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Abstract 
This series of papers on ~35” jilament-wound 
glass-Jibre/epoxy-resin tubes consists of three parts. In 
the present paper (Part II), micromechanical modelling 
of the damage initiation is conducted in order to 
determine (1) the mechanical conditions under which 
different microcracking mechanisms occur and (2) the 
critical uzr/aee ratios which correspond to the change 
from interfacial failure to microcracking at porosity. 
Emphasis is placed on assessing the influence of 
microstructural defects and the competition between the 
diferent mechanisms. The general tendency of 
damage-envelope prediction by means of micro- 
mechanical modefling Jits the microscopy observations 
quite well. The sensitivity of local criteria is also 
discussed. The correction of the local stress field 
has been improved by introducing a local stress 
concentration factor in a mean field theory model 
(Mori- Tanaka theory). 

In Part I, the microstructural analyses, mechanical 
behaviour and damage initiation mechanisms were 
presented. In Part III, the macroscopic behaviour of 
the tubing structure with and without damage will be 
presented. The simulation results will be compared with 
experimental ones. 0 I997 Elsevier Science Limited. 
All rights reserved 

Keywords: composite tube, micromechanical modell- 
ing, mean field theory, porosity, damage initiation, 
transverse cracking, delamination, interfacial sliding 
and debonding 

& INTRODU ION 
omposlte Pi tu u ar elements are utilised as uniaxial 

structural components in several applications, such as 
mobile bridging components which have the advan- 
tages of easy transportation and in situ assembly,’ 
supporting struts and pull in helicopters,2 and trusses 
for satellites.’ In these cases, cost saving per unit 
weight is of major consideration. Owing to the high 

resistance of composite materials in corrosive 
environments, composite pipelines have been used 
extensively for transferring fluids.“’ These pipelines 
are usually made of filament-wound fibre-reinforced 
polymer-matrix composites. For economic reasons, 
the fibres are often made of glass while the resin is 
usually a thermoset such as epoxy. Recent applica- 
tions of the glass-fibre-reinforced composite tubular 
vessels in high-pressure and high axial loading 
operations have led to serious concerns about their 
functional and structural load-bearing behaviour. The 
leakage failure of a filament-wound fibre-composite 
vessel, subjected to a combined internal pressure and 
axial loading, is commonly viewed as a result of 
progressive damage produced by the coalescence of 
microcracks, thus creating a through-thickness crack 
path prior to complete loss of the tube’s structural 
load-bearing capability. The nature of the problem is 
very complicated, since it involves the initiation and 
accumulation of various damage mechanisms in a 
heterogeneous and anisotropic medium under com- 
plex loading conditions. 

Extensive experimental investigations have been 
conducted,4-y most of the studies being directed 
towards the prediction of failure envelopes for 
thin-walled cylinders with only a few wound layers. It 
was observed that tubes tested under biaxial failure 
loading conditions failed with greatly varying stren- 

gths, subsequently producing asymmetric biaxial 
failure envelopes (a biaxial failure envelope is a graph 
of the axial failure strength versus the circumferential 
failure strength). The failure envelopes depend 
strongly on the winding angles. It is generally 
recognised that a filament-wound tube with a winding 
angle of ~55” exhibits a higher strength under 
combined loading conditions.4” Microscope observa- 
tions for failure mechanisms of filament-wound 
composite tubes under combined load have been 
conducted by Jones and Hull,” Carroll et ~1.~ and Bai 
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et al.” In general, microcracking and delamination 
were the most readily observed damage mechanisms 
and any combination of the two constituted most 
failures. Two types of microcracking were established, 
notably cracking transverse to the fibre direction 
(transverse cracking) and cracking perpendicular to 
the loading direction in the resin-rich zones (matrix 
cracking). Transverse cracking is initiated at or near 
the fibre/matrix interface or/and at existing porosity 
and propagates through the ply thickness. This 
damage mode is more frequently observed in the 
region dominated by axial loading.5,” In the region 
dominated by internal pressure loading, delamination 
is the main damage mode.‘,6.” It occurs more often 
between two adjacent layers. Prior to delamination, 
whitening of the tube is commonly observed. 

The most likely damage initiation sites are the 
fibre/matrix interface and the microstructural 
defects.” The most frequently observed microstructu- 
ral defects in this kind of composite structure are 
inter- and intra-ply porosity in the matrix, non- 
uniform fibre distribution (local fibre volume fraction 
fluctuation and inter-layer fibre-free resin layer) and 
fibre deviation away from the +8 alignment. It has 
been stated that there are fibre/interface/matrix 
interactions and interactions between layers which 
have a dominant effect on the early stages of 
mechanical failure, namely on damage (microcracking 
and delamination) initiation. The determination of 
local mechanical conditions depends on the know- 
ledge of the local stress field and the interface strength 
which is in general not very well known.” 

In our study, we consider a composite tube designed 
to transfer fluid for the cooling water, monitoring and 
fire systems in nuclear power stations. The tube is 
made of six plies with stacking sequence [55”/ - 55”13. 
Each laminate contains 56% glass fibre and the rest is 
epoxy resin. In the first paper (Part I),” the 
microstructural characteristics, stress/strain behaviour 
and damage mechanisms under pure tensile loading, 
pure internal pressure, and combined loading were 
investigated. Observations were made on these 
specimens in order to identify the damage initiation 
mechanisms and the effect of microstructural defects. 
In the third paper (Part 111),13 the macroscopic 
behaviour of the tube with and without damage will 
be presented. In the present paper, the competition 
between different mechanisms and the effect of a 
number of important factors will be discussed. First a 
micromechanical analysis is proposed. Construction of 
the failure envelope of the composite tube from a 
microscopic viewpoint will then be presented. 

2 MICROMECHANICAL MODELLING 

2.1 Coordinate systems 
A number of plies constitute the composite tube in 
question, each one considered as a transverse isotropic 

material. An analytical method and a three- 
dimensional (3D) finite element calculation are 
presented elsewhere to evaluate ‘mesoscopic’ stress 
(on the scale of individual plies).i3*14 In order to 
characterise precise local damage modes and their 
causes, local stress fields at the scale of the fibres, the 
matrix, the interface and the voids are necessary. In 
the following section, a micromechanical model will 
be presented in local coordinates where the fibre axis 
is taken as xi. The local coordinate system xi,x:,x: 
together with the composite tube’s global reference 
system (x, ,x2,.xX3) are shown in Fig. 1. 

Stress transformation from the global reference 
system to the local one is realised with the help of the 
following relationship: 

cos2 0 sin2 0 

sin2 8 cos2 8 

0 0 

0 0 

0 0 

-sin8cos8 sin8cos0 

2 sin 8 cos 8 0 

-2 sin 8 cos 8 0 

0 0 

0 cos 8 
(1) 

0 sin 0 

cos2 &sin2 8 0 

Stresses obtained from tubular structure stress-state 
analysis are expressed in the global reference 
system’“.14 and they can be readily transformed into a 
local one by the previous transformation relation. The 
stresses expressed in the local reference system will be 
used for local stress analysis. 

2.2 MO&Tanaka micromechanical model 
The Mori-Tanaka micromechanical modeli takes 
into account the basic assumption that, for a 
composite under an external load, the stresses in an 
inclusion can be calculated approximately as the 
stresses round an inclusion embedded in an infinite 
matrix under remote matrix average stress loading. In 

Local co-ordinates: 

x’l(fibre direction), 

x’--Jtransverse direction), 

x’$radial direction) 

Global co-ordinates: 

xl(radial direction), 

x2(hoop direction), 

x3(tube axis direction) 

Fig. 1. Local and global reference systems. 
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the following formulation, fibres are assumed to be 
well aligned in the xi direction. Lo,& denote the 
stiffness tensors of the matrix and the fibres, 
respectively (bold symbols represent a tensor). f is the 
fibre volume fraction for the composite under 
consideration and (Y is the aspect ratio. 

Taking the matrix as a reference material under 
applied stress C’, its strain will be E. and X’ = Lo&. 
For the composite under the same load, the average 
matrix strain will differ from E0 by 5. Thus the 
average stress in the matrix (for the composite) is 
given by CT, = L,,(E,, + E). The average strain in the 
fibre further differs from that in the surrounding 
matrix by ep’, so the average stresses inside the fibres 
are 

(+, =L,(B,+ .S+ 8’) (2) 

With aid of the Eshelby transformation method,” eqn 
(1) can be rewritten as 

(T1 = Ll(E(J + E + 8’) = Lo(Eo + Cz + EP’ - E”) (3) 

and we have the following Eshelby relationship: 

l P’ = He* (4) 

where II is the Eshelby tensor (see Appendix A). 
For a representative volume under homogeneous 

loading conditions, the following relation is valid 

((T) = C’ (5) 

which leads to 

E+f(e P’ - @) = 0 (6) 

From the above equations, we can determine the 
unknown quantities E, l p’ and E*. The eigenstrain E* 
can be expressed as 

E* = - Q(1+N)L,‘Z’ (7) 

where 

and 

Q = [W,, -&In - &-‘(L, - L,) 

N = [Z -f(II - Z)Q]-‘f(Il- Z)Q 

The average stresses in the matrix and in the fibre 
are 

(T, = Lo(Z + N)L,‘Z’ (8) 

(~1 = &[(I - (II - Z)Q)(Z + N)]L,‘X’ (9) 

Finally, the compliance tensor of the composite is 
calculated by 

S, = [Z - fQ(Z + N)]L,’ ( 10) 

The stress at the interface just outside the fibres can 
be expressed as:‘7 

a$ = a; + LfjkIIL~qmnE~nMkpnqnl + &] (11) 

where Mkp = 1/pO[6,, - n,n,/2(1- v,,)] and Z is the 
normal vector to the matrix/fibre interface. 

In the xix; plane, the normal vector is Z = 
{sin &cos &O} (see Fig. 2), and tan cp = (Y’ tan 5. In this 
case, eqn (11) can be simplified as follows: 

d;l = a;1 + e b2 !3 E$ cos2 5 + cf2 sin’ 5 + v&) 

- 2~:~ sin 5 cos3 [] 

a;” = cri2 + 2 [sin2 5( E f1 cos2 5 + l z2 sin2 5 + Y. EZ3) 

- 2~:~ sin3 5 cos 61 

u in_ l+ 
33 - u33 ,““; 1 v. $I cos2 5 + E& sin’ [) + $3 ( 

0 

- HYPE& sin 5 cos [] 

a& = (+i3 + 2po[& sin’ 5 - •7~ sin 5 cos 61 

a; = C& + 2~~[~1*~ sin2 5 - & sin 5 cos 61 

a;“2 = ui2 + 2 sin 5 cos t[ - (E:, cos’ .$ + ez2 sin2 5 
0 

+ vO&) + 2~7~ sin 5 cos [] 

Projections of this interfacial stress along and 
perpendicular to the normal Z give us the normal 
stress and shear stress at the interface between the 
matrix and the fibre. 

un = cry1 sin2 5 + 

and 

These lead to 

u& cos2 6 + 20’; sin 5 cos 5 (12) 

where 

z = dTT + T; - ~2, (13) 

TI = cri;l sin 5 + ui;, cos 5 

Fig. 2. Definition of the normal vector at the interface. 



158 J. Bai, G. Hu, P. Bompard 

and Table 2. Stresses in the internal ply under pure internal 

T2 = a’;z sin 5 + & cos 6 pressure (p = 10 MPa) expressed in local coordinates 

The normal and shear stresses can be further 
simplified by putting the interfacial stresses into eqns 
(12) and (13). They are 

UII UZ2 fl33 U23 U13 U12 

120 -2.3 -10 0 0 42 

(T, = l[a:r + & - ((T:, - &) cos 25 + 2a&sin 251 

and 

r = +2a& cos 25 + ati sin 25 - U& sin 26 

If one considers the influence of the voids in an 
individual ply on the stress field, the previous method 
can be extended to include this effect. Let fv denote 
the void volume fraction in the ply under considera- 
tion. The voids are all considered as ellipsoidal 
cavities with the same aspect ratio, (Ye. The previous 
micromechanical formulation remains the same except 
for the expressions of N and the composite’s 
compliance tensor, which assume the following forms: 

iv = {(I- fy)I - f(& - WF’W + f(K -Z)Ql (14) 

and 

stresses at the porosity. With the help of these 
stresses, we expect to derive a local damage criterion 
for this ply, and following that the critical external 
loads which can be applied on the composite tube. 

For a pure tension and a pure internal pressure 
load, the corresponding stresses in the internal ply are 
shown in Tables 1 and 2. The local stresses for the 
composite tube loaded under different conditions are 
now presented. 

S, = {Z -fQ(Z + N) -fv(II, -I)-‘(I + N)}S,, (15) 

The eigenstrain for the voids is expressed as: 

all = - (II, - I)-I(1 + N)L,‘E’ 

2.3.1 Composite tube loaded in pure tension (unit 
stress) 
The local stress fields at the interface and around the 
porosity in the internal ply were obtained by using the 
above theory and the data in Table 1 (see Fig. 3). It 
can be seen that the porosity is much more stressed 
under global tensile loading. Microcracks should be 
initiated from the porosity first. That was what has 
been identified as the first damage mechanism.” 

Eshelby’s tensor for voids II, is calculated by using 
a void aspect ratio. Stresses just outside voids can be 
obtained by the same method as described for fibres. 
With the help of the previous micromechanical model, 
the elastic constants of each individual ply can also be 
predicted. For the composite studied, the fibre volume 
fraction is f = 0.56, and the elastic constants for the 
matrix and the fibre are E, = 3.4 GPa, v,,, = 0.35; 
Ef = 73.8 GPa, V~ = O-23, respectively. The predicted 
elastic constants of the laminate are: E, = 42.84 GPa, 
E, = 10.13 GPa, G,, = 3.93 GPa, G,, = 3.50 GPa, vlt = 
0.2758 and Y,, = 0.4467. These constants are used to 
calculate the stress distributions in the composite tube 
under different loading conditions. 

An increase of void volume fraction to 0.10 gives an 
increase of about 10% in the local stresses, 
corresponding to the average effect predicted by the 
Mori-Tanaka theory. 

2.3 Local interfacial stresses in the internal ply of 
the composite tube 
Finite-element and analytical calculations conducted 
for a filament-wound composite tube under pure 
tension and internal pressure show that the internal 
ply is under more stress than the other plies.i3,14 
Consequently, we shall use the stresses in the internal 
ply obtained by an analytical calculation as input for 
evaluating interfacial stresses (normal and shear) and 

Table 1. Stresses in the internal ply under pure tension 
(F = 10 kN) expressed in local coordinates 

2.3.2 Composite tube under pure internal pressure 
loading 
The local stress fields at the interface and the porosity 
in the internal ply were obtained by using the above 
theory and the data in Table 2 (see Fig. 4). It can be 
seen that it is the interface that is much more stressed 
under global pure internal pressure loading. Micro- 
cracks should be initiated first at the interface by shear 
stress. Neither microcracking initiated at voids nor 
debonding at the interface by normal stress should be 
observed, because they are in low-level compression. 
These conclusions agree very well with the damage 
micromechanism observations. l1 Apart from a few 
matrix cracks in the resin-rich zones, the first damage 
mechanism observed was delamination. No transverse 
cracking was noticed. In fact, in the case of 
filament-wound tubes, sliding at the interface is not 
possible owing to the structural constraint in this kind 
of tube. It can be observed only in the resin-rich zones 
and in the zones where the fibres are misaligned or 
discontinuous. This kind of damage (sliding at the 
interface), however, could reduce the shear modulus 
in a certain direction of the composite tubes. 

2.3.3 Composite tube under combined loading 
Figure 5 shows the influence of the u,,/uTee ratio on 
the local stress distribution. The maximum stress near 
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Tube under unit tensile loading (ozz = 1 MPa) 

f” = 0 f” = 0.1 

“’ fiber interfacial stress fiber interfacial stress 

normal: 0.642 normal: 0.699 

x’2 
x’3 

shear: 0.646 shear: 0.692 

void void 

at point A at point A 
oz2 = 1.185 022 = 1.291 

Fig. 3. Local stress fields in the internal ply and influence of the voids under pure tension loading expressed in local 
coordinates. 

voids and the normal interfacial stress increase as a 
function of (T,,/u~~. Interfacial shear stress, however, 
decreases until a certain ratio of uzz/uee and then 
increases. A change of the first damage initiation 
mechanism, from interfacial shear-stress-activated 
damage to cracking at porosity, takes place when the 
~zz/~Oe ratio increases. The exact value of this ratio 
depends on the local fracture criteria. It can also be 
seen that the average influence of the volume fraction 
of porosity (6) is very small. It becomes noticeable 
around the voids only for a very high cz,,/aee ratio. 

3 FAILURE PREDICTION OF A PLY BY 
MICROMECHANICAL MODELLING 

In the previous sections, we applied a mean-field 
(Mori-Tanaka) theory of micromechanics to deter- 
mine the elastic constants of each ply, the local 
average stress in different phases and the local stress 
fields at the interface and around the voids. In this 
section, we discuss the strength of a composite tube on 
the local scale, that is at the scale of the interface 
between matrix and fibre and the defects (voids) in a 
critically loaded ply. Three local failure modes are 
investigated which enable us to study the competition 
between different damage mechanisms and to 
determine the corresponding critical macroscopic 
loads. The three failure criteria employed here are 
based on experimental observations,” corresponding 
to three damage mechanisms: (a) microcrack 

initiation from cavities (porosity); (b) crack initiation 
at the interface of matrix and fibre by interfacial shear 
stress; and (c) transverse ply cracking initiated at the 
interface by interfacial normal stress. By using these 
three local damage criteria, it is possible to determine 
the corresponding macroscopic applied loads. The 
method can be explained as follows. Under a given 
combined macroscopic load, the stress fields in each 
ply (analytical or finite-element methods) can be 
determined; then both the stresses near the voids, and 
normal and shear stresses along the interface in each 
ply can be evaluated by means of micromechanical 
methods. Subsequently we compare these local 
stresses with corresponding critical values and 
determine in this manner the strength of the 
composite tube. The following local values are chosen: 
IT,, = 80 MPa, z, = 53.3 MPa; when the principle 
maximum stress near a void reaches 80 MPa, a crack 
will be initiated at this void; when the interfacial shear 
stress reaches 53.3 MPa, a crack will be initiated or 
sliding will take place at the interface; when the 
interfacial normal stress reaches 80MPa, a crack will 
be initiated at the interface by debonding. The choice 
of 80 MPa for (T,, was made after a uniaxial tensile 
test on pure resin specimens. The maximum value is 
considered as the fracture strength of the resin. There 
are no credible values for 7,. Most probably, a ratio 
smaller than 2 should be used for (T,,/z,: a value of 1.5 
was used in this investigation. 

For comparison, the microscope observation results 
are reported in Fig. 6(a).” Figure 6(b) shows the 
predicted results together with the experimental ones. 

Tube under pure internal pressure loading (p =lOMPa) 

f” = 0 f” = 0.1 

“’ fiber interfacial stress fiber interfacial stress 

normal: -3.9 normal: -4.3 

x’2 
x’3 

shear: 53.3 shear: 57.1 

void void 

at point A at point A 
022 = -14.0 0.22 = -14.9 

Fig. 4. Local stress fields in the internal ply and influence of the voids under pure internal pressure loading expressed in local 
coordinates. 
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cial shear stress 

Fig. 5. Local stress fields in the internal ply and influence of the voids under combined loading expressed in local coordinates. 

(a) i 
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Dt$ammatron, 0.2 
i 0 

I Failure f 
,.._.................................; ..,.,..........,....,.................; D&tminatiqn (I 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T.. . . . . . . . . . . . . . . . . . . . .%.* .r... 
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.oo 100 

belamination \ Delamination; 
i (tube lot A) i (tube lot 

- W 
200 - 300 400 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Fig. 6. (a) Stress envelope with damage mechanisms and failure modes for different uz,/u,, ratios.” (b) Comparison between 
the micromechanical modelling and the experimental results (filled symbols). 
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It can be seen that in an internal-pressure-dominated 
region, the results predicted by the micromechanical 
approach are again conservative. The explanation for 
such a difference is not evident since, from a 
mesoscopic point of view, the predicted results have 
the same tendency (conservative prediction for the 
internal-pressure-dominated region).13 

It should be mentioned that the delamination 
observed in this study is always of an inter-ply nature. 
It is not controlled directly by the stresses inside plies, 
but depends on the different deformation patterns 
inside two adjacent plies. As shown in Table 2,13 
strong in-plane shear stresses exist. They change sign 
when crossing the interface between two plies. This 
may be the origin of delamination, i.e. the 
incompatible shear strains between two plies. The thin 
resin layer between plies may be the preferred site for 
delamination initiation.“,” 

4 DISCUSSION 

4.1 Comparison with microscopical observations 
The general tendency predicted by the micromechani- 
cal model agrees well with micromechanism observa- 
tions presented in Part I” of this series of papers. The 
threshold stresses increase with increasing aZ,/uee 
ratio. In the case of tensile loading, the first damage 
mechanism was matrix cracking, the cracks initiating 
at the zones free of fibres or at the outer resin skin. 
The second damage mechanism observed was 
transverse cracking, being located mainly in the 
vicinity of the porosity, indicating the strong effect of 
porosity on the damage initiation. In the case of 
internal pressure loading, apart from a few matrix 
microcracks observed in the external resin layer, for a 
higher stress level, delamination initiated either from 
the intra-ply matrix cracking or from the inter-ply 
porosity. Whitening was also observed on the outer 
skin of the tubes although few damage traces were 
found over a large area of examination. 

According to the prediction of the micromechanical 
model, one should be able to observe, for a tensile 
test, cracks initiating at the porosity first for 
CT,, = 62 MPa. Some kind of interfacial failure due to 
interfacial shear stresses should also be visible for a 
higher stress level. 

In the case of internal pressure loading, interfacial 
sliding due to interfacial shear stresses would occur for 
ff 08 = 120 MPa. The explanation for the absence of 
this phenomenon in microscope observations on long 
tube specimens may reside in the constraint effect of 
symmetric filament-wound tubes. Sliding along the 
continuous fibres is either not possible or leaves no 
noticeable traces. This sliding might be also partially 
reversible owing to the viscous or elastic nature of the 
matrix. A special study is under progress at the 
moment which will help us to understand this 
phenomenon.” It can be concluded that this 
interfacial sliding occurred at a pre-polished free 

surface at about uee = -90 MPa in compression and 
(T 00 = 140 MPa in hoop tensile tests. This observation 
indicates that the choice of Z, = 53 MPa for the local 
interfacial fracture criterion is relatively correct. 

It should be also mentioned that observations of the 
fracture surfaces of the composite tubes revealed that 
the surfaces of pulled-out fibres were very smooth, 
indicating a relatively poor interfacial shear strength. 
This mechanism has little effect on the mechanical 
properties of the tube, being of very small scale and 
appearing not very frequently. 

By contrast, for combined loading with w,,/uee > 
1.9 another mechanism related to the interface failure 
is very detrimental to the composite tube behaviour, 
i.e. debonding by interfacial normal stress. The 
threshold stress is quite high and increases with 
(T;,/u~~ ratio. The average effect results in numerous 
microcracks (one crack for one fibre). A continuous 
path can easily be created by these cracks which leads 
to weeping. The stress-transfer capacity of the fibres 
and the tube integrity may or may not deteriorate. 
The macroscopic loading level should be kept below a 
certain value above which there is still a margin before 
the local stress fields reach this fracture criterion. 

A possible way of taking into account the effect of 
both of these two mechanisms is to reduce the 
corresponding modulus for each of them, i.e. reducing 
G, for interfacial shear stress damage and E3 for 
interfacial normal stress damage.13 

4.2 Effect of the choice of local criteria 
In this study, values of CT,, = 80 MPa and z, = 
53.3 MPa were used as the local critical strengths and 
the absence of coupling of T, and (T,, for the local 
fracture criteria. Physically, there would be some 
interaction effect between these two components, as in 
most cases. However, the experimental data are 
insufficient to qualify this. Asp et al.” concluded that 
uniaxial matrix strain to failure cannot generally be 
expected to correlate with initiation values of 
transverse strain to failure. Differences in the state of 
stress and the geometry of the problem will result in 
vastly different failure mechanisms. The poker-chip 
strains to failure in the primary loading direction were 
0.55O-8%, so the uniaxial stress state in composite 
matrices may therefore by itself be a sufficient 
explanation for low values of transverse composite 
strains to failure. Furthermore, an investigation of 
pressurised glass-fibre/polyester pipes provides an 
example of how transverse cracks form early in the 
deformation process of a composite structure.*” Onset 
of weepage due to transverse cracks occurred at 
transverse strains of about 0.2% whereas final failure 
occurred much later. By contrast, Piggott” has 
recently proposed that with polymers which have 
extended covalently bonded structures, molecular 
disruption in shear is as difficult as it is in tension, and 
may well be activated by tension instead of shear. 
Subsequently the failure process in shear tests is 
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almost certainly tension rather than shear. He then 
used a new model of fibre debonding from the matrix 
in a tensile failure fashion to explain the unusually 
high interfacial shear strengths in reinforced polymers. 

From a quantitative point of view, the mic- 
romechanical prediction gave higher threshold stresses 
for first damage initiation (transverse cracking) than 
observations in principally tensile loading regions. 
Two explanations could be given, one is that the value 
of crnc was not correctly chosen. The second may be 
that the stress state effect was not correctly 
represented by the micromechanical model theory. To 
improve this prediction, tests under a similar stress 
state should be performed in order to determine the 
critical values for c,, and 2,. Under internal pressure 
loading, only delamination was observed as a main 
damage mode at a stress level much higher than that 
for interfacial shear failure predicted by the 
micromechanical model. The plies are subjected to 3D 
loading with a very large in-plane shear stress, 
meaning shear along the fibre axis. This situation does 
not correspond to any known tests in the literature. 

Here, values of (T,, = 64 MPa and r, = 42 MPa” and 
the structural stress-state analysis results in Tables 1 
and 2 will be used. Higher fV = 0.15, and K,, = 1.2 are 
chosen to evaluate the influence of these parameters 
on the prediction. K,, will only affect the interface 
failure. Figure 7 depicts the predicted results using the 
new parameters. For tensile loading, the predicted 
stress for debonding at the interface by interfacial 
normal stress is very close to the experimental fracture 
strength. The stress corresponding to first damage 
initiation (being 50MPa), however, is still higher than 
the experimental values (about 30 MPa). 

4.3 Effect of the number and volume fraction of 
voids (porosity) 
The micromechanical model indicates that the average 
effect of an increase in the void volume fraction on 

the local stress field, proportionally increased, is small. 
A local mechanical effect of the porosity is the 
increase in the stress concentration at the interface. A 
complementary coefficient of stress concentration, K,,, 
should be introduced to take this effect into account, 
because the micromechanical model gives only an 
average effect. By a 2D finite-element calculation, it 
was found that for fv = 0.05 and a cubic distribution of 
fibres and porosity, K,, equals 1.2. This coefficient, 
larger than one, will still reduce the strength of the 
interface. The technical importance of this effect is 
that a void can affect the interface of fibres in its 
neighbourhood, showing again the detrimental effect 
of increasing the number of voids. 

In practice, a detrimental effect of porosity is to 
provide more nucleation sites for microcracks and 
then to reduce the length of the propagation path 
before their coalescence. To obtain a quantitative 
description, the concept of the representative defect is 
used.” The value of fv = 0.05 means having one void 
in the ply thickness direction within a circumferential 
distance of about 625 pm in the case of ideal 
distribution. The propagation distance is reduced to 
210 pm (half thickness). If fv increases to 0.1, there 
may be two voids in the thickness direction (in the 
worst case), the propagation distance becoming 
105 pm. From this point of view, a small size porosity 
of is more detrimental than a larger size one, for the 
same volume fraction. The present authors suggest a 
limit of fV below 0.05 in order to avoid any possible 
detrimental effect. 

In this study an aspect ratio of 15 was used for the 
porosity in the micromechanical modelling. The 
choice of this value is a result from an average over 
the microstructural analysis information. According to 
the microstructural analysis presented in Part 1,11 
some of the voids have an aspect ratio larger than 15. 
The porosity is less stressed with a smaller aspect 
ratio. This enhancing effect, however, is stabilised for 
an aspect ratio larger than 14. 

20-- interfacial failure due to shear stress 

I 
0 50 100 150 200 250 300 

0~~3 W’a) 

Fig. 7. Results predicted by the micromechanical model with new parameters. 
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5 CONCLUSIONS 

A micromechanical model based on the Mori-Tanaka 
theory has been formulated which enables the 
determination of the local stress fields at the interface 
and at the porosity in a critically loaded ply of the 
studied composite tube. The general tendency of the 
threshold stresses predicted by the micromechanical 
model agrees well with the micromechanism observa- 
tions presented in Part I” of this series of papers. The 

model can also provide useful information for 
correlating the microscale damage with the macro- 
scopic behaviour of the tubes under combined 

loading. The porosity volume fraction should be kept 
below 0.05 to avoid any detrimental effect. There still 

remains some work to be done in order to improve 
the local criteria and the choice of critical stress values 
used in them. 
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