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Abstract. The substance of the use of the derived non-linear creep congtitutive equations under variable
stress levels (see first part of the paper, Kmet 2004) is explained and the strategy of their application is
outlined using the results of one-step creep tests of the steel spiral strand rope as an example. In order to
investigate the creep strain increments of cables an experimenta set-up was originaly designed and a
series of tests were carried out. Attention is turned to the individua main steps in the production and
application procedure, i.e., to the one-step creep tests, definition of loading history, determination of the
kerndl functions, selection and definition of congtitutive equation and to the comparison of the resulting
values considering the product and the additive forms of the approximation of the kernel functions. To
this purpose, the parametrical study is performed and the results are presented. The constitutive egquations
of non-linear creep of cable under variable stress history offer a strong tool for the red simulation of
stochastic variable load history and prediction of redlistic time-dependent response (current deflection and
stress configuration) of structures with cable elements. By means of suitable stress combination and its
gradua repeating various loads and times effects can be modelled.

Key words: non-linear creep of steel rope; creep test; congtitutive equation of creep under variable
stress; kernel functions; parametrical study.

1. Introduction

The trangtion from various empirica expressons for creep and relaxation of engineering
materials and primitive computational tools to the application of dramatically growing potentia of
the rheology and computer technology affects, among others, the development of the constitutive
equations for non-linear time-dependent materials. It can be expected that simplistic rheological
models will be gradually diminish and much more sophisticated methods will be developed.

Many anaytical and numerical models have been developed to describe the mechanical behaviour
of cables (Huang and Vinogradov 1996, Costello 1997, Raoof and Kraincanic 1998, Labrosse et al.
2000, Evans et al. 2001, Lefik and Schrefler 2002). Mathematical physical models of a cable as a
system of interacting wires are presented. Roshan Fekr et al. (1999), Nawrocki and Labrosse (2000)
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and Jiang et al. (2000) proposed finite element models. More detailed description of the individual
published works is presented in the first part of the paper (Kmet 2004). Many suggested methods do
not involve the rheological properties.

To assess the structural reliability and serviceability performance of today’s large span structures
with the high strength tension cable elements, the general and accurate rheological models and
congtitutive equations of cable time-dependent behaviour must be available. Such models have to be
considered for the following aspects:

a) Redligtic consideration of cable properties, taking into account non-linear stress strain time

relations.

b) The effect of imposed stress or strain originated during the previous time interval.

c) Variations of the imposed stress or strain.

d) The effect of the loading time, when the stress or strain is imposed.

More studies on the creep and relaxation of the steel wire and synthetic fibre cables have been
carried out experimentally and theoretically (Nakai et al. 1975, Husiar and Switka 1986, Leech
1987, Guimaraes and Burgoyne 1992, Leech et al. 1993, Conway and Costello 1993, Banfield and
Flory 1995, Kaci 1995, Leech 2002, Banfield et al. 2003), but only few theoretical approaches on
the non-linear rheologic behaviour of the cables under varying loading history have been done
(Kmet 1989, 1994, Kmet and Holickova 2000).

In the first part of the present paper (Kmet 2004), the mathematical derivations of the general
constitutive equations for non-linear creep and relaxation of the tension elements such as the sted
wire and synthetic fibre cables under one-step and the variable stress or strain inputs using the
product and two types of additive approximations of the kernel functions were derived and
presented. The time-dependent material constants — kernel functions determined from the results of
one-step creep or relaxation tests were used for the description of congtitutive equations for variable
stress or strain history.

The potential of the derived non-linear congtitutive equations using the approximation methods for
determination of the kernel functions for variable loading history as a powerful tool for the practica
simulations is described and emphasized in the present part of the paper. The illustrative examples
based on the experimental and theoretical investigation of non-linear creep of steel spiral strand rope
under single and variable stress history demonstrate the application of the presented theoretica
expressions. Attention is turned to the individua main steps in the production and application
procedure, i.e., to the one-step creep tests, definition of loading history, determination of the kernel
functions, selection and definition of congtitutive equation and to the comparison of the resulting
values considering the product and the additive forms of the approximation of the kernel functions.
To this purpose, the parametrical study is performed and the results are presented.

In order to investigate the creep strain increments of the steel cables and verify the derived
equations, an experimental set-up was originadly designed and a series of tests were carried out
(Holickova 1997, Kmet and Holickova 2000).

2. Experimental program and theoretical background
To describe numerically and investigate the creep behaviour of the steel cables under arbitrary

single and variable stress levels, the redization of constant input tests is inevitable. To this purpose,
the creep tests of the cables were carried out under a constant load - constant uniaxia tension force.
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Since the cables would be tested under a high tension, the load bearing capacity of the test
equipment became a factor in setting the size of specimens.
Fulfilment of three basic decisions following requirements:

a) introduction of the real high tensile loading of the tested specimen,

b) placement of the cable specimen in the vertical position,

c) required length of the tested cable specimen,
influenced the design of the test equipment, the accuracy and the red response of measurement and
test.

Even though the uniaxial tensile test is simple in its principle, in this case it turned out to be quite
difficult to redize it technically taking into account al the above requirements.

The equipment that can keep a specimen with the length of 3000 mm under a constant tension
load for the duration of the test (35 days) was designed and built. Fig. 1 shows the principle and the
scheme of the experimental equipment. An appropriate loading system helps keep the specimen,
vertical positioned between a passive anchorage and an active one, under constant tension load.
Both anchorages are put inside a very iff steel frame, which ensures that any stress is negligible
enough to induce any displacement that could interfere with those of the specimen tested. In the
certain place of one of the two columns of the frame, there is connected the arm of the lever
mechanism by means of an unmovable hinged attachment. A passive anchorage creates a stiff
transversal beam situated in the top part of the frame. The second movable support — active
anchorage of a lever arm creates the tested specimen — a cable structural element with a cast-in
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Fig. 1 Scheme of the test equipment. 1-test frame, 2-tested rope specimen, 3-lever arm, 4-weight
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socket terminals in the both of the ends. An interdependent connection of a specimen with the
active and passive anchorages is ensured by means of the stiff anchor transverse beams with specia
arrangement. A required constant load of the test specimens is obtained by means of a suitable
placement of a dead weight on the lever of the creep tester mechanism.

The special clamping device - sockets for a placement of the measuring instruments of the
extension of the specimens were designed. The sockets prevent diding between a specimen and the
measuring instruments and enable slewing of a cable specimen under a tension load. The sockets
help eliminate any torsion displacement influences on the test results.

The vaues of the length increments — extension were simultaneously recorded and stored on a
disk in the choice time intervals by the data-logging system driven by a microcomputer. During each
creep test, contraction was measured and recorded temperature to evaluate its influence on the creep
strain increments.

The specimen tested is a sted spiral strand rope with the open construction of type 1+ 6+ 12
(one core wire and 6 wires in the first and 12 wires in the second layer) with the rated diameter of
D, = 16 mm and the rated cross — sectional area of A, = 148,1 mm? The rope has the mechanical
characterigtics as follows: the rated tensile load carrying capacity of N, = 202,9 kN and the rated
tensile strength of the wires of 1370 Nmm™=. The cable specimens were cut of a new produced
cable with the length of 100 m and were terminated with the cast-in socket terminals filled with
zinc at the both ends. The cable specimens were initialy stretched for a certain loading degree,
where relatively small permanent strains occur after their unloading. This procedure is usually used
before an introduction of a cable in a structure (European prestandard 2002). During the initia
stretching, the cable was loaded within the time interval of 30 minutes by the force of 148 kN. This
value represents the force of 17% bigger than is the force corresponding to the rope design strength.

The creep tests were carried out gradudly under the constant uniaxial load levels that were
equalled to 23%, 50% and 85% of the cable rated carrying capacity (Holickova 1997). The three
tested stress levels o, o and o were determined from the ratio o, = N, /A, of the cable rated
carrying capacity in tenson N, and the rated cross-sectiona area A.. For the experimentally
investigated constant stress levels

On 8 c = (23% ; 50% ; 85%)0; = 315,1 Nmm; 685,0 Nmm™; 1164,4 Nmm 2 (1)

the three corresponding average values of the creep strain increments ex(t), &s(t) and ec(t) (for the
number of thetestsi =1, 2, ..., N under each of the stress levels) are known

N
2 ea,i(t)

g (1) = lT for a=AB,C )

in atimet of the test time interval within <0 ; 35> days.
By the application of the constitutive equations in the form of polynomia of third order the
courses of the creep strain increments can be formulated as follows

() = Fy(1)o,+ Fy(t)oo+ Fa(ho, for o= AB,C €)
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If the experimental creep strains from the three tests are described as functions of time by
appropriate mathematical expressions (see Eq. (7) in the next chapter) and introduced on the left-
hand side of Egs. (3), these three equations may be solved simultaneously for the time functions
F1(t), Fo(t) and F3(t). Then from the known three stress levels o,, og and o and values of the creep
strains ex(t), eg(t) and &c(t) in the studied time t, the unknown values of constants F4(t), Fo(t) and
Fs(t) — in the corresponding time t, after solution of system of Egs. (4) are obtained, which can be
written in the form

2 3]t
Fl(t) GA GA O-A gA(t)
Fz(t) = Op Gg G?é ’ gB(t) (4)
F3(t) o. ob o €c(t)

Congtants, i.e., values of the kernel functions Fi(t), Fo(t) and Fs(t) are the time dependent
characteristics of physical properties of the investigated cables.

If values of the kernd functions F4(t), F.(t) and F5(t) are introduced into the non-linear creep
congtitutive equation of the third order, as follows

e(t) = Fy(t)o+ Fy(t)o” + Fa(t) o ©)

the expressions for a calculation of the cable creep strain increments for an arbitrary stress ¢ from
the tested stress interval <op, o> are obtained.

For the constitutive creep equation of the second order is necessary the system of two algebraic
Eg. (3) as follows

2 )
ea(t) = Y Fi()oa

i=1

2 )
gg(t) = Y Fi(thog (6)

i=1

and the other procedure is analogous.
The above approach is used for a numerical determination of the creep curves.

3. The cable creep curves calculated according to the constitutive equations and
experimental data

By means of the constitutive equations of the third (Eq. (5)) and the second order (first two
members in Eq. (5)), the creep curves — the creep strains in the corresponding time were calculated.
The tested stress interval <o, oc> was divided into the partial stress subintervals with the
increment of 5% of (N;/A/). In genera, we can take into account the complete stress interval
(application of the third order constitutive equation), or only the certain subintervals of stresses
<0p, 0>, <0p, 0c> and <o,, oc> (gpplication of the second order congtitutive equations) according
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Fig. 2 Creep strain curves determined by use of the congtitutive equation in the form of polynomial of third
order with the stress interval within the boundaries of 23% to 85% of N,/A,
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Fig. 3 Creep strain curves determined by use of the constitutive equation in the form of polynomial of second
order with the stress interval within the boundaries of 23% to 50% of N,/A,

to the orientation on high or low loading levels. The creep strain increments determined for
corresponding stress interval by the congtitutive equations in the form of the polynomia of third and
second order are shown in Fig. 2 to Fig. 5. The experimentally obtained curves are marked.

By a regression anaysis of the experimentaly and theoreticaly obtained data the optimal
approximation creep function in logarithmic form was found, as follows

e(t) = a+bint (M

If one introduce in Eq. (7) time in days, the obtained strain is in %o. The values of the coefficients
of approximation functions and courses of approximation creep curves for the stress levels of 25
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Fig. 4 Creep strain curves determined by use of the constitutive equation in the form of polynomial of second
order with the stress interval within the boundaries of 50% to 85% of N,/A,
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Fig. 5 Creep strain curves determined by use of the constitutive equation in the form of polynomial of second
order with the stress interval within the boundaries of 23% to 85% of N,/A,

until 50% of (N, /A,) are presented in Table 1 and shown in Fig. 6.

The results can be summarized as follows:

a) The creep curves quantitatively correspond to the initia stress levels with a significant influence
of non-linear behaviour. The creep strain increments increase gradualy with the increased
tensile loads.

b) The clearances between wire layers have an important influence on the creep strain values of
the cable. By the use of the initial stretching of the cable structural elements, the creep strain
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Table 1 Coefficients a and b of the approximation function for the corresponding stress levels

% of (N,/A) a b
25 0,2257021 0,0008617
30 0,2796912 0,0041336
35 0,336852 0,0083302
40 0,3971127 0,0134981
45 0,4604037 0,0196521
50 0,5267743 0,0267673
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Fig. 6 Approximation functions of the creep curves in the stress interval within the boundaries of 25% to 50%
of N,/A

increments under the individual stress levels are reduced owing to a reduction of the clearances.
In a case of the creep under the smaller stress levels the influence of the initial stretching of a
cable is so significant, that the creep strain increments are already stabilized in the initial parts
of the primary creep. For the stress levels of 50% of (N,/A), there is a stabilizing process of
the creep strain increments moved in the part of secondary creep. The creep strain increments
under the stress levels of 85% of (N,/A;) (the stress level significantly exceeds the stress under
the initial stretching) are considerable.

¢) The experimentally obtained creep strains under the constant stress levels enable by means of
the constitutive creep equations to determine the creep strain increments aso for an arbitrary
stress which lies inside of the tested stress interval.

4. Numerical illustration and verification of the constitutive equations of non-linear
creep under variable stress

In this section, the results obtained from the constant one-step creep tests and derived congtitutive
equations are used to describe the non-linear rheologic behaviour of the cables under the variable



Non-linear rheology of tension structural eement under single and variable loading history Part [1' - 599

input stress and to compare the non-linear congtitutive equations with the product and additive forms
of approximation of the kernel functions proposed in the first part of the paper (Kmet 2004). These
equations are applied to predict the creep behaviour of a tested spiral strand rope under three and
two-step stress.

4.1 Example 1

The example will show how to determine the creep strain in the required time t = 1000 minutes
of the rope subjected to variable loading history, i.e., three stress increments Ac, = 342,5 Nmm™2,
Aoy = 68,5 Nmm2 and Ao, = 137 Nmm™ (to demonstrate the applicability of derived equations
deliberately are selected the stresses under which the creep were not tested) which gradualy affect
in the time subintervals <to, t;>, <t;, t,> and <t,, t:> respectively, where t, = 0 minutes, t; = 900
minutes, t, = 990 minutes and the upper limitation t; = 10,000 minutes.

The input parameters of the rope such as stresses, time intervals and creep strain increments are
selected or calculated from one-step creep tests as follows.

For the three constant stress levels o, = 342,5 Nmm™, o = 465,8 Nmm~ and o = 698,7 Nmm
from the test interval can be experimentaly and numerically obtained the creep strain increments
en(t), es(t) and ec(t) respectively in the investigated times, eg., t = 10, 100, 1,000 and 10,000
minutes, which are inside the time of the test. The concrete input values of example are presented in
Table 2. The corresponding kernel functions calculated according to Eq. (4) are presented in Table 3. If
we introduce the values of obtained kernel functions in the non-linear constitutive equations of third
order (Eg. 5), we can determine the cable creep strain for an arbitrary stress ¢ from the stress
interval <o, oc>.

The following procedure is used for application of the constitutive equations with the product and
additive forms of approximation of kernel functions to predict creep behaviour of cables under three
step stress impul ses:

The globa time interval <to, ts> (see Fig. 1 in first part of the paper, Kmet 2004), in which one-
step creep curves are known is divided into the three time subintervals <to, t;>, <t;, t,> and <t,, t>.
In the concrete case of the example e.g., t, = 0 minutes, t; = 900 minutes, t, = 990 minutes and the
upper limitation t; = 10 000 minutes. In these intervals affect the constant stresses oy = Aoy in the
time interval <t t;>, 01 = 0p + Aoy in <ty, t,> and 0, = 01 + Ao, in the time interval <t,, t3>. The
choice stress o = 548 Nmm™ from the defined interval we divide into the three stress increments
Acp = 342,5 Nmm™, Ao, = 68,5 Nmm and Ao, = 137 Nmm™ which gradually affect in the time
subintervals presented above (see second line in Table 4). Then, the constant stresses in the
individual time intervals obtained the values as follows oy = Ac, = 342,5 Nmm™ in the time
interval <to, t;>, 61 = 0p + Aoy = 3425 + 68,5 = 411 Nmm™2 in <t;, t,> and 6, = 0y + Ao, = 411 +
137 = 548 Nmm™2 in the time interval <t,, t;>.

Table 2 Creep strains of the rope for three constant stress levels in the studied times

Stress o Creep dtrainsin time't

(Nmm™) £(t) (%o) 10 (min) 100 (min) 1,000 (min) 10,000 (min)
op= 3425 eat) 0,02 0,05 0,07 0,1
op = 465,8 &s(t) 0,06 0,09 0,12 0,16

oc= 698,7 &c(t) 04 0,6 0,77 0,84




600 S Kmet and L. Holickova

Table 3 Values of the kernel functions in the investigated times

Vaues of kerndl functionsin timet

Fk(®) 10 (min) 100 (min) 1,000 (min) 10,000 (min)
Fa(t) (N"mm?) 4,60239.10° 1,12307.10°° 1,48698.10°° 1,61311.10°°
Fa(t) (N2mm?) —2,45589.10°° 5,23213.10°° —6,81587.10°° —7,00086.10°°
Fa(t) (N~ *mmb) 3,74489.10°° 6,94691.10°° 8,96657.10° 9,17820.10°

Using the non-linear creep constitutive equations with the product and additive forms of
approximation of the kernel functions (see Eq. (14) for product and Eq. (22) for additive form in
first part of the paper Kmet 2004) the creep strain increments of cable in the choice time t = 1000
minutes will be investigated (it means for time from the subinterval <t,, t;>). The necessary
numerical values of the kernel functions in the corresponding times that occur in the constitutive
equations we determine from Table 3, it means from the values obtained from one-step creep
curves. The kernel functions have the values as follows

F1(t) = F1(1000) = 1,48698.10° N-*mm?, and similarly Fa(t) = F,(1000), F4(t) = F5(1000),
Fa(t — ty) = F1(1000 — 900) = F4(100) = 1,12307.103N-‘mm?, and similarly
Falt — t) = F5(1000 — 900) = F5(100), F4(t — ty) = F5(1000 — 900) = F5(100),
Fa(t — t,) = F4(1000 — 990) = F,(10) = 4,60239.10"*N"*mm?, and similarly
Faft — t;) = F»(1000 — 990) = F,(10),
Fa(t — t,) = F5(1000 — 990) = F4(10). €)

After introducing the known values of the kernel functions (values in the required times are
presented in Table 3) and stresses into the corresponding constitutive equations of non-linear creep
of cable the creep strain g(t) in the investigated time t = 1000 minutes can be calculated. For the
individual types of the constitutive equations valid as follows

- product form of the approximation of the kernel functions (Eq. (14) in first part of the paper,

Kmet 2004)

£(1000) = F,(1000)Ac, + F,(100)Ac; + F,(10)Ac, +
+ {[F,(1000)]"?Acy + [F5(100)]*?Ac, + [F»(10)]* A0}’
+ {[F5(1000)]**Ac, + [F5(100)]Y A0, + [F4(10)]Y A0, (9)

for t,<t<t;.
- additive form of the approximation of the kernel functions (Eq. (22) in first part of the paper,
Kmet 2004)

£,(1000) = F,(1000)Ac, + F;(100)Ac; + F;(10)Ac, +
+ [F,(1000)Ac, + F5(100)Ac, + Fo(10)A0,1(AG, + AG, + AG,) +
+ [F4(1000)Ac, + F5(100)Ac, + F5(10)Ac,1(AG, + A, + AG,)’ (10)

for t,<t<t;.
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Table 4 Creep strains of the rope in the studied time t = 1000 min under one and three stress levels. Times
to, t1, t> and t; of the individual time subintervals are considered as follows to = 0 min, t; = 900 min,
t, = 990 min and t; = 10,000 min

One stress level Three stress levels Product form Additive form
(oS <t(), t3> S(t) AO'O c <t0, t> AO'l e <ty,t,> AGZ e <ty, t3> S(t) S(t)
(Nmm™) (%o) (Nmm™) (Nmm™) (Nmm™) (%o) (%o)
479,5 0,1334 3425 68,5 68,5 0,1294 0,1202
548 0,2436 3425 68,5 137 0,2209 0,2082
548 0,2436 3425 137 68,5 0,2221 0,2153
685 0,7024 3425 68,5 274 0,5568 0,5520
685 0,7024 3425 274 68,5 0,6052 0,6062

In the case of product form of approximation of the kernel functions, we obtain the creep strain of
£(1000) = 0,2209%0 and in the case of additive form £(1000) = 0,2082%. (see last two columns of
second line presented in Table 4). In the second column and second line of presented table is state
in order to compare the results also the value of creep strain under one-step creep (caculated
according to Eq. (5)), it means under the constant one-stress level o = 548 Nmm 2, which is equal
£(1000) = 0,2436%o.

On the base of a comparison of the results, it is evident that the cable affected under higher initia
constant stress level during the whole time interva (creep under constant one-step stress history)
shows higher creep strain than the cable which was affected with gradually increasing stress (creep
under varying stress history). This stress reaches the value o = 548 Nmm=2 only in the last time
subinterval.

4.2 Example 2

The second example will show how to determine the creep strain in the required time t = 100
minutes of the rope subjected to variable loading history - two stress increments Aoy = 342,5 Nmm™
and Aoy = 205,5 Nmm™ which gradually affect in the time subintervals <t,, t;> and <t;, t,>, where
to = 0 minutes, t; = 90 minutes and the upper limitation t, = 200 minutes (see second line presented
in Table 5).

Table 5 Creep strains of the rope in the studied time t = 100 min under one and two stress levels. Times
to, t1and t, of the individual time subintervals are considered as follows to= 0 min, t; = 90 min and

t, = 200 min
One stress level Two stress levels Product form Additive form
oe <ty t,> &(t) Aog e <tg, 11> Aoy € <ty, t,> g(t) (1)
(Nmm™) (%o) (Nmm™) (Nmm™) (%o) (%o)
466 0,009 3425 1235 0,09 0,08
548 0,1874 3425 205,5 0,1773 0,1662
616,5 0,3115 3425 274 0,296 0,285

685 0,5471 342,5 342,5 0,465 0,4568
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The kernel functions have the values as follows

Fa(t) = F1(100),  Fa(t) = F2(100),  F5(t) = F5(100),
Fi(t—t;) = F1(100-90) = F1(10), Fy(t—t;) = F,(100—90) = F,(10),
Fa(t—t;) = F3(100-90) = F5(10) (11)

Substituting the needed vaues of the kerng functions presented in Table 3 and values of stress
increments into Eq. (13) and EQ. (21) (see first part of the paper, Kmet 2004), the resulting concrete
forms of the constitutive equations for calculation the creep strain of the rope according to the type
of the approximation of the kernel functions are as follows

- product form (Eq. (13) in first part of the paper, Kmet 2004)

£(100) = F,(100)Ac, + F,(10)Ac, + {[F5(100)]Y2Ac, + [F5(10)]Y%Ac, ) +
+{[F3(100)]"°Acy, + [F5(10)] A0y}’ (12)

for t; <t<t,,
- additive form (Eq. (21) in first part of the paper, Kmet 2004)

£,(100) = F,(100)Ac, + F,(10)A0; + [F,(100)Ac, + F,(10)Ac,1(Ac, + Acy) +
+ [F4(100)A0, + F4(10)A0, (Ao, + Aoy)’ (13)

for t; <t<t,.

In the case of the product form of approximation of the kernel functions, we obtain the creep
grain of £(100) = 0,1773%0 and in the case of additive form ¢(100) = 0,1662%. (see last two
columns of second line presented in Table 5). In the second column and second line of presented
table is state in order to compare the results also the value of creep strain increment under one-step
creep, it means under the constant one-stress level o = 548 Nmm™, which is equal £(100) =
0,1874%o.. For the caculation, the non-linear creep constitutive equation of the second order was
used (see first two members of Eg. (5)).

Presented numerical applications have a limited interest for the concrete type of investigated
cable and loading, i.e., stress history. But on the other hand proposed constitutive equations of non-
linear creep and approximation computational models for determination of the kernel functions
have the general applicability for the arbitrary tested synthetic and steel cables under various stress
history.

5. Parametrical study

The analogous procedures are used for the parametrical study. The congtitutive equations with
product and additive form of the approximation of the kernel functions are applied to predict the
creep behaviour of atested spira strand rope under one, two and three step stress. In this study, the
influence of the following variable quantities is investigated:
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a) size of the stress increment in the time subinterval,

b) length of the time subinterval, in which stress affects,

¢) number of the stress levels — creep under one stress level, two and three stress levels,

d) form of the approximation of the kernel functions.

The individual stresses o (congtant stress levels for one-step creep) and the varying stress
increments Aoy and Aoy affected in the time subintervals <t, t;> and <t;, t,>, respectively, are for
the case of two stress levels presented in Table 5. For the time values of the individual subintervals
valid as follows ty = 0 minutes, t; = 90 minutes and t, = 200 minutes. Thus the lengths of the time
subintervals in which a stress with the corresponding level affects are predetermined. Gradually the
maximum stress values and the values of the stress increments were changed.

The obtained results, i.e., the creep strains of cable in the studied time t = 100 minutes calculated
according to Eq. (12) (product form of approximation) and Eq. (13) (additive form of approximeation)
are for the two stress levels presented in Table 5 and shown in Fig. 7. Also the results of one stress
creep (stress o affects in whole interval <to, t,>) are presented in the table and shown in the figure.
In Fig. 7, the global constant stresses o, and o, affected in the individual time subintervals as
follows og = Aoy in the time subinterval <ty, t;> and oy, = op + Aoy in the subinterval <t,, t,> are
presented. The sum of the varying stress increments in the individual time subintervals is equa to
the stress level under one-step creep affected in the whole time interval. One line in the tables and/
or one column in the figures mean one independent example.

The parametrical study for varying three dress levels is followed. The individual stresses o
(congtant stress levels for one-step creep) and the varying stress increments Aoy, Aoy and Ao,
affected in the time subintervals <ty, t;>, <t;, t,> and <t,, tz>, respectively are for the case of three
stress levels presented in Table 4. For the time values of the individua subintervals valid as follows
to = 0 minutes, t; = 900 minutes, t, = 990 minutes and t; = 10,000 minutes.

ONE STRESS LEVEL TWO STRESS LEVELS
c (Nmm'z) oy (Nmm'z) oy (Nmm'z)
077 __<0,100>min = <0,90>min  <90,100 > min j
0.6 v v
PRODUCT ADDITIVE
0,5 o = 685 FORM — —— FORM .
= o 1= 685
L0 o= 342,5
e
S 03 o= 548
o =548 Go=342,5 o= 342,5
02 — 1=466 1= 466 B
01 L0466 50=342,5 o= 342,5

0 .

Fig. 7 Creep strains of the rope in the studied time t = 100 min under one and two stress levels (the values of

the first, second and fourth line presented in Table 5). Times ty, t; and t, of the individual time
subintervals are considered as follows to= 0 min, t; = 90 min and t, = 200 min
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1 | ONE STRESS LEVEL | THREE STRESS LEVELS |
c (Nmm_z). oo (Nmm?) o, (Nmm?) o, (Nmm?)
0,9 f <01000>min | ;4005 min <900,990 >min <990,1000 > min |
0.8 s 0,= 685 0,=685 |
07 Lj“ : 6,=616,5 01=616,5 | |
c¢=342,5 cy=342,5
- 0,6 \ 4 \ 4
L. ol B
=0,
=

0'2=479,5
oy =411
o= 342,5

0,=479,5
oy=411
Go=342,5

| o4=34

Fig. 8 Creep strains of the rope in the studied time t = 1000 min under one and three stress levels (the values
of the first, third and fifth line presented in Table 4). Times tq, t;, t, and t; of the individual time
subintervals are considered as follows to= 0 min, t; = 900 min, t, = 990 min and t; = 10,000 min

THREE STRESS LEVELS

3 oy (Nmm'z) oy (Nmm'z) oy (Nmm'z) ]
] o (Nmm™) | | <0,900 > min < 900,990 > min < 990,1000 > min
’ <0,1000 > min

0.8 'L ¢

PRODUCT ADDITIVE

1 —| ONE STRESS LEVEL ||

£(t)(%o)

| 342,5(900min) 342,5(900min)

685 (10min)
411 (90min)
342,5(900min)

685 (10min)
411 (90min)
342,5(900min)

Fig. 9 Comparison of the creep strains under the varying three stress levels, gradually affected in the time
subintervals with the variable lengths

The obtained results, i.e., the creep strains of cable in the studied time t = 1000 minutes calculated
according to Eq. (9) (product form of approximation) and Eqg. (10) (additive form of approximation)
are for the three stress levels presented in Table 4 and shown in Fig. 8 (the values of the firg, third
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and fifth line presented in Table 4 are used) and Fig. 9. Also the results of one stress creep (stress o
affects in whole interval <to, ts>) are presented in the table and shown in the figures. In Fig. 8 and
Fig. 9, the global congtant stresses o, 0, and o, affected in the individual time subintervals as
follows oy = Aoy in the time interva <t t>, 01 = 0y + Aoy in <ty, t,> and 0, = 01 + Aoy in the
time interval <t,, t> are introduced.

The influence of the varying three stress levels on the resulting creep strain, with the lengths of
the time subintervals in which a stress with the corresponding level affects is illustrated in Fig.9.
Product and additive form of the approximation of the kernel functions are considered. Fourth and
fifth line of the values presented in Table 4 is used.

From comparison of numerica results presented in Table 4, Table 5 and shown in Fig. 7, Fig. 8
and Fig. 9, which are obtained by use of the constitutive egquations with the product and additive
form of an approximation of the kernel functions under two (Eq. (12) for product and Eq. (13) for
additive form of approximation) and three-stress levels (Eqg. (9) for product and Eq. (10) for additive
form of approximation) as well as by use of the constitutive equation of non-linear creep under one-
sep stress (Eg. (5)) follows, that proposed rheological constitutive eguations, which serve to
calculation and prediction of the creep behaviour of cable under one-step and variable stress history,
are sufficiently accurate. The obtained values indicate and confirm the influence of the stress
increment size and time subinterval length, in which the stress affects, on the resulting quantity of
creep strain. The analysis of the results confirms logical and physical correctness of the obtained
constitutive equations. By reason of this are these constitutive equations suitable for practical using
in a design of the cable structura elements and tension structures with the time dependent
properties. The results obtained by the creep congtitutive equations with the product and additive
forms of approximation of the kernel functions do not differ significantly, it means that for
rheological anadysis arbitrary from them can be used. The creep strains obtained by the use of the
congtitutive equation with product form of the approximation of the kernel functions are a little
larger than that obtained by the additive form of approximation. Therefore, the results obtained by
the use of the congtitutive equations with product form of the approximation of the kernel functions
lie on the more safety side. From point of view of the number of an algebraic operation constitutive
equation with additive form approximation of the kernel functions is smpler.

6. Conclusions

The substance of the use of the derived non-linear creep congtitutive equations under variable
stress levels (see first part of the paper, Kmet 2004) is explained and the strategy of their application
is outlined using the results of one-step creep tests of the steel one-strand cable as an example. In
order to investigate the creep strain increments of cables, an experimental set-up was originaly
designed and a series of tests were carried out.

On the base of the experimental results and theoretical approaching the approximation values of
the time-dependent kernel functions in the product and additive forms and the concrete types of the
creep consgtitutive equations for the investigated cable were obtained and verification of the derived
constitutive equations were performed.

The results from one-step creep tests and from the numerical experiments have been implemented
in the non-linear creep congtitutive equations of the steel cables under a variable stress history. The
product and additive forms of approximation of the kernel functions were used in the congtitutive
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equations to simulate variable stress history from the single step creep tests. Resulting response
determined according to these forms of approximation are compared. Both results are of very good
agreement. The useful information about the creep behaviour of the cables under variable stress
levels was obtained from the analysis.

The congtitutive equations of non-linear creep of cable under variable stress history offer a strong
tool for the real simulation of stochastic variable load history in comparison to the one step creep
congtitutive expressions. The derived equations can be implemented in a suitable way into the
discrete non-linear computational transformation models and existing software. It enables to make a
quick rheologica structural analysis and obtain red response characteristics of the constructions
with cable structural elements (current deflection and stress configuration). By means of suitable
stress combination and its gradual repeating various times and loads effects can be modelled.

The derived concrete forms of the constitutive equations enable to predict and assess non-linear
creep rheologic behaviour of the cables for variable stress history by using the kernel functions
determined only from one-step constant creep tests, what is the main advantage. The analogous
methodology can be used for the synthetic fibre cables with non-linear rheological properties as well
as for the other types of the uniaxia tension structural elements affected under single and variable
loading history.

Acknowledgements

This work is a part of the research project No. 1/0357/03, partially founded by the Scientific
Grant Agency of the Ministry of Education of Slovak Republic and the Slovak Academy of
Sciences.

References

Banfield, S.J. and Flory, JF. (1995), “Computer modelling of large high-performance fiber rope properties’,
Proc. of Oceans '95, San Diego.

Banfield, S.J., Hearle, JW.S,, Leech, C.M., Tebay, R. and Lawrence, C.A. (2003), “Fibre Rope Modéller (FRM):
A CAD program for the performance prediction of advanced cords and ropes under complex loading
environments’,  http://mww.tensiontech.convpapergpapersFRM_2/rope CAD.pdf, Tenson  Technology
International.

Conway, T.A. and Costello, G.A. (1993), “Viscodagtic response of a smple strand”, Int. J. Solids Sruct., 30(4),
553-567.

Costello, G.A. (1997), Theory of Wire Rope, 2™ ed. New York: Springer-Verlag.

European Prestandard (2002), prEN 1993-1-11:20xx “Design of gructures with tenson components made of
stedd”, CEN, Brussds.

Evans, JJ, Ridge, I.M. and Chaplin, C.R. (2001), “Wire grain variations in norma and overloaded ropes in
tenson-tension fatigue and their effect on endurance”, The Journal of Srain Analysis for Engineering Design,
36(2), 219-230.

Guimaraes, G.B. and Burgoyne, C.J. (1992), “Creep behaviour of a pardld-lay aramid rope’, J. Mater. i,
27(8), 2473-2489.

Holickova, L. (1997), “Experimenta and theoretica anadysis of creep and relaxation of cable structural
elements’, Ph.D. Thess, Technical University of Kosice.



Non-linear rheology of tension structural eement under single and variable loading history Part [1 - 607

Huang, X.L. and Vinogradov, O.G. (1996), “Extension of a cable in the presence of dry friction”, Sruct. Eng.
Mech., An Int. J., 4(3), 313-329.

Husiar, B. and Switka, R. (1986), “Creep and relaxation in net structures’, Proc. of the IASS Symposium on
Membrane Sructures and oace Frames, Osaka.

Jang, W.G., Henshdll, JL. and Walton, JM. (2000), “A concise finite element model for three-layered straight
wire rope strand”, Int. J. Mech. <., 42(1), 63-86.

Kaci, S. (1995), “Experimental study of mechanical behavior of composite cables for prestress’, J. Eng. Mech,,
121(6), 709-716.

Kmet, S. (1989), “Cable strain as a time and stress function under nonlinear creep”, J. Civil Eng., 37(10), 534-
540.

Kmet, S. (1994), “Rheology of prestressed cable structures’, Proc. of the Int. Conf. on Civil and Structural
Engineering Computing, Civil-Comp 1994, Advanced in Finite Element Techniques, Edinburgh.

Kmet, S. (2004), “Non-linear rheology of tension structural element under single and variable loading history
part |. Theoretical derivations’, Sruct. Eng. Mech., An Int. J., 18(5), 564-588.

Kmet, S. and Holickova, L. (2000), “Creep of high-strength initidly stretched steel ropes’, Acta Mechanica
Sovaca, 4(3), 47-56.

Labrosse, M., Nawrocki, A. and Conway, T. (2000), “Frictiona dissipation in axialy loaded smple straight
grands’, J. Eng. Mech., 126(6), 641-646.

Leech, C.M. (1987), “Theoretica and numerica methods for the modelling of synthetic ropes’, Communications
in Applied Numerical Methods, 3(2), 214-223.

Leech, C.M., Hearle, JW.S,, Overington, M.S. and Banfidd, S.J. (1993), “Modelling tenson and torque
properties of fibre ropes and splices’, Proc. of the Third (1993) Int. Offshore and Polar Engineering Conf.,
Singapore.

Leech, C.M. (2002), “The modelling of friction in polymer fibre ropes’, Int. J. Mech. <., 44(3), 621-643.

Lefik, M. and Schrefler, B.A. (2002), “Artificid neural network for parameter identifications for an elasto-plastic
model of superconducting cable under cyclic loading”, Comput. Sruct., 80(22), 1699-1713.

Nakai, M., Sato, S, Aida, T. and Tomioka, H. (1975), “On the creep and the relaxation of spira ropes’, Bulletin
of the JSVIE, 18(125), 1308-1314.

Nawrocki, A. and Labrosse, M. (2000), “A finite element model for smple straight wire rope strands’, Compui.
Struct., 77(4), 345-359.

Raoof, M. and Kraincanic, |. (1998), “Prediction of coupled axiad/torsiond stiffness coefficients of locked-coail
ropes’, Comput. Sruct., 69(3), 305-319.

Roshan Fekr, M., McGlure, G. and Farzaneh, M. (1999), “Application of ADINA to stress anadysis of an optical
ground wire”, Comput. Sruct., 72(1-3), 301-316.





