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ABSTRACT

Bamboo is an eco-friendly material with light weight, high strength, short growth cycle and high sustainability,
which is widely used in building structures. Engineered bamboo has further promoted the development of mod-
ern bamboo structures due to its unrestricted size and shape. However, as a fiber-reinforced material, fracture
damage, especially Mode I fracture damage, becomes the most likely damage mode of its structure, so Mode I
fracture characteristics are an important subject in the research of mechanical properties of bamboo. This paper
summarizes the current status of experimental research on the Mode I fracture properties of bamboo based on the
three-point bending (TPB) method, the single-edge notched beam (SENB) method, the compact tension (CT)
method and the double cantilever beam (DCB) method, compares the fracture toughness of different species
of bamboo, analyzes the toughening mechanisms and fracture damage modes, discusses the applicability of dif-
ferent theoretical calculation methods, and makes suggestions for future research priorities, aiming to provide a
reference for future research and engineering applications in related fields.
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1 Introduction

The construction industry is one of the industries with the greatest environmental impact, accounting for
39% of global carbon emissions, with steel and concrete, the two commonly used building materials,
dominating [1–3]. Therefore, there is an urgent search for low-carbon, environmentally friendly
alternative materials [4,5]. Bamboo is a highly sustainable and eco-friendly building material, widely
distributed in Asia, Africa and Latin America, which is receiving considerable attention because of its
high yield, fast growth and excellent mechanical properties [6–8]. To solve the disadvantages of restricted
size, irregular shape and radial gradient variation of mechanical properties of raw bamboo, a number of
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bamboo-based composite materials, i.e., engineered bamboo materials, have been developed using
composite and recombinant technologies.

Engineered bamboo includes bamboomat plywood, bamboo scrimber/parallel bamboo stand lumber (PBSL)
[9,10], laminated bamboo lumber (LBL) [11–13], laminated flattened-bamboo lumber (LFBL) [14,15] and
Glubam [16], among which PBSL and LBL are the two most widely used. The production process of PBSL
is as follows: after defibering, the original bamboo is separated into fiber bundles, which are then
reconstituted, and glued together with adhesive (Fig. 1a). LBL is made by splitting the original bamboo and
shaving off the excess to take the bamboo strips of equal thickness in the middle, then gluing and laminating
these bamboo strips together (Fig. 1b). These two materials retain the excellent mechanical properties of
bamboo and can also be freely changed in size for processing into large-size and various-shaped components.

The fiber bundles of bamboo are connected by a matrix (ground tissue) consisting of parenchyma cells,
so their interfacial strength is low. Especially in the process of processing into engineered bamboo, bubbles
and pores will inevitably exist, which leads to the splitting along the grain direction easily [17,18]. The
studies [19–22] show that, under the action of external forces, the stiffness degradation and load capacity
reduction caused by crack extension are the main factors for the damage of bamboo members, and the
fracture failure of the material is the main damage mode at the ultimate state. Therefore, the application
of fracture mechanics method to study the failure of the bamboo and analyze its fracture mechanism is
crucial to the design of the members and the safety of the structures.

In practice, materials are often in complex stress situations. Irwin et al. [23–25] were the first to propose
that cracks can be classified into three modes according to the crack loading characteristics: Mode I, opening

Figure 1: The manufacturing processes of the two most common engineered bamboo [9,11]: (a) The
manufacturing process of PBSL [9]; (b) The manufacturing process of LBL [11]
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mode, Mode II, slipping mode, and Mode III, tearing mode (as shown in Fig. 2). Among them, Mode I cracks
possess the lowest resistance to extension and require the minimum energy for crack initiation, therefore,
Mode I cracks are the most prone to extension [26], while the other two modes of cracks are often
appeared on the basis of compounding with Mode I [27–29].

As mentioned above, the Mode I fracture characteristics of both raw bamboo and engineered bamboo are
the focus of research on their material mechanical properties. According to the published test results and
theories, this study introduces the Mode I fracture behavior of bamboo in detail. The objectives are to
clarify the connection between microscopic damage and fracture mechanism, compare the fracture
toughness of different bamboo products, and evaluate the characteristics of different test methods and
theoretical calculation methods, so as to provide reference for the future development of bamboo fracture
test standards and structural safety design.

2 Brief Introduction to Fracture Mechanics Theory

Strength design methods based on elastic mechanics cannot characterize the strength of structures with
cracks; therefore, relevant fracture criteria based on fracture mechanics methods are needed to study the
damage of defective materials and structures [20–22]. Fracture mechanics theory is established on the
basis of linear elastic fracture theory, that is, fracture occurs without significant crack extension, and the
member is brittle damaged. Linear elastic fracture mechanics (LEFM) mainly studies brittle fracture and
the case of small-scale plastic deformation near the crack tip. With the development of production
technology, such high toughness materials as bamboo, bamboo-based composite materials and wood-
based composites are widely used, and their plastic zone length at the crack tip can no longer be ignored,
which drives the development of elastic-plastic fracture theory.

2.1 Linear Elastic Fracture Mechanics (LEFM)
In explaining the fracture behavior of the material, Inglis [30] assumed that the infinite flat plate contains an

elliptical hole traversing it, and when the length of the short axis of the elliptical hole tends to zero, the hole becomes
a crack of length equal to the long axis of the ellipse. At this point, if analyzed according to the continuum theory of
elastic mechanics, the maximum stress at the long-axis end of the hole is given by Eq. (1) [30].

rA ¼ lim
b!0

r 1þ 2
a

b

� �
! 1 (1)

where a is the length of the semi-long axis of the elliptical penetration hole, b is the length of the semi-short
axis of the elliptical penetration hole, and σ is the applied stress of the material. It can be seen that when the
ellipse is infinitely close to the crack, the crack tip stress solution has singularity, i.e., the crack tip stress field
will tend to infinity, indicating that the materials containing the crack can withstand a load of 0, which is
unrealistic.

Figure 2: Three modes of cracks [23]
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The above stress-based fracture paradox prompted Griffith [31] to take the lead in analyzing the fracture
process from an energy perspective, proposing that the damage of a solid with defects is caused by initial
crack extension rather than by material yielding and he argued that the necessary condition for brittle
fracture to occur under static conditions is that the energy released in the crack-end region is equal to the
energy required to form the crack area, thus establishing the basic framework of brittle fracture theory. In
order to overcome the singularity at the crack tip, Irwin [32] introduced the concepts of strain energy
release rate (G) and stress intensity factor (K) on the foundation of Griffith’s theory, and proposed the K
criterion for judging brittle fracture: the stress intensity factor K is to characterize the degree of stress
concentration at the crack tip of the crack-containing material, and when K reaches its critical value, the
crack begins to extend. The energy release rate G is equivalent to K in describing the ability of a material
to resist fracture, i.e., crack extension occurs when G reaches the critical strain energy release rate (GIC).
Critical stress intensity factor (KIC) and GIC, generally referred to as fracture toughness, are inherent
properties of the material and can be measured by standard tests.

2.2 Non Linear Elastic Fracture Mechanics (Non-LEFM)
The fracture behavior of a material with a plastic extension region at the crack tip cannot be accurately

described by the LEFM, requiring the inclusion of some correction conditions. Initially, when considering the
effect of the plastic zone of the crack tip, it was thought that the stiffness of the structure with a crack would
be slightly weaker than that obtained by the linear elastic method, and therefore the result from linear elastic
fracture was corrected by increasing the crack length and reducing the stiffness, which is called the equivalent
crack length (ECL) method, first proposed by Irwin [33].

Based on extensive experiments, Wells [34] proposed that nonlinear fracture can be determined by crack
opening displacement (COD) and established the COD criterion. Similarly, the crack tip opening displacement
(CTOD) method [35] can measure the plastic deformation near the crack tip when the cracked material
fractures. Some scholars [36–38] also developed a fracture covariate based on the plasticity total theory to
describe the fracture energy-J integral, which is independent of the path, and the crack starts to extend
when J reaches a critical value (JIC). JIC can be regarded as a material constant under certain conditions,
and its value is determined depending on the loading method and the specimen size.

It is thereby clear that the criterion for judging material fracture is not singular, but multiple parameters can be
considered, and these parameters are interconvertible. Table 1 shows a summary of the classical fracture criteria [22].

Table 1: Common fracture criteria [22]

Parameters Equations Application Fracture
Judgment

Strain energy release rate G
G ¼ P2

2B

dC

da

Compliance
formula

G = GIC

Stress strength factor K
K ¼ Yr

ffiffiffiffiffiffi
pa

p ¼
ffiffiffiffiffiffiffi
GE

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GE=ð1� m2Þp

�
Planar stress state
Planar strain state

K = KIC

J-integral

J ¼ R
� xdy� Ti

@ui
@x

ds

� �
¼

K2

E
1� m2

E
K2

8><
>:

Planar stress state
Planar strain state

J = JIC

COD
d ¼ 8rsa

pE0 ln sec
pr
2rs

� �
d = dIC

Note: P is the load, B is the thickness of the cracked member, C is the compliance, a is the half-length of the crack, E is the elastic modulus, m is the
Poisson’s ratio, Y is a correction factor greater than 1, indicating the effect of other cracks on K, σ is the tensile stress, σs is the yield limit, x is the
strain energy density, μi is the displacement vector, Ti is the vector of forces acting on the integral return micro-element (dS) along the i-direction, δ is
the crack opening displacement, and E′ = E/(1−v2). GIC, KIC, JIC and δIC are the critical values when material fracture occurs.
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Theoretically, the fracture mechanics theory is still suitable for bamboo and its composites, but the
fracture mechanism of these materials is very complex, causing difficulties in solving the stress field near
the crack tip. The stress-strain relationships for fracture damage in bamboo given in many studies cannot
be recognized widely, and there is no unified theory to describe the fracture mechanism of bamboo for
the time being. Therefore, a combination of microscopic analysis and mechanical response behavior is
essential to deeply analyze the fracture behavior of bamboo.

3 Mode I Fracture in the Transverse Direction

Unlike isotropic materials such as concrete and steel [39,40], bamboo and its composites are typical
orthogonal anisotropic materials, whose fracture characteristics depend on the crack location and crack
extension direction, so their fracture parameters are different in each direction to be discussed separately,
as shown in Fig. 3 [41–43]. The orientation of the engineered bamboo material is defined according to
the direction of the bamboo strip units. The crack location is depicted by a combination of two letters
shaped like “TL”, the first letter indicates the crack opening direction, and the second letter indicates the
crack extension direction. Transverse fracture indicates that the crack extends in the T-direction or R-
direction, essentially the fibers at the crack tip are pulled off. Due to the strong tensile strength of the
bamboo fibers [44], the transverse fracture toughness of the bamboo material is also high. The most
common method for transverse Mode I fracture tests are the three-point bending (TPB) method and the
single-edge notched beam (SENB) method [45,46].

3.1 Tests with Three-Point Bending (TPB)
The TPB method does not require notching on the specimen, but only the pivot points at the ends of the

beam and loading in the middle part (as shown in Fig. 4) This method is mostly used by scholars for in situ
observation of fiber dynamics during transverse fracture of bamboo [47–49].

Figure 3: Three-direction definition of bamboo [41]

Figure 4: Three-point bending (TPB) test diagram [49]
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Due to the gradual increase of fibers along the radial direction of the raw bamboo (Fig. 5a), An et al. [50]
tested the three-point bending fracture behavior of two years old moso bamboo (Phyllostachys edulis) with
dense-fiber layer upward and downward, respectively, and presented the corresponding load displacement
curves (Fig. 5b); the three-point bending strength for specimens with dense fiber layer downward of
139.6 MPa was higher than that with dense fiber layer upward of 93.6 MPa, resulting from that the
former’s damage mode is fiber fracture, while the latter’s damage mode was fiber pulled out of the matrix.

A similar study on moso bamboo (Phyllostachys edulis) was done by Chen et al. [51] using the acoustic
emission (AE) system, three types of bending fracture behaviors were observed in the internodes region of
bamboo: matrix (parenchyma cell) disruption, fiber dissociation (fiber-matrix and fiber-fiber wall
dissociation), and fiber fracture; likewise, the bending fracture of bamboo in the radial direction did not
possess symmetry, and this asymmetry increased as moisture increased (Fig. 6). By the same method
[52], they also tested the asymmetry to the moso bamboo node: the flexural strength and average fracture
energy of the specimens with bending direction from out to inner skin (dense layer downward) were
much higher than those with bending direction from inner to outer skin (dense layer upward),
respectively: 175 MPa, 2.76 MJ·m−3, 100 MPa, 0.94 MJ·m−3.

The delamination patterns of fiber bundles are also shown in the study of Chen et al. [49]. They analyzed
the fracture characteristics of fibers using microscopic techniques; it was found that cracks extend in a
tortuous manner; the smooth and delaminated fracture of fibers occurred in the tensile layer, while three
fracture modes, namely tiny cracks around the loading head, localized fiber tensile cracks and
delamination between fibers were observed in the compression layer. The damage modes described in the
above studies almost cover all the damage modes of bamboo fibers during bending fracture. In another
paper, Chen et al. [53] identified three main types of fracture based on the six kinds of fiber cell wall
structure (Fig. 7): brittle fracture in fibers with small diameters and few layers; alternating changes in
microfiber angle and decreasing layer thickness with increasing number of layers leading to a fracture
transition from brittle to ductile or splitting tensile damage; and pits have little effect on fracture behavior.

The weak interfaces between bamboo fiber layers have a great influence on the fracture properties. Using
synchrotron radiation microcomputed tomography and scanning electron microscopy (SEM), Liu et al. [54]
investigated the bending fracture behaviors of moso bamboo (Phyllostachys pubescens), and the important
fracture characteristics of matrix cracking, interface debonding, fiber bridging and cell wall splitting were
found; it was proved that the rational weak interfaces had the positive effect on the fracture toughness of

Figure 5: Three-point bending test with different locations of dense fiber layers [50]: (a) Bamboo fiber
distribution; (b) Load-displacement carves
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fiber-reinforced bamboo. Zou et al. [55] also applied in-situ observation on the fracture behavior of 6-year old
natural bamboo (Phyllostachys edulis) under three-point bending, and found that when bamboo fractured
transversely, cracks propagated across parenchyma cell, combined with crack bridging and fiber pull-out.
As shown in Fig. 8, this crack bridging and fiber pull-out were also observed in the study by Liu et al. [56].

The damage modes mentioned above in the literatures basically cover all the damage modes in the
transverse fracture process of bamboo, which are summarized in Table 2. In situ observation of
the transverse fracture process of bamboo by TPB method combined with SEM is the key to analyze the
microscopic mechanism of bamboo fracture damage and improve the understanding of fiber fracture

Figure 6: Effects of the gradient hierarchical fibrous structure and water on the flexural fracture behaviors
and toughening mechanisms within natural bamboo [51]

Figure 7: Six kinds of fiber cell wall structure [53]
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behavior. In general, fibers are the key factor to bear the load and hinder the crack extension, whose cell wall
structures significantly influence the fracture characteristics of bamboo; the weak interfaces make bamboo
transversely highly tough, and the delamination of fiber bundles caused by them can further retard the
fracture; and the gradient variability of raw bamboo leads to significant differences in fracture behavior
between its outer layers and inner layers.

3.2 Tests with Single-Edge Notched Beam (SENB)
As shown in Fig. 9, the single-edge notched beam (SENB) method requires pre-cutting treatment in the

middle of the bottom of the beam, and then perform three-point bending or four-point bending loading,
which can test the fracture toughness of a variety of materials [57–59].

The most commonly used method to solve for the transverse fracture toughness of bamboo is as follows:
the load-displacement curve is obtained by testing the crack opening displacement (COD) value and the 95%
stiffness correction method is used to solve for the critical load to calculate the stress intensity factor. Under
SENB test, Xu et al. [60] tested the COD of moso bamboo specimens in the LT direction with a/W values
between 0.45 and 0.55; the critical load was determined by the 95% stiffness correction method; the average

Table 2: Multi-factor analysis of transverse fracture damage pattern of bamboo [49,50–56]

Influence factors Variables Fracture characteristics

Radial gradient
variability [50–52]

Outer layers High bending strength; mostly fiber fracture

Inner layers Lower bending strength; mostly matrix damage or fiber
dissociation (pull-out)

Delamination
phenomena [49]

Tensile layers Smooth and delaminated fracture of fibers

Compressive layers Micro cracks around the loading head, localized fiber tensile
cracks and delamination between fibers

Fiber cell wall
structures [53]

Small diameter and
few layers

Brittle fracture

More layers and
reduced layer
thickness

Ductile or splitting tensile damage

Weak interfaces
[54–56]

— Matrix cracking, interfacial debonding, fiber bridging and
splitting of cell wall layers; crack propagation in a tortuous
manner across thin-walled cells

Figure 8: Crack bridging and fiber pull-out [56]
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fracture toughness (expressed as critical stress intensity factor—KIC) calculated according to American
Society for Testing and Materials—ASTM E399-09 was 16.05 MPa·m1/2 and the maximum fracture
toughness reached 17.39 MPa·m1/2. This study analyzed the transverse Mode I fracture characteristics of
bamboo from the aspect of stress intensity factor, which provides a reference for future research on the
fracture behavior of bamboo-based composites, but the load-COD curve of each specimen was not clearly
given in the paper.

By the same method, Xu [41] also tested the mean fracture toughness of LBL in the LT direction of
4.65 MPa·m1/2, finding the anisotropy of LBL was not as pronounced as in the raw bamboo; and in this
literature, the measured average fracture toughness of moso bamboo in LT direction was 4.16 MPa·m1/2

which differed considerably from the results of reference [60], and it is speculated that the difference may
be caused by the different densities of bamboo from various height. Liu et al. [61] compared the fracture
properties of fir and moso bamboo by testing COD, finding that the Mode I fracture toughness of bamboo
varied from inner to outer and generally higher than fir.

The boundary effect model (BEM) is a new numerical method developed after the finite element method,
which has the advantages of few unknowns of the unit and simple data preparation. Some scholars use this
method to calculate the fracture parameters of engineered bamboo materials. Liu et al. [62] used a boundary
effect model and normal distribution analysis to determine the transverse Mode I quasi-brittle fracture
toughness of bamboo composited by bamboo fiber bundles and a water-soluble phenol formaldehyde—
PF resin under SENB test. In this study, the fiber bundles were considered as an “aggregate” and the
average diameter of the bundles (G) was observed to be 0.4 mm by microscopic images. As the fiber
bundle diameter increases, the fracture toughness also increases, with an average fracture toughness of
7.96 MPa·m1/2. Xie et al. [63] used the same approach to investigate the role of size effects on the
fracture parameters of bamboo scrimber and confirmed that the BEM solutions of the fracture parameters
were not affected by size effects, leading to average values of 216.4 MPa and 16.76 MPa·m1/2 for tensile
strength and transverse Mode I fracture toughness, respectively.

In addition, the quasi-brittle fracture process of the bamboo-based fiber composite was explained in
Liu’s study [62], including initial cracking before loading, followed by independent microcrack extension
in the matrix without the bottom fibers damage, resulting in deformation and softening behavior, after
which the fictitious crack from the microcrack in the matrix developed to its critical length of 1.5 G and
the bottom fiber bundles fractured under peak load (Fig. 10). The normal distribution analysis applied in
this study, covering all the experimental scattering points, allowed the results to reach a reliability in line
with expectations.

The information on the transverse Mode I fracture parameters provided in the above studies are
summarized in Table 3. Combined with the fracture damage mechanism revealed in Section 3.1, it is
clear that the significant difference in fracture toughness between outer layers and inner layers of the raw
bamboo is caused by the difference in fiber density, while the engineered bamboo eliminates this
difference after reassembling; There are few studies on the transverse fracture properties of LBL, and the

Figure 9: Single-edge notched beam (SENB) test diagram [57], where, a0 is the prefabricated crack length,
B is the specimen thickness, W is the specimen height, and S is the effective specimen length (span)
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existing studies lack the comparison of LBL in LT and LR direction; even for the same material, the fracture
toughness shown in different studies varies greatly, and the tensile strength and fracture toughness do not
show obvious correlation, so the effects of bamboo age, extraction part, moisture content, adhesive kinds
and processing technology on the transverse Mode I fracture properties need to be further studied in depth.

Figure 10: Schematic graphs of quasi-brittle fracture process of bamboo-based fiber composites [62],
where, d is the diameter of the fiber bundle, a0 is the initial crack length, Pini is the initial-cracking load,
Pmax is the peak load, Δafic is the critical crack length, βav is the average discrete number, and G is the
average grain size

Table 3: Fracture properties of different materials [41,60–63]

Species Tensile strength
(MPa)

Fracture direction
and part

Density
(g·cm−3)

KIC

(MPa·m1/2)
Method

Moso bamboo
[60]

— LT 0.68 16.05 95% stiffness
correction

Moso bamboo
[41]

— LT 0.62 4.62

LR (outer) 0.62 6.56

LR (inner) 0.62 2.61

LBL [41] 157.65 LT 0.70 4.65

Moso bamboo
[61]

107.77 LR (outer) — 9.81

LR (inner) 5.48

LT (outer) 9.64

LT (intermediary) 6.53

LT (inner) 4.36

PBSL [62] 114.7 — 1.146 7.96 BEM

PBSL [63] 216.4 — 1.101 16.76
Note: KIC is critical stress intensity factor; in “LT” and “LR”, the first letter indicates the crack opening direction, and the second letter indicates the
crack extension direction; BEM is the boundary effect model.
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3.3 Tension Tests
In addition to the above two methods, uniaxial tension has also been studied to test the transverse I

fracture toughness of bamboo (some will be notched on one side of the specimen) [64–66]. Reynolds
et al. [64] examined the effect of different anticorrosive treatments on the fracture properties of LBL,
revealing that the critical strain energy release rate was much lower for caramelized materials than for
bleached ones, and that the fracture behavior of bleached materials more closely resembled that of raw
bamboo; the bleached bamboo was stronger under tension—a load under which failure is dominated by
fracture, while caramelized bamboos behaved more strongly in compression—at such loads, failure was
determined by yield strength. By detecting the behavior of moso bamboo nodes internally during tensile
fracture via AE, Chen et al. [65,66] found a much lower volumes of fracture behaviors and a higher
percentage of fiber dissociation and matrix damage in bamboo node due to its hierarchical fibrous woven
structure, the coarse fiber bundles, high volumes of fibers, fiber pull-out and crack deflections constituted
a reinforcement mechanism within bamboo nodes.

The TPB method is mainly used to observe the internal microstructure of bamboo during transverse
fracture, so as to establish the connection among toughening mechanism, damage mode and fracture
performance; this method cannot visually and accurately measure the transverse Mode I fracture
toughness of the material because there is no prefabricated notch on the specimen, resulting in the initial
damage not necessarily arising from the transverse crack at the bottom center (most of the time the
damage occurs first in the internal matrix). The SENB has the well-established standard test methods, in
which the tip of the prefabricated crack is the first to break when loaded due to the stress concentration,
forming a transverse extension of the crack, thus enabling the measurement of transverse Mode I fracture
parameters. Future research should focus on the observation of crack extension in the SENB method and
clarify the fracture toughness of bamboo in different states in combination with the microscopic dynamics
of fibers and matrix.

4 Mode I Fracture in the Parallel-to-Grain Direction

Bamboo and engineered bamboo are fiber-reinforced materials, and their tensile strength in the parallel-
to-grain direction is much higher than that in the transverse direction. Without sufficient resistance, cracks are
more likely to extend in the parallel-to-grain direction, and damage often occurs in the weak substrate, so the
fracture characteristics in this direction are very important mechanical properties of bamboo and engineered
bamboo. The current methods for testing the Mode I fracture properties in the parallel-to-grain direction are
mainly the compact tension (CT) method [45] and the double cantilever beam (DCB) method [67], as shown
in Fig. 11.

Figure 11: Test methods of Mode I fracture in parallel-to-grain direction [45,67]: (a) Schematic of the
compact tension (CT) method [45]; (b) Schematic of the double cantilever beam (DCB) method [67].
Where, P is the load, W is the width of CT specimen, L is the length of DCB specimen, H is the
specimen height
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4.1 Tests with Compact Tension (CT) Method
Compact tensile method is to punch holes in the prefabricated crack end of the specimen and then use the

U-shaped fixture for tensile, with the advantages of small specimen size and simple test operation. This test
method is very mature to calculate the fracture parameters through the test data directly by applying the
theoretical formula of fracture toughness given in the standards, as shown in Eqs. (2) and 3 [45].

KQ ¼ ðPQ=BW
1=2Þ � f ða=W Þ (2)

where, PQ is the critical load; B was the specimen thickness; W is the effective width of specimen; a is
the crack length, and f (a/W) is the geometric factor of the compact tension specimen, calculated
according to Eq. (3).

f ðxÞ ¼ ð2þ xÞ � 0:886þ 4:64ðxÞ � 13:32ðxÞ2 þ 14:72ðxÞ3 � 5:6ðxÞ4
ð1� xÞ1:5 (3)

The development of new materials has been the focus of attention, and some scholars have conducted
compact tensile tests on various emerging bamboo-based composites [68–70]. Wong et al. [71] investigated
the effect of fiber length and content on the fracture behavior of short bamboo fiber reinforced thermosetting
polyester resin (Reservol P 9509) using the CT method. The results showed that: When the fiber length was
4 mm, the increase in fiber content decreased the fracture toughness, while effective fiber reinforcement was
observed for fiber lengths of 7 and 10 mm; the highest fracture toughness was achieved when the fiber length
and content were 10 mm and 50 vol%, with an increase of 340% compared to pure polyester. This study
provides an important reference for the future development of bamboo fiber-reinforced thermosetting
polyester resin composites.

A bamboo mat plywood (“Reservol P-9509 unsaturated polyester” as the matrix material and
“Gigantochloa scortechinii bamboo strips” in a woven form) was introduced and tested for its fracture
properties under different fiber orientations (Fig. 12) in the study by Ali et al. [72], obtaining a fracture
toughness of 4.85 MPa·m1/2 for horizontal fiber orientation and 8.33 MPa·m1/2 for vertical fiber
orientation. It can be demonstrated that the fracture toughness of this composite material is comparable to
the transverse fracture toughness of some engineered bamboo materials, which is due to the longitudinal
and transverse fibers that effectively retard the crack expansion, and this material has good prospects for
application in the fields of building walls and other fields.

To CT tests on PBSL of different thicknesses, both Li et al. [73] andWu et al. [74] calculated the fracture
toughness in the RL and TL directions using the stress intensity factor as shown in Eq. (2). Wu’s paper gives
the typical load-tension displacement curve as shown in Fig. 13a. The curve has a section with decreasing

Figure 12: Fiber orientations of bamboo mat plywood [72]
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slope, so the critical load PQ should be calculated according to the 95% stiffness correction method given in
the test standard, while in Li’s study, the critical load PQ is directly replaced by the ultimate load, which may
lead to errors in the results.

Fig. 13b compares the fracture toughness of the specimens with different orientations and thicknesses in
these two papers, and it can be seen that: the fracture toughness of the RL specimens improves remarkably
with increasing specimen thickness, and all of them are lower than that of the TL specimens, while the
fracture toughness of the TL specimens does not change obviously with thickness; the average fracture
toughness of all TL specimens tested by Wu et al. [74] was 1.95 times higher than that of Li et al. [73]
while that of RL specimens was 3.02 times higher, 54.31, 27.81, 48.31 and 15.99 MPa·m1/2, respectively.
The reasons for such differences may be due to different densities, moisture contents, and processing
processes. Therefore, the material processing conditions and experimental conditions should be controlled
as uniform as possible in future studies.

Testing Mode I fracture by the CT method is simple and efficient, and similar to it is the wedge splitting
method [75,76]. However, both methods have a short ligament zone, which makes it more difficult to meet
the accuracy requirements when considering the detection of crack lengths during fracture testing, so a longer
specimen is required to further understand the toughening mechanism of bamboo.

4.2 Tests with Double Cantilever Beam (DCB) Method
The DCB method is actually the compliance method or energy method, and according to the strain

energy release rate (G) criterion proposed by Griffith [31] and Irwin [23], the value of G corresponding to
any length of crack extension can be obtained, as shown in Eq. (4) [77,78]. There are several commonly
used methods for theoretical analysis of the strain energy release rate in the Mode I fracture DCB test,
namely, beam theory (BT), modified beam theory (MBT), compliance calibration (CC) method, and
modified compliance calibration (MCC) method. Using each method to solve Eq. (4), the resulting
equations for G are summarized in Table 4.

G ¼ F2

2B
� dC
da

(4)

where, G is the strain energy release rate, F is the loading point load, C is the compliance of the specimen
containing the cracked body, B is the specimen thickness, and a is the crack length.

Figure 13: Fracture parameters in the literature [73] and literature [74]: (a) Typical load displacement curve of
CT specimen [74]; (b) Comparison of fracture toughness [73,74], where, P is the load; in “TL” and “RL”, the
first letter indicates the crack opening direction, and the second letter indicates the crack extension direction
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To the relationship between the G and the crack extension length (a) of PBSL using different theoretical
methods, Zhu [22] concluded that: the crack length correction value Δ in MBT method had no obvious
pattern; the compliance coefficient n in CC method was between 2 and 3 (different from 3 in BT) with a
tendency to increase as the initial compliance increased; in MCC method, the modified compliance
coefficient A was between 20 and 40; the critical strain energy release rate GIC calculated using BT
method is larger, while the results of the other three methods differed slightly at the early stage of crack
opening and basically overlapped at the later stage. The study by Toygar et al. [82] also showed that the
MBT, CC, and MCC methods had good agreement.

By BT method, Shao et al. [83] performed DCB tests on moso bamboo and calculated the average
critical strain energy release rate GIC of 358 J/m2. The results also indicated that the crack was self-
similar without fiber bridging and there was no significant difference in GIC between specimens of
different heights. In contrast, the DCB test by Chen et al. [84] showed that fiber bridging phenomenon
was present when the extension of moso bamboo (Phyllostachys pubescens) occurred along the parallel-
to-grain direction. As shown in Fig. 14, the fiber bridging phenomenon exists between fiber bundles and
fiber bundles, matrix and fiber bundles, matrix and matrix, and this phenomenon will impact the Mode I
fracture toughness of bamboo in the parallel-to-grain direction.

For PBSL, Shen et al. [85] concluded that the fiber bridging region is created when the crack begins to
extend (Fig. 15); the strain energy release rate gradually increases to the steady-state fracture toughness as the
length of the bridging region increases, and the length between the initial crack length and the crack length
that corresponds to the steady-state fracture toughness is referred to as the steady-state bridging region
length. In this case, G will be affected by the initial crack length, so the DCB test results of Shen et al.
[85] indicate that the R(G-a) curve is not a material property PBSL. Liu et al. [86] performed DCB tests
on LBL in the RL direction, and no significant fiber bridging was observed during the tests. At the front
end of the crack tip, the nonlinear response was relatively small and negligible, and the damage mode of
the material was mainly based on brittle fracture.

The self-similarity of crack extension is an important property of I fracture, which means that the
members are in the same state after crack extension to the equal length regardless of the initial crack
length. Both the results of DCB test on PBSL by Zhu [22] and on LBL by Sheng [20] showed self-
similarity, i.e., the load displacement curves of specimens with different initial crack lengths overlapped
in the descending section, and the critical strain energy release rates of both materials were not affected
by the initial crack length; the fracture energy would tend to a stable value after the plastic zone at the

Table 4: Calculation methods for Mode I fracture strain energy release rate [67,79–81]

Theoretical
method

Calculation formula Correlation assumptions and correction factors

BT
GBT ¼ 3Fd

2Ba
The assumption of treating one end of the cantilever beam as a fixed
end (Built-in) and ignoring the rotation.

MBT
GMBT ¼ 3Fd

2Bðaþ Dj jÞ
Δ is the crack length correction parameter to correct the rotation of
the beam end.

CC
GCC ¼ nFd

2Ba
The correction parameter n is solved by obtaining the functional
relationship of logC-loga through the compliance calibration.

MCC
GMCC ¼ 3F2C2=3

2ABH

The new correction parameter A is derived from the a/2h-C1/3

relationship.

Note: G is the strain energy release rate with subscripts indicating the calculation method, F is the loading point load, d is the displacement, C is the
specimen compliance, a is the crack length, B is the specimen thickness, H is the specimen height.
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crack tip developed sufficiently, i.e., the fracture toughness, which is an inherent property of the material.
This conclusion is contrary to that of the literature [85].

It has been demonstrated that when the fracture process zone (FPZ) length is short, the crack extension
length can be studied by the linear elastic fracture mechanics method [87,88]; however, for many composite
materials, the FPZ zone is long due to the toughening mechanism arising from microcrack extension,
bridging, and void connecting, when linear elastic fracture mechanics is no longer applicable to the
fracture analysis of such materials [89,90]. Sheng [20] used virtual crack closure technique (VCCT) and
cohesive zone modeling (CZM) for finite element analysis of Mode I fracture behavior of LBL and
investigated the effect of DCB specimen width on the G of Mode I interlaminar fracture. The feasibility
of both finite element methods was verified. However, VCCT analysis is relatively stable, and the results
are easy to converge, so it can also be used to analyze the fracture behavior of materials when the
fracture nonlinearity is not obvious. Other scholars have also used these two methods to perform finite
element analysis on DCB specimens of PBSL [91] and LBL [92], and the conclusions reached were
consistent with Sheng [20].

Figure 15: Fiber bridging phenomenon in PBSL [85]

Figure 14: Bridging phenomenon of moso bamboo fibers [84]: (a) between fiber bundles and fiber bundles;
(b) between fiber bundles and matrix; (c) between matrix and matrix. Scales in all SEM images are 100 mm
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In addition to size, which affects the Mode I critical strain energy release rate of bamboo, bamboo nodes,
moisture content, and age also have an effect [93,94]. As shown in Table 5, the fracture toughness of bamboo
in the TL direction is higher than that in the RL direction, and the fracture toughness of PBSL is generally
higher than that of LBL, which is due to the fact that the processing method of sparing and then regluing the
fibers makes the PBSL denser and therefore has a higher cracking energy.

CT test is similar to DCB test, except that the DCB specimen is longer in the length direction, i.e.,
perpendicular to the loading direction, and the CT specimen is taller in the height direction, i.e., the
loading direction. Due to the role of toughening mechanism in the fracture process, there is a non-
negligible FPZ in bamboo fracture, while the crack extension of CT specimen is short, which cannot fully
reflect the fracture characteristics of bamboo. As for bamboo and wood, which are quasi-brittle materials,
the fracture resistance curve measured by the DCB test is more complete to describe the fracture
mechanism. In order to avoid the deflection of specimen, DCB method requires a superior fabrication
process to ensure the accuracy of specimen size and prefabricated crack location.

5 Final Considerations

This paper reviews the current status of experimental research on Mode I fracture characteristics of
bamboo and engineered bamboo, classifying the research methods for transverse and parallel-to-grained
Mode I fracture, and comparing the characteristics of different theoretical calculation methods and the
fracture toughness of different bamboo materials.

(1) The main methods for testing Mode I transverse fracture are three-point bending (TPB) method and
single-edge notched beam (SENB) method. TPB method is mainly used to observe the internal
microstructure of bamboo, so as to establish the connection between toughening mechanism,

Table 5: Comparison of parallel-to-grain Mode I fracture toughness [22,72,73,83,86,92,94]

Material category Direction or position Fracture criteria Calculation method

KIC

(MPa·m1/2)
GIC

(J/m2)

Bamboo mat plywood
[72]

Vertical fiber
orientation

8.33 — Formula for stress intensity
factor

Horizontal fiber
orientation

4.85 —

PBSL [73] TL 0.88 —

RL 0.51 —

PBSL [73] TL 1.72 —

RL 1.53 —

PBSl [22] — — 1200 MCC

Moso bamboo [83] TL — 358 BT

LBL [86] RL — 501.08 MBT

LBL [92] TL — 584 MBT

Moso bamboo [94] RL (internode) — 498 BT

RL (with node) — 1431
Note: KIC is critical stress intensity factor, GIC is the critical strain energy release rate; in “LT” and “LR”, the first letter indicates the crack opening
direction, and the second letter indicates the crack extension direction.
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damage modes and fracture performance; SENB method can measure the fracture parameters of
bamboo. The damage modes of transverse fracture include matrix cracking, interfacial debonding,
fiber bridging and splitting of the cell wall. The fiber is the key factor to bear the load and hinder
the crack extension, whose cell wall greatly influences the fracture properties of bamboo; the
presence of weak interface makes bamboo transversely highly tough, and the delamination of
fiber bundles caused by it can further retard the fracture.

(2) The test methods for parallel-to-grain Mode I fracture are compact tension (CT) method and double
cantilever beam (DCB) method. The CT method is efficient and simple but cannot fully reflect the
crack extension process of bamboo, and DCB method is the most widely used and suitable method
for testing the Mode I fracture characteristics of bamboo. The theoretical methods of modified beam
theory (MBT), compliance calibration (CC) and modified compliance calibration (MCC) are used to
calculate the critical strain energy release rate (GIC) with a high degree of agreement, while the
toughening mechanism of fracture process zone (FPZ) caused by microcrack extension, bridging
and void connecting make the analysis of bamboo fracture process difficult, and virtual crack
closure technique (VCCT) and cohesive zone modeling (CZM) are feasible finite element
analysis methods.

(3) The age of bamboo, moisture content, loading direction, bamboo specie, the presence of bamboo
nodes, the sampled region of the stem or stalk and processing technology can cause deviation of
test results, so the existing experimental studies cannot give the certain range of fracture
toughness for each material, so more experimental studies with strict control of the above
conditions are needed to establish a unified set of standards in the future. Moreover, most of the
existing studies are on parallel bamboo stand lumber (PBSL), but laminated bamboo lumber
(LBL) are better than PBSL in terms of low cost and simple processing. Therefore, more Mode I
fracture tests should be conducted on LBL in the future, especially on the fracture behavior of
adhesive surfaces.
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