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ABSTRACT 

Fiber-bridging behavior has been studied for stress-corrosion cracking (SCC) of Polymer matrix composites 
(PMCs). It has been believed so far that the fiber-bridging depends on an interaction between the matrix cracking 
and the interfacial debonding. Particularly we measured a relationship between the fiber-bridging phenomena and 
degradation of both a matrix and an interface. Thus effect of water absorption and diffusion on the fiber-bridging 
were estimated with direct measurements of a crack tip. A limited number of fibers were embedded in a matrix to 
facilitate the direct measurements of microscopical failures such as interfacial debonding during a crack 
propagation. Conventional tests for a measurement of fracture toughness were difficult to obtain stable 
crack-propagation for brittle materials. In this study, Double Cleavage Drilled Compression test was conducted for 
a specimen to be bridged partially by fibers. Two types of matrices were prepared to compare on diffusivity of the 
water, one is Epoxy, and the other is Vinylester. The specimens were immersed in the water at 60� for a range of 
time from 0 to 672 hours just before conducting DCDC test. As a result, a critical energy release rate of a matrix, 
Gmat decreased with increase of weight change due to the water absorption. An energy release rate of bridged 
crack-propagation, Gbri was also obtained. It was confirmed that Gbri exceeded Gmat. Finally we calculated bridging 
stress σt and ∆G that was defined as ∆G=Gbri� Gmat, substituting the interfacial debonding length and the interfacial 
debonding energy from a micromechanics perspective. Results of the calculation showed that increase of the 
interfacial debonding length influences to improve the effect of the fiber-bridging. 
 

 

1. Introduction 
Stress-corrosion cracking (SCC) of Polymer Matrix Composites (PMCs) reinforced by 
glass-fibers has been studied by many researchers [1-5], because the PMCs have been used for 
applications in some hostile environments due to their good environmental resistance and their 
high specific strength and stiffness. However it is well known that E-glass fibers in the matrix 
are corroded in acidic environments. In our laboratory, studies on SCC of PMCs have been 
reported in the last decade [5]. In the studies, increase in an acid corrosion resistance of a 
C-glass/Vinylester composite (C/VE) was confirmed compared with an E-glass/Vinylester 
composite (E/VE). Subsequently, microscopic observations showed that there was no effect of 
acid on fracture surface of C/VE, because fracture surface of the C-glass fibers showed that 
brittle fracture occurred. It was found that the SCC of the PMCs depended on acid resistance 
properties of fibers. Although the effect of acid decreased in C/VE, the results also showed that 
the water-diffusion affected the SCC of the PMCs. SCC caused by the water is extremely 
important, because the water is a common environmental factor. 
Therefore we performed a model examination to investigate an interaction between mechanical 
fracture and degradation by the water. Previously we measured an interaction between 
interfacial degradation and the water-diffusion by a fragmentation test [6]. As a result, it was 



clearly indicated that the water diffusion affected the interfacial degradation.  
To consider the SCC of the PMC from a fracture-mechanics perspective, a key factor is a 
relationship between each material’s toughness. If the interface is weak enough for the matrix 
crack to be deflected along the interface, the fibers remain intact and bridge on crack plane, thus 
the composite can be tough. Therefore the crack-propagation behavior at the interface is critical 
to toughening in composites. Fiber-bridging is well known to be the key factor for obtaining the 
enhanced toughness and it has been investigated both theoretically and experimentally by many 
researchers to measure the magnitude of toughness enhanced by bridging. On the bridging, 
Fuller et. al. measured effect of a single fiber on the fiber-bridging behavior by DCDC test 
measuring change of stress intensity factor [7, 8]. Sun et. al., measured stress on the 
fiber-bridging by direct measurements of interfacial debonding lengths [9]. Xu et. al. estimated 
effect of the fiber-bridging on a critical energy release rate theoretically [10]. 
In this study, we investigated effect of the water on an interaction crack-propagation with 
embedded fibers. Therefore we have performed the DCDC test to measure degradation of a 
critical energy release rate of the Gmat as a function of water uptake. Subsequently Degradation 
of effect of the fibers caused by the water on the crack-propagation was also measured. We 
prepared a model specimen to be bridged partially on the crack plane. Additionally, we have 
done direct measurements of the interfacial debonding using the interfacial degradation data to 
estimate stress in a fiber at the crack plane and toughening effect by a fiber from a 
micromechanics perspective.  
 
2. Experiment 
2.1 DCDC test 
It is difficult to observe a crack tip directly using a laminate as the specimen for measurements 
of matrix cracking, fiber failure and interfacial debonding. Therefore we have prepared a 
specimen, fibers of which bridged partially on the crack plane, although a commercial 
composite has fibers continually on the crack plane. Conventional testing method for a 
measurement of fracture toughness was not proper for the specimen, because the fiber volume 
fraction of the specimen was extremely low to obtain stable crack-propagation. In contrast, 
DCDC test is an easy testing method to evaluate fracture toughness of brittle materials. The 
DCDC test was considered by Jennsen and many following authors to measure toughness of 
brittle materials [7, 8, 11-13]. Especially, Fuller et. al. investigated an interaction between a 
single fiber and crack-propagation in a CMC by the DCDC test. Therefore, we modified the 
DCDC test for an experiment of a PMC to obtain stable crack-propagation and measured 
interfacial debonding lengths by in-situ direct observation of a crack tip.  
 
2.2 Experiment procedure 
Fig.1 shows geometry and dimensions of DCDC test specimen in this work. We prepared two 
types of specimens. The Epoxy and Vinylester were used as the matrices, and ECR-glass fibers 
as the reinforcement were embedded in the matrices. It is well known that C-glass fibers that 



were used in past studies, are common for an acid resistant reinforcement. In this study, the 
ECR-glass fibers are employed, because they show the same mechanical properties with the 
E-glass fibers and are almost equal to the C-glass fibers regarding the acid resistance. The 
number of ECR-glass fibers was about 300. Furthermore silane-coupling agent was used on the 
ECR-glass surface.  
Table1 shows mechanical properties of each constituent prepared for specimens. Fibers were 
located as shown in Fig.2 and they were embedded to be perpendicular to a crack-propagation 
direction. To estimate effect of the water-diffusion, we immersed specimens in purity the water 
at 60� for a range of time from 0 to 672 hours just before conducting the DCDC test. All tests 
were performed under displacement control. The interfacial debonding was accompanied with 
the matrix cracking, so that the debonding length was measured in-situ using photographing 
and video recording methods without unloading the specimen. The crack-propagation during 
the DCDC test was directly observed from the direction that was parallel to the crack plane. The 
crack tip shape was also observed and photographed.  
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Fig.1 Specimen geometry of DCDC test. 
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Table1 Mechanical properties of materials. 

 Reinforcement Matrix 

Material ECR-glass fiber Vinyl ester Epoxy 

Young’s modulus 78 GPa 3.6 GPa 4.0 GPa 

Poisson’s ratio 0.15 0.30 0.30 

 

3. Results and discussion 
3.1 Matrix cracking behavior 
Specimens were immersed in the water at 60�. During immersion, we periodically weighed the 
specimens and recorded the amount of the water uptake as a function of time. Fig.2 shows the 
amount of the water uptake as a function of immersion time for both the Epoxy and the 
Vinylester specimen. The percent weight gain was calculated as 
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where Wwet is the weight of the wet specimen and Wdry is the weight of the dry specimen. 
The time to reach saturation level was 20 hours0.5 for the Vinylester. For the Epoxy, weight 
change did not reach saturation level in the time range of this work.  
During the DCDC test, it was confirmed that the crack propagated stably, in other words, the 

qualify crack-propagation properties, an energy release rate, G, at the crack tip was calculated. 

crack-propagation velocity was controlled by the cross-head speed of the testing machine. To 
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We obtained G by Eq. (2) with an assump ode I. The KI tion that a crack propagated under only m
is described as KI=f(c/r) cσ , where c is the crack length and r is the radius of the drilled hole 
of the DCDC specimen,  is a geometry function of the specimen geometry. We defined the 
crack length at a mid-point of the crack plane through a thickness as the crack tip. Because a 
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Fig.2 Water absorption rate as a function of root of 
immersion time for Vinylester and Epoxy. 
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Fig.3 Critical energy release rate of matrix and water absorption rate as a 
function of root of immersion time for Vinylester and Epoxy. 



stress intensity factor at a crack tip is fracture toughness that is material constant during the 
stable crack-propagation, we can obtain the f(c/r) by a relationship between the applied stress 
and the crack length, Therefore we obtained fracture toughness of the Vinylester by Double 
Torsion (DT) test and the result of the DT test showed the fracture toughness, 
KIC=0.87 mMPa . Finally, on the basis of a relationship between the σapp, the c and the KIC, the 
f(c/r) is described as follows, 

 
f(c/r) = -0.0580 (c/r) 3 +0.3129 (c/r) 2-0.5860 (c/r)+0.4627.   

 ≤      /75.0( )2≤ rc   
 

(3) 

ig.3 shows a relationship between the immersion time and Gmat. An energy release rate of a 

.2 Bridging effect 
 the fiber-bridging, the crack tip showed a 

release rate nylester are shown in Fig.6. 

F
matrix, Gmat, of the Epoxy was larger than one of the Vinylester when they were intact. As 
increasing the water uptake, Gmat of The Epoxy decreased. Because The Epoxy was not 
saturated with the water, the Gmat of The Epoxy kept decreasing. It was clear that there existed a 
crossing point of the energy release rate in this experiment. Decreasing properties of the energy 
release rate were concerned with the amount of the water uptake for each matrix. We found that 
the water absorption reduced fracture toughness of a polymer.  
 
3
In a model specimen to do a direct observation of
bowing behavior when a crack tip reached the fiber position, subsequently the crack was 
bridged by intact fibers. Two types of crack tip shapes were shown in Fig.4. Fig.4 (a) shows a 
typical bowing shape, (b) shows a typical bridging-shape. The bridging fibers failed after a 
crack length extended. The regions where both the bowing and the bridging were observed, are 
shown in Fig.5 and 6. Furthermore we calculated applied energy release rates Gbri using the 
same equations with Gmat. The crack-tip was defined as the edge of fiber bundle (the origin of x 
axis shown in Fig.4) when bowing behavior was observed. When bridging behavior was 
observed, the crack-tip was defined as a crack tip similarly to a matrix crack tip. The energy 
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The horizontal axes in both figures are the distance from fiber location. The origin of the 
distance is the edge of fiber bundle as shown in Fig.4 (a) and (b). Fig.7 shows Gmat and Gbri as a 
function of the immersion time. Reduction of Gbri was similar to one of Gmat. Because the 
Epoxy was not saturated with the water, Gbri decreased similarly to Gmat. When the 
fiber-bridging was observed, we considered Gbri was described as Gbri = Gmat + ∆G. Here, ∆G is 
a term of the fiber-bridging effect. On the basis of the result of the Vinylester, it is predicted that 
the interfacial debonding length caused the increase of bridging effect. It was found that the 
interfacial debonding influenced crack-arrest by the fiber-bridging effectively. To consider the 
effect, we considered the relationship between the interfacial debonding and the fiber-bridging. 
 

 

. Increase of toughness 
ecimen bridged through the crack planes partially. The experimental 

the micromechanics. Fu d using the distributions. 

4
Longitudinal fibers in a sp
phenomena are verified on the basis of a micromechanics-point of view. Therefore we 
calculated fiber-stress distributions on the crack plane to consider the bridging effect based on 

The stress was obtained with an assumption that the stress caused the interfacial debonding 

Fig.5 Energy release rate of Bridged 
crack-propagation of Epoxy as a function of 
distance from fiber location. 

Fig.6 Energy release rate of Bridged 
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Fig.7 Critical energy release rate of matrix and bridged 
specimen as a function of root of immersion time. 

rthermore the bridging effect ∆G was obtaine



observed by direct measurements and the stress on the crack surface acted as traction to prevent 
crack-opening. With the stress on the crack surface, we determined the ∆G as work done by the 
bridging fiber. An actual PMC has fibers continuously, thus the crack would be bridged on 
whole crack surface. It was predicted that some of the fibers would fail with increase of a matrix 
crack length. The fiber failure required to be described with a failure probability function [14]. 
Therefore, effect of the fiber-bridging based on micromechanics, ∆Gthe would be described 
theoretically as follows; 
 

∫= (12V∆G − uuq)σ )d(tfthe      (4) 

 
where σt is the fiber-stress on the crack surface, q is the failure probability function, u is a half of 

e crack opening displacement. The σt is considered with micromechanics. The th
micromechanism of the fiber/matrix interfacial debonding/sliding has been studied 
theoretically by many researchers. These models were also experimentally examined recently 
by Sun and Singh [9]. In the model, the σt is described as follows; 
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where rf is the radius of a fiber, τf is the interf
modulus of a fiber and one of a matrix respectively, Vf, Vm is the volume fraction of a fiber and 
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Here Vf is determined as 2% fro Pa. 
The rf of the ECR-glass fiber is 12.25µm. Subsequently the failure probability function is 

m a observation of the crack plane and τf is assumed as 5M

described as, 
 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

+
−= +

+
1

t

1

f

df
t

f00

f 2
)1(

exp1 m
m

m r
L

mL
rq σ

τ
σ

τσ
.  (8) 

 
where m and σ0 is a weibull parameter respectively. We substituted m=4.7, σ0=2400MPa and 

0=25mm. They were determined by tension test of the ECR-glass fiber. Using these equations, L
we can obtain bridging-stress with a debonding length and corresponding interfacial debonding 
energy, Γd. In early study, values of the Γd data in early study in ECR-glass/Vinylester 
specimens by the fragmentation tests were taken. Therefore following calculations are 



conducted for the DCDC specimen which of a matrix is the Vinylester. In the early study, we 
obtained a relationship between the immersion time in the water and the Γd. The result of the 
fragmentation test is shown in Fig.8. This figure shows a relationship between Γd and 
immersion time ti and a relationship between moisture-concentration at fiber/matrix interface in 
a specimen of the fragmentation test and ti. Because the specimen geometry of the DCDC test 
was different from one of the fragmentation test, a distribution of moisture-concentration in a 
matrix also differs from previous test. We assumed that decrease of Γd was obtained as a 
function of the moisture-concentration before a matrix was saturated with the water. Thus, we 
approximately described the moisture-concentration with the previous fragmentation test as a 
function of the immersion time. On the basis of the function, we obtained Γd distribution as a 
function of the moisture-concentration. And a relationship between the moisture-concentration 
distribution and the immersion time in the DCDC specimen was obtained by conducting a 
Fickian analysis. A diffusion constant was determined as 6.0 × 10-6 mm2/sec from the 
relationship between the water uptake and the immersion time. Consequently, a relationship 
between the Γd and the immersion time is described approximately as follows;  
 

Γd=� 0.00339ti
3+0.0194ti

2-2.41ti+432     (9) 

An  the 
terfacial debonding length Ld during the DCDC test was observed as shown in Fig.10. A 

 
d a relationship between Γd and moisture-concentration is shown in Fig.9. And 

in
magnitude of the Ld was taken as half of the length of the white band in Fig.10. The relationship 
between the Ld and fiber location, ξ, is shown in Fig.11. We performed the observations when 
the crack length was 6mm. In the Figure, the origin of the ξ and the direction are shown in 
Fig.10. By substituting the values of the Γd and the Ld at each immersion time, we calculated σt 
at the DCDC test. On the basis of the σt, we obtained ∆Gthe and Gbri’= Gmat + ∆Gthe as shown in 
Fig.12. We found that Gbri’ increased after 7� 9 hours0.5 of root of the immersion time. This 
result shows the increasing the immersion time causes effect of crack-arrest, because energy 

Fig.8 Interfacial debonding energy obtained
by fragmentation test as a function of root 
of immersion time and corresponding 
moisture-concentration. 
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Fig.9 Interfacial debonding energy obtained by 
DCDC test as a function of root of immersion time 
and corresponding moisture-concentration. 



that was stored in bridging-fiber increases due to the interfacial degradation and debonding 
behavior. 
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 interfacia Fig.11 Interfacial debonding length as a 
function of location. 
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5. CONCLUSION 

 was found that decrease of the critical energy release rate of a matrix, Gmat, depended on the 
ration level of the water uptake of the Epoxy was higher than one of the 

ith conducting the DCDC test. Change of bridging effect caused by 

It
water uptake. A satu
Vinylester. Additionally, the decrease of Gmat of the Vinylester converged relatively early. 
Therefore, although the Gmat of the Epoxy was larger than one of the Vinylester at an early stage 
of the immersion time in the water, finally the Vinylester exceeds the Epoxy at the saturation 
level of the water uptake. 
An interaction between bridging-fibers and the interfacial debonding on crack-propagation of 
the matrix was measured w
water absorption was confirmed experimentally. Especially the change of bridging effect was 
estimated theoretically on the Vinylester matrix specimen. In Vinylester it was found that 
bridging effect recovered although it was vanished once. And the bridging effect was calculated 
based on micromechanics with the measurements of interfacial debonding. Results of the 



calculation also showed that the toughening obtained by the bridging changed similarly to the 
results of the experiment. 
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