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Abstract: Although it is well known that moisture ingress in glass fiber reinforced poly@&FRP enhances the phenomenon of stress
corrosion cracking in the fibers, and that this reaction is likely to proceed more rapidly at the weakest sites in the glass fiber surface, :
fundamental law that would permit the valid extrapolation of stress rupture curves to long service lives is yet to be developed. As a result
design guidelines for glass fiber reinforced polymers components have been developed mainly on a prescriptive rather than of a perfo
mance basis. Based on the well established knowledge on the chemical behavior of glass and, in particular, that of glass flaws, a mod
that combines fracture mechanics, shear lag theory, and a probability model for flaw size is developed to describe the behavior of GFR
composites. The predicted results, although limited to rather idealized situations, are very encouraging. They suggest that, with onl
modest assumptions about material properties, it is possible to obtain mechanisms of GFRP breakdown, which correspond with observe
experimental behavior.

DOI: 10.1061(ASCE)1090-026820037:2(109)

CE Database subject headings: Durability; Fiber reinforced polymers; Fiberglass; Corrosion; Cracking.

Introduction rupture tests could be performed, and the design stress could be
chosen from a given lifetime. The stress levels so obtained would
Moisture induced stress—strain corrosion in glass reinforced plas-be reduced by a further factor of safety, again arbitrary, to allow
tics is increasingly being seen as a critical issue for the introduc- for the detrimental effects of the environment. The principal rea-
tion of composite technology to applications where long term sons for three approaches, as identified in Rob€r®y8 and
durability is important, such as for civil engineering applications. Lyons and Phillips(1981), is the lack of fundamentals laws,
For these, structural components must be able to demonstrate satvhich permit the valid extrapolation of stress—rupture curves to
isfactory performance, with 50 or 100 years lifetime being typical long service lives.
requirements. And in some applications, they must also do so at It might be noted that there is a worldwide trend for building
stress levels that are significant fractions of their ultimate design codes and similar infrastructure design guides to be re-
strengths, and often in aggressive environments. The issue ofvised from a prescriptive to a performance basis. To achieve con-
long-term durability is critical as little published long-term data sistency and transparency of the requirements across all relevant
exist for resins and composites, and glass fiber is known to bestructural materials, composites structures would be expected to
highly sensitive to moisture, salt, acidic and alkaline solutions, be consistent also. Given the fact that the use of composites in the
and stress corrosion/creep rupture. As a result, design guidelinesnfrastructure industry is relatively recent, and that there is a lack
for glass fiber reinforced polyméGFRP components have been  of an “experience of use” basis, the development of performance
developed mainly on a prescriptive rather than on a performancecriteria demonstrating compliance with such criteria is an appar-
basis. Robert§1978, cited in Lyons and Phillipg1981), de- ent need. To meet this need and, therefore, contribute to the wider
scribed three bases used to determine the design stress for suchicceptance of composites by the infrastructure industry, it is con-
components. The first consists of using the tensile strength ob-sidered that analytical methods that help explain and promote an
tained from a short-term test, and then dividing it by a “factor of understanding of the mechanisms and rates of environmental deg-
safety,” usually in the range of 8—16. The second approach is to radations for GFRP are required. The aim of this paper is to
specify a permissible design strain and to multiply it by the short- present an analytical approach based on micromechanics model-
term modulus of elasticity. As a third approach, long-term stress— ing of the phenomenon of environmental stress corrosion in
GFRP.
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of temperature in expanding the structure of the glass and easing
the freeing of N& ions from tight interstices. According to
Charles (1958a,b who postulated a corrosion mechanism for
glass, only the terminal end, which associates” Nen to the
glass network, is responsible for dissolution. This initial dissolu-
tion happens according to E(fl)

| !
[—Si—O—Na +H,0— —SiOH+Na"+OH~ (1)
! !

An oxygen sodium bond near the interface is broken by the mi-
gration away of a N& ion and the oxygen atom dissociates a
water molecule to satisfy its force field with a hydrogen ion. Free
hydroxyl ion is formed in the process and enables the second
reaction, Eq(2), to take place

Environmental Stress Corrosion in Glass Fiber ‘ ]
Reinforced Polymer

The stress corrosion of glass was studied as early as the late fifties

by Charles(1958a,b. Since then, it has been establisi#tbuld

1960; Wierderhorn and Bolz 19YQ@hat the failure of glass is

governed by surface flaws, which concentrate applied stresses to

critical values. One view is that stress plays a role similar to that

Fig. 1. Fracture processes occurring in glass fiber reinforced
polymer tested in corrosive environment

— Si—0—Si—
! !

+OH ——Si—O—H+-Si0" (2
! !

In step(2), which cannot take place if steft) has not happened, researchers. An excellent review of the subject is.given in .Schut.te
the very strong Si-O—Si bond is broken. One end of the break (1994. For aqueous environments, more details are given in
becomes a silanol end by hydroxyl ion attachment and the other(Schmitz and Metcalfe 1966; Lyons and Phillips 1981; Hogg and
produces an end structure capable of dissociating another wateHull 1982; Phillips 1988 For dilute acids, reference might be

molecule according to E¢3) made to(Hogg and Hull 1982; Aveston and Sillwood 1982;
| | Lhymn and Schultz 1983; Hsu et al. 1986; Price and Hull 1987
—SiO™ | +H,0— — SiOH+ OH~ €) Glass is also subject to stress corrosion cracking in acidic en-
! ! vironments at a much accelerated rate. Price and Hi9B?)

This step is essentially the same as the first, but it could not occur'epPorted that quntaneous fractyre of glas§ fibers was fgund to
unless stepgl) and (2) preceded it. One might be tempted to ©CCUr when the fibers were subjected to mineral acids with and

bypass stel) by writing without applied stress. The chemical aspect of glass stress corro-
' . . sion in acidic environments is different from that in aqueous en-
— S —0—Si—|+H,0-2 —Si—O—H} 4) vironments. It is due largely to an ion exchange between metallic
| | | cations in the fibers and the hydrogen ions in the acid resulting in

According to Charleq1958a,b, this reaction has little signifi- direct leaching of the glass surfaces.

cance in glass dissolution. He argued that at moderate tempera- Hogg E_inq Hull(1982 descnped the main _phenomenologlcz_al
tures (100°C—300°C and in the presence of water vapor, fused characteristics of stress corrosion of glass reinforced composites.

silica remains essentially unaltered for long periods of time A very important feature is the planar nature of the fracture sur-

whereas a glass containing alkali structures as well as the unend!@ces. In contrast to fracture in the absence of a corrosive envi-
ing silica network, quickly undergoes severe decomposition. This ronment, thg initial fracture surfacg IS planar with only a small
also explains why quartz or fused quartz is insoluble in water at a @mount of fiber pullout, as shown in Fig. 1. The fracture surface
neutral pH and moderate temperatures. of each fiber is usually characterized by a very smooth, mirrorlike
The action of water on glass is one of diffusion and disinte- zone surrounded by a hackle zone. The mirror zone is due to
gration. Water chemically reacts with the components of the stress corrosion and the hackle zones are due to brittle fracture.
glass, and this reaction is likely to proceed more rapidly at the This failure is always associated with tensile strains and does not
weakest sites in the glass surface, namely structural flaws, result-occur in regions of compressive strain. The time to failure de-
ing in crack surface corrosion. The corroded material generally pends on the environment type and is closely related to its inter-
loses its coherency and decrepitates by exfoliation of layers or byaction with the glass fibers.
a blockwise disintegratiofiCharles 1958a)b
As in bulk glass, the premise for stress corrosion in glass fibers
is that a stress corrosion crack initiates at a pre-eX|s_t|ng flaw in aRole of Flaws and Their Characterization
glass fiber. The crack then grows under stress and finally leads to
breakage of the fiber. However, in GFRP this can happen onl . S .
afteer agggr:ssivg en\e/ironrc:le?]t cémponents have diffusgg thrgugthrom the aforementioned description, it is evident that stress cor-
the resin protecting the glass fibers. This is the phenomenon c)frosion failure of GFRP is closely linked to the flaws in the fibers.
environmental stress corrosion and for glass fibers, including These flaws act as stress risers. Their presence promotes stress

those embedded in a polymer matrix, has been studied by mam)corrosion cracking in the fiber. The matrix material serves mainly
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Fig. 3. Shape of stress corrosion crack in crack fik8ekine and
Fig. 2. Schematic representation of flaws on surface of glass fiber Beaumont 1998
(Bartenev 1969

calfe (1965 correspond, respectively, to tlg, o, flaws of Bar-
tenev(1969. Using the descriptions given herein, the following

to transfer the load between the fibers. This is governed by matrix section attempts to demonstrate that this equivalence is likely.

material elasticity and debonding with sliding friction between
the fiber and matrix. The two factors controlling fiber failure are
(1) the statistical distribution of fiber flaws, an@) the stress
distribution along the fiber direction. For bulk glass, structural
flaws have been estimated to be elliptical in shape and about 5
pm long. But, since fibers might have an average diameter of
only about 9um, a surface fault of this magnitude would have Sekine et al. (1998) Model for Stress Corrosion
catastrophic effecté_oewenstein 1973 Cracking of Glass Fiber

According to Schmitz and Metcalf€l965 flaws in glass fi-
bers are extremely small. Conventional methods of examination
are difficult to use and even if successful, the results do not
readily describe the effect of the flaws on strength. As a result, an da p( Ea— oK,

indirect method has been used to characterize the flaws. It con- dat "’ ex RT )
wherea=length of the crackE,=activation energyK,=stress

sists of a logarithmic plot of fiber strength versus sample length.
Typically, the plot is linear, but only for limited ranges of gauge intensity factor for opening mod&=gas constanty = absolute
temperature; and and a=empirical constants. Sekine et al.

lengths (lengths of the fiber sample tesjedlhe explanation,
which has been offered for such a result is that two distributions (1991, 1995, 1998developed a theory to study the stress corro-
sion cracking of a glass in acid. EG) was rewritten such that it

of flaws are present on the fibers. One distribution of flaws con-
trols failure for long lengthgtype A) and other ongtype B) . ) -
controls failure for sghort I\C(]angtgs Type A flaws are 2 c);r? apart on takes into account the concentration of acid
the average and are believed to be deep pits or scratches. Type B da akK;
flaws have an average separation of 4@m or less and are gt~ NksoCe exp(ﬁ (6)
believed to be shallow etch pits formed by water vapor attack. . . .
Combining the technique of UV light absorption and hydrof- wheren=molar ratio of glass to acick,=reaction rate constant

luoric acid etching, Bartenefd 969 also characterized the differ-  Of glass to acid; an€e=the concentration of acid. By assuming
ent types of flaws in a glass fiber. According to his representation, that the shape of a flaw in a fiber is circular, as represented in Fig.

Modeling of Stress Corrosion Cracking of Glass
Fiber

Based on the equation for the rate of stress corrosion of bulk glass
in water (Wierderhorn and Bolz 1970given as

shown in Fig. 2, three levels of strengthy, o, anda, corre- 3+ Sekine et al(1998 rewrote Eq.(6) in the form of the rate of
spond to three different types of flaws present on the surface of alncrease of the half angle with time

glass fiber. The level of strength, was found to result from heat dd  nkeyCe aK,

treatment, which leads to microcracks having a depth comparable a9t 2rsing A RT (7

to half the radius. The strength level, corresponds to surface

submicrocracks generated during the drawing of the fiber. In gen-By further assuming that the stress intensity fadtgrcan be
eral, their depth is less than the surface layer of Qo1 Strength approximated as

level o, corresponds to the existence of microruptures on the I el e

surface of the fiber, these also occur during drawing. The stress Ki=oy1-cogh)y2llr ®)
level o5 corresponds to the strength of flawless glass. Even Eg. (7) was integrated betweey, (initial angle and ¢ (final
though the description given ifBartenev 196pis more precise angle to obtain the timd it takes to a fiber to rupture by stress
in terms of the size and shapes of the individual flaws, it does not corrosion

consider the distribution of the different flaws over the fiber ART RT 0
length. Comparing the two flaw characterizations just described, te= r + 29| = o TTT/RTo, 9)
it is possible that type A and type B flaws of Schmitz and Met- NkeCeao VIIr | 2acIIr 2

JOURNAL OF COMPOSITES FOR CONSTRUCTION © ASCE / MAY 2003/ 111

J. Compos. Constr. 2003.7:109-117.



Downloaded from ascelibrary.org by University of Southern Queensland on 10/31/13. Copyright ASCE. For personal use only; all rights reserved.

Table 1. Data for Rupture Life Predictions of E-glass in Two In Fig. 4, where the experimental results of Schmitz and Met-
Different Environments calfe (1966 are shown also, it can be seen that the valué pof
=1.7° corresponds most clearly with the experimental results. In

Acidic environment Agueous environment
contrast, the valué,=2.5° used by Sekine et g1998) in their

NksCg=2.05<10"** m/s E=1.212¢10° J/mol simulation work, and which corresponds to a flaw with a depth of
Ca=2.05<10 " m/s Inv=>5.55v=244.7 0.01wm, does not lead to a particularly good agreement with the
a=0.116 n?¥mol Cw=9.763x 10" ?° experimental results. It underestimates the life of the fibers. Con-
r=5x10°m a=0.138 sidering that the results reported (Bchmitz and Metcalfe 1966
T=296K r=5x10"°%m were obtained for a fiber gauge length of 2.54 ¢min.), this
R=8.31 J/mol/K T=296 K suggests that flaw A, which has a lower probability of occurrence

R=8.31 J/mol/K over the same gage length than flaw B, corresponds indeed to

flaw o, having a typical depth of 0.0{tm.

Fig. 5 shows the simulation results for acid. Unfortunately,
there appears to be no experimental evidence available to suggest
X . ; . which value off, would be most appropriate to provide a better
fiber model to approximate the stress corrosion of a laminate. By estimate of lifetime. Limited data for short-term exposure does

?ks)sumlrzjg that th%.tlme retquw.ed to trTehbrlitle tfracttjhre of a ?Iass provide an estimate of the ultimate strength. This is best predicted
iber and surrounding matrix is much shorter that they wen with a half angles =1.7°.

on to estimate the macroscopic propagation rate in the laminate as
being the ratio of the distance between two rows of fibers divided
by the timetr. The distance between two fibers takes different
values depending on the disposition of the fibers. However, this
approach is not consistent with the random nature of fiber flaws.
If such an approach is used, there is the difficulty of choosing the
localization of the initiation of the crack. Or in a composite struc-
ture, a stress corrosion crack is likely to initiate at the weakest
point; that is the point where the fiber with the biggest flaw is

Once the timetg was found, Sekine et a(1998 extended the

In passing, we note that in comparing Figs. 4 and 5, it appears
clearly that the phenomenon of stress corrosion in acids proceeds
at a much faster rate than in water as proven by experimental
evidence.

Stress Corrosion of Glass Fiber Reinforced Polymer

localized, which is completely random in nature. General
The previous section has shown how the Sekine e(1#98
Calibration of the Sekine et al. Fiber Model model for the stress corrosion failure of a glass fiber can be cali-

brated against limited experimental results. The present section
When the values of the parametetsE,, a (for wate), andn, deals with the stress corrosion of a bundle of fibers embedded in
Kso, C (for acid) are known Sekine et 21991, 1995, the val- a matrix material. The fibers are assumed to be straight and in

ueseg, " T,dqndg fa\rehset, an((alj.]tcfhe rupture life of an E-glass f|berd tension. However, instead of trying to approximate the macro-
can be predicted in the two different environments. For the aci scopic rate of a stress corrosion crack, which is not consistent

environment, use is made of the data providedSekine etal. i the random nature of fiber flaws, the life of the bundle is

1991, 1995, 1998obtained in 0.5N HCI. For the aqueous envi- iyained here as a sum of the lives of the individual fibers. How-
ronment, the data given iWiederhorn and Bolz 197®btained  g\er once a fiber breaks a mean of redistributing the stresses to

for an r?lumlnosnu_:gte gflaﬁ_s telsted_ in Watelr at 25°ﬁ aref ad(iptedthe neighboring unbroken fibers is needed. This can be illustrated
since the composition of this glass is very close to that of E-glass. iy 5 simple manner through the shear lag theory.

The values of the different parameters are shown in Table 1.
The results of numerical simulations carried out with the
above data are shown in Fig. 4 for water and in Fig. 5 for acid. Shear Lag Model

The stress levels considered range from 0.3 GPa to 3.3 GPay, 4 req) unidirectional composite, the stress in an individual fiber
Since, as discussed previously, the shapes and sizes of the flaw§enends on the overall applied stress but also on how the stress is

are not exactly known, different values of the initial andl¢  ansferred from a broken fiber to the surroundings. As a result,
were used. It can be seen that each valuéofives a different
curve.

—e—Theta=1.7 & Theta=2.5 ~4-Theta = 1.5

3.5

—&Bperiment « theta=25 ¢ theta=20 X theta=15 ¢ theta=17 3

w0
13
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Fig. 4. Simulated stress corrosion of glass fibers in water Fig. 5. Simulated stress corrosion of glass fibers in acid
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the macroscopic behavior depends very much on the details of the C
load distribution throughout the composite. This is a complex '[ L Ax

phenomenon as it depends on the probability of fiber fracture and iy | 1

the sequencing of fiber fracture. Numerical simulation of this phe- _ J J L "ykh
nomenon seems to be an appropriate solution strategy. Therefore, i1 E ‘ .

in order to simulate the fracture process of unidirectional GFRP i l‘d
subject to environmental stress corrosion, a mathematical descrip- i+ 1 o ~Fbre
tion is needed of the redistribution of stresses in broken fibers to ‘ ’ Y P e
the neighboring unbroken ones. The problem of load transfer Nodal point Fij) M(i,j) Cc-C
from a broken fiber to the surrounding has been studied in the G, 1) ’

past, and different strategies have been developed. All of this

work is concerned with simulation of deterioration of load capac- C

ity, not with lifetime prediction.
The earliest study of the stress distribution around broken fi- Fig. 6. Finite-difference model used in present simulatiaitcular
bers in a three-dimension&BD) unidirectional composite with monolayey
aligned breaks was based on the shear lag th@teggepeth and
Van Dyke 1967. Sastry and Phoeni®d993 later improved this to
include nonaligned breaks. More recent numerical work, the local matrix to the interface is affected by matrix plasticity. This ideal-
load sharing approach analyzed the tensile failure of unidirec- ized behavior is approximated by the following relationship given
tional composites’Zhou and Curtin 1996 The finite-element in (Goda and Fukunaga 198%ith a hardening parameteg
method can also capture many of the key mechanical aspects=0.01
however, its use at such a scale is computationally very intensive
(Reedy 1984
For small composites that contain less than 100 fibers, the 7;=BG(uj;;—u;)/di+(1-B)7, for 7y<[G(uj1—u;)/dj|
shear lag approach coupled to a finite-difference schédte (12)
1979; Goda and Fukunaga 1989; Goda and Phoenix)18p4 _
pears to be a good compromise between quality and computa- =0 for TnaS[BG(Ui 1~ U/ dif+(1-B)y
tional efficiency. It has been showReedy 198%that when the where G=elastic shear modulus of the matriet;= distance be-
matrix behaves elastically, the stress distributions determinedtween theith and the {+1)th fiber;t, = shear yield stress of the
with the shear lag model are in good agreement with 3D finite- matrix; andr,,=matrix shear strength. The fiber slip and deb-
element analysis. onding can also be taken into account through the approach pro-
In the shear lag model, the fibers sustain the axial force, andposed in(Goda and Phoenix 1994Fiber slip is neglected in the
the matrix transfer through shear the forces lost at broken fibers topresent study since, as was noted earlier, little or no fiber pullout
the neighboring intact fibers. The model does not take into ac- occurs in stress corrosigsee Fig. 1
count the normal stress working in the matrix. The stresses work-
ing on the composite are assumed to be therefore those working-. .. .
on the fibers. According to Goda and Phoe(ii294), for polymer Finite-difference Scheme
composites, the difference is typically small, which justifies the The simultaneous differential EGLO) were solved with the help
use of this assumption. of the finite-difference method according to a scheme developed
The shear lag equations of equilibrium of a circular mono- by Oh(1979. Fig. 6 shows the discretized model. For simplicity,
layer, such as the one shown in Fig. 6, are given as foli@wxla the fibers are assumed to be uniformly spaced. A fiber element

Ti=G(Uj11—u)/d; for 7>[G(uj,,—u;)/d|

and Phoenix 1994 F(i,j) is located between the noddsj(—1) and(i,j) and a ma-

trix elementM (i, j) is located between the nodal poiritg) and
A%'f’th_hTN:O (i+1,)). In terms of displacements, EGLO) can be rewritten as

dZUi Gh .
EAW—i_T(ui*l_zui_’—uiJrl):O fori=1 to N

o (12)

Ad_xl'i_h""i_hTifl:O (10) whereE = Young’s modulus of the fiber andi= distance between
the fibers.

If the displacement of nod&,j) is approximated byJ; ;, the
second-order term of Eq12) can be approximated by

d()'N
A Thin—hty-1=0 dUjj U120 Ui g

a2x (Ax)? (13)

whereo; (i=1N)=normal stress working along théh fiber in )

the direction x; A=cross-sectional area of the fibeh whereAx=length of a fiber element.

=thickness of the monolayer; ang (i=1,N)=shear stress in However, once the fiber elemefif) breaks, Eq(13) does not

the matrix between thith and the {+ 1)th fiber. hold. It must be replaced by

In the present study, each fiber element is assigned a flaw of a 2 . R
.. . . d U|J 4(U| j+1 uj J)
half angled from a normal distribution. The fibers are assumed to dzx’ = ?;(Ax)z ’ 14

behave in a linear elastic manner. The polymer matrix is assumed
to behave according to an elastic perfectly plastic law. Guild et al. The details of this derivation can be found(@®h 1979; Goda and
(1999 showed that at high strains, the stress transfer from the Phoenix 1994
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By substituting Egs(13), (14), and(11) in Eqg. (12), the fol-

lowing discrete form of the equilibrium equations can be obtained gygpq

AEA o (Ui j—1— Ui )F o jea(Ui jo1— U P2+ j+ o 1)
X(AX)?]+h[GB;_1j(Uj41;— Ui ;)/d
+(1=B{_ 1)1y sgU; 1= Ui )]+ NGB j(Ui4 1= U j)/d

+(1-B{ )Ty sgru;;1;—u; ;)|]=0 (15)

The terms «;;=Heaviside's step functions determined by

whether the fiber element is broken or not. The const@nfsand
B{ ; are subject to the state of the matrix elembt(,j) as indi-
cated in Eq.(11). The function sgf) is either to—1 or +1

depending on whether the sign of the value in brackets is negative

or positive. The meanings of the terms;, B;;, andg/; are

given as

* «;;=1 fiber element(i,j) not broken;

* «;;=0 fiber element(i,j) broken;

* Bi,j=B{;=1 for t,>|G(u;,,—u;)/d| (elastic behavior

* Bj=B{;=B for 1,<[G(u;,,—u;)/d| (plastic behavio; and

* Bij=0,B/;=1 for Tma=|G(Uj;1—u)/d|+(1—B)r, [rupture of
elementM (i,j)].

Eqg. (15 can be expressed in a more compact form as

CaiiipUij-11 CogijpUi-1jF Csi jyUij+ Cagi Ui+

+Cosi Ui j+1= Cai ) (16)
where
Cuijy=4aij/(2+ o j+aji1)
Caijy=PBi-1j
Caijy=—4 o jtajjr)/(2+aij+aij+1) —PBi—1;+Bij)
Caii)=PBij
Cosi =4 j+1/(2+ o+ oy 1)
Ciijy=—dPry[(1=B{_;)sgn(ui—1;—U; j)

+(1-B{j)sgnui1;— Ui )]/G

whereP=Gh(Ax)%EAd.
Introducing the boundary conditions

AX )
Uiyozo, and ui,k:Uapf_ui,k—l for |:1,N

Eq. (16) can be rewritten as a set dF (k—1) linear equations
that can be solved by the elimination method.

Simulation Procedure

BEGIN
From a normal distribution assign a flaw of a half angle 8to each fibre element
STEP2 Time = 0
STEP 3 Give the initial boundary conditions and the initial constants of state

STEP 4 Calculate each nodal displacement by solving the set of linear equations and
estimate each element stress.

STEP S Using equation (5), find the llest time (At) that will give the next fibre break.
Time = Time + At

STEP 6 Has the composite failed?

IfNO Update the half angle 0for all the non failed fibre elements due to
corrosion that occurred during At. For fuiled fibre el and matrix
update the constants of state. GOTO STEP 4

1,

If YES Life = time END

Fig. 7. Algorithm of simulation

as the sum of the individual time elements- X At; . If the com-
posite has not failed, the half anglemust be updated for all the
nonbroken elements and since stress corrosion will have occurred
during the timeAt,. Since there is no expression that gives the
angle6 at the end of an elapsed period of time this has to be
updated by integrating numerically ET). Oncet is obtained, it

is split into smaller time increments according to a geometrical
series in order to tighten the time steps toward the ertd of his

was necessary to avoid numerical problems. For broken elements
and matrix elements, the constants of state must also be updated
and the aforementioned process repeated until failure occurs.

Failure Criteria

The composite is considered as having failed if one of two failure
criteria is satisfied. The most obvious failure mode is the forma-
tion of a cleavage plane; i.e., all of the fiber elements situated in
one plane across the elements are broken. The composite is con-
sidered as having failed since it has been assumed that only the
fibers can carry tensile stress. The second failure mode is due to
the lack of equilibrium of the composite under stress. Numeri-
cally, this corresponds to the occurrence of a singular stiffness
matrix. For example, this failure mode occurs when two cleavage
planes are joined by matrix failure.

Input Data

The model described herein was applied to a simplified example
consisting of 15 fibers each discretized into 15 finite-difference

elements. The input data used for the example is shown in Table
2. The distance between two neighboring fibers is deduced by
taking the thickness of the monolayer as being equal to the fiber
diameter and by considering the percentage of fibers by volume.

The time to failure is computed according to a scheme similar to The elastic constant of the fib&lastic moduluscorresponds to
that developed by McBagonlufil998. Fig. 7 shows the algo-  E-glass while that of the matrigshear moduluscorresponds to
rithm of the simulation procedure. In the present case, each fiberan epoxy.

element is assigned a half anglegenerated from an appropriate
statistical distribution of flaw size. To avoid edge effect, the edge
elements are assigned the smallest half afglEhis ensures that
they will be the last elements to fail. Once this is done, the linear As before two environments were considered: water and acid.
system of Eq(16) is formed and solved to obtain the nodal dis- Two probability distributions for flaw size were considered for
placements and the stresses in the elements. Using9Ecthe illustration. Both of them are normal with a mean of 2.5° and a
failure time is estimated for each element. The smallest tikte, variance of 0.5° for the first and a mean of 1.7° and a variance of
is chosen as the one that will give the next fiber break. A check is 0.3° for the second. For each simulation run, the flaws in each
then made as to whether the composite has failed or not. If thefiber element were selected randomly by sampling from the
composite has failed, the process is stopped and its life recordedadopted flaw size distribution. The applied stress was increased in

Results and Discussion
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Table 2. Input Data Used in Present Simulation

Data criteria Value
Percentage of fibers by voluntéb) 50.0
Radius of fiber(um) 6.5
Distances between fibefp.m) 7.81
Thickness of monolayefjzm) 13.0
Fiber element lengtif.m) 130.0
Fiber elastic modulusGPa 70.0
Shear strength of matrigViPa) 39.0
Shear yield stress of matridPa) 18.5
Matrix shear modulu$GP3 1.327
Work hardening coefficient of matrix 0.01

increments of 0.1 GPa for the first distribution and in increments

of 0.3 GPa for the second one. 50 runs or simulations were car-

ried out for each stress level.

Fig. 8 shows the simulations obtained with both flaw size dis-
tributions. It shows also experimental results compiled by Phoe-
nix (2000. The experimental results, presented here as the 0%.
and 100% time-to-failure quartiles, were obtained for S-glass/
epoxy strands tested in stress rupture at Lawrence Livermore Na-
tional Laboratory in the 1970'6€Chiao et al. 197R It can be seen
that the simulation with a flaw distribution having a mean of 1.7°
lies exactly on the 0% time-to-failure quartile. This is a very
encouraging result since the experimental results were obtaine
for S-glass, which is known to be more corrosion resistant than
E-glass. The ultimate strength predicted by simulation is about
3.3 GPa. This is about correct when compared to the known
strength of E-glass unidirectional composite, which lies between
2.5 and 3.5 GPa.

The simulation results with the flaw size probability distribu-
tion having a mean of 2.5 are well below the 0% time-to-failure
quartile. The ultimate strength predicted with this distribution is
about 1.2 GPa, which is much less than the known strength of
E-glass unidirectional composite. Given the length of the fiber
element considered, this observation supports the earlier conclu-
sion that flaw of A, which has less probability of occurrence over
the same gauge length than flaw B, corresponds indeed t@flaw
with a depth of 0.0Zum.

Fig. 9 represents the results of the simulations for acid. As in
the case of individual fibersee Fig. 5, there is no experimental
evidence to suggest which valuefyf leads to a better estimate of
lifetime, except that the ultimate strength is best predicted with a
half angle6=1.7°. Again, it can be seen that stress corrosion in

acid proceeds at a much faster rate, but this time for the compos-

ite material.

~—+— Theta=1.7
« &= Experiment 0 % failure

- Theta = 2.5
= = Experiment 100 % failure

5

g 3]

» 1 -

0 T T T T :

1.E+00 1.E+02 1.E+04 1E+06 1.E+08 1.E+10 1.E+1Z
Time in (sec)

Fig. 8. Simulated stress corrosion life of E-glass unidirectional
composite in water
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Time (sec)

Fig. 9. Simulated stress corrosion life of E-glass unidirectional
composite in acid

The simulation runs were dissected to extract the rupture pat-
terns in the monolayer as a function of applied stress. This is
shown in Figs. 10 and 11. Figs. 10 and 11 show the chronological
order in which the fibers fail. The numbers at the right-hand side
indicate the chronological order in which the fibers fail. At low
stress(Fig. 10, the monolayer fails through the formation of a
cleavage plane characteristic of stress corrosion failcoenpare
with Fig. 1). Fig. 11 shows a failure pattern reminiscent of testing
to failure under monotonic loading. Fiber breakage occurs ran-

omly over the monolayer, and monolayer failure occurs when
wo or more cleavage planes are joined by matrix failure. Numeri-
cally, this translates into a pivot being equal to zero in the system
stiffness matrix.

Figs. 12 and 13 are plane schematic representations of the
cylindrical monolayer. In both figures, an incubation period is
evident. At low stresgFig. 12), about one third of the fibers fail
sequentially. This lasts for about 99% of the life of the composite.
Then, the composite fails suddenly in a brief succession of fiber
breaks. This was experimentally observed by S2000. At high
stressegFig. 13), the incubation period covers less that a third of
fiber breaks, and failure of the composite is more sudden.

Conclusion

We have proposed a methodology for life prediction of unidirec-
tional GFRP in tension. The model is based both on a well-
established knowledge on the chemical behavior of glass and, in
particular, that of glass flaws and more recent models of stress
corrosion. These were combined with fracture mechanics, a shear
lag model, simulation and a probability model for flaw size to

PR O TR N rr'::r?mrzrmv"mwn
m:m T e R T LRl iR v ey e ':l:-‘
Y T 3 x

Fig. 10. Failure pattern at low stre8.3 GPa in water
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Fig. 11. Failure pattern at high stressgs7 GPa in water
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Fig. 12. Chronological of fiber breaks in water at .3 GPa
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Fig. 13. Chronological of fiber breaks in water at 2.7 GPa

develop a model for the description of the behavior of GFRP
composite subject to stress corrosion.

The model suggests that the flaws responsible for stress corro-

sion are mild surface flaws that are approximately26m apart.

When they are assumed to be circular in shape, the model sug-

gests, by comparison to limited experimental data, that the flaws
have a half anglé of approximately 1.7°, which corresponds to a
depth of 0.009.m.

The stress corrosion cracking of GFRP was found to have an
incubation period in which about a third of the fiber break. There-
after, the stress concentration reaches such a high level that un
stable crack growth occurs. This corroborates the generally rec-
ognized catastrophic failure of static fatig(®wit 2000. At low

stress levels, the fracture pattern is that of stress corrosion as
obtained experimentally; a cleavage plane runs perpendicular to

the longitudinal direction of the fibers. At high stresses, the failure
pattern simulated corresponds to that of ultimate strength testing
under monotonic loads in which matrix failure under shear plays
a major role.

The results of the present study, although limited to a rather
idealized situation, are very encouraging. They suggest that, with

116 / JOURNAL OF COMPOSITES FOR CONSTRUCTION © ASCE / MAY 2

only modest assumptions about material properties, it is possible
to obtain mechanisms of GFRP breakdown, which corresponds to
experimental behavior, at least for the known test results. The
model also permits an estimation of the time to failure under

different environmental conditions. As far as can be ascertained,
this has not previously been done and reported in literature.
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Notation

The following symbols are used in this paper:
A = cross-sectional area of fiber;
a = crack length;
Caaiy» Caaiy» Cag» Cagiy» Coiiiy
= constants of linear system of equations;
C,j) = constants forming right-hand side of linear sys-
tem of equations;
Cg = concentration of acid;
d, = distance betweerith and the {(+ 1)th fiber;
E = Young’s modulus of fiber;
E, = activation energy of reaction of glass to water;
F(i,j) = fiber element;
G = elastic shear modulus of matrix;
h = thickness of monolayer;
K, = stress intensity factor for opening model I;
K¢, = reaction rate constant of glass to acid;
M(i,j) = matrix element;
N = number of fibers in monolayer;
n = molar ratio of glass to acid;
R = universal gas constant;
r = radius of glass fiber;
T = absolute temperature;
te = lifetime of glass fiber subject to stress
corrosion;
o« = empirical constant;
ajj = Heaviside’s step functions relative to state of
fiber element;
Bi;. Bij = functions relative to state of matrix
element;
At = time duration between two successive fiber
breaks;
Ax = length of fiber element;
v = empirical constant;
o = stress acting on glass fiber;
oap = Stress applied to monolayer;
o; = normal stress working alonigh fiber;
T; = shear stress in the matrix betweieh and (
+1)th fiber;
= matrix shear strength;
7, = shear yield stress of matrix;
6 = half angle of a flaw in glass fiber;
8o = initial half angle of flaw in glass fiber; and
0 = final half angle of flaw in glass fiber.
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