastic
compliance, which measures the reduction or increase in the stiffness.

16

— 971
--- gFL5

—= g=2

144
12+

104

EA/MBL

T
100
Number of cycles N

Fig. 7 Theinfluence of g, on the dynamic stiffness

1000

0.35
glzl 91=1'5 91:2

jn

o

=

(o)

[7]

¢

@

g

IS

o

P4

Strain

Fig. 8 The influence of {; on the stress-strain relationship for a
singlecycle

The influence of the parameter g, on the stress-strain curve for one
cycle is shown in Fig. 8. It can be seen that, with the increase of g,
from 1 to 2, the secant stiffness becomes lower but it can not change
more than the case for g,, and there isn’t significant offset on the
residual strain for each case at the recovery end. The influence of g, on
the dynamic stiffness of 500 cycles is shown in Fig. 9. It can be seen
that there are nonlinear increases in the dynamic stiffness during the
loading cycles and it then becomes stable after certain cycles. With the
increase of g, from 1 to 2, the dynamic stiffness decreases. It is due to
that the transient creep parameter g, measures the nonlinear effect in

the transient compliance.
9.2

9.1

9.0+

8.9+

8.8+

EA/MBL

8.7+

8.6

8.5 T

T 1
100 1000

Number of cycles N

Fig. 9 Theinfluence of g, on the dynamic stiffness
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9,71 9,=1.5 g,=2

o o
w w
o a
1

0.25

0.20

0.15

Nominal stress(@/MBL)

0.10
0.01

Strain

Fig. 10 The influence of {, on the stress-strain relationship for a
singlecycle

The influence of the parameter g, on the stress-strain properties for
one cycle is shown in Fig. 10. It is evident that the secant stiffness of
one cycle becomes lower, and the strain at the peak loading increases
larger than the residual stain, with the increase of g, from 1 to 2. The
strain during the loading and unloading processes increases with an
increase of g, . The influence of g, on the dynamic stiffness is
presented in Fig. 11. It has the similar effect on the dynamic stiffness as
d,, which is that there are significant decreases in the value of dynamic
stiffness with g, changing from 1 to 2. It is due to that the increases of

the parameters g, and g, directly make the strain increase.
9.2

9.14

1000
Number of cycles N
Fig. 11 Theinfluence of g, on the dynamic stiffness
0.35

a=2 a=1a=06
o o o

0.30
0.25
0.20

0.154

Nominal stress(O/MBL)

0.10
0.010

T T T 1
0.025 0.030 0.035 0.040

Strain

Fig. 12 The influence of @, on the stress-strain relationship for a
singlecycle

The parameter &, acts as a time scaling factor. It is observed that the
secant stiffness of one cycle becomes larger with the increase of &,, as
shown in Fig. 12. With the increase of a,, the strain at the peak loading
decreases more significantly compared with the decrease of the residual
strain. The influence of @, on the dynamic stiffness of 500 cycles can
be seen in Fig. 13. For the parameter &, , a similar behavior is apparent,
with the increase of a, from 0.6 to 2, the dynamic stiffness increases.
It is obvious that, with @, changing from 0.6 to 2, the reduced time lﬂ
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reduces significantly which decreases the viscoelastic strain, thus the

dynamic stiffness increases.
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Fig. 14 The influence of Dp on the stress-strain relationship for a
singlecycle
The plasticity rate D, and the exponent IM are two parameters of the
plastic strain in the developed model. The influence of the parameter
D, on the stress-strain properties for one cycle is shown in Fig. 14. It is
found that the residual strain significantly increases with the increase of
D,; the strain is only influenced by this parameter when the applied
stress is larger than the yield stress; when the stress is lower than the
yield stress, the effect from D, is ignored.
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Fig. 15 The influence of Mon the stress-strain relationship for a
singlecycle

The influence of the parameter 1M on the stress-strain properties for
one cycle is shown in Fig. 15. Because M is also the parameter that
directly influences the plastic strain, it has the similar effect from the
plasticity rate D,, i.e., only when the stress is larger than the yield
stress, the influence of M is taken into account. It is observed that the
strain increases with the increase of M from 0.025 to 0.2 and the
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hysteresis loop becomes larger. This means that the dissipation energy
is becoming larger with the increase of M.
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The influences of the parameters D, and M on the dynamic stiffness
are presented in Figs. 16 and 17. It is observed from the figures that
there are increases in the dynamic stiffness with decreasing values of
D, and M, because the two parameters make the viscoplastic strain
significantly increase. Besides, it should be noted that the dynamic
stiffness will almost reach a constant in the cases for each parameter.
This is due to that the viscoelastic strain covers the main part of the
total strain, while a smaller part of the viscoplastic strain is taken into
account in the developed model. In the further studies, a more rational
viscoplastic theory and computational model are needed to evaluate the
plastic strain.

CONCLUDING REMARKS

In this paper, a viscoelastic and viscoplastic model is developed to
describe the nonlinear stress-strain properties of the synthetic fiber
mooring lines under cyclic loading. How to calculate the tension
response of the mooring line precisely under the complicated ocean
environment is a key problem to ensure the safety of mooring systems
and floating platforms. A stress-strain relationship that directly
influences the mooring analysis is urgently needed. It is demonstrated
from the former works that the present model and analysis method can
not take into account the true loading history, the creep behavior and
the dynamic stiffness evolution, which is of vital importance and
interest to mooring system designers, platform operators, and
researchers. These properties are fully taken into account in the
developed model, which are based on the Schapery thermodynamic
theory combined with a plastic function.

A new method for the parameter identification, which is essential for a



numerical model, is presented. All the stress-dependent parameters can
be determined based on a simple series of creep-recovery experiments
of ropes or subropes. It should be noted that the method is capable of
analytically evaluating the transient compliance 9, so that any
inaccuracies and instabilities introduced by multiple numerical
treatments are avoided.

In order to verify the model, the comparisons between experimental
and predicted results both under creep-recovery and sinusoidal loadings
are presented. It is found that the relative errors of the predicted results
are all within 6.0% whether in the creep or in the recovery processes,
which shows a good relativity and confirms the effectivity and veracity
of the model. Besides, it is proved that the model can capture the key
properties of the synthetic fiber ropes under cyclic loading.

Finally, the influence of parameters on the stress-strain curve for one
cycle and the dynamic stiffness evolution is presented. Under
sinusoidal loading, the strain in the loading and unloading processes
increases with an increase of g,, 9, and g,. This increase meanwhile
leads to decreasing of the dynamic stiffness. It is indicated that the
decrease of a, will make the dynamic stiffness increase. The two
parameters of the plastic strain, i.e., D, and M will make the
viscoplastic strain increase significantly, thus there are significant
decreases in the dynamic stiffness.

It should be pointed out that the hysteresis is the most important
property of the synthetic fiber ropes under cyclic loading due to the
complicated viscoelasticity and viscoplasticity. The hysteresis loop
consists of two parts, one is the accumulated viscoelastic residual
strain, the other is the plastic strain. In fact, there are still uncertainties
associated with the hysteresis property and dynamic stiffness evolution
under more complicated loading conditions. The present work is
beneficial to improving the understanding of the performance of
synthetic fiber ropes, and also provides a better basis for the further
research on the mechanical problems of synthetic fiber mooring lines.
However, further experimental studies are needed to figure out clearly
these properties which will be incorporated in the subsequent numerical
model.
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