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Abstract — The long-term structural failure of composite pipeay be by weeping, burst or strain corrosion
under bending strain. These modes of failure haséndt causes. The weep mode is controlled by the
coalescence of cracks that form in the glass-riegarphase when the pipes are placed under tesisd@ns.
Weeping results from the passage of water throhghpathways that are formed by the coalescenckestt
cracks. The time taken by the water to traversenvdiedepends on the length, opening and numbpatifways
that are formed. Weeping is controlled by the glasn interphase and has nothing to do with filogture.
The long-term burst failure of the pipes is caubgdiber rupture from strain corrosion by tensiteams in
water. The long-term burst rupture is controlledtby glass fibers and has nothing to do with tlsnreAnd
finally we have the third mode of long-term struelufailure, known as strain corrosion rupture. ®iein
corrosion rupture is similar to the burst failure as much as both modes involve fiber rupture logirst
corrosion. The differences are indeed very subtlkile burst failure is caused by tensile loads aader, the
strain corrosion rupture is caused by bending lcau$ chemical products. The strain corrosion rugptsr
caused by chemical attack on fibers that are stéggo bending strains.

These three modes of long-term structural failueediscussed in separate papers. This paper vdikad burst
failure. The second paper will discuss weeping. Jtna@in corrosion failure under bending loads idradsed in
a third and last paper.

Introduction — The weep and burst modes of failure are governedigtinct mechanisms. Weeping is a “go
no-go” phenomenon. If the operating strain is lotan a threshold, weeping never occurs. If higiveeping
will certainly occur. The time to weep measuresttagel time of the leaking fluid through the pipall. The
time to weep is not a basic material property, esiicdepends on the wall thickness. As the part dfvthis
trilogy will show, the times to weep should not bsed to characterize composite pipes. This shoald b
contrasted with the burst mode of failure that inashreshold strain and will eventually take pleegardless of
the strain on the pipe. The question may aris® aghich failure occurs first, weeping or rupturdnelorder of
occurrence is determined by the wall thicknesstardstrain on the pipe. If the wall thickness isarand the
operating strain is high, weeping will take plac®pto burst. On the other hand if the operatitrgis is below
the threshold, the pipe will never weep and thegiterm failure will be by burst. This paper addessburst
failure under the assumption that the pipes done&p. This condition is fulfilled if the operatisgrain is less
than the threshold strain.

The weep behavior of composite pipes is represdmyea long-term parameter known as Hydrostatic gresi
basis, or HDB. The strain-corrosion behavior isrespnted by an analog of the HDB that we call Gooro
Design Basis, or CDB. The CDB measures the pijpgig-term resistance to rupture under bending loddle
immersed in corrosive environments. The burst bieinas controlled by yet another long-term parametiee
Rupture Design Basis, or RDB. The RDB measuredahg-term resistance of the glass fibers underileens
loads and in the presence of water. The three papethe trilogy describe how to measure and usseth
parameters.
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The RDB — Rupture Design Basis — is not recogniadtie current pipe standards. In fact, the lorgatburst
failure of composites pipes was not a concern gadhe publication of a paper by Mark Greenwoad @) in
2001. In this paper we will make extensive use aflk data to design pipes for burst failure. Oigcdssion
will show that the RDB — Rupture Design Basis a igroperty of the glass fibers that should be nreasand
reported by the glass manufacturer.

Note: It is customary in the composites pipe ingust refer to the short-term weep failure as “shterm
burst”, or STB. The pipe industry should avoid seomfusing nomenclature that mixes up the distvegtp
and burst modes of failure. Weep is not the sanmmiest. The reader is advised to read the techritaiature
very judiciously.

Two hypotheses The analysis of the long-term burst failure of casife pipes is based on two hypotheses.

1. The operating strain is below the threshold stréims excludes the possibility of weep failure.
2. Water is the only chemical capable of penetrativglaminate and causing the long-term deterioration
and rupture of the fibers.

The first hypothesis excludes weep failure and r@ssthat the long-term failure is necessarily ytuee of the
glass fibers. The resin would have no effect omsutailure and the long-term burst is controllgdie fibers
alone. The second hypothesis excludes any corrasigmical other than water as a cause of long-tarrat
failure.

The second hypothesis may sound absurd to thoséigiamith composite applications in highly corrasi
fluids. Experience indicates that pipes carryingragsive chemicals fail sooner than those carryiatgr. This
seems to contradict the hypothesis that wateretily chemical capable of affecting the structlifalof the
pipe. This misconception is very common and reduttsy a confusion of service life and structuré.liThe
service life measures the time taken by the chdrtocdestroy the corrosion barrier of the pipe @dot to be
confused with the structural life, which measutestime taken by the water to strain corrode thasgfibers.

The durability of the pipe is determined by the rsdst of the above two lives. The service livespgfes
carrying aggressive chemicals are shorter tham steictural lives. And the opposite is true fopgs carrying
water that do not attack the corrosion barrier. Thmposite pipes used in water transmission faitupture
and not by the destruction of the corrosion barfiéis paper will not address the service life #meldurability
of the corrosion barrier. The reader interestetthig topic is referred to (ref. 1).

Note: The aggressive chemicals do not penetratg deep into the laminate and their effect is lichite the
corrosion barrier. Water is the only molecule smatiough to penetrate the laminate and affect rscairal
behavior. The chemical attack by species other thater is relevant in buried pipes that deflect enthe soil
load and are subjected to bending strains. The ¢oation of bending strains and chemical attack ol a
strain corrosion situation that is discussed in et 3 of this trilogy.

Static loading of isolated fibers —Isolated fibers are those not embedded in a resimibm This section will
address the rupture of isolated glass fibers ustigic tensile loading. The mechanism of crack gnownder
cyclic loading is dealt with in the next section.

From fracture mechanics we know that the only caugecrack growth in homogeneous materials arenstra
corrosion and cyclic loadings. Crack growth undetis loads result from strain corrosion, thatfiem the
combined action of corrosion and tensile strainstr@sion initiates and grows surface flaws thatnéwally
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develop into cracks. And the tensile strain opgnghe cracks to facilitate the access of the coreosgent. The
combined effect of strain and corrosion is knowstagin corrosion.

1 — Crack initiation. The discussion that follows is based on the thewryracture mechanics for brittle
homogeneous materials. We begin with the statethamteven perfectly smooth, pristine glass fibergetop
small surface flaws in the presence of water oetiorrosive environments. The number and sizédhedd
environmentally induced flaws are controlled by themical composition of the glass, the numberedécts in
the glass surface and the chemical environment.stiface flaws grow into small cracks under the loiowed
action of the environment and the residual tergtil@ins present on the outer surface of the fiblee. combined
action of residual strains and chemical attackarplwhy perfectly smooth, crack free glass filmershot exist
in the real world. Figure 1 shows environmentatiguced cracks on glass fibers that have been edpose
acids.

2 — Crack propagationThe spontaneous environmentally induced surfaceksrare self-limiting and arrest as
soon as the driving force (the residual strainsyigate. This situation changes, however, wheriiltees are
subjected to external tensile strains, over andealite residual strains. The external tensilersdrare not self-
limiting and act in combination with the chemic#étiagk to grow the crack. The rate of crack growtHilbers
exposed to aggressive chemicals and under tetisilassis governed by an equation of the form

- vleymaaf )

In equation (1) “a” is the size of the crack, “¥§ & constant that need not concern us at this ti@feis the
sustained constant tensile strain and “Z” is a metar that depends on the chemical environment, the
temperature and the composition of the glass fieguation (1) recognizes that the tensile strdig, glass
composition and the temperature, all contributéhéocrack growth that eventually ruptures the fiber

: S460E. Smin 1% HF, e S5HCL @ 80C, dry The @ 60C
SIMIE Lomiin 2* Stk . 1% HF, it S%HC i B0C, dry 2hr @ 60C Tl e e
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Figure 1
Spontaneous surface cracks from chemical attack gtass fibers. The open cracks indicate the preserf residual tensile strains.
(Courtesy Owens Corning)

Equation (1) indicates that the rate of crack glowtdominated by the total strain (residual + ed8 with
some influence from the temperature and the cortippsef the glass. Together these mechanisms ddime
time to rupture of the fiber under static load. Timee to rupture of the glass fibers in the preseoicacids or
water and subjected to constant tensile straires well documented phenomenon known in the liteeas
“strain-corrosion”.

Cyclic loading of isolated fibers -The mechanism of deterioration of isolated fiberder tensile cyclic loads
is different from that under static loads. The jweas section showed that static deterioration t®@tinuous
process reflecting the corrosion of the strainexbgl The rate of static deterioration is strongiuenced by
the strain itself, the temperature, the aggreseiwvgronment and the composition of the glass. Uruyetic
loads, however, the rate of crack growth is notiooious, but proceeds in a stepwise fashion, dtie bit at a
time, in response to the kinetic energy delivenedeach cycle, pretty much as when we drive a mgil b
hammering on it. The crack grows like the nail geates the wood, one bit at a time, depending erkihetic
energy of the blow. Cyclic crack growth is a distbomous stepwise process described by equation (2).

ﬁ = Y(AeJTa)Z )

From equation (2) the rate of crack growth undelicytensile strains is cycle dependent, not tirmpahdent.
Also, the exponent “Z” in the cyclic equation (29e3 not depend on the temperature, or on the aigees
chemical or on the hydrolytic stability of the glagemperature and moisture have no effect on atee of
cyclic crack growth. In equation (2 = emax— €min IS the range of the tensile strain.

Note: The above is valid for glass fibers only.e&plained in the appendix D, the rate of cyclicakrgrowth in
resin matrices is temperature and moisture dependen

Static loading of UD laminas —The preceding discussion dealt with the rupturesolfated glass fibers. We
continue with the discussion of the static cassung next that the fibers are impregnated widfinréo form
UD plies. The embedment of the fibers in a resitrim&as a profound effect on the short-term arellting-
term strengths of the ply. Specifically, the resiatrix evens out the enormous variability foundha rupture
strains of isolated fibers. This “evening out” dfetfiber strength increases the overall performanfcthe
composite and is referred to in the literatureha@s‘tomposite effect”.

We begin our discussion by recalling that self-lamerack growth occurs only in homogeneous mdtelike

metals, glass fibers and neat resins. Compositerrast do not grow self-similar cracks. The rargtémces of
self-similar crack growth in composites are obsériredelamination and from debonding along the rBbef

UD plies. The self-similar cracks that grow alohg D fibers play a central role in the weep motifaiture,

as detailed in the part two of this trilogy.

Note: There is only one known instance of selflamsrack growth across the fibers in a laminatéal sort of
thing occurs in laminates under strain corrosiohat is, subjected to bending strains and immersed i
corrosive media. Examples of such failures camobed in references 2, 3, and 4. A full discussibthis topic
can be found in the part 3 of this trilogy.
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The following discussion is based on well documeémeidence showing that composites do not propagte
similar cracks across the fibers. To facilitate ¢éx@osition the discussion is limited to UD lamin&ke cracks
generated at the points of fiber rupture do nofpagate to adjacent fibers. Rather, these smalksrace
arrested and deflected as they grow and meet adjéibers. The many fiber rupture points in a ptyrh a
myriad of isolated small cracks that do not extbegiond the neighboring fiber. The cracks do nopagate
from fiber to fiber. The rupture of the compositg pesults from the accumulation and eventual csxadace of
many small cracks, not by the growth of one langeek. This mechanism explains the exceptional toagh
and fatigue resistance of composites.

t, > t,
Figure 2. Self-similar crack growth occurs in horeagous materials, like glass fibers. Self-similacks do not grow in composites.

The time to rupture of a UD ply under tensile stsain the fiber direction is controlled by the gldibers. The
equation to predict the time to rupture of UD laasrunder static tensile strains is derived fromagqo (1).
The mathematics involved is complicated and wilblveided here. The relationship between the statistant
strain and the time to rupture is

log(e) = A —Gslog(t) 3)

Equation (3) calculates the time to rupture of W@inas subjected to a constant sustained stadia S&” in
the fiber direction.

The strength parameter As related to the ultimate tensile strain of tamina at t = 1 unit of time. The unit
of time is irrelevant and could be 1 day, 1 minotel hour. The strength parameters“Aadjusts itself
accordingly to match any unit of time that we mapase. The parameter ¢Ahas a slight dependence on the
toughness of the glass-resin interphase. The imasipis a thin resin layer that forms around theré when the
matrix blends with the sizing. We will have moresty about the interphase in the part 2 of thisgyi, when
we address the weep mode of failure. The slopgitGequation (3) reflects the hydrolytic stabiliby the fibers
and is expected to increase with the temperatwea esser degree {Gdepends also on the toughness of the
interphase. For any given glass sizing, however effect of the matrix toughness ons"@& small and may be
ignored.The effect of the resin matrix on the parameters &ad “A¢’ is small, so small that these parameters
may be regarded as properties of the glass. Béass groperties, both “As” and “Gs” should be meedwand
reported by the glass fiber manufacturer.

Cyclic loading of UD plies —The equation describing the rupture behavior oflBMdinas under tensile cyclic
loads is similar to that for the static case.
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log(Ag) = A, —-G_log(N) (4)

As in the static case, the slope."Gs dominated by the glass fibers. Also, from a@liscussion of isolated
fibers, the slope &should be independent of temperature and moiskunghermore, the parameters:.“@nd
“A¢" should be measured and reported by the glassrila@ufacturer.

Two new acronyms —We will next introduce two new acronyms, developedanalogy with the HDB —
Hydrostatic Design Basis. The HDB is defined in A8ID2992 as the long-term hoop strain that fails pifpee
by weeping. By analogy, we propose that the lomgrteoop strain that fails the pipe by burst beezthiRDB,
for Rupture Design Basis. Likewise the long-ternofindending strain that fails the pipe by strainqgsion is
the CDB, for Corrosion Design Basis. From this, theee parameters that govern the long-term straictu
design of composite pipes are:

* The HDB - Hydrostatic Design Basis — is the longrdoop tensile strain that causes weep failure.
» The RDB - Rupture Design Basis — is the long-teomphtensile strain that causes burst failure.

» The CDB — Corrosion Design Basis — is the long-taoop bending strain that causes strain-corrosion
failure in chemicals.

The HDB is determined per ASTM D 2992. The CDB ésedmined per ASTM D 3681 (in acid) and ASTM D
5365 (in water). The RDB is measured by creeprtgstiD plies.

The work of Mark Greenwood - Mark Greenwood creep tested UD rods under segtasit tensile strains
and annotated the times to rupture. The tests dene with the specimens immersed in water as shown
figure 6. The tests performed on rods (instead mfpges) eliminate all process and geometric rdlate
distortions from the data. For example, the datenflUD rods are (a) free from contamination by resid
stresses and (b) independent of winding angleso#imel geometric features of the pipe. The regraskies
generated by creep testing UD laminas provide hasigerties of the glass fibers.

Figure 5
Strained rod immersed in water. (Courtesy Owens(gy)
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The rods tested by Mark had a glass loading of T%veight and were made from a highly crosslinked
isophthalic resin. The type of resin, as we hayaamed, is irrelevant. The rods were 6 mm in diggnelhe
rod diameter, like the type of resin, is irrelevanhe specimens were divided in two groups, oneemaid
traditional E glass fibers and another of boromfgtass. The rods were immersed in water and debljeo
several sustained constant tensile loads. As exgethe rods under higher strains failed soonee data
points obtained by pairing the times to rupturenviite corresponding strains were annotated andqubstly
fitted to a straight line as in equation (3). Thraight lines obtained by Mark are shown in figére

Figure 6 shows that the boron-free glass is lessegtible to hydrolysis and holds up better in gnes of
water than the traditional E glass. The failuraist extrapolated to 50 years indicate a static RD&92% for

the boron-free glass versus 0.41% for the traditiénglass.
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Regression lines adapted from the work of Mark Gwesod

Although Mark himself never published the regresseguations for his data, we can do it ourselves by
inspecting figure 6. The regression lines for Ibeh@e and E glass are:

log(€) = As — G log(t) 3)
For boron-free glass: Iog(s%) =0,400- 0,077Iog(hours) (3A)
For E glass: log(%) = 0,347 - 0130log(hours) (3B)

The above equations indicate that under statidléelosds the UD plies of E glass lose 13% of tieddngation
per decade, versus a loss of 7.7% for the plidsoadn-free glass. The short-term elongations oh lybasses
are essentially the same. The reason for this &sssye have explained, is strain corrosion of fhesggcaused

by the water.

The work of Guangxu Wei —Mark Greenwood determined the static tensile regpaslines and the strain
corrosion effect of water on both E and boron-fyiesses. The effect of cyclic tensile loads wasmenhed by
Guangxu Wei on the fiber direction as well as oa direction transverse to the fibers. The parameteat
Guangxu Wei determined for the general cyclic eiqua@d) are:
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log(A¢) = A, =G log(N) (4)
log(A¢) = -0.602- 0.040log(N) transverse (2) direction. (4A)
log(A¢) = 0.519-0.089log(N) fiber (1) direction (4B)

The above equations are valid for both E glassbamdn-free glass. Equation (4A) will be used in piaet 2 of
this trilogy, to explain the weep failure under laydoads. Equation (4B) will be used later in tlpaper to
determine the long-term safety factor of pipes urkde simultaneous action of static and cyclic kbad

Strain Rotation - The reader should understand that the elongatiotise above equations are the static and
cyclic tensile straingni the fiber direction (1) or in the transverse ditien (2)of the UD lamina. Why in these
directions? Well, as we recall, Mark’s data weredleped for UD rods tensile tested in the fibeediron. And
Guangxu Wei cyclic tested UD plies on the longihadiand transverse directions. The commercial strasdon
pipe design usually specify the strain in the gldimop and axial directions. To comply with equatiq3A),
(3B), (4A) and (4B), the global strains must beatetl to the principal axis of the UD ply. This taia is done

by the equation

& cos a serfa 2(cosa)(senr) Ey
£y |= serfa cos a - 2(cosa)(sem) |x| &, (5)
}é V1o —(cosa)(sem) (cosa)(sem) cos a -serfa 0

Where:

a is the angle of the UD fibers with respect to lhrggitudinal (axial) direction of the pipe.
€, is the strain in the fiber direction

€, is the strain transverse to the fiber

€x is the global strain in the axial direction of {hipe

€y is the global strain in the hoop direction of fhge

v12 IS the shear strain on the UD lamina

Expanding equation (5) we obtain the three eloogatbn the reference frame of the UD lamina.

& = &,cos a +¢,seffa (5A)
£, =&,serfa+e,cos’ a (5B)
Yip = 2sern cosa(sy - &) (5C)

Equation (5A) calculates the strain in the fibeediion. This strain controls the long-term ruptafehe pipe.
The strain in the transverse direction to the 8bejuation 5B, controls the weep failure of odgs, as shown
in the part 2 of this trilogy. The shear straireguation (5C) is irrelevant in the analysis fordbuar weeping.

Safety factor — The safety factor SF for long-term burst is deteedi from the unified equation (6). The
unified equation for tensile strains in the fib@edtion of UD plies (ref. 5) is
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=10 (6)

[EXSF]%S +[Ag><SF]/]{3c +[ £x Ag x SE2 J%Bsc

RDB RDB RDB,,. x RDBy,

static cyclic
Where G and G are the slopes of the static and the cyclic resgpasines, as shown in equations (3) and (4).
G Is the interaction parameter that links static eyclic loadings. Mark Greenwood has established @& =
0,077 for boron-free glass and € 0,130 for traditional E glass. The value qfvas determined by Guangxu
Wei as G = 0,089. The interaction parametey fBom reference 5 is listed on table 1.

For the analysis of burst failure the strains ina@n (6) are those in the direction of the UDefth The RDB
values for the UD ply under cyclic and static loads calculated from equations (3) and (4). The R2aBes
must, of course, be rotated from the global dicewito the fiber directions. The strains (cyclid atatic) in the
fiber direction of the critical UD ply are, of ca#, known. The only unknown in equation (6) is siaéety
factor SF.

A similar analysis can be performed for the transeelirection of the ply to study the weep moddadtire.
This is done in the part 2 of the trilogy.

N R

0,0 0,1 0,5 0,9 1,0
10° 0,0 37 12933 889 0,0
10° 0,0 73 11678 7012 0,0
100 0,0 142 9700 372 0,0
10° 0,0 258 8114 199 0,0
10’ 0,0 505 6843 108 0,0

Table 1

Interaction parameter ¢ for tensile strains in the fiber direction (ref.5)

Sample calculation —~We have an oil pipe operating as indicated in t@blé is required to determine the
safety factor SF for burst failure after 20 yedrsantinuous operation.

Winding angle o = 55 degrees
Static hoop strain €y =0,20%
Static axial strain €y =0,15%
Cyclic hoop strain 4€y,=0,10%
Cyclic axial strain A€ = 0,05%

Total cycles in 20 years N =10

Table 2
Operating conditions of the pipe used in the sampleulation.

First we rotate the strains from the global togheaxis.

Av. Amazonas, 1100, Bras Cubas, Mogi das Cruzes, SP, Brasil, 08744-340, tel.: 55-11-4795-8205, www.reichhold.com.br



REICHHOLD Everywhere Performance Matters

£ =£=£,005 a+e serfa

£ = 015%cos’ 55+ 020x serf 55= 0,184%

Agy = Ae = Mg, coS” a + e serfa

Ag = 005x cos” 55+ 010x serf55= 0,084%

Next we calculate the long-term static and cydiiersgths
Static strength for the pipes made of E glass:
log(Ss) = 10g(RDB) = 0,347-0,130l0g(20x 365x 24)
S;= RDB = 0,46% for E glass

Static strength for the pipes made of boron-fresg|
log(Ss) = log(RDB) = 0,400~ 0,077log(20x 365x 24)
S;= RDB = 1,20% for boron-free glass

Cyclic strength for both E and boron-free glass
log(S.) = log(RDB) = 0,519~ 0,089l0g10’

S. = RDB = 0,79% for both boron-free and E glass

Next we calculate the parameter R

R= Emin —

‘gmax

0184-0,042 _

063
0,184+0,042

Next we obtain by interpolation the interactionguaeter G.= 4654 from table 1. The parameters Gs and Gc
are taken from the regression equations by Marle@weod and Guangxu Wei. We can finally apply the
unified equation.

For E glass the safety factor SF is

=10

0184x SF %'130+ 0,084x SF %'089+ 0184x 0,084x SF? Pasa
046 079 046x 079

static cyclic

SF=15

For Boron-free glass the safety factor SF is
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=10

0,184x SF %v077+ 0,084x SF %v089+ 0,184x 0,084x SF? Yaesa
120 079 120% 079

static cyclic

SF=3,0

The unified equation indicates that both glassetopa well for an intended life of 20 years. Howevthe
safety factor for the boron-free glass is highemtthat for E glass. For longer structural livé® boron-free
glass should be preferred.

Conclusion —This paper deals with the long-term rupture of cosife pipes. This mode of failure is controlled
by the glass fibers in the UD laminas. The readeadvised that other types of structural failungchsas
weeping and strain-corrosion by bending strainsukhalso be taken into account. For details onatier
types of failure, the reader is referred to thegparand 3 of this trilogy. The composite pipes$ ifgi rupture
(burst) in the long-term when the operating strairesless than the threshold strain that causep fadare. In
the absence of weeping, burst is the only modemj-term structural failure. Since the resin hasefiect on
the RDB, the long-term rupture is controlled by gtass fibers alone. This is an interesting conctug itself.
This paper has other interesting conclusions:

1. The burst rupture of composite pipes is based erldhg-term parameter RDB which is obtained by
creep testing UD laminas.

2. The RDB is a property of the glass fibers and at should be measured and reported by the glass
manufacturer, not by the pipe producer.

3. The RDB measured on UD rods can be used directtiigrunified equation (ref. 5) to determine the

safety factors for the pipe’s desired structurfal li

The effect of the resin on the RDB can be ignored.

The resin controls the weep failure and plays asdexrole in the strain-corrosion failure.

ok
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Appendix A: Is there a threshold strain for rupture (burst) failure?

The part 2 of this trilogy suggests the existerica static threshold strain for the weep mode d@ifa. Static
strains lower than the threshold strain, never wideppipe. Could such threshold exist for ruptusma The
answer is no, and the explanation follows.

The failure by weep requires the coalescence ofymarall resin cracks. The number of pre-existiragks in a
well made pipe is too small, in fact so small ttrety do not coalesce to form the pathway for thespge of
water. As the static strain is increased, the aimmknumber of cracks also increase until, everntuie pathway
is formed. It takes higher strains, over the thoéHimit, to create fresh cracks that would leadsuch
pathway. The situation is entirely different foetglass fibers which, unlike the resin, develoghreracks from
the attack by water. The hydrolysis of the glagats fresh cracks all the time, regardless o§tifzen. Taken
to the limit, this argument suggests that the didess would, given enough time, hydrolyze ouegistence.

Appendix B: Sudden-death and the resin effect.

This appendix addresses the interesting phenomeh@udden-death” and explains the influence of rb&n
on the regression rupture lines. We will show {ladtthe long term burst rupture is governed bydlass while
(b) the short term weep is controlled by the resin.

We start with a discussion of the events leadinth¢orupture of UD laminas in the fiber directidu facilitate
the understanding, the discussions will be condlictéerms of stresses, instead of strains. Figdrehows the
cross section A — A of a UD lamina. The short-tastrength of this lamina in the fiber direction is

(A-Nxa)x(o)
A

Op = % xax (U)fiber + resin (Bl)

Where

Av. Amazonas, 1100, Bras Cubas, Mogi das Cruzes, SP, Brasil, 08744-340, tel.: 55-11-4795-8205, www.reichhold.com.br



REICHHOLD Everywhere Performance Matters

N — Is the number of fibers in the section A — A
A — Is the area of the section A— A

a — Is the cross sectional area of the individibars
oriber — IS the short-term strength of the fiber
oresin— IS the short-term strength of the resin

The resin contribution to the overall strengthrisal and will be ignored
_ N
Jo _Kxaxa-ﬁber

We next assume a static force F that produces starmntensile stresses on the fibers. In accordatbethe
theory of fracture mechanics, this applied stressstrain) immediately fails all fibers at the p@irwhere the
crack length “a” is larger than a certain critigalue. These points of immediate rupture occuaatiom along
the fiber length, as shown in figures B1 and B2.

A
-‘-.l_
2 = & = |
T oo/
i B e
-;_A-'- A_

Figure B1
Rupture occurs when the fiber break points thatuoaandomly in the ply grow to a large number and
eventually coalesce.

The load that ceases to be carried by the brolwsr fg transferred by the resin to the unbrokenspair the
same fiber. The load transfer takes place by shtettue glass-resin interface, as shown in figure B broken
fibers lose their load carrying capacity in a sns&yment §” at the ruptured ends. This small segmeiitis

called “ineffective length” for obvious reasons.eTiest of the fiber, that is not broken, retaisdoad carrying
capacity and in fact continues to play an active o the strength of the lamina. We denote byth® number
of ruptured fiber points that fall on section A — Bquation (B2) gives the strength of the laminathis

condition.

(N-n)

Op = XaX 0 fiper (B2)

In the above “n” is the number of ruptured fibedgrhat fall on section A — A. Equation (B2) is theme
equation (B1), except for the discount of the |tdzat ceased to be carried by the “n” broken filmersection A
— A. The reader will agree that while the numberugftured points on any fiber may be very large,iimber
of those ruptured points falling exactly on sectfor A is very small when compared to “N”.
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n<<N

Entering the above in (B2) we conclude that thergth of the lamina is insensitive to the numbebraken
fibers and remains unchanged. This is an integ@stimclusion that goes against common sense. vogudd
have us believe that the strength of the ply shdelctease as the fibers break but, instead, we ¢awduded
that it remains the same.

As time passes, the process of “strain-corrosiakés over and the number of ruptured fiber endeases in
the vicinity of the section A — A. Eventually theptured ends become too many and the lamina bréaks.
description of the events is consistent with thedten-death” phenomenon reported by many reseatchiee
“sudden-death” is explained by (a) the laminasimétg their original strength even when a large bamof
fibers have failed and (b) the sudden rupture tidlegts place when a critical level of damage ishedcMark
Greenwood informs in a personal communication thet have tested pipes to burst after weep failunel a
have found the burst pressure had not significaotignged” This is one more testimony supporting the
phenomenon of “sudden-death”.

Figure B2. The shear stresses at the ruptured féreis transfer tensile stresses to the unbroken gfathe
fiber. Also shown is the ineffective lengi.”

As the number of broken ends accumulates near ¢htor A — A, the strength of the lamina remains
essentially unchanged. It is only towards the einth@ process, as rupture is imminent, that thalldecrease
in modulus near the section A — A is felt. Thisdbdecrease in modulus, due to local coalescemteses the
lamina to rupture at the section A — A. The restha lamina, however, where coalescence has not ®e
intense (this is a random process) retains itaraigor slightly decreased) modulus, elongatiobratak and
strength. This discussion shows that the localesu@nce leading to sudden-death may not be detbgted
testing the parts of the lamina in the vicinitytioé ruptured section A — A.

We next discuss the role played by the resin. Esercontribution to the strength of the UD lamiasides not

on the load that it carries, but on its abilityttansfer loads from among broken fiber ends. Tkerdoing this

trick is clearly not the matrix resin, but the iqtlease resin. The load transfer is done by shesssss along the
ineffective length of the broken fibers. If the ahenodulus of the interphase is high, the inefiectength §”

is small. On the other hand, if the shear modutulew, the ineffective lengthd” is large. Large ineffective
lengths §” have two effects.
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1 — The increaseds® expands the coalescence zone in the vicinityhef section A — A and expedites the
rupture of the lamina. In other words, for the sartbastant stresss”, a large ineffective length causes the
lamina to coalesce and fail sooner.

2 — The increased®” has the additional effect of decreasing the @asibdulus of the lamina. This is a topic
that we have not mentioned yet and we might as deelit now. Unlike the strength, the modulus of the
laminas falls with the rupture of the fibers. Thido be expected and explains the slow increastramn that
takes place in creep tests.

We conclude that under constant stress the laminas with tougher interphase resins agitieb adhesion to
the glass would have (a) longer rupture times,sthaller decay in modulus and (c) less creep. ¥ania

nutshell, how the resin affects the long-term gtrad behavior of composites. The point that weehenade

earlier is that for any given commercial glassrgjzithe effect of the resin alone is not very digant and may
be ignored. That is the justification for our sta@t that the effect of the resin on the long-teupture can be
ignored.

Suppose we pressure test water filled pipes aéasing pressure levels. As the pressure is inadhseglass-
resin interphase develops cracks. If the pressuneld constant, these cracks are stationary amsgrow. If
the pressure is increased the cracks grow botlzénasmd in number. As discussed in the part 2 isfttilogy,

there is a threshold strain at which the numbecratks become too large and coalesce to form agmnis
pathways that allow the passage of water. The preghat weeps the pipe is much lower than thetgbon

burst pressure. In the short-term the pressuriggesgdail first by weep, later by burst.

We next consider the performance of the pipes mmaboperation, i.e., under low pressure and loairst If
the strain is less than the threshold strain, désenrwill not crack and the pipes will not weep.this scenario
the pipes fail by rupture caused by the slow detation of the glass. In the long-term the prez=adripipes fail
by burst.

The above arguments set the foundation for the eqascof burst and weep failure of composite pifds
reader is asked to read them again. The argumenisdeed very powerful and show that:

1 — In high strains the pipe fails by weeping, whig controlled by cracking of the resin.

2 — Under low strains the pipe fails by burst, vihie controlled by strain corrosion of the fiber.

Weep and burst are independent modes of failureerged by different mechanisms, and both should be
considered in design. The current pipe standard®rég the long-term burst mode of failure. This is

understandable since it was not until recently thatissue of strain corrosion by water capturedattention of
the composites community.
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