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Abstract  

The crack propagation behavior of CFRP 
laminates reinforced with Zanchor, which is a novel 
out-of-plane reinforcement technique developed by 
Mitsubishi Heavy Industries and Shikibo, under the 
mode II loading was experimentally investigated to 
clear the toughening mechanism with Zanchor 
reinforcement. Experimental result demonstrated 
that the Zanchor process was remarkably effective 
for the improvement of mode II interlaminar fracture 
toughness of composite materials, where the fracture 
toughness proportionally increased with the 
Zanchor density. Moreover, broken traces of the 
fiber bundles oriented to the through-thickness 
direction were observed, whereas fiber bridgings 
could not be observed under mode II loading. 
Therefore, it was suggested that the key factor of the 
increase in mode II fracture toughness would be the 
breaking energy of the fiber bundles. 
 
 
1 Introduction 

Laminated composites with high specific 
stiffness and strength have been extensively used in 
many structural applications, spacecraft, aircraft, 
automobile, railway vehicle and so on, because of 
their advantageous characteristics compared with 
conventional engineering materials. However, the 
strength in the through-thickness direction is 
significantly smaller than that in the fiber direction. 
The delamination has been, therefore, considered as 
one of the most serious defect in composite 
structures. 

In order to overcome the defect, various 
techniques have been developed to improve the 
interlaminar strength of composite laminates, where 
the development of toughened matrix resins using 
thermoplastic resin etc. and out-of-plane 

reinforcement techniques using stitching [1] etc. was 
the matters of primary concern. However, since 
these techniques still have some problems on the 
productivity, manufacturing cost and so on, the 
development of techniques to improve the 
interlaminar strength efficiently and inexpensively 
has been expected. The Zanchor technique has been 
recently developed by Mitsubishi Heavy Industries 
and Shikibo [2] in order to meet such kinds of 
industrial needs. In the Zanchor process, in-plane 
fibers are entangled using special needles in the 
through-thickness direction as shown in Fig. 1. The 
interlaminar strength can be improved by using this 
technique without serious reduction of in-plane 
strength [3]or significant increase of manufacturing 
cost compared with the three-dimensional fabrics or 
stitching. Though another novel technique, so-called 
Z-pin [4], has been also developed for similar 
purpose to Zanchor, the performance of Z-pin has 
not been fully characterized yet [5-9]. 

Iwahori et al. [10] reported that the CAI 
(Compressive strength After Impact) performance of 
composite materials could be remarkably improved 
by Zanchor process. However, there are very few 
reports on the investigation of the Zanchor 
reinforced composites [11], which is more primitive 
 

 
Fig. 1.  Schematic of Zanchor technology 
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and well-defined parameter describing the damage 
tolerance of composite materials. In addition, the 
mechanisms of Zanchor reinforcement have not 
been sufficiently clarified yet. In the previous works, 
the authors have investigated the mode I and mode II 
fracture behavior of Zanchor reinforced CFRP 
laminates on the basis of fracture mechanics [12-18]. 
Especially, it is important to clarify the fracture 
characteristics under mode II loading, because it is 
closely related to the CAI performance, which is one 
of the most important properties for the selection of 
materials for aircraft. 

In this study, the behavior of crack propagation 
of Zanchor reinforced CFRP laminates under mode 
II loading was experimentally investigated to clear 
the toughening mechanism with Zanchor 
reinforcement. Moreover, the results obtained in this 
study were compared with the results under mode I 
loading [19]. 
 
2 Materials and Experimental Procedure 

2.1 Specimen Preparation 

Carbon-fiber/epoxy (Mitsubishi Rayon Co., 
MR60H/#172) composite panels of [0/90/90/0]s in 
stacking sequence (Fig. 2) were fabricated with a 
carbon fiber dry fabric through the RFI (Resin Film 
Infusion) process. Zanchor process was applied to 
the dry fabric preforms prior to the RFI process. The 
nominal thickness of the panels was 2.4 mm. A 50 
µm thick polyimide film was inserted at a part of 
midplane along the edge to introduce an artificial 
debonding. Three kinds of composite panels, Z1, Z2, 
Z4, of different Zanchor density, Z, were fabricated 
in order to study the effect of Zanchor density. 
Composite panels without Zanchor reinforcement, 
Z0, were also prepared for comparison. Z2 and Z4 
were twice and four times the Zanchor density of Z1, 
respectively. 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2.  Stacking sequence of the composite 

 
 

Fig. 3.  Schematic of ENF specimen 
 
 
2.2 Experimental Procedure 

Mode II fracture toughness tests were carried 
out using the three-point end notched flexure 
(3ENF) specimen as shown in Fig. 3 [20]. The 
bending span, 2L, width, b, and initial crack length, 
a0, of the specimen were 80 mm, 10 mm and 20 mm, 
respectively. Unidirectional CFRP plates of 0.6 mm 
thick were bonded on both sides of specimens for 
preventing flexural failure. 

The ENF tests were conducted under a 
displacement controlled condition with the 
displacement rate of 1 mm/min. At least three 
specimens were employed for each condition of 
Zanchor density.  

Mode II fracture toughness, GIIC, was 
calculated using the following equations [20]. 
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where PC is the critical load at the onset of crack 
growth, a0 and C0 are the initial crack length and 
load point compliance of the specimen. a1 and C1 are 
the crack length and load point compliance at P=PC. 
2.3 Microscopic Fracture Morphology 

In order to investigate the fracture morphology 
of specimens after mode II fracture toughness test, 
the cross-sectional observation with an optical 
microscope and the fracture surface observation with 
a scanning electron microscope were conducted. In 
the cross-sectional observation, the distance from the 
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end of crack after test, ξ, was defined as parameter 
to study the failure process of the specimens. 
 

3 Results and Discussion 

3.1 Load-Displacement Response 

Figure 4 shows the typical relationship 
between the load, P, and the displacement, δ, on the 
ENF fracture toughness test of the composite Z1. 
The broken line represents the gradient in the initial 
linear region. The open circle and the solid circle 
represent the nonlinear point, Pnl, and the maximum 
point, Pmax, respectively. As shown in the figure, the 
crack grew stably in fairly wide range from Pnl to 
Pmax, though the ENF test is theoretically an unstable 
fracture toughness test under displacement 
controlled condition. 

Figure 5 shows the typical relationship 
between the mode II fracture toughness, GIIC, and 
the crack extension, ∆a, i.e. crack resistance curve 
(R-curve), during the initial stage of crack extension. 
The open circle and the solid circle represent the 
nonlinear point, Pnl, and the maximum point, Pmax, in 
Fig. 4, respectively. As shown in the figure, the 
stable fracture region was 0<∆a<2 mm, where the 
mode II fracture toughness, GIIC, increased rapidly 
with crack extension. It almost agreed with unsteady 
area of Zanchor density derived from the 
manufacturing procedure of the specimen. 
3.2 Mode II Fracture Toughness 

Figure 6 shows the typical relationship 
between the mode II fracture toughness, GIIC, and 
the crack extension, ∆a. ●, □, △ and ◇ represent 
the results of the composites Z0, Z1, Z2 and Z4, 
respectively. As shown in the figure, the fracture 
toughness, GIIC, increased largely with increasing the 
Zanchor density, Z. In the case of the composite 
without Zanchor reinforcement, Z0, the fracture 
toughness, GIIC, was almost constant regardless of 
the crack extension, ∆a. On the other hand, in the 
case of the Zanchor reinforced composites Z1, Z2 
and Z4, the fracture toughness, GIIC, increased 
rapidly in the initial stable fracture region. 
Especially, on the composites Z1 and Z2, the 
fracture toughness, GIIC, was almost constant 
regardless of the crack extension, ∆a after the initial 
stable fracture region. On the composite Z4, the 
fracture toughness, GIIC, tended to increase gradually 
until ∆a=40 mm, and become constant after that. 
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Fig. 4.  Typical load-displacement relation  
at the first loading step (material; Z1). 
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Fig. 5.  Crack resistance curve (R-curve) of Zanchor 
reinforced composite during the initial stage  

of crack extension (material; Z1). 
 

In order to investigate more quantitatively the 
effect of Zanchor density on mode II fracture 
toughness, the relationship between the mode II 
fracture toughness, GIIC, and the Zanchor density, Z, 
parameterizing with the crack extension, ∆a, is 
shown in Fig. 7. ○, ●, △ and ▲ represent the 
fracture toughness, GIIC, at ∆a=0, 10, 20, 40 mm, 
respectively. As shown in the figure, the fracture 
toughness, GIIC, at ∆a=0 mm was about 0.5 kJ/m2 
regardless of the Zanchor density, Z. On the other 
hand, the fracture toughness, GIIC, after the initiation 
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Fig. 6.  Crack resistance curves (R-curve) of 
Zanchor reinforced composites. 
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Fig. 7.  Effect of Zanchor density on  
the mode II fracture toughness 

 
 
of crack propagation, ∆a>0 mm, increased 
proportionally with increasing the Zanchor density, 
Z. On the composite Z4, it slightly deviated from 
such proportional relationship owing to the 
delamination at 0/90 interface as described in the 
next section. 

The above results suggested that the mode II 
fracture toughness, GIIC, of composite materials 
could be improved effectively by the Zanchor 
process, where the mode II fracture toughness, GIIC, 
increased almost linearly with the Zanchor density, 
Z. In addition, the fracture toughness, GIIC, was 
almost constant regardless of the Zanchor density, Z, 

except for the very early stage of crack extension, 
∆a<2 mm, where the Zanchor density was unsteady. 
3.3 Mode II Fracture Morphology  

In order to understand the mode II fracture 
mechanism of Zanchor reinforced CFRP laminates 
in more detail, cross-section of specimen after mode 
II fracture toughness test was observed. Figures 8 
(a)-(d) show cross-sectional images for the 
composites Z0, Z1, Z2 and Z4 at ξ=10 mm, 
respectively. The cutting plane is perpendicular to 
the longitudinal direction of specimens and the crack 
growth direction is inward to the page as shown by 
the symbol. As shown in figures, the fracture surface 
was relatively smooth for composite Z0, and the 
roughness of the fracture surface increased with 
increasing the Zanchor density, Z. Especially, on Z4 
specimen, the crack path partially reached the 0/90 
interface, which would affect the deviating tendency 
of the composite Z4 as show in Fig. 7. Moreover, 
though a large number of fiber bridgings were 
observed in mode I specimens [19], no fiber 
bridgings were observed in mode II specimens 
regardless of Zanchor density. Similar tendency was 
also observed at other locations ξ=5, 20, 30 mm. 

Figure 9 shows photographs of mode II 
fracture surface with the scanning electron 
microscope. The crack growth direction is from left 
to right on the page as shown by the symbol. In 
 

 
 
 

Fig. 8.  Effect of Zanchor density on  
microscopic fracture morphology  

(distance from the end of crack; ξ=10 mm,  
crack growth direction; ⓧ). 
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(a) Tensile type 

 

 
(b) Compressive type 

 
Fig. 9.  Scanning electron micrographs  

of mode II fracture surface  
(crack growth direction;→). 

 
 

fracture surfaces of the composites Z1, Z2 and Z4, 
there were many broken traces of the fiber bundles 
oriented to the through-thickness direction by 
Zanchor process. They could be roughly classified 
into the tensile type (Fig. 9(a)) and the compressive 
type (Fig. 9(b)). For the tensile type, fibers were 
vertically broken to the direction of fiber orientation. 
On the other hand, for the compressive type, fibers 
were obliquely broken to the direction of fiber 
orientation, and fragments of the epoxy matrix 
remained around the broken bundles. 

In the mode I fracture toughness test, the 
fracture toughness, GIC, increased largely with 
increasing the crack extension, ∆a, in considerably 
wide region of ∆a<15 mm, and then increased 
gradually in the region of ∆a≥15 mm [19]. To the 
contrary, in the mode II fracture toughness test, the 
fracture toughness, GIIC, increased rapidly in the 

initial stable fracture region of ∆a<2 mm, and 
became almost constant after then. These results 
suggest that the key factor of the improvement of 
fracture toughness under the mode II loading will be 
the breaking energy of fiber bundles induced by the 
Zanchor process, whereas that under the mode I 
loading will be the energy consumption related to 
fiber bridgings. 

The above results suggested that the Zanchor 
process induced a large number of fiber bundles 
oriented to the through-thickness direction, resulting 
in the improvement of the mode II fracture 
toughness, GIIC, of composite laminates. In other 
words, the mechanisms of Zanchor reinforcement 
against mode II fracture, which was mainly the 
contribution of breaking energy of fiber bundles, 
would be fundamentally different from those against 
mode I fracture, which was mainly the contribution 
of energy consumption related to fiber bridgings.  

 
4 Conclusions 

In this study, the behavior of crack propagation 
of Zanchor reinforced CFRP laminates under mode 
II loading was experimentally investigated to clear 
the toughening mechanism with Zanchor 
reinforcement. Moreover, the results obtained in this 
study were compared with the results under mode I 
loading. The major results are summarized as 
follows; 

 
• The mode II fracture toughness of composite 

materials could be improved effectively by the 
Zanchor process, where the mode II fracture 
toughness increased almost linearly with the 
Zanchor density.  

• The fracture toughness was almost constant 
regardless of the Zanchor density except for the 
very early stage of crack extension, ∆a<2 mm, 
where the Zanchor density was unsteady. 

• The Zanchor process induced a large number of 
fiber bundles oriented to the through-thickness 
direction, resulting in the improvement of the 
mode II fracture toughness of composite 
laminates. 

• The mechanisms of Zanchor reinforcement 
against mode II fracture, which was mainly the 
contribution of breaking energy of fiber bundles, 
would be fundamentally different from those 
against mode I fracture, which was mainly the 
contribution of energy consumption related to 
fiber bridgings. 
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