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Abstract

The paper presents a new damage model for pregltiifiness loss due to creep loading and cyclic
fatigue. The model, developed within a continuutmdge mechanics framework, is based on the
idea of a time-dependent damage spectrum, someeterf which occur rapidly and others

slowly. The use of this spectrum allows a singlmage kinematic to model creep and fatigue
damage and to take into account the effect ofstawlitude, R ratio, and frequency. The
evolution equations are based on similar equatian the one describing the viscoelasticity model
and are relatively easy to implement. The new madebmpared to the experimental results on
carbon fiber/epoxy tubes. Quasi-static, creep atigue tests are performed on filament-wound

tubular specimens to characterize the elasticpelsstic and plastic behavior of the composite



material. Varying amounts of damage are observddietussed depending on stress level and R
ratio. The experimental work aims to develop anitiate the damage model for predicting

stiffness loss due to creep loading and cycligtagi
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1. Introduction

Composite materials are increasingly being conettléor utilization in the petroleum industry [1-
3]. Among the possibilities currently being studiedhe use of composite materials for the
production riser on top-tensioned offshore oil folahs. Currently, production risers are made out
of steel; however, as the demand for oil pusheshoffe operations into greater depths, the weight
of steel risers will become problematic and ecormaity costly. Salama [4] has shown that at
depths of 2000 m, the cost of a composite riseoimes comparable to that of a steel riser, and
beyond depths of 3000 m composite risers woulddpsiderably cheaper.

Implementing composite materials for this sort plecation is not without difficulties, however.
Risers are installed for the life of the platformhich can be 20 years or longer. They are subjected
to thermomechanical fatigue loads due to wavegided, constant elevated internal pressures for
production, external pressure due to the sea audiagt of temperature mostly between the inner
and the external diameter. A good understandirigeobehaviour of tubular composite structures
subjected to creep and fatigue loading is essential

The fatigue of composite materials has receivesrasiderable amount of attention over the past
decades. Experimentally, the effects of R ratio faeguency have been documented, and the
overall damage mechanisms are fairly well undes{bel2]. However, modeling these
phenomena remains difficult. A review of existirgidue models by Degriek and Van Paepegem
[7] details the various approaches currently abéelas well as the difficulties associated with

taking into account the experimentally-observedngingenon.



Some of the difficulty comes from the inability miost existing models to take into account creep-
fatigue interaction [7]. Recent works have beerotlay to fatigue and creep [11], but the coupling
of both phenomena and resulting damage are stilsare. From a practical standpoint this is
problematic as some structures experience mixegguitcreep loadings requiring different
modeling approaches. From a theoretical standpmifattigue damage model should be as accurate
for a frequency of 1 Hz as it is at 0.001 Hz, ikab say, as it approaches a creep test. Otherwise
the ability to predict the material response aepfrequencies is called into question.

Some approach propose a damaged ply model usiaguavalent undamaged ply with an apparent
compliance, which is determined as a functionmktdependent transverse crack density [13].
One possible approach for addressing these isstles introduction of a time-dependent damage
driving force. A time-independent damage drivingey typically denoted, is used by a number

of researchers in determining damage due to qtatsi-foadings using a micro-meso model [14-
16]or meso-macro model [17-18]. The first modelssider the different damage mechanisms and
describe their potential synergic effect, typicalig diffuse damage (fiber-matrix debonding) and
the transverse microcracking [15] while the secones focus on the matrix cracking and
delamination.

In a same thermodynamics framework, a time-depdrabenage driving force would perform the
same function for cyclic and creep loads. The mpdesented in this paper proposes an expression
for a time-dependent damage driving force easgéatify and implement. It is developed and

validated using experimental results of creep atigde tests on tubular composite specimens.

2. Material
The material used in this work is a M10 amine/ep@sin system reinforced by Toray T700S

carbon fibres. Tubes with a nominal diameter of 80amd a 300mm length were manufactured by



Mahytec Company using filament winding process, thieth cured according to manufacturer’s
specifications (curing temperature of 120°C forrfbaurs). The use of tubular specimens rather
than flat specimens was justified by the lack ajedffects results in a more uniform stress stete,
well as the fact that the targeted industrial aggion in this study is a tubular structure. Sixlgs
were considered in this study. [£]15[+45°], and [+75] laminates were tested in order to identify
the longitudinal, shear and transverse behaviduttseacomposite material. Additionally, [+55

[£60°] and a proprietary [&/+¢] (whereb is a winding angle for circumferential rigidity cap a

winding angle for axial rigidity) were tested foodel validation. The nominal thickness of the
specimens is 1.2 mm except for thé/] lay-ups which have a thickness of 2.4 mm.

For each laminate, quasi-static, creep, and fatigsts were performed. Quasi-static and creep tests

were used to characterise the elastic, plastiovau elasto plastic behaviour of the material [23]

3. Quasi-static Damage Model

The model, firstly developed by Thiebaud and Perf{é8] and extended latter to the mesoscopic
scale by Perreux and Lazuardi [22], is the basth®hew time-dependent damage model proposed
in the following section. This model is based om@wum Damage Mechanics, using the internal
state variableB; to describe the stiffness loss due to microcracKiing stiffness loss is taken into

account using a damaged compliance tensor given as

S=S+H (1)
0 O 0

where H=|0 H,, O
0 0 Hg

The damage variabl€y andD,, are written as
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These damage variables are linked to the densityi@bcracks [19] and could be expressed from

each other::

D v |
(1— DI )1/2‘ (811822) ” @)

D, =1-S| S +
Thus, onlyD, is necessary to describe the effect of microcrackihe transverse and shear moduli.
In order to determine the evolutionDf, an associated plasticity formalism with the faling
damage criterion is used:

fP=-Y-R°-Y_. <0 (4)
whereY is the damage motor forcé; is the damage yield point for the ply, aRtrepresents the

accumulated damage. Damage occurs when the tleaving conditions are fulfilled:

D
fP =0 andLY>O
oY

The form of the hardening functid® is chosen so as to provide coherence with expetathe
observations. A power law is proposed:

R®=a(D, )" (5)
wherea and P are material parameters.

The damage driving forcéis defined as the partial derivative of the fraergy densityy with

respect to damade;:

o
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wherey =§se :STief +y (7)
where‘/' is a function of other internal variables.
The evolution of damage and its effect on the Eldsgthavior of the lamina can now be determined

using the relation

_pof®

D, =
oY

(8)

whereA® is the Lagrange multiplier.

4. Development of Time-Dependent Damage Model

The above formulation is valid only for the firgtote of a fatigue test or the initial loading of a
creep test. In order to include any subsequenpareéatigue damage, an additional damage
kinematic taking into account the time dependaeingimenon is needed.

Joseph and Perreux [17], for example, proposetbtlmaving damage evolution law:

300

D, =-
oy aY

(9)

whereY is the static damage driving fordBjs a static damage criterid? a Lagrange multiplier,
andg is a dissipation potential defined as:

R Ko D 2 M+
¢ =gyl o o0 2o o

whereKp, np, D¢, andYc are model parameteﬂé,3 takes into account accumulated damage, and the
variableZ is the time-dependent damage driving force whigeatially lags behind as shown in

Fig. 1 Z is defined with the following equations :

Y(D. -D, ) <Y, — Z=0



Y(D. -D, ) <Z+Y, - Z =T3{Y(DC -D,) -2 —YC}—Tiz
1 2
Y(D.-D,)=Z+Y.andY<0 — z=Y(D,-D,)
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Fig. 1 Role of Z in creep and fatigue modeling

While initial results of this approach showed prsenfor taking into account the effects of
frequency, average stress, stress amplitude arg da@nage, in practice this approach proved too
complicated to implement because of the compleritglved in determining. Nevertheless, this
approach is conceptually satisfying, and so thegarework will seek to propose a simpler model
while keeping several aspects of the aforementiomede!.

The new damage model is based on the idea of aggaspeectrum, which assumes that the time-
dependent propagation of a microcrack will be ieficed by several factors, such as the orientation
of the polymer chains that must be broken for tiaelcto propagate, proximity to fibers, and
proximity to other microcracks or voids. The ratéoading and time under load will determine
which phenomena are activated. The net resulbissthbme cracks propagate rapidly and others
slowly, and the overall damage is the sum of atspecof damages.

The rate of change of the damage is the sum aftleeof change of the instantaneous damage as

defined in equation (8), and the rate of change tihe-dependent dama@é:

5 OF° .

D, =-A +D 11
| oy | (11)




WhereDl* is the sum of the elementary time-dependent dasnage
I:‘)|* zzdu (12)

Each elementary damadg will be driven by an associated varialgleAs in equation (6), this is

written:

_y

ad, | (13)

Yi =

This formulation is inspired by the viscoelasticadrh proposed by Petipasal. [20], also based on
a spectrum. In this approach, a family of secortkotensorg;, corresponding to the mechanisms
of viscoelastic flow, are defined. Eaghwith driving forcey;, is associated with a relaxation time
T; and weighted by;; the weighted sum of these elementary strainssgive overall viscoelastic

strain. The free energy density is written as:

_le~ e, 11 .~ . *
41/—28 C:g +2izﬂi (ﬁi.CR.ii)“// (14)

wheree® is the elastic strain ar@ andCr, are respectively the elastic and viscoelastifngtifs

matrices, given by:

S, s, o7 o o o T
C=S'= S, S, O , Cr :S; =0 B,,S,, 0 (15)
0 0 S 0 0 LS

The associated driving forggis obtained from (14):

oy
i =

9, (16)
Using a similar formalism, the evolution of the dagay; will be determined by a potential

Based on experimental observations, the followorgifis proposed:
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Hereu andr define the damage spectrum, which is chosenasguilar (Fig. 2) as suggested by
Richard and Perreux [21] for ease of implementatom is found from the equations:

r, =10"0)

p =+enli)=(n,-n;)]  for n(i)O(n ~no)n]

p==aln(i)=(n.+n,)]  for n(i)Dne. (n, +n,)]

wherea =
NN, —1

M.

log(%)

Fig. 2 Relaxation time spectrum

Additionally, the spectrum is normalized so that

Ny

Z H =1

i=1
Finally, the rate of change of eadtis obtained from the derivative of the potentidthwespect to
yi:

=99 _Hi_p Y-
d; = dy 1 (1 DI) ,3( Y+Yi) (18)



The formulation up to this point can be used tocdbe the initial stiffness loss and subsequent
stabilization; in order to predict the acceleratimhdamage prior to final failure, an additional
relation is needed. While predicting the fatigide bf a structure is complicated, and the material
behavior model developed here is not strictly speakdequate for predicting failure, an attempt
can be made at simulating the final portion of.lif@e braking parameter can be taken as constant
until a critical amount of damage is reached, whizmage accelerates and macrocracking,
delamination, and other structural effects becorneenimportant. At this point a linear degradation

of the braking parameter is proposed, resultingnimcceleration db;:

Dl < Dcrit = a = aini
-a.. A ] 19
DI = Dcrit - a = 1 alnl DI + aml Dcnt ( )
1-D 1-D

crit

This is shown schematically in Fig. 3.

The critical damage paramef®g;; does not appear in any other equation or calcuatad is not
integral to the model. It can thus be omitted & fimal stages of damage evolution are not needed.
In order to determine the structural response efaminate, an approach based on classical
lamination theory extended for non-linear respomsesed [22]. This approach consists of writing
solving the generalized forces and moments foreimental strains and curvatures using the

tangential matrices - not the traditional elagtj@ andD matrices.

ANY A" B 2, 20)
AM ) |B" D |\op

Equations (19) and (20) determine the fatigue and-tiependent damage of a laminate.
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Fig. 3 Evolution of parameter with damage

4.1 Role of Model Parameters

In the above formulation, there are a total of Fap®eters. The relaxation timgsand associated
weightsys are the same as those used in viscoelastic mggétiase can be identified with a
traditional creep test [23]. Paramefedetermines the magnitude of damage possible gorem
stress state, and is largely analogous to the xrfatiin viscoelasticity. This parameter is scaled by

(1— D, )" to take into account the change in damage propageaiith accumulated damage, which

generally occurs more rapidly at the beginning tdsh and then slows; parameterdetermines the
extent of this "braking" phenomena. Finally, in atjon (18) they; lag behind the instantaneous
forceY, and this difference is what drives the time-delgen damage development.

As shown experimentally, the damage tends towam#stain characteristic damage state (CDS),
and, the parametgwill be used to ensure consistence with this dtatany set of parameters. In
other words, once a potential set of parametddeigtified, an optimization of the paramefeis
performed. Thus, any changednn., andn, requires a modification ¢f to assure that the
experimentally-observed CDS is maintained. Thip &eelatively quick, as each simulation takes
approximately one minute. However, its identifioati and thus the experimental determination of

the characteristic damage state via a creep $asijispensable to the model.

11



The parametesr determines the influence of accumulated damag#aorage progression. A value
of between 2.0 and 3.0 appears necessary to desicalgenerally observed pattern of a rapid loss
of stiffness followed by a stabilization.

The choice of the, and inng is clearly a fundamental aspect of this modelipgraach. As,
increases, the rate of damage progression slows, lepresents the centre point of the spectrum,
this is not surprising: essentially, more timeegded for damage phenomenon to manifest.
Similarly, asng increases, the rate of damage progression increé@géscreasing the width of the
spectrum, a higher weight is assigned to earlienpmenon, thus increasing the speed at which
damage occurs. This also determines the effeceqgtiency on damage progression: for a given

a larger value ofiy will cause a greater rate of damage than a smadlae ofn,.

The role of the parameters now being understood; fossible to identify them for an actual

material system.

4.2 Method of parameters identification

As previously discussed, fatigue, creep, and th&raction with each other influence fatigue life.
As such, two different fatigue tests at 65 MPa @advPa with different R ratios (0.1 and 0.3
respectively) and a creep test at 85MPaza@b]] tubes are used for the identification proces® Th
identification is made from the measurement ofdamage frequently characterized by the stiffness
loss [7, 24]. During creep tests or cyclic testerdoading to a certain stress level or afteedain
number of cycles respectively, the specimen wasaatdd and the variation in the axial modulus

was measured:

DZZ=A EZZ/EZZ
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The process of identification used is an iterative. An initial choice oft is made based on the
overall trends observed in the fatigue tests;\thlae will be fixed during identification of
parameters. andno, although it is possible to refine this choiceetatiere,a=2.5 is selected. The
values ofn, andn, are systematically varied by a certain percentiyesxample 5% or 10%; for
each variation} is determined. The fatigue tests are simulatediamdesidual, based on the error
between the simulation and the experimental redslsvaluated; based on the best result, amew
andn, are determined. This iterative process is repaatéitia satisfactory fit is obtained for the
fatigue tests. As it can be time consuming to sateueach fatigue test to failure (approximately 120
to 140 cycles per minute), it is more practicabpdimize the parameters based on the damage level
at a relatively early stage in the test. As suehaptimization is only performed on the result$hef
first 5000 cycles of the test.

The parameters are determined using an iterativeeps. The identified values are reported in
Table 1

Table 1.1dentified value of parameter

Parameter Value
B 350
a 2.5
Ne 5.00
No 3.25

5. Comparison of model with creep and fatigue tests

The parameters being identified, it is now posdiblealidate the model against other loadings and
lay-ups. In Fig. 4, the model is compared withrbgults of the fatigue tests performed at f=2 Hz on
the (45°] lay-up. Due to time computation, the simulati@ane made on relatively low number of

cycles. It is recalled that only the first 5000 legcof the tests at,,,=85 MPa with R=0.3 and

13



Omax=65 MPa and R=0.1 were used for the identificat®iven the dispersion inherent in fatigue

testing, a good correlation is found (Fig. 4). Hiference betweed,,=85 MPa ana,,,=65 MPa

is predicted, as well as the difference in R rasiblsoth stress levels.

Using the same set of parameters, the creep deevatigion can be predicte&ig. 5. While it is

not a surprise that the final value of,Dorresponds to the data as it was used for thmization,

it should be noted that the form of the curve, Wwhgdetermined by, ny, anda, also correlates

well with the experimentally observed evolutioniggives some credibility to the notion of a

single damage spectrum which determines the ovetajue and creep damage behavior of a

material.
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Fig. 4 Comparison of damage evolutions resulting fromnteelel and fatigue tests at different loadings on
[+45°] lay-up (f=2 Hz)
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Fig. 5 Comparison of the damage evolution resulting frommodel and creep test (85 MPa) 45 lay-

up

The model is compared with the test performed @i5+z, 2 Hz and 4 Hz in Fig. 6. Given the
limited amount of data for f=0.5 Hz and f=4 Hz amgerimental variation, the model seems
capable of simulating the fatigue-creep interactfiact. The damage evolution at f=0.5 Hz is more
rapid than the evolution at 2 Hz, and the progogsat 4 Hz is slower than that at 2 Hz. It showdd b
noted that temperature effects would not be prediatith this model, so high frequency tests could
only be simulated in an environment where specitegperature did not exceed a certain level.

A comparison with fatigue data from thed[+q] lay-up is shown in Fig. 7. The model is better at
predicting high cycle fatigue than predicting loyele fatigue. The model also predicts a
stabilization in damage progression that does cotioin the test ai,,=300 MPa. This could be

due to the braking parameter being load or layejpeddent.

There is another possible explanation. The damagdd observed experimentally, 0.13 — 0.18,
cannot be entirely explained by stiffness los$af plies, as elevated damage levels in these

plies would result in approximately,» 0.07. There is the possibility of propagatiordamage

15



from the+6 to thetq plies, even though damage would not normally otioere. This would result

in the additional stiffness loss, although predgtihis phenomenon would be extremely difficult.

04 Lt ¢ t=4 Hz - experiment
’ =4 Hz - simulation

4+ =2 Hz - experiment
— = = =2 Hz - simulation
D,, . :
0 1=0.5 Hz - experiment

02 F 27 * 1=0.5 Hz - simulation

0.1

0 °
0 1 2 3 4 5

10* Cycles
Fig. 6 Comparison of damage evolutions resulting fromntiwelel and fatigue test7,,=85 MPa, R=0.1 - at
different frequencies orxfi5°] lay-up
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Fig. 7 Comparison of the damage evolution resulting frommodel and fatigue tests at different loadings -
R=0.1, f=2 Hz - oj£6/%¢)] lay-up
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6. Conclusion

In this paper, a new viscous damage model was dged! It is based on a spectral
distribution of time-dependent damage mechanisrhg;iware then predicted using a
dissipation potential similar to that used in vislestic modeling. This model is based on
the observation of creep and fatigue damage shypthist the micro cracking growth is
affected by the rate of loading. We have assumattiiis phenomenon is connected to
polymer relaxation of stress and then the damaggetiks could be described by similar
equation than the viscoelasticity strain in polyniére influence of the various model
parameters was discussed, and an approach foifyilegmthem given. Following the
identification of these parameters for the matesyasitem used in the experimental part of
this work, a comparison with the creep and fatigasts was given. The performance of this
model is presented and assessed on various stadqgognce. The materials tested are
tubes manufacturing by the same process and the seterial in order to reduce the
variability of the experimental results. The modehble to predict the effects of frequency,
R ratio, and stress level. As it has been obseiltedccuracy seems especially adapted for

predicting high cycle fatigue.
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