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a b s t r a c t
Using an experimental setup, with a high-speed camera to track crack tip velocity, dynamic fracture is
studied in wood ﬁbre polylactic acid (PLA) composite and pure PLA. The experiments are analysed quantitatively in terms of the relation between energy release rate and crack tip velocity, and qualitatively in
terms of branching occurrence and fracture surface appearance. Branching occurs frequently in PLA specimens but not in wood ﬁbre composite specimens, in spite of high energy release rates. Scanning electron
microscopy images of the fracture surfaces show that the fracture surfaces in wood ﬁbre composite materials are rugged and uneven compared to PLA, whose surfaces are smoother.
The experimental results are compared to numerical results, obtained using a dynamic phase ﬁeld
ﬁnite element model. Simulations correlate well with experiments with respect to the relation between
energy release rate and crack tip velocity. For PLA, the simulations also predict branching correctly, but
for wood ﬁbre composites, the simulations slightly over-predict the amount of branching and point to a
need for further development of fracture models in order to better capture the constitutive behaviour of
these heterogeneous materials.
© 2018 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Studies of dynamic crack propagation have, mainly due to the
complexity of the ﬁeld, primarily been focused on relatively homogenous materials such as steel, glass and amorphous polymers
like polymetylmetakrylat (PMMA). However, with composites replacing metals in many engineering applications, there is an increasing need to understand also the mechanisms of dynamic
rapid failure in heterogeneous and anisotropic materials. This study
aims to provide a link between dynamic crack propagation in homogenous materials and that in heterogeneous – albeit relatively
isotropic – materials, by comparing crack propagation in a short ﬁbre composite with that in its pure matrix material. By comparing
a composite material with a low percentage (20%) reinforcement
material to its matrix material, material constitutive behaviour is
largely kept the same, thereby isolating the effect of heterogeneity.
The materials of particular interest for the present study are
wood pulp based bio-composites. Natural ﬁbres such as wood or
ﬂax ﬁbres – especially when combined with a bio-degradable matrix material such as polylactic acid (PLA) – have an advantage over
conventional short ﬁbres, mostly glass ﬁbres, seen over the entire
lifecycle, due to low production costs, renewable origin and bio∗
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degradability. Injection-moulded short-ﬁbre composites are typically used in applications where cost and processing time are
favoured over the load-bearing capacity of the composite. In highend applications, which require optimal mechanical performance,
long glass or carbon ﬁbres are generally preferred. However, if the
mechanical properties of short ﬁbre composites in general, and
natural short ﬁbre composites in particular, could be enhanced and
better understood, injection-moulded short ﬁbre composites could
potentially be used also in mechanically demanding applications
(cf. Huda et al., 2006; Shah, 2013; Wambua et al., 2003).
Crack propagation in strip specimens loaded slowly, quasistatically, in opening mode, or mode I, until a rapid fracture occurs, is studied experimentally using a high-speed camera to track
the crack propagation velocity. With the drop of the prices of highspeed cameras, it is now possible to use them as a complementary tool of mechanical tests in order to gain a better understanding of the mechanical behaviour of the material, in particular of
the dynamic fracture behaviour, which typically is too fast for the
naked eye to capture. The experiments are evaluated quantitatively
with respect to the relation between energy release rate and estimated crack tip velocity, and qualitatively with respect to branching occurrence and fracture surface appearance. While quantitative analysis of dynamic crack propagation is often complicated,
as the stress intensity factor KI , and energy release rate G = KI2 /E,
typically varies with the velocity of the moving crack tip (Freund,

https://doi.org/10.1016/j.ijsolstr.2018.04.015
0020-7683/© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

J. Carlsson, P. Isaksson / International Journal of Solids and Structures 144–145 (2018) 78–85

1990), this is not the case for the inﬁnite strip specimen. Dynamic
stress intensity factors for the inﬁnite strip specimen have been
derived by Nilsson (1974, 1972) and provide a simple and straightforward interpretation of the results obtained from tensile tests of
pre-notched ﬁnite strip specimens in terms of energy release rate.
The length of the strip specimen allows the crack propagation to
reach a steady-state velocity, which simpliﬁes the estimation of the
crack tip velocity.
While there are other techniques to track the crack propagation velocity, the high speed camera also provides a link between
crack propagation velocity and crack branching, two phenomena of
dynamic fracture which are closely related (among others Fineberg
et al., 1991; Ravi-Chandar and Knauss, 1984a,b; Sharon et al., 1995;
Sharon and Fineberg, 1999a). For low crack velocities in mode I,
crack propagation velocity v and energy release rate is relatively
well described by the expression G = Gc /(1 − v/cR ), or equivalently
v = cR (1 − Gc /G), where Gc is the material fracture toughness, G is
the energy release rate, which depends on loading, specimen geometry etc., and cR is the Rayleigh velocity of the material, (cf.
Freund, 1990; Sharon and Fineberg, 1999b). For the strip specimen,
where G is constant, these relations can theoretically predict crack
propagation velocity. Furthermore, as the energy release rate can
be arbitrarily large, the crack tip velocity can theoretically be inﬁnitely close to cR (Broberg, 1989). This is however not commonly
observed (the important exception being when the crack path is
constrained (cf. Rosakis et al., 1999)). When a crack propagates at
velocities above roughly 0.4cR , the crack propagation becomes unstable and several micro-cracks form in front of the crack tip (RaviChandar and Knauss, 1984a,b; Sharon and Fineberg, 1999a, 1999b).
It has been suggested that interaction between the main crack and
the micro-cracks makes the (main) crack tip unstable, and branching occurs. While the surface energy increases, and the energy
available for crack growth decreases, the crack tip slows down. A
mode I crack can theoretically propagate at a velocity close to the
Rayleigh velocity, however, in both experiments and simulations, a
limiting velocity of about 0.6 times the shear wave speed c2 (0.6c2
is approximately equal to 0.7cR ), is commonly reported. The tradition of explaining branching in terms of velocity goes back to
Yoffe (1951), who predicted that crack branching should occur at
a velocity of 0.6cR , based on a redistribution of the stress ﬁeld
around the crack tip. There are however a number of phenomena
observed in dynamic fracture which are not accounted for by the
velocity-based predictions, such as why the crack becomes unstable already at 0.4cR . Boué et al. (2015) studied the origin of this
instability, and found that ﬁnite shear mode, or mode II, perturbations, caused by either imperfections in material and experimental setup or wave phenomena, could be responsible for this instability. The possibility of waves causing instability was pointed
out already in Ravi-Chandar and Knauss (1984a,b), and it is backed
up by peridynamics simulations by Bobaru and Zhang (2016), who
concluded that stress waves emitted by the propagating crack
pile up in front of the crack, causing the crack to widen and
branch.
Recent approaches, using primarily phase ﬁeld models, have
suggested that the criterion should rather be based on energy release rate (e.g. Bleyer et al., 2017; Bleyer and Molinari, 2017). When
the energy release rate reaches a value of 2Gc , the energy available
is enough to drive two crack tips instead of one, as pointed out by
Eshelby (1999).
In this study, a dynamic phase ﬁeld ﬁnite element model is
used to numerically simulate the dynamic fracture experiments
and comparisons are made, both quantitatively with respect to
the relation between energy release rate and crack tip velocity,
and qualitatively with respect to branching occurrence. Phase
ﬁeld modelling for fracture is based on the variational principle
of energy minimization, which was developed by Francfort and
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Marigo (1998), and the phase ﬁeld implementation of Bourdin et
al. (20 0 0). Other pioneering works in the subject include Ambati
et al. (2015), Amor et al. (2009), Borden et al. (2014) and Miehe
et al. (2010). The model was extended to dynamics by, primarily,
Bourdin et al. (2011) and Larsen (2010). Important contributions
were made in e.g. Borden et al. (2012), Henry and Adda-Bedia
(2013), Hofacker and Miehe (2012), Karma and Lobkovsky (2004),
Li et al. (2016) and Schlüter et al. (2016). The phase ﬁeld framework is closely related to the work of Griﬃth (1921), but the
variational approach extends the crack evolution to all possible
crack states in the body. Through the phase ﬁeld formulation, in
which a discrete crack is represented as a regularised crack ﬁeld,
the energy minimisation problem can be solved using numerical
methods, e.g. a ﬁnite element method. Since the variation covers
all possible (local) crack states in the body, there is no need for
additional criteria for crack initiation, path, bifurcation etc., which
makes the phase ﬁeld framework an ideal candidate for the study
of crack dynamics in general, and in particular crack branching.
2. Experimental materials and methods
2.1. Material and manufacturing
Two composite materials were used. The ﬁrst is a wood ﬁbre
composite material (Joffre et al., 2017) consisting of 20% pulp wood
ﬁbres and 80% matrix material (PLA) (NatureWorks, Ingeo 3251D).
A part of the wood ﬁbres had been acetylated aiming to improve
their dimensional stability during humidity changes (Larsson and
Simonson, 1994). Composites with 25% – 75% of the ﬁbres acetylated were used. The second material consists purely of 100% PLA.
The materials were injection moulded (Engel, ES200/110 HL-V) into
plates measuring 1 × 100 × 100 mm3
2.2. Crack propagation experimental setup
Rectangular strip specimens (1 × 50 × 100 mm3 ) were cut using
a band saw. A sharp tip was made using a scalpel. The specimens
were clamped; the free height was about 30 mm. The crack propagation experiments were performed on a Shimadzu AGS-X tensile testing machine, equipped with a load cell of 10 kN, and at a
crosshead speed of 5 mm/min. To ensure that the whole section of
the plate was clamped, 11 cm wide clamps were used.
In order to monitor the crack propagation, a high-speed camera
(MotionPro Y8) was used. The camera recorded continuously at a
rate of 70.0 0 0 frames per second and a resolution of 544 × 64 pixels. The camera was triggered manually at the sample failure; the
acquisition time was set to save data to disk for a period of about
1.1 s before to 0.6 s after the trig/failure in order to capture the entire crack propagation process.
3. Dynamic phase ﬁeld ﬁnite element model
3.1. The basics of the phase ﬁeld method
According to the pioneering work of Griﬃth (1921), a crack is
assumed to grow when the energy available for crack growth exceeds the energy required to create two new surfaces in the body.
The latter, Gc , is the fracture toughness, or critical energy release
rate, of the material. Considering a problem domain , with exterior ∂  = ∂ u + ∂ T and a discrete crack whose surfaces are denoted  (Fig. 1), the total energy of the system can be written as



J=



ψk dx −





ψe dx −





Gc dx,

(1)

where ψ k is the kinetic energy density, ψ e the elastic energy density, x denotes the spatial coordinates, and the last term represents
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Fig. 1. Regularized representation of a crack, sharp crack (left), and diffuse smeared crack (right). A remote traction T acts on part of the boundary, ∂ T . Displacement is
prescribed on part of the boundary, ∂ u .

the energy consumed by surface creation (Francfort and Marigo,
1998).
For numerical implementation, it is appealing to deﬁne the last
integral in Eq. (1) over the entire problem domain . This can be
done by representing the crack as a continuous, scalar valued crack
phase ﬁeld, d(x), whose values are equal to one in the close proximity of the crack, and zero elsewhere (Fig. 1) (cf. Bourdin et al.,
20 0 0). The crack surfaces are then approximated by a crack density functional γ ,

d2
l
+ ( ∇ d · ∇ d ),
2l
2

γ (d, ∇ d ) =

(2)

where ∇ is the differential operator and l a regularization parameter, controlling the width of the regularised crack (cf. Bourdin et al.,
2008; Hofacker and Miehe, 2012). This crack density functional is
usually referred to as a second-order crack density functional, as it
is quadratic in d, and it is widely adopted in literature. Other crack
density functionals exist, using a term that is linear in d or even
fourth-order (cf. Borden et al., 2014; Pham et al., 2011). One may
observe that models which are linear in d yield a distinct elastic
limit, whereas the functional in Eq. (2) induces a small value of d
everywhere in the body when load is applied to the system, leading to a somewhat smoother stress–strain response. Fourth-order
models give a smooth crack surface and higher convergence rates
compared to lower order models, but require higher-order basis
functions (Borden et al., 2014). With Eq. (2), the last term of Eq.
(1) can be approximated by








Gc dx ≈



Gc



d2
l
+ ∇ d · ∇ d dx.
2l
2

(3)



ψk d x =



1
ρ u˙ · u˙ dx,
2 

(4)

where u˙ , and later occurring ü, denotes ﬁrst and second derivatives of displacement u with respect to time t. The kinetic energy
is unaffected by the crack phase ﬁeld d, but d locally degrades the
stiffness of the material. In order to account for crack surface contacts, the elastic energy density ψ e is split into a positive and a
negative part, such that (cf. Miehe et al., 2010)

ψe = (1 − d )2 ψe+ + ψe− .

 
λ
λ
Cλ =
0

and

λ
λ
0



2μ
0
0

Cμ =

0
2μ
0

0
0
0



(6)



0
0 ,

(7)

μ

λ in plane strain
and μ and λ are the
λ(1 − 2ν )/(1 − ν ) in plane stress
Lame parameters and ν is Poisson’s ratio. The positive and negative
where λ = {

strain energy becomes.

α

ψe+ =

1
2

(8)

1−α
1
ε : C λ : ε + ε+ : Cμ : ε− ,
2
2

(9)

2

ψe− =

ε : Cλ : ε + ε+ : Cμ : ε+ , and

where ε = 1/2 (∇ u + (∇ u)T ) is the linearised strain tensor. The parameter α is determined by the trace of the strain tensor, tr(ε),
and takes the value α = 1 if tr(ε) ≥ 0 and α = 0 otherwise. Following Miehe et al. (2010), a spectral decomposition of the strain is
used, i.e.

ε+ =

n


εi + ni  ni and ε− =

i=1

n


εi _ ni  ni .

(5)

Thus, only the positive, tensile originated, strain energy is degraded by the crack phase ﬁeld d, while material stiffness is kept
in compression to account for crack closure. The positive and negative parts of the elastic strain energy densities are calculated by
the formulation used in Miehe et al. (2010) and thus different from
that of e.g. Amor et al. (2009). Assuming – as is the case for an
isotropic material – that the stiffness tensor can be split into two

(10)

i=1

where εi are the eigenvalues and ni the respective eigenvectors of



It is noted that the second integral in Eq. (3) is evaluated in the
whole problem domain .
The kinetic energy is



parts, in the case of 2D

the strain. The Heaviside function x+ =



tive Heaviside function x− =

x if x > 0
0 if x ≤ 0

and nega-

0 if x ≥ 0

. One may observe that
x if x < 0
ε = ε + + ε − . The Cauchy stress tensor is readily given by the
derivative of the strain energy with respect to the strain tensor,
i.e. σ = ∂ ψe /∂ε = (1 − d )2 ∂ψe+ /∂ε + ∂ψe− /∂ε.
In case of varying load, it is necessary to keep broken material
from becoming load-carrying if the load is reduced. This is done
by use of a history ﬁeld, deﬁned as (Miehe et al., 2010),

H (x, t ) = max ψe+ (x, s ).

(11)

s∈[0,t ]

The history ﬁeld H ensures that it is the largest strain energy
experienced in the material during the simulation history that determines the present stiffness, i.e. the material does not “heal”.
With these relations in place the total energy of the system becomes


J=



1
ρ u˙ · u˙ − (1 − d )2 H − ψe− − Gc
2



d2
l
+ ∇d · ∇d
2l
2


dx.
(12)
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Variation of the functional in (12) gives the governing equations
in the strong form, neglecting any body forces,

⎧
∇ · σ= ρ ü
⎪

⎪
⎪
⎨2(1 − d )H − Glc d − l 2 ∇ 2 d = 0
u=U
on ∂ u
⎪
⎪
σ
·n=T
on ∂ T
⎪
⎩
∇ d · n = 0 on ∂ .

in 
in 

(14)






Gc
dδ d + Gc l ∇ d∇ (δ d ) dx =
2Hδ d dx.
l


2H +

(15)

Discretising, such that

∇ d (x ) = B(x )di ,
∇δ d (x ) = B(x )δ di ,

d (x ) = N (x )di ,
δ d (x ) = N (x )δ di ,

(16)

where di are the nodal values of the crack phase ﬁeld d and N and
B = ∂ N/∂ x are the standard ﬁnite element basis functions and their
ﬁrst spatial derivative, and the weight function, again, is arbitrary,
gives the discretised equation for the phase ﬁeld,

Kd di = fd ,
where

Kd =
and

(17)






2H +


Gc
l



N T N + Gc l BT B dx

(18)



2N T Hdx.

∇ uC∇ δ udx +

(19)





üρδ udx =



∂ T

T δ ud (∂ T ).

(20)

The Cauchy stress σ = ∂ ψe /∂ε = (1 − d )2 ∂ψe+ /∂ε + ∂ψe− /∂ε
were conveniently calculated using the consistent tangent stiffness
2
tensors C+ and C− , i.e. σ = [(1 − d ) C+ + C− ] : ε=C:ε, where

C+ =

∂ ∂ψ+
∂ ∂ψ−
and C− =
.
∂ε ∂ε
∂ε ∂ε

(21)

The derivatives ∂ ψ + /∂ ε, ∂ 2 ψ + /∂ ε2 , ∂ ψ − /∂ ε and ∂ 2 ψ − /∂ε2
were straightforwardly calculated using the symbolic toolbox in
Matlab (2017). One may note that the two derivatives ∂ ψ + /∂ ε and
∂ ψ − /∂ ε also serve as projections, i.e. the ε + = (∂ ψ + /∂ ε): ε and
ε − = (∂ ψ − /∂ ε): ε.
Again, discretising such that

u(x ) = N (x )xi ,
δ u(x ) = N (x )δ xi ,





f =



d x,



2

BT (1 − d ) C+ + C− Bdx

∂ T

T N d (∂ T ).

(24)
(25)

(26)

3.3. Time integration
The dynamic displacement problem is solved using a staggered
time integration scheme. At each step, the crack phase problem is
ﬁrst solved independently, based on the displacements of the previous step. Then, the displacement is solved using a Newmark algorithm (Newmark, 1959). The displacement of the new time step
k + 1 is predicted by ūk+1 , using the displacement, velocity and acceleration of the previous time step k

u˙ k+1 = u˙ k + (1 − β1 ) t ük + β1 t ük+1
uk+1 = uk +



∇ u(x ) = B(x )ui ,
∇δ u(x ) = B(x )δ ui ,

t u˙ k +

1
1
(1 − β2 )( t )2 ük + β2 ( t )2 ük+1 .
2 
 2

(22)

(27)
(28)

ūk+1

The predicted displacement is used to solve the dynamic Eq.
(23), giving the acceleration of the next time step as

(29)

where

A=M+

For the displacement problem, the weak form of the governing equations is obtained by multiplying the ﬁrst equation in Eq.
(13) with an arbitrary test function δ u and integration over the domain , giving







ük+1 = −A−1 { fk+1 + K ūk+1 },





fd =



N T ρ N dx ≈ ρ

A structural damping term could be included in Eq. (23). However, in this study, no structural damping was used, which means
that all energy dissipated from the system is due to fracture.

Obtaining the weak form of the governing equation of the crack
phase ﬁeld problem is thoroughly described in several publications, e.g. Nguyen et al. (2015). The weak form is obtained by multiplication of the second equation of Eq. (13) with an arbitrary test
function δ d and integration over the domain , giving



K=
and

3.2. Spatial discretisation







u(x, 0 ) = u0 (x ) in 
u˙ (x, 0 ) = v0 (x ) in 
H (x, 0 ) = H0 (x ) in .

(23)

Here, M is approximated with a lumped mass matrix,

M=

In Eq. (13), n denotes the normal to the boundary ∂ T . The
equations of motion also require the initial conditions,



where ui are the nodal values of u, gives the discretised dynamic
equation of the displacement ﬁeld in its typical form,

M üi + K ui = f .
(13)
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1
β2 ( t )2 K.
2

(30)

The updated acceleration, ük+1 , is then input into Eqs. (27)–
(28) to compute the updated velocity and displacement. Here, a
fully explicit Newmark algorithm is used, in which the constants
β 1 = 1/2 and β 2 = 0.
3.4. Simulation model
The equations outlined were implemented in a Matlab
(2017) code. The analysis is performed on a geometry of dimensions 1 × 30 × 100 mm3 , which is close to the average dimension
between the clamps in the crack propagation experiments. A state
of plane stress is assumed. An initial crack of length 0.004 ≤ a/w
≤ 0.2 is introduced by specifying a strain history ﬁeld (cf. Borden
et al., 2012). The model is initially loaded quasi-statically with
displacement control, using displacement increment on the upper
boundary uy =510−6 m, until fracture nucleates (total displacement at which fracture nucleates is uy0 ). The lower boundary is
ﬁxed. Additionally, the upper and lower boundaries are horizontally constrained, in order to mimic the experimental setup where
the specimen is clamped. After fracture is nucleated, the crack
growth is simulated dynamically, using a time step of t=210−8 s,
while a vertical velocity vy0 = 5 mm/min is applied at the upper
boundary. The model with geometry and boundary conditions is
shown in Fig. 2. A structured rectangular mesh consisting of about
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where E is Young’s modulus, and uy0 and H are the vertical displacement and the height of the strip, as shown in Fig. 2. The strips
are of ﬁnite width. However, the correction factor for the strip geometry used in the experiments and simulations is in the order of
0.952 – 0.972 (Nilsson, 1974), and has been neglected.
4. Results
4.1. Energy release rate and crack tip velocity

Fig. 2. Geometry and boundary conditions of the simulations.
Table 1
Material properties used in the simulations.

Wood ﬁbre composite
PLA

E [GPa]

ν [-]

ρ [kg/m3 ]

Gc [N/m]

cR [m/s]

4.7
3.8

0.3
0.3

10 0 0
10 0 0

800
1500

1245
1120

30 0.0 0 0 elements is used. The critical energy release rates for both
PLA and wood ﬁbre composite, Gc , have been taken to be just below the lowest energy release rate obtained in experiments with
long initial cracks. The critical energy release rate would have to
be below these values since all cracks have been propagating with
non-zero velocities, i.e. these energy release rates caused crack acceleration. The length parameter l is chosen such that l=0.3 mm,
which is equivalent to three times the element edge length. This
length parameter is usually considered as a material property, and
the chosen value is close to the energetically consistent value
(Pham et al., 2011),

The variation of crack tip velocity v with energy release rate G
is shown in Fig. 3. Squares represent experimental results and circles represent simulation results. A cross is used to indicate that
branching has occurred in the specimen, for both simulation and
experiments. Experimental crack tip velocity is estimated from image analysis of the high-speed camera footage. Energy release rate
is evaluated according to Eq. (32) for both simulations and experiments. The crack tip velocity in the simulations is obtained in a
post-processing algorithm as the average change in crack tip position over consecutive time steps, excluding the initial crack tip acceleration. In the simulations, a simultaneous energy release rate
is obtained as the energy dissipation rate,

G=−

dE p
dE
d Ek
=−
−
,
T da
T da
T da

(33)

where σ c is the fracture stress of the material and E is the Young’s
modulus, obtained from tensile testing on slender specimens. Typical values of σ c are around 40–45 MPa in both wood ﬁbre composite and PLA (Joffre et al., 2017). Other material properties are
shown in Table 1.

where da is the change in crack length, interpreted as the change
in crack tip position and T is the thickness of the specimen. Ep
and Ek denote the total potential and kinetic energies in the specimen. The average of the simultaneous energy release rate taken
over distance (not time) corresponds to the energy release rate of
Eq. (32).
The limiting energy release rate when the velocity tends to zero
is close to the critical energy release rate. However, the velocity
never vanishes, neither in simulations nor in experiments; also for
long cracks the velocity is around 0.3–0.4cR . For higher velocities,
as the energy available for surface creation increases, the crack tip
velocity increases until it reaches a velocity of about 800 m/s for
wood ﬁbre composite specimens (which is equivalent to 0.65cR ),
at which point the energy required to drive the crack at a higher
speed seems to increase asymptotically. For the PLA specimens, the
limiting velocity is about 700 m/s (0.6cR ).

3.5. Calculation of dynamic energy release rate

4.2. Crack branching

Expressions for the dynamic energy release rate are given in
Nilsson (1972). For the clamped inﬁnite strip in plane stress the
crack extension force is

In general, branching is more frequent in specimens with short
initial cracks, since those specimens require larger imposed displacement before initiation of crack propagation, and thus have
more stored strain energy and higher energy release rate. In the
experiments, all PLA specimens show macroscopic branching to
some extent, but branching is more frequent in the specimens with

l≈

G=

27 EGc
,
256 σc2

u2 E

 y0

2H 1 − ν 2

(31)

,

(32)

Fig. 3. Normalized crack tip velocity versus normalized fracture energy for PLA and wood ﬁbre composite. A cross indicates that branching has occurred in the specimen.
The dashed line indicates the limit 2Gc , the energy release rate suﬃcient to produce two crack tips, a theoretical limit for branching.
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Fig. 4. Branching pattern of wood ﬁbre composite with G ≈ 8Gc . In this case, the
initial notch had a length of 1 mm.
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The relation between energy release rate and fracture pattern
for one simulation, corresponding to Fig. 5 (top), using material
properties for wood ﬁbre composite, is shown in Fig. 6. As the energy release rate of the propagating crack approaches 2Gc the crack
widens, and just after 2Gc , branches. The energy release rate then
increases further which gives more branching. However, if compensating for the number of crack tips propagating simultaneously,
the energy release rate per tip stays between Gc and just over 2Gc ,
with an average value of 1.8Gc . Further, the mean energy release
rate, not compensated by number of crack tips, excluding the initial acceleration phase, corresponds well to Eq. (32), as expected.
Branching events are also associated with ﬂuctuations in crack tip
velocity (Fig. 6); these ﬂuctuations are not as strong as the variations in energy release rate, and appear to be the result of branching events rather than the cause.
Although the branching patterns in the experiments are subject
to a high degree of variation, some general similarities exist, both
among the branched specimens of the experiments, and between
experiments and simulation. The branching angle (deviation from
the centre line) is similar, 20°–35°. Also, the branching frequency
is higher in the beginning of the crack propagation, since there is
more energy available in the specimen.
4.3. Fracture surface appearance

Fig. 5. Fracture phase ﬁelds from simulation using material properties for wood
ﬁbre composite: simulation result for a crack with G = 5.6Gc (a/w = 0.006) (top), a
crack with G = 4.8Gc (a/w = 0.008) (middle) and a crack with G = 4.0Gc (a/w = 0.01)
(bottom). The colour bar indicates the damage level.

In order to understand the differences between the pure PLA
and wood ﬁbre composite with respect to the relation between energy release rate and branching frequency, the samples were studied in a scanning electron microscope (SEM). Fig. 7 shows SEM
images of the fracture surfaces in a wood ﬁbre composite. Crack
propagation direction is upwards in all SEM images. The images
are taken near the initial crack, and depict the main crack. The
fracture surface is rough with e.g. visible ﬁbre pull-out. The fracture surface appearance in wood ﬁbre composite does not change
before the onset of branching. Fig. 8 shows SEM images of the fracture surfaces in PLA. The ﬁrst image is taken near the initial notch,
where the surface is mirror-like. The second image is taken just
before the ﬁrst branching event; the surface here is more rough.
There is a distinct difference between the fracture appearance
of the pure PLA specimens and the wood ﬁbre composite specimens. The fracture edges of the PLA specimens are smooth and
straight, and branching or change of crack path directions are often
distinct. The fracture edges of the wood ﬁbre composite specimens,
on the other hand, are rugged and uneven.
5. Discussion

short initial cracks and – consequently – high energy release rates,
whereas the three samples with energy release rates around 2Gc
only just branch. Most of the wood ﬁbre composite specimens do
not branch, in spite of high energy release rates. Fig. 4 shows a
branched wood ﬁbre composite specimen. In spite of an energy release rate around 8Gc , the specimen has only branched twice in a
macroscopic sense, and both times one of the branches has died
relatively soon.
In the simulations, the branching pattern is similar for the two
materials, Fig. 5. Branching occurs for crack tips moving with velocity higher than about 0.55cR , or – similarly – those samples having fracture energy higher than roughly 2Gc , as has been previously suggested by Bleyer et al. (2017) on the basis of phase ﬁeld
simulations. Fig. 5 shows some fracture phase ﬁelds from simulations using material properties for wood ﬁbre composite. The trend
is clear: the shorter the crack, the more energy is stored in the
body and available for crack growth, and the higher the tendency
to obtain crack branching. Rather than entering into unstable crack
propagation (v > 0.55cR or G > 2Gc ) the crack releases the extra energy by creating more surfaces.

The results obtained show that the numerical solution, obtained
from the dynamic phase ﬁeld ﬁnite element model, correlates satisfactorily with experiments with respect to the relation between
energy release rate and crack propagation velocity. However, one
anomaly is especially interesting: the poor qualitative correlation
of wood ﬁbre composite experiments and simulations with respect
to branching occurrence, which is peculiar in light of the good
quantitative correlation in terms of the relation between energy
release rate and crack tip velocity. In the experiments, the wood
ﬁbre composite specimens show little branching, whereas the PLA
specimens branch frequently. This is in contrast to the simulation
results which predict the same amount of branching in both materials.
A plausible explanation for this discrepancy is the heterogeneous microstructure of the wood ﬁbre composite. It has been
pointed out by e.g. Bleyer et al. (2017) and Kuhn and Müller
(2016) that a heterogeneous microstructure can have a great effect on the crack dynamics and apparent fracture toughness. As
seen in the SEM micrographs (Figs. 7–8), the total fracture surface
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Fig. 6. Energy release rate versus crack tip position (left) and crack tip velocity versus time (right) using material properties for wood ﬁbre composite for a crack with
G = 5.6Gc (a/w = 0.006), corresponding to Fig. 5 (top).

Fig. 7. SEM images of the fracture surface appearance in wood ﬁbre composite specimens at different magniﬁcation. Crack propagation direction is upwards in all images.

Fig. 8. SEM images of the fracture surface appearance in PLA specimens, left: near the initial notch, and right: near the ﬁrst onset of branching. Crack propagation direction
is upwards in all images.

area per unit length is much larger in the wood ﬁbre composite
specimens. Matrix cracking, ﬁbre-matrix fracture and ﬁbre pull-out
could all have provided suﬃcient surface area to consume energy
and to keep the velocities from reaching higher than around 0.7cR ,
without macroscopic branching. Thus, the microstructure deformation processes may be suﬃcient to release the energy from the
system, also when the energy is higher than 2Gc . The large difference between the highest and lowest energy release rate of the unbranched specimens is especially interesting, since it implies that
the energy required to create new surfaces is somehow variable. In
the case of a homogenous material, the energy required to create
new surfaces varies between Gc and just over 2Gc (cf. Fig. 6). In
the heterogeneous material on the other hand, one crack can release as much as 3Gc without the need for branching (cf. Fig. 3).
In terms of fracture, there is thus a distinct difference between
PLA and the wood ﬁbre composite – even though the wood ﬁbre composite consist of 80% PLA and thus only a small amount
ﬁbres – due to the presence of inclusions. This difference exists
even though the wood ﬁbre composite resembles a homogenous
material in handling, and is deﬁnitely more similar to PLA than

to typically heterogeneous materials such as paper or wood. That
these relatively scarce and small heterogeneities, in the form of
very short ﬁbres (see Figs. 4 and 7), have such an impact on the
dynamical behaviour of the material is a surprise to the authors.
The experimental material at hand is too limited to permit speciﬁc conclusions, but rather serves to point out a need for further
investigations. Speciﬁcally, there is a need for more complex models in order to capture dynamic crack propagation behaviour of
heterogeneous materials.
6. Conclusions
A dynamic phase ﬁeld numerical model has been developed
and compared to experiments. Speciﬁcally, dynamic crack propagation in wood ﬁbre composite and pure PLA, in the form of strip
specimens, has been studied by experiments and simulations. Both
wood ﬁbre composite and PLA show good correlation with the numerical model with respect to the relation between fracture energy and crack propagation velocity, but there is a signiﬁcant difference between wood ﬁbre composite and pure PLA with respect

J. Carlsson, P. Isaksson / International Journal of Solids and Structures 144–145 (2018) 78–85

to branching. The discrepancy is explained by the heterogeneous
microstructure of the wood ﬁbre composite.
PLA, which is a relatively homogenous material, also shows
the best resemblance between experimental and simulated fracture patterns. The wood ﬁbre composite on the other hand rarely
branches – also for high energy release rates – in spite of the
theoretical prediction of branching for energy release rates higher
than 2Gc . Instead of branching, the wood ﬁbre composite is able to
release energy through micro-structural processes such as e.g. matrix cracking, ﬁbre-matrix fracture and ﬁbre pull-out, thereby releasing more energy without the need to branch in a macroscopic
sense.
The results point to a need for further development of dynamic
fracture models in order to better capture the behaviour of heterogeneous materials. Speciﬁcally, there is a need for more complex
models in order to account for the great variability in energy release rate found in experiments.
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