- COMPOSITE
14/ STRUCTURES

ELSEVIER Composite Structures 53 (2001) 333-344

www.elsevier.com/locate/compstruct

Crack branching in cross-ply composites: an experimental study
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Abstract

The objective of this research is to discuss experimental data regarding a type of failure called crack branching. The specimens
tested are layered glass/epoxy and graphite/epoxy cross-ply composites, manufactured with an initial interlayer crack. Experiments
were carried out under static conditions. A designed two-level two-variable experiment based on an 8 x 8 Hadamard matrix was
performed in order to identify the key parameters of the phenomenon. Moreover, a smoothing technique (smoothing by running
median of 3 repeated) was used to interpret the crack growth rate in terms of branching angles. The results indicate that there is a
critical branching angle (39-40°). When the crack branches with an angle greater than this critical value, the crack growth rate
increases with the branching angle. Moreover, the branching angle increases when the initial delamination decreases, for branching
angles greater than the critical value. The position through the thickness does not seem to significantly affect the branching
angle. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Glass/epoxy; Graphite/epoxy; Delamination; Branching; Kinking; Cross-ply; Mixed mode bending; Double cantilever beam; Smoothing;

Design

1. Introduction

Crack branching (also called crack kinking) is a type
of failure that occurs in different types of structures
(composites, metals, concrete, sandwich). The paper
focuses on crack branching out of an interface between
two layers of a composite laminate. The laminates tested
are made of glass/epoxy and graphite/epoxy. They are
cross-ply specimens, where 0° and 90° layers alternate.
The delamination starter was inserted during the man-
ufacture of the specimens, and consisted of a Teflon thin
film between a 0° and a 90° layer. Under loading, the
crack extended and branched into a different interface.
This behavior repeated itself along the length of the
laminate.

Branching is a phenomenon that has been discussed
for about 20 years, and most work published on it has
been of analytical and numerical nature, with little or no
correlation with experiments. Moreover, most of these
studies are based on the assumptions of either infini-
tesimally small kinks or infinitesimally small kink an-
gles, for both isotropic and anisotropic materials [1-9].
Such hypotheses considerably simplify the governing
equations, but may not be consistent with the experi-
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mentally determined behavior observed by the present
authors: cracks branching with angles up to 90° were
observed, and they crossed a distance that was of the
order of 1 ply thickness.

Two types of static experiments are described here:
mixed mode bending (MMB) and double cantilever
beam (DCB) tests. Crack branching occurred in each of
the specimens. Also La Saponara and Kardomateas [10]
presented a statistical analysis of the results of fatigue
tests on graphite/epoxy cross-ply specimens. The anal-
ysis shows that crack branching seems to significantly
accelerate crack growth for branching angles greater
than 33°. This non-intuitive result needs further inves-
tigation, as the literature provides examples of slower
crack growth [11] and faster crack growth [12] under
mixed mode conditions. This aspect will also be inves-
tigated in the paper.

In particular, the DCB test was designed, based on
the so-called 8 x 8§ Hadamard matrix. The objective of
the test was to find the relation between the branching
angle (the key variable of the problem) and two geo-
metric features of the delamination: its initial length,
and its position in the laminate. Also the variation of
crack growth with the length and the position of the
delamination was analyzed.

Eight specimens with specific characteristics were
tested. Data could be collected from only seven out of
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the eight specimens, due to an unexpected failure. Since
the method has been shown to be robust with respect to
an outlier data, projected values for the missing test
were derived from the trend of existing data, and were
then used in the analysis. A complete description of the
method will follow. Moreover, a smoothing technique
(smoothing by running median of 3 repeated) has been
used to understand the general trend of crack growth
with the magnitude of the branching angle.

The results indicate that there is a critical branching
angle: when a crack has a branching angle greater than
this value, the branching angle increases as the initial
delamination length decreases. Furthermore, the crack
growth rate increases for branching angles greater than
the critical value. For branching angles smaller than the
critical value, the crack growth rate is for all practical
purposes constant.

2. Experimental background

Previous experimental work provided some investi-
gations for the crack branching phenomenon of speci-
mens under static and fatigue loading. Pelegri and
Kardomateas [13] considered compressive monotonic,
compressive fatigue and DCB tests. They observed that
the branching angle seems to increase as the delamina-
tion is located closer to the mid-plane.

Chai [14] conducted experiments on different lay-ups
and interfaces with DCB tests. In his tests, branching
(also called intra-ply failure) preceded and followed the
interlaminar failure. According to Chai, matrix failure
and 0° fibers breaking may cause branching, however
the interpretation is complicated by the extensive dam-
age at the crack tip, which could depend on the test
geometry. He noticed a geometric relation between some
of the features of crack branching, namely, the distance
crossed in the ply thickness direction, and the distance
crossed along the ply.

3. Considerations on the tests used

A crack that branches is subject to both Mode I
(opening) and Mode II (shear) loading, as the crack is
no longer perpendicular to the loading direction as in
the classic Griffith crack model. Therefore, mixed mode
tests were used to study this phenomenon: in particular,
MMB and DCB tests. These latter tests are traditionally
used to calculate fracture toughness and are considered
typically Mode I tests. However, in a cross-ply lay-up,
most times the crack branches either just before crack
growth or soon after, and therefore mixed mode con-
ditions occur. The measurement of fracture toughness in
a cross-ply laminate is no trivial task as it is difficult to

obtain self-similar crack growth. DCB tests were in-
cluded in the study as a mixed mode test.

4. Description of the equipment

The equipment used consists of an Instron 8501 dy-
namic testing machine, a Questar QM-1 remote video
measurement system and an Olympus BH2-UMA mi-
croscope.

The Instron 8501 is a hydraulic machine that has a
load capacity of 100 kN. The QM-1 microscope is a long
distance catadioptric-type Masuktov—Cassegrain, with a
working range of 0.55-1.7 m and a resolution of 2.5 pum.
The system includes a video-camera, a video-enhancing
unit and a travel encoder digital read-out unit: this al-
lows tri-axial motion of the microscope and a simulta-
neous digital measurement of distances between two
arbitrary points observed by the microscope. The tests
have been video-recorded and the images have been
analyzed on a Silicon Graphics O2 computer. The QM-1
microscope was used during the tests to follow and
measure crack growth. The specimens were coated with
white paint in order to visualize the crack. The paint,
however, did not allow observation of different plies in
the specimens, nor the local details. The specimens were
cleaned and polished after the tests, and studied with the
Olympus BH2-UMA. This microscope is connected
with a CCD camera. The images from the camera were
sent to a monitor and then printed and scanned.

A MMB fixture, described by Reeder and Crews [15]
and Reeder [16], has been used for the corresponding
test. A sketch of the fixture is shown in Fig. 1.
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Fig. 1. MMB fixture. Ltot = 254 mm; ¢ = 39.7 mm; L = 101.6 mm;
t = 152.4 mm. Not to scale. Legend: A =Instron grip; B = specimen;
C = piano hinge; D =fulcrum; E = yoke.
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In the DCB test, the piano hinges attached to the
specimen were directly clamped in the Instron grips.

5. Description of materials and specimens

The materials utilized are:

(a) S2/ SP250 glass/epoxy, donated by NASA Lang-
ley. Its properties are: Young’s modulus in the fiber
direction, Ej; = 45.50 GPa; Young’s modulus in the
direction perpendicular to the fiber, E, = 14.50 GPa;
main Poisson’s ratio, vi; = 0.26; shear modulus Gj, =
4.13 GPa.

(b) TOHO UTS500 graphite/epoxy. Its properties are:
Young’s modulus in the fiber direction, E;; = 124 GPa;
Young’s modulus in the direction perpendicular to the
fiber, E5 = 9.60 GPa; main Poisson’s ratio, vi, = 0.344;
shear modulus Gy, = 5.75 GPa.

The materials were in pre-impregnated (pre-preg)
form. Two types of lay-ups have been prepared: 90°
layers and cross-ply. The use of unidirectional 90°
composites was considered for test benchmark. In fact,
plenty of data are available in the literature for unidi-
rectional 0° specimens, where branching does not occur;
on the other hand, in the 90° specimens branching oc-
curs, with the crack running through the specimen’s
thickness and breaking the specimen.

Table 1 shows the types of specimens used for each
test, the geometry and the dimensions. The position of
the delamination is expressed as the ratio of the layers in
the delaminated plate, /2, and the total number of layers,
T.

The delamination starter consisted of an unetched
Teflon film inserted in the specimen during the lay-up.
The Teflon film was located at one edge of each speci-
men.

6. Results of the mixed mode bending tests

The MMB tests have been performed under dis-
placement control conditions, with a rate of
2.54 x 107 mm/s. The Mode I and Mode II compo-
nents of the applied load P, P; and P, depend on the
lengths ¢ and L in the MMB fixture (Fig. 1, Eq. (1)) as
given by Reeder and Crews [15] and Reeder [16]. Under

Table 1
Specimen information for each test®

the simplification of negligible weight of the fixture, the
ratio of the strain energies of Mode I and Mode 11, i.e.,
G/ Gy, is also given in [15,16]:

3¢—L c+L
n= (25 m= (S0
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G]/G]] 3|:C—|—L:|7 C 3

(1)

Therefore, by changing the ratio ¢/L, it is possible to
have predominance of Mode I or Mode II.

The work of Reeder and Crews is applied to unidi-
rectional specimens as self-similarity of the crack growth
is sought. Eq. (1) does not apply to cross-ply specimens.
Therefore, exact values of mode mixity for the tests
described in this paper are not currently available, and
will be the object of the future work. Approximate
values may be obtained based on the unidirectional
specimens by using Eq. (1).

The terminology used to describe the results is given
here. The term ‘primary delamination’ indicates the
original crack created by the delamination starter, par-
allel to the length of the specimen. An ‘intra-layer crack’
is equivalent to a ‘branching crack’, because it runs into
the thickness of the specimen. Finally, ‘secondary del-
amination’ indicates a crack parallel to the primary
delamination that is obtained once the branched crack
turns in the direction parallel to the primary delamina-
tion in the same layer or at an adjacent layer interface.
Most times, in the cross-ply plates, the pattern repeats,
the secondary delamination extends and then branches
again, and finally turns parallel to the original direction.
The subsequent delaminations will still be called ‘sec-
ondary’. The kink angle has been measured with respect
to the direction of the crack prior to branching, and is
positive if counterclockwise.

Results are as follows. Branching has been observed in
all the performed tests. In the 90° unidirectional com-
posites, there is little or no growth of the primary del-
amination, with branching through the whole thickness
of the specimens and subsequent breaking of the speci-
men (Figs. 2 and 3): the failure is sudden and catastro-
phic. The branching angles range between 70° and 110°.

In the cross-ply specimens, the primary delamination,
initially located between a 0° ply and a 90° ply, grows
and subsequently kinks in the 90° layer. Then it turns

Specimen designation Test Material type Stacking sequence Position of delamination, /T Average dimensions (mm)
(a) MMB S2/ SP250 [(90),,] 12/24 25.5 x 254 x 4.67
(b) MMB S2/ SP250 [(0/90),s] 15/30 254 x 254 x 6.14
(c) MMB S2/ SP250 [(0/90),,,0] 15/29 25.3 x 254 x 5.94
(d) DCB UT500/ Epoxy [(0/90),,] 10/20 25.4 x 137 x 2.59
(e) DCB UTS500/ Epoxy [(0/90),,] 12/20 25.4 x 137 x 2.60

#MMB = mixed mode bending; DCB = double cantilever beam.
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Fig. 2. Crack branching in 90° glass/epoxy specimen (type (a),
Table 1).
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Fig. 3. Intra-layer crack in same specimen as in Fig. 2.
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Fig. 4. Crack branching in glass/epoxy, cross-ply specimen, with initial
delamination in the mid-plane (type (b), Table 1). The crack branches
inside an area that is of the order of one-ply thickness (in this case
0.205 mm).

parallel to the original direction within the same layer or
at the interface with the adjacent 0° layer, and grows as
secondary delamination. Afterward, it bifurcates and/or
kinks again. There is no sudden and catastrophic failure
as in the case of the 90° specimens. Figs. 4-7 have been
taken after the MMB tests, on specimens that are still
white-painted. Branching generally occurred inside one
ply, that has average thickness of 0.205 mm.

Crackpropagation

Fig. 5. Subsequent crack branching in same specimen as in Fig. 4.

Crackpropagation

/

Fig. 6. Crack branching in glass/epoxy, cross-ply specimen, initial
delamination one ply away from mid-plane (type (c), Table 1). The
crack branches inside an area that is of the order of one-ply thickness
(in this case 0.205 mm).

Crackpropagation

Fig. 7. Subsequent branching in same specimen as in Fig. 6.

The branching angles for the cross-ply specimens
ranged between 29° and 55°. These angles are by no
means infinitesimally small.

Fig. 8 shows the crack extension (normalized with
respect to the original crack length a0) of four glass/
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crack growth vs displacement for branched cracks
cross-ply specimens #1-4 Glass/Epoxy
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Fig. 8. Trend of normalized crack growth and branching (kink) with
the normalized change of cross-head displacement of the Instron ma-
chine. d0 is the initial cross-head displacement. The crack growth is
projected along the direction of the initial delamination, and normal-
ized with respect to the initial delamination length, a0.

epoxy cross-ply specimens: specimens #1 and #2 have
initial delamination in the mid-plane (type (b), Table 1),
whereas specimens #3 and #4 have delamination one
ply away from the mid-plane (type (c), Table 1). In all
the tests, the crack growth is the projected distance
along the direction of the initial delamination «0, and is
measured starting from the end of the initial delamina-
tion. On the x-axis, the normalized change of the cross-

head displacement of the Instron is given. The dark-fil-
led symbols in the plot represent branching occurring in
the specimens. It can be noticed that there is a little
scatter in branching for the four specimens, no matter
the position of the initial delamination. However, tests
with graphite/epoxy showed less scatter, and this latter
material was preferred for subsequent tests.

7. Double cantilever beam tests

The tests were performed in displacement control
with a rate of 8.47 x 10~ mm/s. Figs. 9-11 show crack
growth and branching in specimens #5 and #8, and have
been taken with the Olympus microscope after the test.
Ply identification is possible. The initial delamination
was located between a 0° and a 90° ply, but the crack
started branching immediately.

Figs. 12-15 show load/displacement curves for cou-
ples of specimens with the same characteristics (namely,
initial delamination length and position of the delam-
ination). Specimen #6 is shown without the similar
specimen #3 since this latter specimen failed earlier.
Note that there is a high density of data points due to
the sampling rate of data during the tests. The details of

90deg.ply
Odeg.ply
90deg.ply

Crackpr opagation

Fig. 9. Branching in DCB specimen #5 (type (d), Table 1). The end of the initial delamination is indicated with 0. The first 5 mm of crack growth is

shown.

Crackpropagation

90deg.ply

Odeg.ply

“'E?%'s%&asa R

Fig. 10. Further branching in specimen #5. The picture is taken around 10 mm from the end of the initial delamination 0.
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Crackpropagation

0.1275mm "

Fig. 11. Branching in specimen #8 (type (e), Table 1) from the end of the initial delamination 0. The first 2 mm of growth is shown.

load/displacement spec. #1 and #4
h/T =12/20, a0=90 mm

1;2 # spec. #1
= spec. #4

normalized cross-head displacement,
abs((d-d0)/d0)

Fig. 12. Load/displacement curves for specimens #1 and #4 with same
characteristics (initial delamination length a0 = 90 mm, and position
of the delamination 4/T = 12/20). d0 is the initial cross-head displace-
ment of the Instron machine.

load/displacement spec. #2 and #5,
h/T=10/20, ao =46 mm

N B S e N S e e e

os
| ® spec. #2
| spec. #5

load (N)

normalized cross-head displacement,
abs((d-d0)/d0)

Fig. 13. Load/displacement curves for specimens #2 and #5 with same
characteristics (initial delamination length a0 = 46 mm, and position
of the delamination 4#/T'=10/20). d0 is the initial cross-head displace-
ment of the Instron machine.

load/displacement spec. #7 and #8
h/T=10/20, a0=90 mm

[+ spec. #7
u spec. #8

normalized cross-head displacement, abs((d-
do)/do

Fig. 14. Load/displacement curves for specimens #7 and #8 with same
characteristics (initial delamination length ¢0 = 90 mm, and position
of the delamination 4#/T'=10/20). d0 is the initial cross-head displace-
ment of the Instron machine.

load/displacement spec. #6
h/T=12/20, ao=46 mm

load (N)

normalized cross-head displacement,
abs ((d-d0)/d0)

Fig. 15. Load/displacement curves for specimen #6 (initial delamina-
tion length ¢0 = 46 mm, and position of the delamination //T = 12/20).
d0 is the initial cross-head displacement of the Instron machine.
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crack branching and crack growth are described in the
following section.

8. Design and results of the double cantilever beam tests

The technique used for designing the DCB specimens
is called ‘two-level two-parameters eight-trial Hadamard
matrix design’: there are two parameters that change,
and the analysis of the data is based on an 8 x 8 Had-
amard matrix, composed by ‘+’ and ‘-’, that control
how the data are summed to each other. This design
allows us to derive how the two parameters, say 4 and B,
influence the variable we are interested in (branching
angle and crack growth), and how 4 and B interact with
each other. By testing a small number of specimens
(eight) designed in a specific way, it will be possible to
infer these trends on a much larger number of specimens
(theoretically, an infinite number), called population.
The details of this design are given in [17].

By definition, a parameter assumes the ‘high’ level if
we expect this value to be best with respect to the object
of the study. The other value is assumed as ‘low’ level.
According to the design, the treatment combination in
which the parameter 4 has a high value is denoted as a.
The treatment combination in which the parameter B
has high value is denoted as b. ‘ab’ indicates a specimen
in which both 4 and B have high level. The case in which
both 4 and B have low level is indicated with (1)’ [17].

The values of 4 (initial delamination length) have
been chosen as 46 mm (high level) and 90 mm (low le-
vel). The values of B (position of the delamination in the
specimen, /4/T) have been chosen as 10/20 (high level)
and 12/20 (low level). The sequence of tests (also called
trials) is defined in Table 2, together with the eight
corresponding specimens. (Note: the specimens were
numbered beforehand.)

The problem is as follows: we would like to know
with a 90% confidence if a change of delamination
length from 90 to 46 mm is going to have a significant
effect on the branching angle and on the total crack
growth of the population of specimens of TOHO UT500
graphite/epoxy in that configuration. Also with the same
degree of confidence, we would like to know the effect of

Table 2
Definition of the characteristics of the trials and specimens

Trial Treatment combination Corresponding specimen
1 a (46 mm, 12/20) #6
2 ab (46 mm, 10/20) #5
3 ab (46 mm, 10/20) #2
4 b (90 mm, 10/20) #8
5 a (46 mm, 12/20) #3
6 b (90 mm, 10/20) #7
7 (1) (90 mm, 12/20) #4
8 (1) (90 mm, 12/20) #1

a change of delamination position from 12/20 and 10/20
on the same two variables (branching angle and total
crack growth). In statistical terms, it is said that the
‘alternative hypothesis’ is accepted when the change is
meaningful; otherwise, the ‘null hypothesis’ is accepted.
After the eight specimens are tested in the sequence
given in Table 2, the data of the trials (i.e., the tests) are
collected and summed as in Egs. (2.a)—(2.c) [17]:

DX, = (trial 1 + trial 2 + trial 3 — trial 4
+ trial 5 — trial 6 — trial 7 — trial 8)/4,  (2.a)

DX = (—trial 1 + trial 2 + trial 3 + trial 4
— trial 5+ trial 6 — trial 7 — trial 8)/4,  (2.b)

DX,z = (trial 1 — trial 2 — trial 3 + trial 4
+ trial 5+ trial 6 — trial 7 — trial 8)/4, (2.c)

where DX,, DX and DX,z are, respectively, the
changes in the parameters 4, B and AB (this latter in-
dicating the interaction). These changes are then com-
pared with a critical change used as the choice criterion,
and hence the decision is made. The criterion is calcu-
lated after having derived an estimate of the variance
from four columns of the 8 x 8 Hadamard matrix, and a
Student ¢ distribution is used to take into account the
fact that the variance is not known a priori. In partic-
ular, four values of the variance S> are calculated from
the third, fifth, sixth and seventh columns of the 8 x 8
Hadamard matrix, and then are averaged. The final
value of the square root of the variance, the standard
deviation S, is used for the test criterion:

1 1
DX|" = 1,8 /— +—,
| ‘ Nhigh ]Vlow

(3)

where ¢, is the value of the Student ¢ distribution cor-
responding to the degrees of freedom of the problem
(four, in this case) and to o = 1-level of confidence (0.10
in this case). NMyen and N, are the number of specimens
having a given value (defined as high or low) of the
parameters A and B. These two numbers are supposed to
be always equal to each other. In this case, they should
be both four. Finally, the test criterion is the following:
if IDX,| > |DX|" (4 is used as an example), then the
alternative hypothesis is accepted, i.e., a significant in-
crease in the study variable happens when the value of 4
changes. This can be accepted for the population of
specimens with 90% confidence.

Table 3 shows the results obtained for each specimen.
Both sides of the specimen were observed. In specimen
#3, the bond between the piano hinge and the specimen
failed before any crack growth; therefore no data are
reported. The branching angles are considered positive
when counterclockwise with respect to the direction of
the crack prior to branching. The angles are reported in
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Data of branching angles and crack growth for each side of the designed specimens®

Specimen Branching angles Total crack growth
Side 1 (deg.) Side 2 (deg.) Side 1 (mm) Side 2 (mm)
#1 16, 50 Same (opposite sign) 27 26
#2 -36, 25, —46.5, 46.5, -71, 47, 29, 20.5, 47, =37, 56, 22 20 20
—49, 50, —-47, 11
#3 Earlier bond failure Earlier bond failure Earlier bond failure Earlier bond failure
#4 -38, 39, 14.5, 41 —-40, -31.5, 38, -78 27 20
#5 25, 36.5, —66.5, 24.5, —61.5, 41.5, Same (opposite sign) 16 16
—42, 36.5, -55.5, 36, —41
#6 —-14, 49, 38.5, —62 Same (opposite sign) 16 25
#7 -26.5, 41, -31.5, 33, =51.5, 61.5, -28, 47, -30, 18, 37, =26, 30.5, 25.2 21
—-60, 40, —47, -39, —49, 40, —33, 56, =29, —22, 23, —-45, —40,
—-40.5, 39 —-60, 32, -29, —-42
#8 —54, 24, 56, —45, 42, —18, -36, Same (opposite sign) 18 22.42

33, -39, 48, 45.5, 40, 32.5

#The crack growth is calculated as projection along the direction of the initial delamination.

Table 4

Medians of branching angles (in magnitude), normalized crack growths and crack speeds®

Trial Specimen Median branching angles, deg. Median normalized crack growths a/a0 Median crack speed (mm/s)
1, a #6 43.75 0.446 5.69 x 1073

2, ab #5 41 0.348 444 x 1073

3, ab #2 39.875 0.435 5.55x 1073

4, b #8 40 0.225 1.60 x 1073

5, a #3 Earlier bond failure Earlier bond failure -

6, b #7 35.75 0.257 243 x 1073

7, (1) #4 38.75 0.261 2.88 x 1073

8, (1) #1 33 0.294 3.98 x 1073

*The crack growth a is measured as projection on the direction of the initial delamination a0. The crack speed is calculated at a 8.47 x 1073 mm/s

displacement rate.

the sequence in which they occurred during crack
growth. On the other side of the specimen, the behavior
was either the same or different. In the first case, the
branching angles have the same magnitude but different
‘sign’: if a positive branching angle occurs on Side 1, a
negative branching angle will be on Side 2. The total
crack growth reported is the projection of the crack
growth in the direction of the initial delamination.

The number and format of data do not allow an easy
processing: each specimen had several branches, and
generally different crack growths. To simplify the pro-
cess, we decided to work with the medians of those data.
If we have an ordered sample of n points, say y;, with
¥; < ¥i11, the median is the point that divides the sample
into two equal halves. If n is even, the median is given by
(Vn/2 + Yn/2)+1)/2. The median is a robust choice as it is
less sensitive to outliers of the sequence with respect to
an average of the numbers of the sequence.

The medians of the magnitudes of the branching
angles have been calculated for each side of each spec-
imen, and then the results from the two sides have been
averaged. The same has been done with the crack
growths. Moreover, the crack growths have been nor-
malized with respect to the initial delamination lengths.
Also the average speed of crack growth (mm/s) has been

reported, at the displacement rate used, 8.47 x 1073
mm/s. Results are reported in Table 4 in the order re-
quested by the design.

It can be observed that the median branching angles
range from 33° to about 44°: the scatter of data in
Table 4 has been noticeably reduced when calculating
the medians. There is no evident pattern between
branching angles and median normalized crack growth.
As far as the median crack speed, the highest values
correspond to specimens with a 46-mm delamination
(specimens #2, #5 and #6). There is no apparent pattern
of the median crack growth with respect to the position
of the delamination: specimens #2 and #5 have delam-
ination located in the mid-plane (4/7T = 10/20) and
specimen #6 has delamination located two plies away
from the mid-plane (/T = 12/20).

To proceed with the analysis, it has been decided to
project data for specimen #3: the design in [17] does not
anticipate a failure in the set of tests due to a different
cause (in this case, the bond between piano hinge and
the surface of specimen #3). A great advantage of the
design chosen is that it is possible to make it robust with
respect to external causes if the specimens are tested in a
specific time sequence. The technique of choosing the
time sequence is called ‘blocking’ [17] and it is applied to
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this design. The purpose of blocking is to avoid that a
change in external conditions (for example, something
happening in the testing machine or a change in the
temperature of the testing room) influences the overall
changes DX, DX and DX,z mentioned earlier. If the
specimens are tested according to blocking principles,
then the design is robust with respect to some outlier
data. Blocking principles have been respected in our
case. This allows us to include a projection of the results
that specimen #3 might have given, and have a robust
design in case this projection is an outlier.

In particular, we decided to use the data of the seven
‘successful’ specimens to project the behavior of the
missing specimen. This type of extrapolation is common
practice to interpret experimental data. Also even in case
that the projected data from the missing specimen were
not realistic, the design would not be greatly influenced
by them due to the blocking technique used.

With reference to Table 4, the change between me-
dian branching angles for couples of specimens of the
same type (b, ab, (1)) has been calculated. The maximum
change is 17%, for specimens of the type (1). A change of
+20% has been calculated for the branching angle of
specimen #6, corresponding to the same type of speci-

men #3. Thus, two predictions for the median branching
angles have been obtained: 35° and 52.5°. Both are
reasonable values. Afterward, the trend of the existing
seven normalized crack growth values has been derived
with respect to the seven existing median branching
angles. A third-order polynomial has been chosen as
fitting line (in a least-squares sense). The polynomial is a
good fit except for two data points: (39.875, 0.435), and
(40, 0.225), corresponding, respectively, to specimens #2
and #8 (different type from specimen #3’s).

The -equation of the fitting line is y=
—0.0002149x* 4 0.02791x*> — 1.172x + 16.31, where y is
the median normalized crack growth, and x is the me-
dian magnitude of the branching angle. Fig. 16 shows
the data, the fitting line and the projection for specimen
#3 based on the third-order polynomial.

Finally, the interval [35°, 52.5°] has been divided in to
70 parts with step 0.25°. The changes DX, DX, DX 3,
as well as the criterion [DX|" have been calculated for
the seven specimens and for the projected values of
specimen #3, with the branching angles for specimen #3
ranging between 35° and 52.5°.

Table 5 shows how the branching angles (in magni-
tude) and normalized crack growth are affected by

crack growth vs branching angle
data, fit and projection
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Fig. 16. Existing data for the seven successful specimens and projection of data for specimen #3, with a third-order polynomial as fit. The equation

of the fit is shown.

Table 5

Effects of crack length (a0) change and crack length position (4/T) change*

Projected branching
angle range, specimen

Effect of change of a0
from 90 to 46 mm

Effect of change of /T
from 12/20 to 10/20

#3 (from available data
and statistics), deg.

Magnitude of branching angles for the population [35-37.5]
[37.75-52.5]

Normalized crack growth for the population [35-43]
[43.25-52.5]

No significant change
Significant increase
Significant increase
Significant increase

No significant change
No significant change
No significant change
Significant increase

#The branching angle and crack growth depended on projections for specimen #3.
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Table 6

Effect of the interaction of crack length change and crack length position

Projected branching angle range, specimen
#3 (from data and statistics), deg.

Effect of interaction of change of initial
crack length and position of the crack

Magnitude of branching angles for the [35-44]
population

[44.25-52.5]
Normalized crack growth for the population [35-52.5]

No significant change

Significant increase
No significant change

Table 7
Critical branching angle (by magnitude) calculated from the statistical
analysis of experimental data, and corresponding effect*

Critical branching Effect
angle (deg.)

39.31 Significant increase of branching angle as
a0 varies from 90 to 46 mm

39.94 Significant increase of crack growth as hiT
changes from 12/20 to 10/20

39.94 Significant increase of branching angle due
to the interaction of the parameters a0
and AT

#q0 = initial crack length; A/T=position of delamination in the
specimen (10/20 = mid-plane).

changes in the delamination length and position of the
delamination. The values of the branching angles for
specimen #3 influence most of the results. These findings
are accepted for the population with a 90% confidence.
Table 6 shows the effect of the interaction of the two
parameters (initial crack length and position of initial
crack length).

Finally, the critical branching angle for the set of
eight specimens has been calculated corresponding to
the values of the branching angle calculated for speci-
men #3. ‘Critical’ is intended as the value at which a
behavior changes. For example, with reference to Table
5, 37.75° is the critical value of specimen #3 angle, as the
change of initial delamination length becomes signifi-
cant for median branching angles of the whole popula-
tion. The critical values for specimen #3 have been
selected to calculate the critical branching angle as the
median angle for the set of eight specimens. The whole
population is affected in varied ways, with a 90% con-
fidence. This is shown in Table 7.

9. Discussion of the results from the designed experiment

Tables 5 and 6 show how the behavior of the popu-
lation is affected from the values of the branching angles
attributed to specimen #3. Also crack growth is signif-
icantly increased when the initial delamination «0
changes, but is not affected by specimen #3. Branching
angles are not affected by a small change in the position
of the delamination, and are not affected by specimen
#3. In all the other cases, the behavior changes corre-
sponding to a key value attributed to specimen #3. This

key value has been used to calculate a critical value for
the median branching angles (in magnitude): Table 7
shows that a value of 39-40° is critical for the behavior
of the population: branching angles and crack growth
increase, respectively, with a change of ¢0 and a change
of A/T, the initial position of the delamination in the
laminate. Also the interaction between crack growth and
branching angle becomes significant at that critical va-
lue, and affects the branching angle magnitude.

However, it is not clear how branching angle and
crack growth are related, since Table 6 shows that the
crack growth is not significantly affected by such inter-
action: this seems to contradict what is shown in other
parts of Table 6. A smoothing technique has been ap-
plied to the median crack growth speed and the median
magnitudes of branching angles, reported in Table 4.
This technique, called ‘smoothing by running median of
3 repeated’, was introduced by Tukey [18], and has al-
ready been used by La Saponara and Kardomateas [10].
It gives a general trend of data, not the local detail. The
technique will be summarized here: the branching angles
are arranged in ascending order. The corresponding
crack speeds are identified. These latter values are
grouped in specific sets of three, and the median of the
set is taken as the smoothing value. The smoothing is
repeated until the ‘rough’ (the difference between the
data and the smooth) is minimized. Details of the tech-
nique are given in [18,10] and will not be reported here.

Fig. 17 shows the result of the smoothing on the seven
specimens. The original data are reported as well. Data
and smoothing were obtained from the medians of a
much larger number of data.

Fig. 17 shows that there is a critical value for the
median branching angle, for which the median crack
speed increases. The critical value (about 40°) from the
smoothing technique is consistent with the critical value
from the designed experiment (39-40°). It should be
repeated here that Fig. 17 was obtained using only the
data of the available seven specimens. The trend of Fig.
17 seems to confirm the validity of the choices for
specimen #3 in the previously mentioned design.

10. Conclusions

The paper reports the results of static experiments,
namely, MMB and DCB tests, performed on glass/
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Smoothing by running median of 3 repeated,
seven DCB specimens
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Fig. 17. ‘Smoothing by running median of 3 repeated’ of the median
crack speeds with respect to the median branching angle (in magni-
tude), for the seven DCB specimens. The crack growth rate is calcu-
lated for tests with 8.47 x 1073 mm/s displacement rate.

epoxy and graphite/epoxy cross-ply specimens. A Teflon
film was inserted in the specimens as delamination
starter. The crack propagated with branching and bi-
furcation. The DCB test has been designed, and the
problems and choices of the design have been reported
in detail. Also a ‘smoothing by running median of 3
repeated’ technique was applied to identify the general
trend of median crack speeds and median branching
angles for the DCB specimens. The results of the de-
signed test and of the smoothing technique show that
there is a critical branching angle at which the crack
growth and the branching angles of the population of
specimens are significantly affected. If a crack branches
with a branching angle greater than this critical value,
the branching angles increase with a decrease of initial
delamination length. For branching angles smaller than
this critical value, the branching angles do not seem to
be affected by a change in delamination length. Most
importantly, for branching angles greater than this
critical value, the crack growth rate increases as the
branching angles increase. For branching angles smaller
than this critical value, the crack growth rate is constant.

It should be noticed that a similar result was obtained
for T7G145/F1914 graphite/epoxy specimens under
compressive fatigue loading, as reported in [10]: in
particular, a significant increase in crack growth was
noticed for branching angles greater than 33°.

The following hypothesis will be investigated upon in
the future: below a critical branching angle, along the
branching crack there are contact areas that lead to a
delayed crack growth; for branching angles greater than
the critical value, the branching crack opens and crack
growth is subsequently accelerated.

This hypothesis may also justify the different findings
of Suresh [11] and lida and Kobayashi [12]. Suresh men-

tions ‘roughness-induced closure’ due to crack deflection,
and therefore he experiences a slower crack growth rate.
He might have found branching angles that were lower
than the critical value, with closure in the branching
crack. Iida and Kobayashi, on the other hand, do not
mention crack closure but state that the crack deflection
and the presence of a Mode II component in the loading
‘increase the crack propagation rate significantly’. They
might have come across branching angles greater than the
critical value, with negligible crack closure.

Moreover, this behavior may not depend strongly on
testing conditions and specimen geometry: in fact, the
specimens tested with static DCB tests and with com-
pressive fatigue tests [10] have very different loading
conditions and geometry, but the critical branching
angles seem to range between 33° and 40° in both con-
figurations.
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