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Abstract: A new compression test fixture was designed in the present work to study the damage
tolerance of composite laminates with surface cracks or notches. The compression failure behaviors of
CCF300/5228A quasi-isotropic composite laminates with prefabricated surface cracks were studied
experimentally. Through the size design of the test fixture and specimens and an application of
a simple test method, the complex crack growth process was captured. The experimental results
showed that the compression failure modes were mainly affected by crack angles and depths, and
there were two typical failure modes, which were local intra- and inter-laminar damage propagating
from the crack tips and delamination growth induced from the crack leading edge. This study verified
the validity of the test fixture and test method, and revealed the compression failure mechanisms of
composite laminates with surface cracks.

Keywords: damage tolerance; composite laminates; surface cracks; crack propagation; compres-

sion failure

1. Introduction

With the wide application of composite materials in wind turbine blades, aircraft
structures, and large civil structures, the damage tolerance and durability of composite
materials have become key issues to be considered in structural design [1-3]. On the one
hand, the compressive strength of composites (including fiber tows and unidirectional
laminates) is significantly lower than the tensile strength, and the structural buckling
induced by the compression load will lead to premature failure of the structure. On
the other hand, different from tensile failure of composite laminates with notches and
cracks, the formation and extrusion of fracture surface and the local failure of the material
due to contact stress in the compression process are more complex. Therefore, it is of
important engineering significance to study the damage propagation and failure behaviors
of composites with notches and cracks under compressive loading.

There have been many experimental studies on the compression failure of compos-
ite materials, among which compression after impact (CAI) based on ASTM D7137 [4]
standard is a typical test. The compressive strength of laminates with impact damage can
decrease significantly, and the CAI failure is mainly caused by sublaminate buckling and
the propagation of severe local damage (fiber breakage or even the penetrated hole) [5-9].
Compared with the impact damage, the failure of laminates with circular notches is mainly
affected by stress concentration and many scholars have conducted research on the damage
initiation and propagation of notched laminates [10-14]. When it comes to a slender notch,
the stress concentration becomes higher, making intra- and inter-laminar damage initiate
relatively earlier from the notch tip [15-17]. In engineering, a large slender notch that
serves a single skin bay and a central stiffener is often used to conservatively address the
wide range of possible large damage scenarios [18,19]. Compared with slender notches,
real cracks have much higher stress concentration effects due to the sharp crack tips. Matrix
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cracks [20], delamination cracks, and fiber failure cracks are three common crack types
in laminates, and cracks related to matrix properties generally propagate between fibers
because it requires a high energy release rate to cut off the fibers and propagate. For fiber
failure crack, some scholars used the local high stress at the intra-laminar crack tips in
unidirectional laminates to study the compression failure behaviors of fibers [21,22]. For a
multi-crack problem, Xu et al. [23] performed a detailed numerical study to understand
the damage development at the crack tips of quasi-isotropic laminates. They found the
complete failure of laminates did not occur at the time fiber breakage initiated but occurred
after a period of progressive fiber breakage in 0° fibers within the damage zone.

Surface crack is a kind of local damage and can be considered notch-like damage
that does not penetrate the laminate through the thickness. Its concept comes from the
scratch on the structure surface in engineering and most of them are generally 1 or 2 plies
deep. For slight scratches, researchers mainly focus on the formation mechanisms and
characterization parameters of them [24-26]. Under axial tensile load, even 2-ply deep
scratches can significantly affect the crack initiation response occurring early in the loading
regime of the specimen. A deep scratch will have a significant influence on the strength and
failure behaviors of composites by causing a discontinuity in the load bearing plies [27].
The scratch tip (the crack front or the leading edge of the crack in the present study) location
within the stacking sequence is a dominant factor for tension load capacity, and it can result
in undesirable bending and torsion deformations, further triggering the delamination [28].
Due to the crack passing through the width direction of the test piece in their research, the
crack tip propagation in plane was ignored. For composite laminates, the study of dynamic
inter- and intra- crack propagation is mainly based on numerical simulation [29-31]. There
is a correlation between the damage of composite laminates and the intra-crack propagation,
especially when in-plane shear nonlinearity and plastic damage are considered. Russell [32]
proposed a fracture mechanics-based residual strength model for composite laminates
with surface or partial thickness damage under tension (or compression). Due to the
complex damage forms not being considered, the application scope of this method is
limited. Arikan [33] investigated the failure behavior of composite pipes with surface
cracks and the dependence of the burst strengths on the crack angle. In theory, his study
corresponds to the failure of composite laminates with surface crack under biaxial tensile
loading, and the results showed that crack growth started with delamination.

At present, research on laminates with surface cracks mainly focuses on crack propa-
gation (delamination crack) under the tensile load. Little research focuses on the surface
crack with sharp crack front and crack tip propagation under the compressive load, as
shown in Figure 1. The surface crack has a crack leading edge along the laminate thickness
direction, and the crack leading edge may propagate preferentially between plies; mean-
while, due to the constraint of the main laminate on the crack tip of the sublaminate, the
crack propagation and the extrusion of crack surface have complex mechanical behaviors.
However, there is a lack of testing methods for the compression of laminates with surface
cracks, especially at the material level. In this paper, a new compression test fixture was
designed based on the test fixtures used in ASTM D7137 and ASTM D695 [34] standards.
An efficient test method was proposed to conduct a study on the compression failure of
CCF300/5228A quasi-isotropic laminates with prefabricated surface cracks. The validity of
the test method was verified, while the crack growth and damage propagation of laminates
with different cracks were studied.
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Figure 1. The schematic diagram of the surface crack.

2. Compression Fixture

Figure 2a shows the designed test fixture based on the loading and constraint condi-
tions of ASTM D7137 and ASTM D695. The fixture mainly consisted of five parts: (1) an
L-shaped main support, (2) two clamp blocks, (3) a top assembly, (4) a top clamp block,
and (5) a bottom plate. Two clamp blocks were connected with the L-shaped main support
through six M9 bolts and the specimen was clamped by the clamp blocks with a tightening
torque of 0.25 N-m (finger tightening). Three M6 bolts were used to clamp the loading end
of the specimen through a top clamp block. A bottom plate was placed under the specimen
to protect the L-shaped main support from being crushed. The boundary condition of
the specimen was similar to the fixed boundary condition, which can restrain the global
buckling of the laminate (pre-numerical analysis showed that the fixture could keep a
2 mm thick quasi-isotropic laminate from buckling under 12,000 pe). Moreover, in order
to observe the damage propagation during compression, there was a 40 mm x 40 mm
opening in the clamp plate. Figure 2b shows the main dimension parameters of the fixture.
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Figure 2. (a) The schematic diagram of the compression fixture and (b) main dimension parameters of the fixture.

The acceptance criterion of specimen failure mode was that failure occurred in the test
section or the complete propagation of prefabricated crack occurred before the end failure
of the specimen.
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3. Experiment
3.1. Specimens

The specimens were 100 mm x 50 mm x 4 mm quasi-isotropic laminates. They were
made of CCF300/5228A carbon fiber/epoxy resin unidirectional prepreg with a thickness
of 0.125 mm. The elastic parameters of the material were Eq; = 138 GPa, Ex; = 9.04 GPa,
v12 = 0.307, and Gy = 3.476 GPa [35]. Figure 3 shows the schematic diagram of the prefab-
ricated crack. A circular saw with a cone angle of about 30° was used to prefabricate the
surface cracks. There are three geometric parameters of each crack, which are crack length
[, depth d, and angle «.

Specimen

Testarea
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¢ Surface

i Crack q

Crack leading

................................ edge
Load Crack tip
direction

B-B view

Cutting radius ¢=20°~45°

"

\ Depth:d
)
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B-B view A-Aview
Length:/

Figure 3. The schematic diagram of the prefabricated crack.

In the present work, the minimum and maximum crack length were close to 2k (i, the
specimen thickness) and w/2 (w, the specimen width), respectively, in order to prefabricate
enough damage and capture the crack tip propagation. The depth of the crack was about
0.2h-0.6h. A relatively high crack depth was used, which can prevent the failure of the
specimen end. Three typical values of crack angles (0°, 45°, and 90°) were taken from the
range of 0°-90°. The test matrix is shown in Table 1. Specimens were divided into nine
groups according to different crack lengths and depths, and each group contained three
specimens with crack angles of 0°, 45°, and 90°, respectively labeled as #1, #2, and #3.

Table 1. The test matrix for laminates with prefabricated surface cracks.

Specimen I (mm) d (mm) « (°)
51-1~3 10 0.8 0, 45,90
S2-1~3 18 0.8 (shallow) 0,45, 90
S3-1~3 26 0.8 0, 45,90
54-1~3 10 1.6 0, 45,90
S5-1~3 18 1.6 (medium) 0, 45,90
S6-1~3 26 1.6 0, 45,90
S7-1~3 10 24 0, 45,90
S8-1~3 18 24 (deep) 0, 45,90

59-1~3 26 24 0, 45,90
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After the crack prefabrication, non-destructive inspection was performed to evaluate
whether there was unexpected damage induced into the laminates. Figure 4 shows the
C-scan results of all specimens. It can be seen that for each specimen, there was no damage
other than the prefabricated crack.

Parameter:depth

R
Parameter:length

S4-2 S2 S3 S4 S5 86 S7 S8 S9

Figure 4. C-scan results of all specimens after crack prefabrication.

3.2. Experiment Method
3.2.1. Experiment Equipment

As shown in Figure 5, the compression test was carried out on an electronic static
testing machine (WDW-200E) (Time Shijin Testing Machine Corp., Ltd., Jinan, China) with a
maximum load of 200 kN. The axial load was applied by displacement control with a rate v
of 1 mm/min. To reduce the influence of test system nonlinearity on the load-displacement
curve, each specimen was preloaded to 10 kN to eliminate the internal clearance, and then
unloaded to 2 kN (Fj) as the initial test state.

Figure 5. The setup for the compression test of laminates.

Crack observation equipment was used to capture the crack propagation of the speci-
mens in the compression process, and the sampling interval At was set to 0.5 s. By starting
the loading and observation equipment at the same time, the corresponding relationship
between the loading displacement and the recorded frame could be obtained. After the
test, the strain corresponding to different recorded frames was calculated by an equivalent
compression strain method.
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3.2.2. Equivalent Compression Strain Method

Since the specimen was loaded by a constant displacement rate, the strain increment
Ae between two adjacent frames was constant. Under the linear elasticity assumption,
the stress increment could also be considered constant. However, taking into account the
influence of material nonlinearity and damage on the compression stiffness of the laminate,
the stress increment between the two frames would change. Therefore, Ae was a better
choice to evaluate the equivalent strain level corresponding to the crack growth. The
expression of the equivalent compression strain is written as:

g, =¢0+ (i—1)Ae (1)

where i is the frame number, ¢; is the equivalent compression strain corresponding to i,
and gy is the compression strain at the initial test state. According to the classical laminate
theory, the strain € of a symmetric laminate under the axial load can be calculated as
(ignoring the bending effect that may be introduced during compression):

e=A"IN ()
where A is the in-plane stiffness matrix of the laminate and N is the in-plane loading matrix.

3.3. Determination of €y and Ae

Figure 6 shows the load-displacement curves of S1-2 and S1-3. The curves increased
linearly up to about 70 kN and then nonlinearity appeared at high loads. Since the curves
were quite consistent, the load-displacement curve of S1-2 was taken as an example to
illustrate the calculation of the equivalent compressive strain.
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Figure 6. Compression load-displacement curves of specimens with shallow cracks.

The load increment k for each frame could be calculated as k = AF/AN = 0.512kN,
where AN = As/(vAt). Then, based on the classical laminate theory, the strain incre-
ment between two adjacent frames could be obtained as Ae = 49.6ue. Further, gy was
also obtained as ¢y = FyAe/k = 194pe. Finally, the equivalent compression strain was
expressed as:

g =194 +49.6(i — 1)ue ©)]

For S1-2, complete crack propagation occurred at the 207th frame, and thus the
corresponding strain was 10,412 ue, indicating that the failure strain of the specimen with
a shallow 45° crack was quite high.

4. Results and Discussion
4.1. Compression Failure of Specimens with 0° Cracks
Figure 7 shows the C-scan results of specimens with 0° shallow surface cracks. For

S3-1, a large area of split delamination (the blue region) and end crushing (the white region)
were observed, while no damage propagation occurred near the prefabricated surface
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crack, which indicates that it is difficult for a 0° shallow surface crack to propagate during
compression. The failure of the specimen occurred at the 235th frame, corresponding to a
compression strain of about 11,800 e, which is close to the failure strain of the material.
Considering the end crushing of S3-1, no compression tests were carried out on S1-1 and
S2-1 with shorter prefabricated cracks.

THK(mm)
5.0

4.5
4.0
3.5 3
3.0
2.5
2.0
1.5
1.0

Figure 7. C-scan results of specimens with 0° shallow surface cracks. (THK represents the thickness
from which the scanning ultrasonic wave gets reflected.)

Figure 8a shows the C-scan results of specimens with 0° medium cracks after the
compression tests. The damage of S4-1 was similar to that of S3-1, which also presented
as end crushing and a large area of split delamination. It should be noted that this large
area of delamination did not occur at the depth of the prefabricated crack (the light blue
region at a depth of 2 mm from the upper surface), and no visual damage was found
near the crack, which indicates that the prefabricated crack did not propagate after the
specimen failure. As the crack length increased to 18 mm (S5-1), slight material collapse
was observed and the split area only appeared locally at the specimen end. Moreover,
local delamination (the deep blue region at the depth between 1.0 mm and 1.5 mm) at the
crack depth and ply damage (the white region) near the prefabricated crack tip area were
found. This indicates that the delamination was caused by local ply damage or fracture.
With the increase of the crack length to 26 mm, no crushing was detected at the end of
S6-1. However, serious intra-laminar damage occurred at the crack tip, and a large area
of delamination was induced at the crack depth (the deep blue region at the crack depth),
which was obviously greater than S5-1. Meanwhile, the split delamination (the light blue
region) was almost throughout the whole laminate as shown in Figure 8b. According to
the acceptance criterion, the failure mode of S6-1 was the critical failure mode. When a
more severe crack is prefabricated, the failure mode of the specimen will change from
unaccepted to accepted.

When the crack depth increased to 2.4 mm, a large area of delamination was found
around the crack area and it was distributed in several locations along the laminate thick-
ness (Figure 9a). The propagation of the crack tip was observed and obvious intra-laminar
damage caused by crack tips was found (Figure 9b). The compression failure of three
specimens occurred between the 201st frame and the 212th frame, and the corresponding
strain was about 10,114-10,660 pe. By comparing the failure strain with 53-1 (11,800 pe), it
could be seen that when the crack angle was 0°, the crack length and the crack depth had
little effect on the compressive strengths of the laminates.
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Figure 8. (a) C-scan results of specimens with 0° medium cracks after compression and (b) Failure modes comparison of

S4-1 and S6-1.

THK(mm)

5.0
4.5 l
4.0 -

ae:201 :

Figure 9. (a) C-scan results and (b) failure modes of specimens with 0° deep cracks after compression.

All the failure modes of specimens with 0° cracks are summarized in Table 2. When
the crack length and depth were small, the failure mode was end crushing (unaccepted
mode). With the increase of crack length and depth, the failure mode gradually changed to
failure in the crack affected zone (accepted mode).

Table 2. Failure modes of specimens with 0° cracks.

Specimen Failure Mode Note
S1-1 Not conducted Unaccepted mode
52-1 Not conducted Unaccepted mode
53-1 End crushing Unaccepted mode
54-1 End crushing Unaccepted mode
S5-1 End crushing Unaccepted mode
S6-1 Critical failure mode Accepted mode
57-1 Failure in the test area Accepted mode
58-1 Failure in the test area Accepted mode
59-1 Failure in the test area Accepted mode

4.2. Crack Propagation of Specimens with 45° and 90° Cracks

Except for specimens with 0° cracks, compression failure modes of the specimens
were failure in the test area, which were accepted modes. Figure 10 shows the crack
propagation of specimens with shallow surface cracks (d = 0.8 mm). In order to observe
the crack propagation, S1-3 and 52-2 were unloaded once crack propagation was observed
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at the crack tip, and then C-scan testing was conducted to detect the internal damage. As
shown in Figure 10a, the crack tips of specimens with 45° cracks (S1-2, 52-2, and S3-2)
began to propagate transversely at the 204th, 160th, and 145th frame, respectively. For
S1-2, the prefabricated crack started to grow at about 10,262 pe, while for S3-2, the initial
strain was about 7336 e, which decreased by about 28.5% due to the longer crack length.
Then with the propagation of the crack, obvious material extrusion appeared at the crack
tip, which indicates that inter-laminar delamination also occurred. Finally, the crack tip
propagated rapidly to the sides of the specimen. Figure 10b shows the propagation of 90°
cracks in specimens (S1-3, 52-3, and S3-3). The initial strains of crack propagation were
lower than those of the 45° crack (S1-2, S2-2, and S3-2), which were about 6890-8626 y.c.
In addition, the propagation of the 90° cracks was relatively slower compared with the
45° cracks. It is worth mentioning that in Figure 10b, the symbol “+” represents that a
“sudden compression” phenomenon was observed in the width of the crack before crack
tip propagation (137th to 138th frame for 52-3 and 136th to 137th frame for S3-3, about
6965 pe). This phenomenon indicates that local delamination appeared first near the crack
tip area, as shown in Figure 10c.

Test stoK

rame:20

Test stoK

crack tip in the crack width

crack leac\iing edge local delamination
\

sudden
compression

~ —>

()

Figure 10. (a) 45° and (b) 90° shallow surface cracks propagation under compression; (c) illustration of the “sudden

compression” phenomenon.

Figure 11 shows the C-scan results of specimens with shallow surface cracks after
compression failure. For 51-3 and 52-2, surface ply fracture (the white region near crack
tip) and local delamination (the blue region near crack tip) first occurred near the crack
tips, indicating that they were caused by crack tip propagation. In contrast with the S1-3
and S2-2, there was a large area of delamination distributed in the prefabricated crack area.
This proves that the delamination corresponding to compression failure of the specimen
occurred after the propagation of the crack tip.
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Figure 11. Delamination in specimens with shallow surface cracks after compression failure.

When the crack depth increased to 40% of the thickness, the initiation strain of 45°
cracks was between 6493 e and 7188 pe, which gradually decreased with the increase of
crack length, as shown in Figure 12a. All the cracks propagated to the specimen sides in
a few frames, which implies the instability of crack propagation. Obvious extrusion and
dislocation of surface plies were observed during the crack propagation process. Figure 12b
shows the crack growth in specimens with 90° cracks. The initial strain corresponding
to the crack propagation decreased gradually with the increase of crack length, and the
corresponding strain range was 5203-6741 ue. Similar to shallow surface cracks, a stable
crack growth process was found, the crack tip did not propagate with the load increase
after initiation. After that, the crack rapidly propagated to the side of laminates, resulting
in the failure of the specimen.

S5-2

Frame:1428 Frame:

Frame:102:

Figure 12. (a) 45° and (b) 90° medium cracks propagation under compression.

When the crack depth increased to 60% of the thickness, local deformation zones
appeared in the 45° crack tip in compression (see Figure 13a), forming the local damage
zone. These local zones were caused by large shear stress concentration at the crack tip
due to the angle between the load and the crack being 45°. With the increase of the load,
the zone expanded and triggered the crack tip propagation. It should be noted that these
cracks grew more slowly than the previously mentioned 45° cracks, the reason being that
the damage zone reduced the stress concentration at the crack tip [36]. It is more reasonable
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to consider the crack tip as local damage here due to the occurrence of local plasticity and
complex failure mode. However, for 90° cracks (see Figure 13b), the crack tips propagated
rapidly without obvious local deformation. The possible reason is that the deep crack made
the in-plane stiffness of the laminate asymmetric, and an additional out-of-plane bending
moment was induced during compression. This increased the longitudinal compression
stress concentration at the crack tip, resulting in the rapid propagation of crack.

Figure 13. (a) 45° and (b) 90° deep cracks propagation under compression.

Figure 14a,b shows the C-scan results of specimens with medium and deep cracks after
failure. When the crack angle was the same, the projected delamination area decreased with
the increase of crack lengths. Typical compression damage modes are shown in Figure 14c.
It can be seen that along the thickness direction, delamination could be mainly divided
into two types: (1) the large area of delamination surrounding the prefabricated crack,
which propagated from the crack leading edge (the light blue region near 2.5 mm depth)
or (2) the small area of delamination around the crack tips, which occurred with the crack
tip growth (the dark blue region close to the upper surface). In addition, there were two
transversely propagating damage bands from the crack tips to the sides of the laminate
(the white region). Both the crack leading edge and the crack tip caused the delamination
damage. The delamination caused by the crack leading edge was located at the depth of
the crack and had a large area, whereas the delamination induced by the crack tip was
limited in the region of crack tip propagation.

THK(mm)

5.0
4.5 l
4.0

3579
3.0

2.5
2.0
1.5
1.0

S8-3

(b)

Figure 14. C-scan results of specimens after compression failure, (a) specimens with medium cracks, (b) deep cracks, and (c)

typical results of S8-2.
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4.3. Typical Compression Failure Modes

Figure 15 shows the typical compression failure mode of specimens with shallow
surface crack. Crack tips propagated first in the laminate, causing slight local ply fracture
(Figure 15a). It can be seen in Figure 15b that after failure, damage on the side of the
specimen was not obvious and the laminate remained almost intact.

(a)

Figure 15. Compression failure modes of specimens (S3-2) with shallow surface cracks, (a) surface
fracture, (b) failure mode (observed from the side).

Figure 16a shows the obvious ply fracture and delamination on the side of the spec-
imen. The delamination mainly occurred at the same depth as the prefabricated crack,
indicating that it was formed by the inter-laminar propagation of the crack leading edge.
Moreover, the ply fracture was caused by the transverse propagation of crack tips. These
two damage modes eventually formed a fractured sublaminate; however, the main lam-
inate remained intact. With the crack depth further increasing, the failure process was
basically the same as before, except that the main laminate broke. As shown in Figure 16b,
the side of the specimen was completely broken, forming a 45° fracture surface.

—
> 5
= =
oS =
8§ @
D) (]

. — S
5 E =]
o= 3
53 g
& o &«
A %2
—_ S5

(a) S6-2 (b) S9-2

Figure 16. Compression failure modes of specimens (observed from the side), (a) with medium crack
and (b) deep cracks.

5. Conclusions

In this paper, a new compression test fixture was designed to study the compression
failure of composite laminates with prefabricated surface cracks, and compression tests
were conducted to verify the validity of the test fixture and test method. Furthermore, the
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effects of three crack parameters on crack propagation behaviors and compression failure
modes of laminates were compared. The conclusions are summarized as follows:

1.  Two typical crack propagation modes were observed in composite laminates with
surface cracks under compression, which were crack tip propagation (intra-laminar)
and crack leading edge propagation (inter-laminar). The crack tip propagation led to
local ply fracture and delamination, while the crack leading edge propagation caused
delamination in a large area.

2. The initial strains of the crack tip propagation decreased with the increase of crack
depths, lengths, and angles. When the crack angle was 0°, crack tip propagation did
not easily occur and the compression failure load was high. When the crack angle
was greater than 45°, the effect of the crack angle on crack propagation behaviors and
failure modes was weakened.

3. The failure of laminates with prefabricated surface cracks under compression was
that the crack tips propagated transversely first, and then a large area of delamination
occurred from the crack leading edge. When the crack was shallow, the failure mode
of the laminate was dominated by the large area of delamination. When the crack was
medium or deep, the failure mode of the laminate was dominated by the propagation
of crack tip and crack leading edge, which led to the fracture of the sublaminate or
the whole laminate.
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Eq1  Longitudinal elastic modulus

Ey»  Transverse elastic modulus

vyp  In-plane Poisson’s ratio

Gi2 In-plane shear modulus

Crack length

Crack depth

Angle between crack and loading direction
Compression test preload

Sampling interval

Strain increment

Initial strain corresponding to preload
Slope of load displacement curve
Extensional stiffness matrix

In-plane load vector

Z2 O PR R

1. Jensen, F; Falzon, B.; Ankersen, J.; Stang, H. Structural testing and numerical simulation of a 34 m composite wind turbine blade.
Compos. Struct. 2006, 76, 52-61. [CrossRef]

2. Kong, C,; Bang, J.; Sugiyama, Y. Structural investigation of composite wind turbine blade considering various load cases and
fatigue life. Energy 2005, 30, 2101-2114. [CrossRef]


http://doi.org/10.1016/j.compstruct.2006.06.008
http://doi.org/10.1016/j.energy.2004.08.016

Materials 2021, 14, 3616 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Federal Aviation Administration. AC 20-107B. Composite Aircraft Structures; Federal Aviation Administration: Washington, DC,
USA, 2009.

ASTM. Standard Test Method for Compressive Residual Strength Properties of Damaged Polymer Matrix Composite Plates; ASTM
International American Society for Testing and Materials: West Conshohocken, PA, USA, 2007.

Sun, X.C.; Hallett, S.R. Failure mechanisms and damage evolution of laminated composites under compression after impact
(CAI): Experimental and numerical study. Compos. Part A Appl. Sci. Manuf. 2018, 104, 41-59. [CrossRef]

Rivallant, S.; Bouvet, C.; Abdallah, E.A.; Broll, B.; Barrau, J.-J. Experimental analysis of CFRP laminates subjected to compression
after impact: The role of impact-induced cracks in failure. Compos. Struct. 2014, 111, 147-157. [CrossRef]

Bull, D.; Spearing, S.; Sinclair, I. Observations of damage development from compression-after-impact experiments using ex situ
micro-focus computed tomography. Compos. Sci. Technol. 2014, 97, 106-114. [CrossRef]

Sebaey, T.A.; Gonzdlez, E.V.; Lopes, C.S.; Blanco, N.; Maimi, P,; Costa, J]. Damage resistance and damage tolerance of dispersed
CFRP laminates: Effect of the mismatch angle between plies. Compos. Struct. 2013, 101, 255-264. [CrossRef]

Rivallant, S.; Bouvet, C.; Hongkarnjanakul, N. Failure analysis of CFRP laminates subjected to compression after impact: FE
simulation using discrete interface elements. Compos. Part A Appl. Sci. Manuf. 2013, 55, 83-93. [CrossRef]

Waas, A.M,; Junghyun, A.; Khamseh, A.R. Compressive failure of notched uniply composite laminates. Compos. Part B Eng. 1998,
29, 75-80. [CrossRef]

Ahn, J.; Waas, A.M. The failure of notched composite laminates under compression using integrated macro-micromechanics
model. In Proceedings of the 46th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference,
Austin, TX, USA, 18-21 April 2005.

Er¢in, G.; Camanho, P; Xavier, ].; Catalanotti, G.; Mahdi, S.; Linde, P. Size effects on the tensile and compressive failure of notched
composite laminates. Compos. Struct. 2013, 96, 736-744. [CrossRef]

Yang, Q.; Schesser, D.; Niess, M.; Wright, P.; Mavrogordato, M.; Sinclair, I.; Spearing, S.; Cox, B. On crack initiation in notched,
cross-plied polymer matrix composites. . Mech. Phys. Solids 2015, 78, 314-332. [CrossRef]

Divse, V.; Marla, D.; Joshi, S.S. Finite element analysis of tensile notched strength of composite laminates. Compos. Struct. 2021,
255. [CrossRef]

Riccio, A.; Sellitto, A.; Saputo, S.; Russo, A.; Zarrelli, M.; Lopresto, V. Modelling the damage evolution in notched omega stiffened
composite panels under compression. Compos. Part B Eng. 2017, 126, 60-71. [CrossRef]

Vaidya, R.; Sun, C. Fracture criterion for notched thin composite laminates. In Proceedings of the 37th Structure, Structural
Dynamics and Materials Conference, Salt Lake City, UT, USA, 15-17 April 1996. [CrossRef]

Serra, J.; Bouvet, C.; Castani€, B.; Petiot, C. Experimental and numerical analysis of carbon fiber reinforced polymer notched
coupons under tensile loading. Compos. Struct. 2017, 181, 145-157. [CrossRef]

Enjuto, P; Lobo, M.; Walker, T.H.; Pena, G.; Cregger, E.; Wanthal, S.P. Investigation of stiffening effects on notch growth trajectory
of composite stiffened panels with large transverse notches. AIAA Scitech 2019 Forum 2019. [CrossRef]

Xu, X.; Takeda, S.I; Aoki, Y.; Hallett, S.R.; Wisnom, M.R. Predicting notched tensile strength of full-scale composite structures
from small coupons using fracture mechanics. Compos. Struct. 2017, 180, 386-394. [CrossRef]

Tan, R.; Xu, J.; Sun, W,; Liu, Z.; Guan, Z.; Guo, X. Relationship between matrix cracking and delamination in CFRP cross-ply
laminates subjected to low velocity impact. Materials 2019, 12, 3990. [CrossRef] [PubMed]

Gutkin, R.; Pinho, S.; Robinson, P.; Curtis, P. On the transition from shear-driven fibre compressive failure to fibre kinking in
notched CFRP laminates under longitudinal compression. Compos. Sci. Technol. 2010, 70, 1223-1231. [CrossRef]

Wind, J.L.; Waas, A.M.; Jensen, H.M. Initiation of failure at notches in unidirectional fiber composites. Compos. Struct. 2015, 122,
51-56. [CrossRef]

Xu, X.; Wisnom, M.R;; Li, X.; Hallett, S.R. A numerical investigation into size effects in centre-notched quasi-isotropic car-
bon/epoxy laminates. Compos. Sci. Technol. 2015, 111, 32-39. [CrossRef]

Beaumont, M.; Farris, T.; Sun, C. Scratch testing of advanced composite surfaces. Compos. Part A Appl. Sci. Manuf. 1997, 28,
683-686. [CrossRef]

Bora, M.O.; Coban, O.; Sinmazcelik, T.; Gunay, V. Effect of fiber orientation on scratch resistance in unidirectional carbon-fiber-
reinforced polymer matrix composites. J. Reinf. Plast. Compos. 2010, 29, 1476-1490. [CrossRef]

Bora, M.O.; Fidan, S.; Coban, O.; Yiicel, Z. Scratch behavior of glass fiber reinforced polyester matrix composite after solid particle
erosion. Polym. Compos. 2015, 36, 1958-1966. [CrossRef]

Petersen, D.R.; El-Hajjar, R.E,; Kabor, B.A. On the tension strength of carbon/epoxy composites in the presence of deep scratches.
Eng. Fract. Mech. 2012, 90, 30—40. [CrossRef]

Shams, S.S.; El-Hajjar, R.F. Effects of scratch damage on progressive failure of laminated carbon fiber/epoxy composites. Int. |.
Mech. Sci. 2013, 67, 70-77. [CrossRef]

Sun, W.; Guan, Z.; Li, Z. Simulation of low velocity impact induced inter- and intra-laminar damage of composite beams based
on XFEM. Appl. Compos. Mater. 2017, 24, 1459-1477. [CrossRef]

Fabbrocino, F.; Funari, M.E; Greco, F.; Lonetti, P.; Luciano, R.; Penna, R. Dynamic crack growth based on moving mesh method.
Compos. Part B Eng. 2019, 174, 107053. [CrossRef]

Martin, E.; Vandellos, T.; Leguillon, D.; Carrere, N. Initiation of edge debonding: Coupled criterion versus cohesive zone model.
Int. J. Fract. 2016, 199, 157-168. [CrossRef]


http://doi.org/10.1016/j.compositesa.2017.10.026
http://doi.org/10.1016/j.compstruct.2013.12.012
http://doi.org/10.1016/j.compscitech.2014.04.008
http://doi.org/10.1016/j.compstruct.2013.01.026
http://doi.org/10.1016/j.compositesa.2013.08.003
http://doi.org/10.1016/S1359-8368(97)00012-7
http://doi.org/10.1016/j.compstruct.2012.10.004
http://doi.org/10.1016/j.jmps.2015.01.010
http://doi.org/10.1016/j.compstruct.2020.112880
http://doi.org/10.1016/j.compositesb.2017.05.067
http://doi.org/10.2514/6.1996-1354
http://doi.org/10.1016/j.compstruct.2017.08.090
http://doi.org/10.2514/6.2019-0515
http://doi.org/10.1016/j.compstruct.2017.08.026
http://doi.org/10.3390/ma12233990
http://www.ncbi.nlm.nih.gov/pubmed/31810160
http://doi.org/10.1016/j.compscitech.2010.03.010
http://doi.org/10.1016/j.compstruct.2014.11.043
http://doi.org/10.1016/j.compscitech.2015.03.001
http://doi.org/10.1016/S1359-835X(97)00010-9
http://doi.org/10.1177/0731684409103953
http://doi.org/10.1002/pc.23105
http://doi.org/10.1016/j.engfracmech.2012.04.013
http://doi.org/10.1016/j.ijmecsci.2012.12.008
http://doi.org/10.1007/s10443-017-9598-4
http://doi.org/10.1016/j.compositesb.2019.107053
http://doi.org/10.1007/s10704-016-0101-2

Materials 2021, 14, 3616 15 of 15

32.

33.

34.

35.

36.

Russell, S.G. A residual strength prediction methodology for composite laminates with surface damage under tensile loading. In
Proceedings of the 57th AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, San Diego, CA,
USA, 4-8 January 2016.

Arikan, H. Failure analysis of (£55°); filament wound composite pipes with an inclined surface crack under static internal
pressure. Compos. Struct. 2010, 92, 182-187. [CrossRef]

ASTM D695-15. Standard Test Method for Compressive Properties of Rigid Plastics; ASTM International American Society for Testing
and Materials: West Conshohocken, PA, USA, 2015.

Jia, L.; Yu, L.; Zhang, K.; Li, M; Jia, Y.; Blackman, B.; Dear, J]. Combined modelling and experimental studies of failure in thick
laminates under out-of-plane shear. Compos. Part B Eng. 2016, 105, 8-22. [CrossRef]

Xu, X.; Wisnom, M.R.; Mahadik, Y.; Hallett, S.R. An experimental investigation into size effects in quasi-isotropic carbon/epoxy
laminates with sharp and blunt notches. Compos. Sci. Technol. 2014, 100, 220-227. [CrossRef]


http://doi.org/10.1016/j.compstruct.2009.07.027
http://doi.org/10.1016/j.compositesb.2016.08.017
http://doi.org/10.1016/j.compscitech.2014.06.002

	Introduction 
	Compression Fixture 
	Experiment 
	Specimens 
	Experiment Method 
	Experiment Equipment 
	Equivalent Compression Strain Method 

	Determination of 0 and  

	Results and Discussion 
	Compression Failure of Specimens with 0 Cracks 
	Crack Propagation of Specimens with 45 and 90 Cracks 
	Typical Compression Failure Modes 

	Conclusions 
	References

