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Abstract

The compressive fracture aspect for the thick quasi-isotropic carbon fiber re-

inforced plastic (CFRP) laminates was investigated using a high-speed cam-

era to clarify the progress of the brooming fracture. The compressive fracture

types of the laminates could be classified into two groups, i.e., the fractures

initiating from the innermost 0◦ ply and those initiating from the fixed sec-

tions of the specimen. The standard deviation of the compressive strength

for the innermost 0◦ ply-initiated fracture type was larger than that for the

fixed-section fracture type, although the average compressive strengths for

each fracture mode were similar. The initial fracture in the innermost 0◦

ply was caused by the microbuckling of the fibers. The numerical results

demonstrated a considerable out-of-plane shear stress around the free edges

of the specimen, especially for the innermost 0◦ ply. Such a shear stress is

thought to cause the microbuckling at the innermost 0◦ ply, with the crack
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subsequently propagating toward the outer plies of the specimen. The com-

pressive strength of the innermost 0◦ ply was an important factor affecting

the fracture behavior of the thick quasi-isotropic CFRP laminates.

Keywords: A. Carbon fibres, A. Polymer-matrix composites (PMCs), B.

Fracture, B. Strength, High-speed images

1. Introduction

Carbon fiber reinforced plastics (CFRPs) are increasingly used in primary

parts of aeronautical and aerospace structures. Material tests and compo-

nent structural tests of composite structures are required and performed in

aircraft-development programs. CFRPs exhibit a complex fracture behavior,

including transverse cracks, interlaminar delamination, and fiber breaking. In

particular, the compressive strength in the fiber direction is approximately

30–40% lower than the tensile strength owing to the microbuckling of the

fibers [1, 2]. It is important to clarify the fracture process of CFRPs and its

mechanism in the coupon-specimen scale, especially for compressive fracture,

from the viewpoint of safety design of CFRP structures.

The previous studies regarding the compressive fracture of CFRPs were

primarily focused on the kink band fracture. This is the typical compressive

fracture mode for unidirectional CFRP laminates subjected to compressive

loads in the fiber direction. The kink band fracture is caused by local buck-

ling of the fibers. The shear yielding of the matrix resin occurs at first due to

an initial fiber misalignment. Subsequently, the microbuckling of the fibers

occurs because the restriction of the fiber’s bending deformation is weakened,

which is followed by the final fracture of the CFRP laminates. Therefore, the
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nonlinear behavior of the matrix resin under shear loads and initial misalign-

ment angles of the fibers are considered to affect the compressive strength of

the CFRP laminates significantly. Some well-known theoretical criteria for

the compressive strength of the CFRP laminates exist; e.g., the kink band

model [1] and the microbuckling model [2]. Furthermore, advanced or com-

bined compressive fracture models based on these criteria have been proposed

[3, 4, 5, 6]. In recent years, quantification methods for fiber misalignment in

the CFRP laminates [7, 8, 9, 10, 11] have been proposed as visualization and

image processing technologies advance. Further improvements in the pre-

diction of the compressive strength of the CFRP laminates can be expected

using these modeling methods, which are based on actual laminates.

However, thin laminates were targeted in the studies mentioned above

and knowledge of the compressive fracture behavior of thick CFRP lami-

nates is still insufficient [12, 13]. Thick quasi-isotropic CFRP laminates are

generally used in actual structures. It is extremely important to estimate

the ultimate strength of CFRP structures accurately, especially in the safety

design of aircraft, owing to severe design limitations. However, evaluating

the compressive fracture behavior is difficult because both the compressive

strength and the fracture mechanism change depending on the thickness of

the laminates. It is well known that various fracture modes can occur for

the quasi-isotropic CFRP laminates. In particular, a characteristic fracture

aspect as shown in Fig. 1, which is known as “brooming fracture,” can be

observed for the thick quasi-isotropic CFRP laminates subjected to a com-

pressive load [13, 14]. Few investigations for the brooming fracture based on

experimental or analytical results have been reported. Therefore, evaluat-
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ing the compressive strength and determining the fracture mechanism of the

thick quasi-isotropic CFRP laminates are highly demanded in the aerospace

industry.

It is crucial to observe the fracture process of the laminates in detail to

better understand the mechanism of compressive fracture. It is well known

that premature and catastrophic fractures occur during compressive tests of

CFRP laminates; the fracture process of the CFRP laminates has been in-

vestigated primarily based on fractography. The dominant fracture modes in

each fractured area can be surmised from the results of fractography. Typi-

cal fracture surfaces of the CFRP laminates under tensile, compressive, shear

and bending loads have been reported [15, 16, 17, 18, 19]. Jumahat et al.

observed a bending fracture surface at the kink band and calculated the kink

band angle as β = 10◦–25◦ from the lateral surface observation [3]. Although

the fracture starting point and fracture process in the laminates are diffi-

cult to estimate, it was proposed that the origin of the compressive fracture

tended to occur at the free edges of the specimen because the restriction of

the fiber’s deformation by the matrix was weakened [20]. In addition, the

in-situ observations of kink band generation using X-ray computed tomogra-

phy and the special-shaped specimens have been performed in recent years

[21, 22], and it has been reported that the kink band originated from one side

of the free edges of the specimen and subsequently propagated toward the

inside. Therefore, the compressive fracture process of the CFRP laminates

can be discussed broadly by observing the occurrence and the propagation

of the fracture at the free edges of the specimen.

Meanwhile, the compressive tests of CFRP laminates are inherently dif-
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ficult. Buckling and end fracture of the specimen often occur in the com-

pressive tests using coupon specimens. To avoid these difficulties, various

standard tests have been proposed for the compressive tests of the CFRP

laminates. The standard compressive tests can be classified broadly into two

groups depending on the compressive loading method used on the specimen.

One is the shear-loading compression method, for example, ASTM D3410

(ITTRI method) [23], which induces a compressive load onto the specimen

through a shear load at fixed areas of the specimen. The other is the end-

loading compression method, for example, SRM 1R-94 [24] and ASTM D695

[25], which induces a compressive load through the specimen ends directly.

In addition, the combined-loading compression method, which is a combi-

nation of the shear- and end-loading methods, such as ASTM D6641 (CLC

method) [26] and NAL-II method [27], has been proposed as well. The fix-

tures used in these standard tests involve large support rods or sleeves to

prevent the specimen from buckling. Thus, it is difficult to capture the im-

ages of the compressive fracture process during these tests because most of

the specimen is covered by the fixtures.

In the present study, the fracture aspect of the CFRP laminates under

compressive tests was investigated using a high-speed camera to clarify the

progress of the brooming fracture. The 64-ply quasi-isotropic CFRP spec-

imens were evaluated in the present study. For the compressive tests, an

alternative compressive test fixture was developed enabling the capture of

high-speed images. From the captured images, the fracture types of the

specimens were classified; thereafter the initiation and progress of compres-

sive fracture were considered. In addition, the dominant aspect regarding
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the origin of the brooming fracture is discussed based on the observations of

fractured surfaces and the numerical considerations obtained using a finite

element method (FEM).

2. Experimental procedure

2.1. CFRP specimen

The carbon fiber/epoxy unidirectional CFRP prepregs T800S/#3900-2B

(Toray Industries, Inc.) were used in this study. The 64-ply quasi-isotropic

CFRP laminates [45◦/0◦/−45◦/90◦]8S, where S denotes the symmetry of the

stacking sequence of the laminate, were made in an autoclave. The average

thickness of the specimens was 12.35 mm. The laminates were cut into

100-mm long and 25-mm wide as indicated in Fig. 2. In Fig. 2, the X-, Y -

, and Z-directions coincide with the longitudinal, transverse, and thickness

directions of the specimen, respectively. 0◦ of the fiber orientation was defined

relative to the X-direction of the specimen. Biaxial strain gages were glued

at the centers of both sides of the specimen.

2.2. Testing method

The schematics of the uniaxial compressive test is shown in Fig. 3. The

250-kN universal material testing machine INSTRON 5985 was used. The

cross-head rate was specified to 1.0 mm/min based on JIS K7076 standard.

The original compressive test fixture shown in Fig. 4 was used to capture

high-speed images of compressive fracture of the specimen. The test fixture

was developed referring to the NAL-II test fixture [27]. The upper side of

the fixture can only slide in the loading direction, thereby restricting the
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bending deformation of the specimen. The specimen is fixed by the retainers

and a compressive load is applied through both ends of the specimen, which

is the same as the NAL-II test fixture. The fixed sections were 35-mm areas

of the top and bottom of the specimen and the gage length was 30 mm. The

fastening torque of bolts was set as 3.0 N·m to avoid specimen fracture at

the fixed sections. In addition, lubricant was applied on the fixed sections

to reduce friction. From the results, it was confirmed that the similar stress-

strain curves and compressive strengths can be obtained when comparing the

original test fixture used in this study with the NAL-II test fixture.

The fracture process of the quasi-isotropic CFRP specimen during the

compressive test was observed using the Hyper Vision HPV-X (Shimadzu

Corp.) high-speed camera. The time interval for the high-speed imaging was

set as 8 µsec. The number of frames was 256 and therefore the total imaging

time was 2040 µsec. The image size was 400 × 250 pixels. In addition, the

metal-halide lamp HVC-SL (Photron Ltd.) and white cardboard were used

as a light source and a reflector, respectively. In this study, an aluminum

ribbon was used to generate the trigger signal for the high-speed camera

when catastrophic fracture occurred in the specimen (Fig. 3) [28]. Electric

current flowed to the aluminum ribbon and the trigger signal was generated

by cutting the ribbon.

3. Experimental results and discussion

3.1. Uniaxial compressive tests

The representative stress-strain curves of the 64-ply quasi-isotropic CFRP

specimen obtained from the uniaxial compressive tests are shown in Fig. 5.
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Here, the compressive stress and strain are indicated with a negative sign.

The legends, FX, FY, BX, and BY, coincide with the strain gages shown in

Fig. 2. The longitudinal compressive and transverse tensile strains increase

as the compressive load increases and nonlinear behavior is exhibited in the

high compressive-stress region.

The averages and standard deviations of the Young’s modulus, compres-

sive strength, and fracture strain of the 64-ply quasi-isotropic CFRP speci-

mens obtained from 44 specimens are shown in Table 1. Here, Yokozeki et

al. performed the uniaxial compressive tests of the unidirectional and quasi-

isotropic CFRP laminates based on a modified SRM 1R-94 standard; they

reported that the averaged compressive strength and fracture strain of the

16-ply quasi-isotropic laminates made of the same T800S/#3900-2B prepregs

were 669 MPa and 1.68, respectively [6]. Although the compressive strength

of the CFRP laminates varies depending on the compressive test methods, it

has been reported that the compressive strength of the quasi-isotropic CFRP

laminates obtained by SRM 1R-94 standard is similar to that obtained by

NAL-II method [27]. Therefore, it can be considered that the compressive

strength and fracture strain of the quasi-isotropic CFRP laminates tend to

decrease as the number of plies increases.

3.2. High-speed imaging of compressive fracture

The compressive fracture process of the quasi-isotropic CFRP specimen

was analyzed based on the results of high-speed imaging. The high-speed

imaging of the compressive fracture was successful in 23 samples among 44

specimens. From the captured images, the compressive fracture types of the

quasi-isotropic CFRP specimen can be classified as follows:
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Type-A: pure innermost 0◦ ply-initiated fracture type The initial frac-

ture occurred at the innermost 0◦ ply of the specimen and propagated

in the thickness direction.

Type-B: innermost 0◦ ply-initiated fracture type The initial failure oc-

curred at the outer plies of the specimen, but the final fracture was

triggered by a fracture on the innermost 0◦ ply of the specimen.

Type-C: fixed-section fracture type The initial fracture occurred at the

outer plies and formed the originating point for the specimen entire

fracture.

The histories of these fracture types obtained from the high-speed images

are shown in Figs. 6-8. In these figures, 0 µsec is set as the time when the

initial fracture of the laminate is observed in the captured images.

In the type-A fracture (Fig. 6), the initial compressive fracture occurred

at the innermost 0◦ ply of the specimen and propagated along the loading

direction (X-direction). Next, the outer plies began to bend and fracture

with fibers breaking and interlaminar delamination occurred in the thickness

direction (Z-direction) on one side of the specimen. Subsequently, the frac-

ture propagated to the other side of the specimen. Finally, the specimen was

fractured completely and a compressive load reduced significantly.

In the type-B fracture (Fig. 7), the initial compressive failure was ob-

served at the outer plies of the specimen around the fixed sections and a

compressive load decreased slightly. This was caused by the stress concen-

tration owing to the restriction in deformation by the fixture. However, the

final fracture of the specimen was initiated from micro damage at the inner-
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most 0◦ ply and the trigger signal was generated. Subsequently, a similar

process to the type-A fracture was observed, but the total time from the

occurrence of the initial failure at the outer plies to the final fracture was

longer than that of the type-A fracture.

By contrast, for the type-C fracture (Fig. 8), the initial fracture occurred

at the outer plies of one side of the specimen; subsequently, fracture with

fibers breaking propagated from the outer to the inner plies of the specimen.

From the experimental results and the high-speed images, the averages

and standard deviations of Young’s modulus, compressive strength, and frac-

ture strain for each compressive fracture type are listed in Table 2. The (pure)

innermost 0◦ ply-initiated fracture type (type-A and type-B fractures) con-

stituted a large percentage of the total number of specimens. In particular,

the standard deviation of the compressive strength for the innermost 0◦ ply-

initiated fracture type was larger than that for the fixed-section fracture type

although the average compressive strengths for each fracture type were simi-

lar. This suggests that the compressive strength of the innermost 0◦ ply is an

important factor affecting the fracture behavior of the thick quasi-isotropic

CFRP laminates.

3.3. Fracture surface observation

As shown in the high-speed images, the primary origin of the compressive

fracture of the quasi-isotropic CFRP laminates was the micro damage of the

innermost 0◦ ply of the specimen. The fractured specimen was observed

using an optical microscope VHX-600 (Keyence Corp.) to investigate the

mechanism of the initial fracture in the 0◦ ply. Fig. 9 shows the micrography

around the initial fracture area in the free edge of the specimen. As shown in
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Fig. 9(a), numerous fiber fracture in the 0◦ ply and interlaminar delamination

can be observed. In addition, the initial fracture surface of the 0◦ ply is

slanted against a horizontal plane as shown in Fig. 9(b), similar to the kink

band fracture.

The initial fracture surface was observed using a scanning electron micro-

scope (SEM) JSM-6010PLUS/LV (JEOL Ltd.), as shown in Fig. 10. In Fig.

10, the vertical direction of the figures coincides with the thickness direction

of the specimen. The characteristic fracture surface of the fibers, comprising

of clearly divided rough and smooth areas, can be observed, as shown in

Fig. 10. This is the typical fracture surface generated by the microbuckling

of the fibers. Fig. 11 is the schematic diagram of the relation between the

series of the shear kinking and the generated fracture surface of the fibers.

It has been reported that the microbuckling of the fibers occurs owing to an

initial imperfection of the fiber orientation and shear deformation under a

compressive load in the fiber direction [3]. As shown in Fig. 11(b), bending

deformation occurs owing to the shear stress. Subsequently, the kink band

failure and the tensile crack proceed from the compressive and tensile region

on the surface of the fibers. Consequently, the smooth and rough fracture

surfaces are generated by the compressive and tensile stresses. Therefore,

the initial fracture of the 0◦ ply is the microbuckling of the fibers caused by

the bending deformation in the thickness direction of the specimen.

3.4. FE analysis of shear stress distribution in 0◦ ply

As mentioned in the previous subsection, it was revealed that the origin

of the compressive fracture of the quasi-isotropic CFRP specimen was the

microbuckling in the 0◦ ply, which was due to shear deformation. The high-
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speed images exhibited that such an initial fracture often occurred in the

innermost 0◦ ply of the specimen. Therefore, the shear stress distribution

in the 0◦ ply on the free edge was investigated using finite element (FE)

analysis.

The FE model is shown in Fig. 12. In the model, the half area of

the specimen in the thickness direction is considered because the stacking

sequence is symmetric. The length, width, and thickness of the model are

100.0, 25.0, and 6.4, respectively, and each ply is divided by one layer of

elements with the thickness of 0.2. The model is discretized into eight-node

first-order isoparametric elements and the numbers of nodes and elements

are 38115 and 34560, respectively. The elastic moduli of T800S/#3900-

2B unidirectional CFRP laminates are shown in Table 3 [29]. Here, the

subscripts L and T indicate the fiber longitudinal and transverse directions

of the unidirectional laminates, and the L–T plane was rotated to correspond

with the fiber longitudinal direction of each ply. The nodal displacement in

the X-direction is −0.5 (0.5% compressive strain) at the upper surface and

that of the lower surface is specified to zero. In addition, the Z-direction

displacement is fixed at the surface of symmetry, i.e., the mid-plane of the

specimen, and the fixed sections in the other surface.

The distributions of the out-of-plane shear stress τZX at the free edge

(Y = 25.0) and the center (Y = 12.5) at the gage section of the specimen

are indicated in Fig. 13. Here, it is noted that the stress distributions are

qualitative because the effects of stress singularity and plastic deformation

around the interlaminar areas are neglected. As shown in the figures, a

considerable shear stress occurs at the free edge of the specimen while the
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stress is almost zero at the internal area. The numerical results obtained in

this study agree with the previous studies in that the microbuckling tends to

occur around the free edges of the specimen [20, 21, 22]. Fig. 14 shows the

variation of the shear stress τZX in the 0◦ plies at the center of the free edge.

The shear stress increases by approximately 20% at the innermost 0◦ ply

compared with the other 0◦ plies. This is the primary reason why the initial

fracture in the 0◦ ply tends to occur near the mid-plane of the specimen.

Therefore, the series of compressive fracture mechanisms of the thick

quasi-isotropic CFRP laminates was clarified. The out-of-plane shear stress

occurred in the 0◦ ply of the quasi-isotropic CFRP laminates subjected to

a compressive load. Such a shear stress increased at the innermost 0◦ ply

and caused the initial fracture, which was the microbuckling of the fibers, at

the innermost 0◦ ply of the specimen. Subsequently, a crack was generated

from the initial fracture and propagated to the outer plies on one side of the

specimen. Furthermore, the other side of the specimen began to fracture and

finally the specimen fractured completely.

4. Conclusion

In the present study, the compressive fracture aspect for the thick quasi-

isotropic CFRP laminates was investigated using a high-speed camera to

clarify the progress of the brooming fracture. For the compressive tests, the

alternative test fixture was developed to capture high-speed images. From

the captured images, the fracture types of the 64-ply quasi-isotropic CFRP

specimen were classified broadly into two groups based on the initial fracture

points, the innermost 0◦ ply or the fixed sections of the specimen. The stan-
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dard deviation of the compressive strength for the innermost 0◦ ply-initiated

fracture type was larger than that for the fixed-section fracture type although

the average compressive strengths for each fracture type were similar. Frac-

tography confirmed that the initial fracture of the innermost 0◦ ply was due

to the microbuckling of the fibers. An FE analysis was performed to inves-

tigate the stress distribution on the 0◦ plies of the specimen. The numerical

results demonstrated a considerable out-of-plane shear stress around the free

edges of the specimen, especially for the innermost 0◦ ply. Such a shear

stress is thought to cause the microbuckling at the innermost 0◦ ply. There-

after, the generated crack propagated to the outer plies on one side of the

specimen, followed by propagating on the other side until the specimen was

completely fractured. Therefore, the compressive strength of the innermost

0◦ ply was an important factor affecting the fracture behavior of the thick

quasi-isotropic CFRP laminates.
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Table 1: Young’s modulus, compressive strength and fracture strain of 64-ply quasi-

isotropic CFRP specimens.

Number of specimens 44

Young’s modulus [GPa] 52.6 (1.2)

Compressive strength [MPa] 605.6 (27.1)

Fracture strain [%] 1.30 (0.09)

( ) indicates standard deviation

Table 2: Fracture types related to Young’s modulus, compressive strength and fracture

strain of 64-ply quasi-isotropic CFRP specimens.

Type-A Type-B Type-C

Number of specimens 1 16 6

Young’s modulus [GPa] 51.9 (–) 53.1 (1.5) 51.7 (0.4)

Compressive strength [MPa] 599.6 (–) 601.4 (31.9) 612.3 (16.1)

Fracture strain [%] 1.35 (–) 1.27 (0.10) 1.30 (0.10)

( ) indicates standard deviation
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Table 3: Elastic moduli of T800S/#3900-2B unidirectional CFRP laminates [29].

Young’s modulus EL [GPa] 153.0

ET [GPa] 8.0

Shear modulus GLT [GPa] 4.03

Poisson’s ratio νLT 0.34

νTT 0.45
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Figure 1: Brooming fracture mode for quasi-isotropic CFRP laminates under compressive

load.
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Figure 2: Specimen geometry for compressive tests.

Figure 3: Compressive test system.

Figure 4: Compressive test fixture; (a) front and (b) side views.
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Figure 5: Representative stress-strain curves of quasi-isotropic CFRP specimen.
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Figure 6: History of type-A compressive fracture.
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Figure 7: History of type-B compressive fracture.
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Figure 8: History of type-C compressive fracture.
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Figure 9: Optical microscope images after compressive fracture (a) at free edge of specimen

and (b) around initial fracture surface.
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Figure 10: SEM image of initial fracture surface in 0◦ ply under compressive load.

Figure 11: Schematic diagram of relation between shear kinking and fracture surface of

carbon fiber.
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Figure 12: FE model for 64-ply quasi-isotropic CFRP specimen.
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Figure 13: Distribution of shear stress τZX ; (a) free edge (Y = 25.0) and (b) center

(Y = 12.5) at gage section of specimen.

Figure 14: Distribution of shear stress τZX in 0◦ plies at free edge of specimen.
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