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.is paper describes the experimental studies on Mode I fracture of parallel strand bamboo (PSB) by the double cantilever beam
(DCB) test. R-curves based on the elementary beam theory and specimen compliance are proposed in order to overcome the
difficulties to monitor the crack propagation during experiments. .e results demonstrate that the energy release rate (ERR) is
influenced by the specimen geometry, i.e., the specimen width and initial crack length. .e ERR at the plateau level is similar for
the range of the analyzed widths (B� 20, 40, and 60mm), while it decreases with width increasing up to 80mm and 100mm. .e
energy release rate for PSB specimens would verge to a stable value with the width increasing up to a specific value, while the value
of the energy release rate will be influenced by the initial crack length. Consequently, the DCB tests also show that the obtained
R-curve in this study is not a material property.

1. Introduction

Parallel strand bamboo (PSB) is manufactured by parallelly
gluing bamboo strands together under controlled temper-
ature and pressure. Because bamboo strips are parallelly
glued along the longitudinal direction and uniformly dis-
tributed over the transverse direction, PSB can be considered
as a unidirectional and orthotropic fibrous composite, as
shown in Figure 1 [1]. More recently, PSB wins growing
interests as an alternative of wood composites for con-
struction engineering in China due to its fast-growing
feature and excellent structural performance. Aimed at the
structural use, the failure modes of combined compression
and bending PSB members were studied by Huang et al.
[2–4]. It was found that the fracture along the fiber interfaces
was one of the major failure modes of PSB composites. Once
a PSB member subjected to an increasing external load, the
initial deflects, such asmicrovoids andmicrocracks, could be
advancing or growing into macrocracks and consequently
result in catastrophic failure of structures. .erefore, the

fracture of PSB composite is one of the major concerns in
PSB structural design.

.e objective of the present study is to investigate theMode
I fracture properties and to measure the fracture toughness of
the PSB composite through DCB experiments, which is one of
the necessities for establishing design allowable values used in
damage tolerance analysis of PSB structures.

.e double cantilever beam (DCB) test [5–7], a standard
test procedure prescribed in ASTM D5528-13 [8], was
employed as the test procedure in this study. .e test uses a
rectangular specimen with different widths, different initial
crack lengths, and constant thickness. It contains a pre-
implanted, nonadhesive insert or crack as an initial de-
lamination..e opening load is applied perpendicular to the
initial crack surface to induce the Mode I crack. Such a test
analysis is based on the beam theory, and the fracture
toughness can be measured through the energy release rate
(ERR) for orthotropic fibrous composites. .e ERR can be
obtained by various methods, including direct area in-
tegration of loading-unloading curves or by means of
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compliance measurements [9]. Since the data reduction of
DCB test is easier than the other test approaches [10, 11], it is
now the most popular method used to determine Mode I
fracture toughness.

Recommended by ASTM and ISO standards [9, 12, 13],
the energy release rate can be estimated through the change
of compliance. .eoretically, it can be obtained by differ-
entiating the specimen compliance, C, with respect to the
crack length a, i.e., G � (P2/2B)(zC/za) [14–18], where P is
the applied load and B the width of the specimen. In the
frame of linear fracture mechanics, the root condition is
supposed to be fully built-in; hence, the compliance equation
can be given by simple beam theory, i.e., C � 8a3/BEh3 [9].
Nevertheless, because of the fuzzy boundary conditions at
the end of opening arms, the compliance equation C(a)
cannot be determined without controversy. On the other
hand, the crack length cannot be measured either with
desired precision. .erefore, various data reduction
methods were developed to overcome this disadvantage,
such as the area method, in which the compliance equation
was built through data fitting for tests [19, 20]. Hashemi et al.
[21] compared the different data reduction methods for
obtaining the energy release rate of fibrous composites. .ey
proposed that the correction of crack length was necessary in
the beam theory-based method because the end of opening
arms was not perfectly clamped. .ey developed the cor-
rected beam theory (CBT), providing a correction in the
crack length based on a compliance calibration. However,
the fracture mechanism of fibrous composite is much
complicated than that of brittle materials. .e major aspect
is that the microvoids coalescing, fine cracks extending, and
fiber bridging lead to a large fracture process zone (FPZ) in
front of the crack tip, which makes the clear location of the
crack tip impracticable [22–25]. Furthermore, the devel-
opment of the large FPZ in the crack-tip front delays the
fracture of specimen, which consequently makes the built-in
assumption no longer valid. It has been well recognized that
the use of elementary beam theory with the built-in as-
sumption at the crack tip has a significant error for calcu-
lating the energy release rate of fibrous composites [26]. To
date, there is no method available to exactly identify the
crack tip for the DCB test of fibrous composites. For this
reason, extensive researches have been carried out to avoid
locating the crack tip [27–32]. Among these researches, the

concept of equivalent linear elastic fracture mechanics
(LEFM) was widely accepted to deal with the fracture with a
large FPZ [31]. According to the concept of equivalent
LEFM, the increasing of compliance, owing to the devel-
opment of FPZ or main crack propagation with FPZ, is
attributed to the elastic crack which equals to the actual
crack with its FPZ [33]. .erefore, the crack length can be
estimated according to the associated compliance obtained
by experiments. Furthermore, the R-curve can also be
measured using only amonotonic load-displacement record.

In the present study, the data reduction method was based
on the theory of equivalent LEFM. Compliance calibration was
introduced to determine the crack length. .e direct integral
approach was adopted to calculate the energy release rate.

2. Data Reduction Scheme

Figure 2 illustrates the principle of evaluating energy release
rate based on the theory of equivalent LEFM. In the sche-
matic load-displacement curve (F, δ), two consecutive
points M1(δ(a1), F(a1)) and M2(δ(a2), F(a2)) corre-
sponding to two different crack lengths a1 and a2, re-
spectively, are selected. Suppose that the crack extends from
length a1 to a2 with a small amount of propagation in-
crement Δa and that the load-displacement trajectory goes
from M1 to M2; thus, the shadow area circulated by the
dashed lines OM1, and OM2 and the segment of load-dis-
placementM1M2 must be equal to the energy released as the
crack growth of the extension Δa [19]. .erefore, the energy
release rate can be calculated by

GR �
1

bΔa
1
2

P a1( δ a2(  −
1
2

P a2( δ a1(  , (1)

where P and δ stand for the applied load and associated
displacement at loading position, respectively. .e crack
length ai(i � 1, 2) can be determined from the test com-
pliance C(ai) � (δ(ai))/(P(ai)). According to the beam
theory, the compliance can be calculated by [34]

C(a) �
a3

ELI
+

6a

5GLTA
, (2)

where EL is the longitudinal elastic modulus, GLT is the shear
modulus in LT plane, i.e., the 12 or 13 plane as shown in
Figure 1(b), I is the inertia moment of the cross section, and
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Figure 1: (a) Photograph of PSB. (b) Principal directions of PSB.
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A is the area of cross section. Once the compliance C(ai)is
obtained by experiment and the crack length can be de-
termined by resolving equation (2) or by numerical iteration
in terms of the following equation:

ai �
3ELIλC ai( 

2 1 + 3ELh2/10GLTa2
i− 1( ( 

 

(1/3)

, (3)

where λ � C0/C0 is the calibration parameter to eliminate
the system error of the experiment, in which C0 is the test
compliance corresponding to the initial crack length a0 and
C0 stands for the theoretical compliance corresponding to
the initial crack length calculated by equation (2).

3. Experimental Investigation

3.1. Materials. .e test PSB was provided by Feiyu
Bamboo Products, Jianghxi, China. .e material density
was 1.26 g/cm3, and the moisture content was 11%. Me-
chanical properties in parallel-to-grain direction, which
are involved in test analysis, were pretested following the
method recommended in ASTM D143-14 [35], and the
results are collected in Table 1, where the subscripts L and
Tare the parallel-to-grain direction and perpendicular-to-
grain direction, respectively, and υ represents Poisson’s
ratio of PSB.

3.2. Specimen Preparation. .e geometry of DCB specimen
is shown in Figure 3..e dimensions of DCB specimen were
determined referring to the standard test procedure
addressed in ASTM D5528-13 [8]. In this method, the DCB
dimension was designed to ensure the damage zone or
nonlinear deformation developed along the delamination
front and the stable crack growth can be achieved.

Totally four groups of specimens with different initial
crack lengths and different widths were prepared, as il-
lustrated in Table 2, in which each group consists of the
same initial crack length and 5 types of specimens with
different widths. A label system was designed to identify the
specimen. In this system, the latter A, B, C, and D

correspond to the initial crack length of 34mm, 67mm,
100mm, and 134mm, respectively. .e number prior to
the letter of the group name stands for the width of the
specimen, as shown in Table 2. .e initial crack was firstly
introduced by a 1.5mm thick saw kerf; afterwards, precrack
with length about 1mm was extended by using a cutting
blade [10]. At the end of the DCB test, two bolt holes of
8mm in diameter were drilled for the sake of joining DCB
specimen to the actuator of the test machine, as illustrated
in Figure 3.

3.3. Test Procedure. .e fracture tests were performed on a
servo-hydraulic universal test machine of 20 kN capacity in
room ambient circumstance. .e test setup is illustrated in
Figure 4(a). .e specimen was joined to the load actuator
through two steel rods of 7.5mm diameter, as shown in
Figure 4(b). Loading was controlled by the displacement of a
moveable actuator at the speed of 1.0mm/min. A micro-
scope digital camera was mounted in front of the specimen
to monitor the crack propagation and take the images of the
crack tip. .e applied load and the displacement at loading
position were simultaneously recorded at a frequency of
10Hz. .e opening displacement at the initial crack tip was
measured by using a clip-on gauge (COD gauge) symmet-
rically fixed at the two sides of the crack tip through em-
bedded aluminum flakes (Figure 4(b)). .e crack length
during propagation can be observed by using the micro-
scopic camera, as shown in Figure 4(b).

4. Test Results

4.1. Load-Displacement Curve. Figure 5 illustrates a typical
load-displacement curve. Roughly three stages can be ob-
served..e first one (stage I) is no-damage stage from origin
to the proportional limit point where the curve deviates from
its original direction. .e load-displacement curve exhibits
perfect linearity in this stage. Once the load exceeds the point
of proportional limit (stage II), damage onset extends and
coalesces to form the fracture process zone (FPZ) and
consequently leads to the compliance augment and the curve
continuously deviates from its original direction as the load
increases. Hence, this stage can be understood as the stage of
FPZ development. When the FPZ fully developed, the load-
displacement curve would reach its critical point, where the
load reached its maximum value and the crack propagation
began. Hence, the third stage (stage III) is the crack prop-
agation stage.

Figure 6 presents the load-displacement profiles of the
specimens. For the specimens of Group A, the load-dis-
placement curve sharply declines once the load reaches the
maximum value, which indicates that the crack

Table 1: Mechanical properties of PSB composites in parallel-to-
grain direction.

Items EL (MPa) GLT (MPa) υLT υTL
Mean 15363 4890 0.32 0.05
CV (%) 9.575 12.31 12.3 25.6
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Figure 2: Schematic diagram of the evaluation of the resistance to
crack growth (GR).
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propagation is unstable. For the specimens in Groups B, C,
and D with longer initial crack length, the load-displace-
ment profile slowly declines in post-summit segments.
Furthermore, the load-displacement profile declined more
slowly with longer initial crack length, which indicated that
the stability of crack propagation is sensitive to the initial
crack length. .erefore, enough initial crack length is
needed for obtaining stable crack propagation. In the
present study, the ratios of initial crack length to ligament
length of Groups B, C, and D are 0.191, 0.286, and 0.383,
respectively, and their crack propagates in a stable and
ductile manner, which means specimens with the ratio of
Groups B, C, and D can be used to determine the fracture
properties.

.e second factor is the width scaling which has a
significant influence on fiber bridging in the wake of the
crack, consequently affecting the delamination behavior.
As shown in Figure 7, the load-displacement curves for
partial specimens are presented with the same initial crack
length but different widths. It can be concluded that the
crack grows in a “thumbnail” shape [36] under constant or

decreasing load, while the overall displacement is in-
creased. .e “thumbnail” theory means that the crack
extends mainly from the center of the thickness of speci-
mens, while the edge regions are plastically deformed.
.erefore, with the width increasing, the energy release rate
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Figure 3: .e configurations of DCB specimens.

Table 2: Dimensions of DCB specimens.

Group Label a0
(mm)

L
(mm)

B
(mm)

H
(mm)

a0
(L) Number

A

20-A

34 350

20

50 0.097 3
40-A 40
60-A 60
80-A 80
100-A 100

B

20-B

67 350

20

50 0.191 3
40-B 40
60-B 60
80-B 80
100-B 100

C

20-C

100 350

20

50 0.286 3
40-C 40
60-C 60
80-C 80
100-C 100

D

20-D

134 350

20

50 0.383 3
40-D 40
60-D 60
80-D 80
100-D 100
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Loading

(a)

F

F
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Loading actuator

Tensile clamp
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T (2)
L (1)
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Figure 4: (a) Experimental setup of the DCB test. (b) Schematic
diagram of the DCB test.
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Figure 6: Load-displacement curves of all tested DCB specimens with different initial crack lengths in the same width: (a) width B� 20mm;
(b) width B� 40mm; (c) width B� 80mm; and (d) width B� 100mm.
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Figure 5: A typical load-displacement curve.
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of DCB specimens for PSB composite would converge to a
stable value.

It is worth mentioning that only partial specimens ex-
hibit their load-displacement curves or R-curves in later
analysis due to the similar tendency of these curves.
Moreover, because of the manufacturing defects for some
PSB specimens, the data cannot be used to analyze the
energy release rate in the DCB test. .erefore, some spec-
imens present two lines in partial load-displacement curves
or R-curves.

4.2.FractureProcessZone. Damage begins when the external
load exceeds its proportional limit, which is characterized by
local microcracks at the crack tip front zone. .is damaged
zone is comprised of microcracks between the grains or
through the grains. .e microcracks are consequently ex-
tended and coalesced to form macrocracks and local
microcracks at the advancing crack tip front as the external
load increases. .is fracture process and damaged zone can
be called fracture process zone (FPZ). Before the load
reaches its maximum value, the crack interfaces are bonded
by fiber bridges which either rupture or peel off from the
crack surfaces. .is fracture mechanism leads to a large FPZ
which can be observed at the crack tip front before crack
propagation, as shown in Figure 8. Due to the restriction of
fiber bridges, the strain energy is smoothly consumed
through the fibrous rupture or pull-off, which leads to stable
crack propagation and a rising R-curve.

Several micrographs were taken from the tested
specimens at the fracture surfaces using the scanning
electron microscope (SEM), as shown in Figure 9.
Figure 9(a) exhibits the typical fracture surface with a
limited amount of fiber pull-out in the debonding plies,
which is presented with higher magnitude in Figure 9(b).

.e pull-out process could have created a fibre-bridged
zone in the wake of the advancing crack tip. During the
whole experiment, the growth and eventual stabilization of
this fibre-bridged zone could account for the tendency
observed in later R-curves.

4.3. R-Curve Measurement. Energy release rate for each test
specimen was measured by the method addressed in Section
2. .e R-curves of partial DCB specimens with different
widths and different initial crack lengths corresponding to
specific thickness are presented in Figures 10 and 11. It was
observed that the energy release rate increases up to a steady-
state toughness after the initiation of delamination. As il-
lustrated in Section 4.2, the fiber bridging effect during the
whole crack propagation led to eventual stabilization of
crack growths for all tested specimens. Meanwhile, the re-
sults also implied that the R-curve obtained in this study was
not a material property, i.e., it depended on specimen ge-
ometry. Consequently, when the crack starts to propagate,
the bridging zone is created. By developing the bridging zone
length, the strain energy release rate increases up to the
steady-state fracture toughness..e length between the initial
crack length and crack length corresponding to the steady-
state fracture toughness is called as the steady-state bridging
zone length. From Figure 10, the value of the energy release
rate was always affected by the initial crack length. .e major
reason may be that the steady-state bridging zone of PSB
specimens was always influenced by the preimbedded crack.

From Figure 11, it can also be concluded that the energy
release rate of DCB specimens for the PSB composite would
verge to a stable value with the width increasing up to a
specific value, which will be identified in the future
DCB tests for PSB specimens. As illustrated in the
abovementioned “thumbnail” theory, the width scaling has
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Figure 7: Load-displacement curves of DCB specimens with different widths in the same initial crack length: (a) initial crack length
a0 �100mm; (b) initial crack length a0 �134mm.
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a significant effect on fiber bridging in the wake of the
crack, which make the crack grow in a “thumbnail” shape,
i.e., the crack extends mainly from the center of specimens,
while the edge regions are plastically deformed. .erefore,

the energy release rate of DCB specimens for the PSB
composite would converge to a stable value with the in-
creasing width. Table 3 gives the average fracture toughness
for partial test samples.

Fiber pull-out

(a) (b)

Figure 9: (a) SEM micrograph of the DCB specimens’ fracture surface for PSB composite. (b) Fiber pull-out with higher magnitude.

Fiber bridging

Figure 8: .e fiber bridging phenomenon of DCB specimens.
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Figure 10: R-curves of DCB specimens with different initial crack lengths on the same width: (a) width B� 20mm; (b) width B� 40mm.
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5. Conclusion

.is paper has investigated an experimental procedure to
obtain the energy release rate (ERR) using DCB tests for
parallel strand bamboo (PSB) composites. .e effects of
specimen width and initial crack length on large-scale fiber
bridging in Mode I fracture of unidirectional PSB composites
were investigated. .e R-curve measurements, for the range of
the analyzed widths (B� 20, 40, 60, 80, and 100mm) and initial
crack lengths (a0 � 34, 67, 100, and 134mm), show that the
energy release rate is influenced by both the width and initial
crack length of specimens, in that the ERR at the plateau level
decreased with an increasing width and initial crack length.
Consequently, the DCB tests imply that the R-curve obtained
in the present study is not a material property because it
depends on the specimen geometry. However, the ERR at the
plateau level is decreased to similar values as the width in-
creases up to 80mm and 100mm. It may be concluded that the
energy release rate would verge to a stable value with the width
increasing up to more than a specific value, which can be
clarified in the future DCB tests for PSB composites.

Nomenclature

B: Specimen width
C: Specimen compliance
a: Crack length
P: Applied load
G: Energy release rate
E: Young’s modulus
h: Height of the cantilever portion, H/2
H: Specimen thickness
δ: Loading-line displacement
Δa: Crack extension
EL: Elastic modulus in longitudinal direction
GLT: Shear modulus in LT plane
I: Inertia moment of cross section
A: Area of cross section
λ: Calibration parameter to eliminate errors from

experiments
C0: .eoretical compliance corresponding to initial crack

length
C0: Test compliance corresponding to the initial crack

length
a0: Initial crack length
υ: Poisson’s ratio
L: Specimen length.

Data Availability

.e data of the DCB test for PSB composites used to support
the findings of this study are available from the corre-
sponding author upon request.
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Figure 11: R-curves of DCB specimens with different widths in the same initial crack lengths. (a) Initial crack length a0 �100mm. (b)
Initial crack length a0 �134mm.

Table 3: .e average fracture toughness for partial test samples
(H� 50mm).

Specimens a0 (mm) B (mm) L (mm) P (N) GR (J/m2)

DCB-C 100

20

350

839 1740
40 1535 1505
60 2364 1550
80 2149 630
100 2952 820

DCB-D 134

20

350

745 2600
40 1332 2570
60 2081 1960
80 2009 950
100 2233 870
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