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Abstract  
Model composite methods for evaluating Mode I and Mode II fiber/matrix interfacial fracture 
toughness was proposed, where thin glass fibers were bonded by resin. The diameter of fibers 
was from 10 to 15 μm. For Mode I test, the fracture toughness tests were conducted by using 
model composite specimens, those were consisted of two parallel fibers, or four parallel 
fibers arranged in square. The fracture toughness, Gc, obtained by using the 4-fibers model 
composite was higher than the interfacial fracture toughness, Gi, obtained from the 2-fibers 
model composite. Using the values of Gc and Gi, and the fraction of the fracture surface 
generated by the fiber/resin debonding in the 4-fibers model composites, the resin fracture 
toughness in FRP was estimated on the basis of the rule of mixture. For Mode II tests, the 
fracture toughness tests were conducted by using Double Shear type model composite method, 
using 3-fibers, was proposed. By this method, Mode II interfacial fracture toughness could be 
evaluated, however, it depended on the resin length because of the large scale yielding at the 
crack tip. 

 
 

1 Introduction  
Recently, meso mechanical analysis was proposed to evaluate the crack propagation behavior 
of fiber-reinforced plastics (FRP) [1]. In this method, the macroscopic crack propagation in 
FRP was evaluated from the microscopic fracture process, like fiber/matrix interfacial 
cracking and matrix fracture [2-4], and found that the crack propagation behavior in FRP is 
strongly affected by the fiber/matrix interfacial debonding behavior [5, 6], while a little 
studies have been conducted on the fiber/matrix interfacial fracture toughness without 
accompanying resin fracture [7-10].  Koiwa et al. proposed a model composite method to 
evaluate fiber/matrix interfacial fracture toughness and matrix toughness in FRP by using two 
or four glass fibers from 200 to 400 μm in diameter; those were bonded by resin [9].  To 
evaluate the fiber/matrix interfacial fracture toughness and matrix toughness of actual FRP, 
the model composite method should be applied to thin fibers with diameter about 10 μm. 
In the present study, the interfacial fracture toughness under different loading modes was 
evaluated by using glass fibers of 10 to 15 μm in diameters; those were the Double Cantilever 
Beam (DCB) method for Mode I, which was consisted of two fibers, and novel method called 
Double Shear method for Mode II, which was consisted of three fibers. To evaluate the matrix 
toughness in FRP in Mode I, test was also conducted by using model composite which was 
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consisted of four parallel glass fibers arranged in square.  
 
2 Material and experimental procedure 
2.1 Model composite specimen 
Schematics of crack in FRP and model composite are shown in Figure 1. Crack propagation in 
bulk FRP is often along the interface between fiber and in the matrix resin associated with 
resin fracture as shown in Figure 1 (a).  Figure 1 (b) illustrates model composite that is 
proposed to essentialize the fiber/matrix interfacial crack propagation behavior in bulk FRP.  
In the model composite, crack can propagate along the fiber/matrix interface without resin 
fracture.  Figure 1 (c) shows another type model composite to evaluate the resin matrix 
toughness of FRP.  In this model, crack propagates along the fiber/matrix interface and in the 
matrix. 
In the present study, E-glass fibers of 10 to 15 μm in diameters, whose surface was treated by 
acrylic-silane, were employed. Surface treatments were conducted for the glass fibers by 
using 3-methacryloxy-propyl trimethoxysilane coupling (re-treated fiber) for reinforcing 
interface strength. Unsaturated polyester resin was employed for the matrix. Cobalt 
naphthenate (0.3 mass%) was employed as an accelerator, and Methyl ethyl ketone (2 mass%) 
was used as a hardener.  
Schematics of the model composite are shown in Figure 2 (a) and (b), and the scanning 
electron micrograph of the model composite is shown in Figure 2 (c).  The region where the 
fibers were not bonded with the resin was assumed to be an initial crack.  
The fiber distance of the 2-fibers model and the 4-fibers model, δ, was about 3 μm and about 
5 μm, respectively, as shown in Figure 2 (c). The central angle of fibers for the bonding 
region, 2θ, which is defined in Figure 2 (a), was from 60 to 120 degrees. 
2.2 In-situ testing system 
Mode I and Mode II in-situ tests were carried out with a special low-load-capacity tensile and 
compression testing machine which was installed in an inverted microscope. Figure 3 shows a 
schematic of the testing system. 
2.3 Mode I and Mode II Interface fracture test method 
Mode I tests were carried out by using DCB specimens.  In Mode I test, force was applied 
through metal wires with diameter of 80 μm, which was bonded to fibers of the model 

 
Figure 1. FRP and model composites. 

 
Figure 2. 2-fibers and 4-fibers model composites.
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composite as shown in Figure 4 (a).  The crack length, a, was from 120 to 950 μm, which was 
defined as the distance between the edge of bonding and the center line of the metal wire.  
Mode II tests were carried out by using Double Shear specimen, as shown in Figure 4 (b).  In 
this method, three parallel fibers were bonded by resin.  Ligament length, L, fibers distance, s, 
crack lengths, a and b were as follows, L: 70-301 μm, s: 3.2-9.0 μm, a:  638-4530 μm,  and b: 
1640-4305 μm.   
 
3 Experimental results and discussion 
3.1 Mode I DCB test 
3.1.1 Crack propagation behavior 
Figure 5 shows the relation between applied-force and displacement for the 2-fibers and the 4-
fibers DCB model composite specimens. As shown in Figure 5 (a), applied force-
displacement curve of the 2-fibers model was linear before the crack initiation, and the 
unstable crack propagation took place just after the crack initiation because unsaturated 
polyester resin is brittle. As shown in Figure 5 (b), applied force and displacement curve of 
the 4-fibers model shows the same behavior as the 2-fibers model. Then, in case of Mode I 
test, the small-scale yielding condition must have been satisfied until the crack initiation. 
3.1.2 Relationship between crack length and compliance 
Figure 6 shows optical micrographs of deformed fibers around the loading points of the 2-
fibers model composite, where the crack tips are located to the left of the photographs. 
Since the fibers were not rotate with loading, the loading points are considered not to be 
simply supported, and bending moment must have been applied to the specimen through the 
loading rod.  Figure 7 shows a schematic of the deformation of Mode I specimen, where 
Figure 7 (b) shows a model of the present study. Assuming that the loading points were not 
rotate, the value of compliance λ=∂δ/∂P is given by the following equations, 
 

 

Figure 3. Schematic of Mode I and 
Mode II testing system. 

(a) Mode I specimen (b) Mode II specimen 

Figure 4. Mode I and Mode II model composite specimen. 

 

Figure 5. Applied force – displacement curve of Mode I test. 
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where E and D are Young’s modulus (72.5GPa) and the diameter of glass fibers, respectively. 
I is the geometrical moment of inertia of fibers, which is πD/64 for the 2-fibers model and 
πD/32 for the 4-fibers model, respectively. In case of Figure 7 (a), the compliance is given by 
the following equations, 
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Figure 8 shows the relationship between the crack length, a, and the compliance, λ. The 
results can be expressed as follows, 
 

( )1 3

0 1a D D= α + α λ  (3) 
 

where α0 and α1 are constants independent of the diameter and the surface treatment of fibers. 
The gradient of experimental results is close to that given by Equation (1), but it is much 
higher than that derived from Equation (2). This result indicates that Mode I specimen of 
present specimen was following Equation (1) in either case of the 2-fibers model and the 4-
fibers model. 
3.1.3Mode I interfacial fracture toughness 

 
Figure 6. Deformation of Mode I specimen (2-fibers model, a=384 μm). 

 
Figure 7. Schematic of deformation of Mode I specimen. 

Figure 8. Relation between crack length and cube root of compliance. 
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Figure 9 (a) and (b) show the scanning electron micrograph of fracture surface around the 
initial crack tips, where the upper and the lower figures are pairs of the fracture surfaces at the 
same specimen, and arrows in the figure indicate the crack propagation direction. Figure 9 (a) 
shows the fracture surface of the 2-fibers model. In the upper-side figure, there is no resin on 
the fracture surface, while it exists on the fiber as shown in the lower-side figure. It means 
that the crack propagated along the interface between fiber and resin in the 2-fibers model 
composite. 
Figure 9 (b) shows that the crack propagation in the 4-fibers model composite was a 
combination of the interfacial debonding and the resin fracture as schematically shown in 
Figure 9 (c), where the fracture surface in the resin region was rough, and a micro crack is 
observed as shown by an arrow in Figure 9 (b). 
The energy release rate, G, was calculated from the change of the compliance with the crack 
length, a, and given from Equation (3) as follows, 
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      (4)  

 
where P is the applied-force, 2θ is the width of the bonding (see Figure 2). B is fracture 
surface area per unit length in the longitudinal direction of the fiber. In case of the 2-fibers 
model, B=Dθ . On the other hand, in case of the 4-fibers model, B is consisted of fracture 
length of interface fracture region, D1θ1+ D2θ2 , and projected the length of the resin fracture 
perpendicular to the loading direction, Lm, then B=D1θ1+ D2θ2 +Lm (see Figure 9 (c)). 
Figure 10 shows the fracture toughness of the model composites, where the value of Gi for the 
2-fibers model composite shows the pure interfacial fracture toughness of fiber/resin, and the 
value of Gc for the 4-fibers model composite is considered to represent the value for the actual 
FRP. Figure 10 (a) shows that the average value of the Mode I interface fracture toughness, Gi, 
was 31 J/m2, while Figure 10 (b) show that the fracture toughness of actual FRP, Gc, was 93 
J/m2. These results indicate that the energy dissipation of the crack propagation in the actual 
FRP is much higher than that of the interfacial fracture.  
By employing the value of the fracture toughness obtained by the 4-fibers model, Gc, and 
interfacial fracture toughness obtained by the 2-fibers model, Gi, and the fraction of fracture 
surface generated by the fiber/matrix debonding obtained by the 4-fibers model composites, 
the value of resin fracture toughness in FRP, Gm, was estimated on the basis of the rule of 
mixture by the following equation, 
 

( )c i i m i1G G G= γ + − γ       (5) 
 
where γi  is the fraction of the fracture surface area of the interfacial fracture, which was given 

     

Figure 9. Fracture surface of Mode I specimen. 
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by γi =(D1θ1+ D2θ2)/ (D1θ1+ D2θ2 +Lm),  where the experimentally obtained average value of 
γi was 0.69. The estimated value of Gm was shown in Table 1. The average of Gm is 233 J/m2, 
which is much higher than the interfacial fracture toughness, Gi. This result leads that the 
macroscopic crack propagation of FRP tends to propagate along the interface before in resin. 
The fracture toughness of resin, which was measured by using C(T) specimen made of 
unsaturated polyester with the width W of 24.8 mm, and the thickness B of 12.4 mm, was 150 
J/m2.  This value is smaller than the value of Gm estimated by the model composites. Plastic 
deformation behavior of the resin around the crack tip may have been affected by fiber. 
Generation of micro cracks and the roughness of the fracture surface in the 4-fibers model 
composite also may have been responsible for the discrepancy because the fracture surface of 
C(T) specimen was mirror like flat plane. 
3.2Mode II Double Shear test 
3.2.1 Crack propagation behavior 
Mode II interface fracture test were conducted by the Double Shear test.  Figure 11 shows the 
example of the applied force-displacement relationship, where it is nonlinear in the vicinity of 
maximum force point because of the plastic deformation and/or the unstable crack growth.  
Figure 12 shows the scanning electron micrograph of the fracture surface around the initial 
crack tip.  On the surface of the outer fiber, no resin was attached, while it is found on the 
surface of the center fiber.  It means that the crack propagated along the interface between the 

 

Figure 11. Applied force - displacement curve of 
Double Shear test. 

Figure 12. Fracture surface of specimen (outer 
fiber/matrix interface. 

Figure 10. Fracture toughness plotted against diameter of fiber. 

Table 1. Average value of fracture toughness and fracture surface ratio. 
 Model composite Unreinforced resin 
Interfacial fracture toughness, Gi (J/m2) 31 ― 
Fracture toughness of 4-fibers model, Gc (J/m2) 93 ― 
Fracture surface ratio of fiber/matrix debonding, γi 0.69 ― 
Estimated fracture toughness of matrix resin, Gm (J/m2) 233 150 
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outer fiber and the resin.  
3.2.2 Energy release rate of Double Shear specimen 
In the Double Shear test, the axial tensile force was applied to the fibers, and the shearing 
force was applied to the resin.  In the present Double Shear model composite, the lengths of 
fibers were much longer than the lengths of bonded resin region, then, the shearing 
deformation of the resin is considered to be much smaller than the fiber elongation.  By 
neglecting the effect of the shearing deformation, the energy release rate of the specimen was 
given by the following procedures. 
From the simplified model of the Double Shear specimen as shown in Figure 13, the strain 
energy of the model composite is given by 
 

 iiiiii UUUU ++=    (6) 
 

where Ui, Uii, and Uiii are the strain energy of regions (i), (ii) and (iii), and given by 
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where E is Young’s modulus of glass fiber (72.5GPa), and D is the diameter of fibers. Then, 
the energy release rates at the crack tips A and B are given by the following equations, 
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 Since the value of GA is higher than that of GB, cracks are considered to usually initiate the at 
crack tip A.  This is consistent with the experimental results. 
3.2.3 Mode II interface fracture toughness 
As shown in Figure 14, the interfacial fracture toughness obtained by the Double Shear tests 
depended on the ligament size, L.  It may have come from the large scale yielding; then, the 
elastic-plastic fracture mechanics approach should be conducted. 
 
4 Conclusions 
New test methods using model composites, Double Cantilever Beam (DCB) for Mode I and 
Double Shear specimens for Mode II, were proposed, and the following results were obtained. 
(1) In Mode I test of the model composites consisted of two or four fibers and unsaturated 

polyester resin, the interfacial fracture toughness, Gi, and the fracture toughness of FRP, 
Gc, which included matrix toughness, could be evaluated, and the value of Gc was three 

Figure 13. Simplified model of 
Double Shear specimen. 

Figure 14. Relation between interface fracture 
toughness and ligament length. 
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times higher than the value of Gi because of the high energy dissipation by the matrix 
fracture. 

(2) By employing the values of Gi, Gc, and the fracture surface ratio of fiber/matrix 
debonding in the 4-fibers model composites, the matrix fracture toughness in FRP, Gm, 
was estimated on the basis of the rule of mixture. The estimated value of Gm was higher 
than that of the bulk unsaturated polyester.  It may have been be responsible to the high 
roughness of the fracture surfaces in FRP, and the difference in resin deformation behavior 
between bulk resin and FRP. 

(3) In Mode II test, new test method “Double Shear” by using 3-fibers model composite was 
proposed.  In this test, however, valid fracture toughness value could not be obtained from 
the linear elastic fracture mechanics.  To evaluate the valid Mode II fracture toughness, 
non-linear fracture mechanics approach should be developed. 
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