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Many types of tissues in living organisms exhibit a combination of different properties to fulfil their
mechanical functions in complex environments. Nacre with more than 90% brittle and hard phase and
a little protein matrix, exhibits high strength and toughness, which is difficult to achieve in artificial
materials. Researchers have shown that the toughness of nacre is related to the cracking process. Most
of them, however, assume an obvious pre-existing crack on the model and the initiation of the microscop-
ical pre-existing crack is not considered yet. Based on fracture mechanics with the cohesive zone model,
we reveal the mechanism of the crack initiation and propagation pattern in staggered biomaterials with-
out any pre-existing crack. The simulation result shows that there are two crack propagation modes:
localized mode and unlocalized mode. A crack initiates and propagates in a small area in the localized
mode, while cracks initiate at different points and propagate in various paths in the unlocalized mode.
The crack initiation mechanism from the intrinsic properties of the material is clarified using energy
based stability analysis. The result shows that the shear interfacial mechanism significantly delays the
crack initiation.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Some biomaterials, such as nacre, bone, and enamel are known
for their high strength, toughness, and stiffness. An attractive char-
acteristic of nacre is its significant toughness as well as strength. It
has a high fracture strength and high stiffness compared to mate-
rials of other hard-soft phase ratios (from 9:1 to 1:1) (Mayer,
2006). It has also been reported that its fracture toughness is 40
times higher than the toughness of pure hard-phase materials
(Wegst et al., 2014). These findings in the biomaterial inspire the
possibility of artificial synthesis of materials with comprehensively
high mechanical properties (Munch et al., 2008; Launey et al.,
2009; Allison et al., 2015).

Recently, some researchers showed that the cracking mecha-
nism plays an important role in the high toughness of nacre
(Munch et al., 2008). The most representative quantitative discus-
sion of the cracking mechanism is the ‘rising resistance-curve’,
which shows that the toughness of a biomaterial increases with
the crack propagation process (Launey et al.,, 2010; Wang and
Gupta, 2011). There are also many evidences of an inelastic crack
free zone in the vicinity of the notch top (Wang and Gupta,
2011; Barthelat et al., 2007), which contains micro-cracking
(Launey et al., 2009; Abraham, 2001), crack deflection, and crack
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bifurcation (Yahyazadehfar and Arola, 2015) at a small scale. To
explore the intrinsic relationship between the cracking behavior
of nacre and its toughness, most of the previous studies have been
based on the conventional fracture mechanics in which pre-
existing cracks were assumed on the model (Shao et al., 2014;
Dutta and Tekalur, 2014; Xie and Yao, 2014). Bargmann et al.
(2013) and Scheider et al. (2013) deal with the model without
any pre-existing cracks, but they mainly focus on the breaking
mechanisms due to the microstructure of materials. Chintapalli
et al. (2014) try to explain the transition mechanism from unlocal-
ized mode to localized mode of micro-cracking in nacre. The expla-
nation is mainly based on strain rate dependency such as viscosity
of the material.

An initial crack is needed for the linear elastic fracture mechan-
ics (LEFM). Elices et al. (2002), however, points out that LEFM is not
necessarily useful for solving fracture problems due to micro-
cracking in which the size of nonlinear zone is not negligible in
comparison with other dimensions of the cracked geometry. The
micro-cracks in nacre are observed by Barthelat and Espinosa
(2007), and are believed to be strongly related with its toughening
mechanisms. In this study, we successfully solve the fracture prob-
lem due to micro-cracking in nacre using the model without any
pre-existed crack.

As a stability losing process, the crack initiation is related with
the convexity change of the overall strain energy functional. It has
some chaotic features by which the crack is triggered by some
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infinitesimal factors. This feature makes it difficult to explore the
detailed mechanism of crack initiation, such as finding the cracking
position in the absence of obvious pre-existing crack. In this study,
we show that cracks still initiate even without any pre-existing
crack. We have found two different crack patterns in the model
of the staggered biomaterial inspired by nacre: localized mode
and unlocalized mode. The inner mechanism of the crack initiation
is analyzed in detail using stability theory, and it is shown that the
shear interfacial mechanism significantly delays the global unsta-
ble point. We also provide the vital clues on the bifurcation point
of the two cracking modes. Systematic research, concerning the
two modes’ characteristics, mathematical description, mechanical
properties, inner mechanism, and affecting factors, is presented.

This paper is organized into the following sections. In Section 2,
the two-dimensional theoretical model and its numerical form are
introduced. A semi-analytical model composed of cohesive springs
is introduced to describe the stability evolution of the system and
the strain concentration associated with the crack initiation pro-
cess. The key parameters of the analysis are also presented in this
section. In Section 3, we introduce the concept of the two cracking
modes: localized mode and unlocalized mode. The characteristics
and mathematical descriptions of the two modes are presented,
and the dynamic mechanical properties of the cracking process is
analyzed. The vital clues on the bifurcation point of the two crack-
ing modes are presented. Finally, we give the conclusions.

2. Model and method
2.1. Model of nacre and problem

Nacre consists of a hard aragonite phase and a soft collagen
phase organized in a staggered manner. Inspired by nacre, we focus
on the staggered materials, which contain the hard phases, soft
phases, and interfaces, subject to tensile loading. The hard phase
and soft phase are simplified as isotropic elastic solids. The basic
equations of displacement u;, stress gy, and strain &; in the body
Q\ %, which is the domain except for cohesive zone Z, are as fol-
lows. The linear balance of momentum can be reduced into the fol-
lowing balance equation in dynamic analysis:

it pg in Q\X, (1)

pi; =

where the double dots indicate the second time derivative of dis-
placement u;. p represents the density and g; is a component of
the body force. For a static problem that does not consider any body
force, the balance equation can be written as

80],‘

=0 I o\% ()

The boundary conditions of specified traction to t? on a surface
is given by Sy

ti= giinj = t? on Sf, (3)
and the specified displacement u; to u? on surface S, is given by
u=u on S, (4)

Fig. 1(a) shows the model used in the analysis. The model con-
sists of the hard phases (blue parts), which are arranged in a stag-
gered manner, and soft phases (green parts) which are filled
between hard phases. The black and red springs represent the
cohesive zone where the cracks will develop in a rectangular spec-
imen under a specified tensile displacement loading. The traction
on the boundary surface with the relative displacement (separa-
tion) represents the cohesive law on the interface X, on which
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Fig. 1. Analysis model: (a) sketch of the two-dimensional model, (b) debond
cohesive law, (c) shear cohesive law.

the bilinear relationships between the traction and the relative dis-
continuous displacement consisting a linear stiffening stage and a
linear softening stage are supposed, as shown in Fig. 1(b) and (c).

2.2. Cohesive zone model

We assume that the cohesive zone relationship describes the
interface behavior between the hard phase and soft phase, which
is also the origin of crack initiation.

Owing to its adaptability in dealing with the interface cracking
problem and its compatibility with finite element application,
cohesive zone model (CZM) is widely used in researches of bioma-
terials (An et al., 2014a,b; Bargmann et al.,, 2013; Borovik and
Borovik, 2014; Dastjerdi et al., 2012; He and Li, 2012; Shao et al.,
2014; Scheider et al., 2015, 2013). CZM can be thought as a supple-
ment of the fracture mechanics (Needleman, 2013). Instead of



Y. Yan, A. Nakatani/Journal of Biomechanics 86 (2019) 183-192 185

using a single parameter such as stress intensity factor, CZM uses a
set of traction-separation relationships to describe the dynamic
cracking process. It usually has a stiffening stage (positive modu-
lus) and a softening stage (negative modulus). No pre-existing
crack is needed but only to specify a ‘crack propagation route’
using CZM so that it is suitable for the material in which cracks
generally exist at the interface.

The discontinuous jump of displacement on the interface X,
which is a thin layer between two surfaces in a three-
dimensional model or a thin path in a two-dimensional model,

[u]=u*—u" on X (5)

is taken into account, where u* and u~ are the limits of the value of
displacement between both sides of the interface X.

The normal component J, and the tangential component &, are
derived by
511 = [[uﬂ -n, 5f = [[u]] : t? (6)
where n and t are the normal and tangential unit vectors of the
interface surface.

In general, there is some covariation between the normal and
tangential cohesive laws. For simplicity, we give the overall cohe-
sive potential ¢(dy,,d;) as

®(0n,0t) = bn(0n) + ¢e(0r). (7)

To separate the two cohesive mechanisms further, we give sub-
scripts n and t corresponding to the quantities for debond cohesive
zone and shear cohesive zone, respectively, which reflects the two
kinds of interfaces as shown in Fig. 1(a).

Then, in the cohesive zone model, the normal and shear compo-
nents of traction, o, and g, respectively, are given by

9 do, ¢ _do _

n:ai(sn*d(sn :fn(én)a O-t:ai(;t*di(st*f[(éf)‘ (8)

The cohesive functions f,(J,) and f,(J;) are generally nonlinear.
In this study, however, simple bilinear forms are considered, in
which ¢,(5,) and ¢,(d;) are given by

Tka (37 — 07 o) (0n < 3y)
bulon) = |~ (g Jnln— Y (O << )
, o (60 > o7
" The (37 — 557 o) (Io¢] < o)
91000 = § 3 (e el = o) (o7 <ol < o) (1)
0 (|5t\ > (5;"“)

This simplest relationship is described by three parameters.
Various literatures have mentioned that the cohesive interfacial
properties are mainly dependent on two of them: maximum stress

o™ and total energy U™ (Shao et al, 2012; Tvergaard and
Hutchinson, 1992; Barthelat et al., 2007). This study adopts the
parameter of ¢™* =30MPa from Shao et al. (2012) and
U@ = 1575 J/m? from Wegst and Ashby (2004).

The maximum traction o, o™ is evaluated as follows:

oy =kady, o7 =koy, (11)

n -

where k, and k; represent the cohesive stiffness in the stiffening
stage, which has a different dimension than the Young’s modulus.

The strain energy of the cohesive zone U“"(d,, ;) is given by

UM (8,0, 80) = d(0n) + b (80) + % {kn0S oM™ + koo oY (12)

We consider two reasons for choosing the simplest bilinear
cohesive relationship. First, the bilinear cohesive relationship
describes the main stream of the interfacial properties. In this
study, the interfacial behavior is classified into ‘debond’ and ‘shear’
cohesive zones. The bilinear cohesive relationship is well coherent
with the molecular dynamics simulation of the debonding process
of the vertical interface in nacre-like biomaterials (Dubey and
Tomar, 2009b). The softening process is related to the dynamic fail-
ure of protein adhesion, and originate from some complicated
deformation mechanisms of the soft phase such as the molecular
rotation, H-bond rupture, and back bone stretching (Gautieri
et al., 2009). The sliding behavior of the horizontal interface leads
to a reduction of adhesion area, which further leads to interfacial
softening. In addition, the simple cohesive relationship helps us
reduce the affecting parameters, and better understand the inner
mechanisms of solution mode transition.

Actually, the interfacial behavior of nacre is complicated, and
involves several mechanisms such as the adhesion between soft
and hard phases, nano-asperities, and mineral bridges
(Askarinejad and Rahbar, 2015). These mechanisms can be taken
into account by considering the shape of the cohesive constitutive
relationship, which can be derived from calculations at a deeper
level (Cho and Park, 2004; Jiang, 2010).

2.3. Stability evolution and strain concentration in cohesive spring
system

In this study, we focus on the interfacial crack initiation process,
which can be considered as the mechanical response of a cohesive
spring system. The critical displacements §;" and J;" in Fig. 1(b) and
(c¢) define the points from a locally stable stage to a locally unstable
stage. However, for the cohesive spring system rather than a single
spring, the local instability causes something unique that happens
globally; this is called ‘strain concentration’ in this study.

First, a system composed of only four debond cohesive springs
(1), (2), (3), and (4) in series is taken into account as shown in
Fig. 2. Suppose a displacement loading A is given on its end. Then,
the elongation ¢; of spring (i) (i=1,---,4) satisfies

24:51 —A, (13)
i=1

and the force equilibrium
F(61) = F(62) = F(03) = F(d4) (14)

is satisfied, where F(§) is the cohesive traction as a function of rel-
ative displacement 4. In the case of low loading, all of the springs
share the same deformations and reactive forces, which refers to
the fully elastic stage. When the elongation of the springs exceeds
the critical displacement, the system has multiple solutions for
equilibrium, i.e., the states of the springs can evolve to the softening
stage as well as shrink back to the stiffening stage. The model
shown in Fig. 2 can be regarded as a simplification of the model
of nacre without the shear cohesive zone. Actually, we have calcu-
lated the mechanical response of the model shown in Fig. 1 by con-
sidering only debond cohesive zone. The result shows a completely
localized crack mode with only one spring in the softening stage
and the others shrinking back to the stiffening stage as shown in
Fig. 2(e). We must understand why the system choose the localized
solution rather than the homogeneous deformations (Bigoni, 2012).
Fig. 2(e) shows schematic illustrations of multiple solutions. In gen-
eral, nature chooses the solution corresponding to the minimum
energy among the kinematically admissible solutions, which also
satisfy the statical equilibrium (Bigoni, 2012). While the solution
is a stable equilibrium configuration, the others are unstable.
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Fig. 2. A simple model of cohesive springs in series: (a-d) its strain evolution, (e) all the characteristic solutions after the bifurcation point.

Now it is known that the localized crack mode and strain con-
centration are the intrinsic features of a model with only debond
cohesive zones. Secondly, we discuss the effect of shear cohesive
zone. We introduce a model taking into account the shear cohesive
zone, as shown in Fig. 3. In this model, several cohesive springs are
connected in series, in which the geometrical condition is specified
by Eq. (13), and other series of shear cohesive springs are taken
into account. We introduce a phenomenological equation of the
strain distribution in soft phase

to describe the distribution of relative displacement in the shear
cohesive springs, where x represents the local coordinates in the
representative length [, of the soft phase, which is the minimum
length needed to describe the overall strain distribution of the soft
phase. The boundary conditions of relative displacements of the
shear springs are specified by the half of the relevant debond spring.

In this model, I, = 1/2, in which [ is the length of a single platelet
of the hard phase. € is the average strain in the soft phase, which
can be written as € = A/L, in which A is the displacement loading
and L is the overall length of the specimen. Eq. (15) contains three
parameters, k, a, and b.

Given a certain distribution of % (x;), the displacement in the
soft phase can be written as

MI\ Debond cohesive spring &,,;

% Shear cohesive spring 8;;(x)

(a)

0.010+
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0.000
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20010

Relative displacement in shear cohesive zone [um]
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X, position [um]

(b)

Hard phase

Soft phase

d;

(©)

Fig. 3. Semi-analytical model for describing the separation of local and systematic instabilities: (a) sketch of 1-dimensional cohesive spring system, (b) distribution of shear
cohesive separation in the x; direction, (c) relationship between the boundary value of (b) and the respective debond cohesive spring.
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X1
) = [ oo + up0), (16)
where a constant u$°®(0) is specified as the boundary condition
value.

The cohesive separation is defined as the relative displacement
at the interfaces. The tangential relative displacement on shear
cohesive zone is

(x1) = ui*(x1), (17)

3e(x1) = ut
where u}*(x;) is the displacement of hard phase at x;. Because of
the much higher elastic modulus in the hard phase, the strain
du’™™/dx, is negligibly small compared with the strain du™"/dx;;
therefore, the relative displacement in the shear cohesive zone is
determined by

Ot (X]) = U?Oﬂ (Xl) + Caccum7 (18)

where C,ccum 1S @ constant. The tractions f,, and f, in the debond and
shear cohesive zones can be determined by the cohesive constitu-
tive relationship, where 6, can be calculated by the separation of
the hard phases. After calculating the distribution of the relative
displacement, we can estimate the strain energy of the system by

Ny ne 1
Esystem = E ’ niéniwhard + Z / frj(xl )5u(xl )dX], (19)
i1 =170

where the subscripts i and j denote the values of the i-th debond
and the j-th shear cohesive zone, respectively, and n, and n, repre-
sent the numbers of the debond and shear cohesive zones,
respectively.

Here, us°®(0) = 0, and we consider a special case with respect to
the model with the aspect ratio [/Whaa = 5,1 = 1, Epaq = 60 GPa,
and Eso = 2.8 GPa. Assume k =4,a =4, and b = 3.75.

Fig. 4 shows the total strain energy of the system. In the figure,
the localized solution (red curve), which shows the evaluation of
the inelastic behavior under an assumption that one debond cohe-
sive spring is elongated more than the critical displacement while
the others are still elastic, is compared with homogeneous solution
(black curve) that all debond cohesive zones in the softening stage.
This graph can be divided into three stages. The multiple solutions
phenomenon emerges from stage I to II, when the debond cohesive
zone steps into the softening stage. At this stage, however, the
energy of the homogeneous solution is lower than the localized
solution due to the shear cohesive zone. It indicates that the global

Localized solution
Homogeneous solution

2.5E-06

2.0E-06

1.5E-06

1.0E-06

Total strain energy [uJ]

5.0E-07

T T T T T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010
Overall strain

Fig. 4. Strain energy calculation of the two characteristic solutions.

stability of the system is still kept in a homogeneous deformation.
Finally, the system turns into localized deformation in stage IIL.
We concisely summarize the key points in this section. The soft-
ening cohesive behavior leads to the strain concentration phe-
nomenon when the cohesive spring system is considered. After
the system loses its global stability, the strain rapidly concentrates
to a single point, which becomes the source of the crack initiation.
Taking into account the shear cohesive mechanism, the globally
unstable point is separated from the locally unstable point.

2.4. Finite element analysis

The finite element simulation is conducted with the commercial
software ABAQUS Explicit, 6.14. The model is almost the same as
that shown in Fig. 1(a), with the constraints in the x,-direction
applied on the top and bottom boundaries of the model.

For the soft phase, previous studies mentioned several different
types of mechanical responses, such as pure elastic with high mod-
ulus (PMMA), pure elastic with low modulus (PLMA), and elastic-
plastic (PUA-PHEMA) with the elastic modulus varying from
0.077 MPa to 2GPa (Niebel et al., 2016). In order to simplify the
model, we use the parameter of the PMMA-like material. All the
geometric and material parameters are shown in Table 1.

2.5. Localization factor

In order to describe the difference between the two modes
quantitatively, we raised a dimensionless parameter, localization
factor, which is defined as follows:

1

Lp=——
Qsoft8%1 .

/ (&11 — &11)%dV, (20)
Qsoft

where ¢&;; represents the tensile strain in the soft phase and &;; rep-
resents the average strain

e :/ Endv. (21)
Qsoft

The localization factor corresponds to the square of the coeffi-
cient of variance in the statistics theory. It also refers to the strain
localization in the soft phase, and a higher value indicates a higher
localized crack pattern. This parameter is ill-defined in the vicinity
of &1 =0, but it is well-defined in the inelastic cracking process,
and it is effective for characterizing the heterogeneity of the crack-
ing strain.

From the origins of strain distribution in the soft phase, we can
roughly classify Lr into:

__ rboundary structure localization
Lp=1P + I + LY : (22)

[2eunda represents the distribution variance resulting from the
boundary effect of the system. The strain is relatively lower near
the left and right boundaries of the model. This variance has a less
significant physical meaning, and it does not change with the
loading.

L™ originates from the stiffness difference among the hard
phase, soft phase, and the cohesive interface as well as the stag-
gered structure of the model, which can be roughly evaluated from
Eq. (15)(see Fig. 8a).

Lecalization represents the change in the shape of distribution
when strain localization occurs. It cannot be observed when the
system is in the unlocalized mode. It can be roughly evaluated that
L1F°Ca“m°“ occupies about 84-91% of the Lg difference in the two
cracking modes. Accordingly it is reasonable to conclude the valid-
ity of using the localization factor in characterizing the strain local-
ization of this model.
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Table 1
Parameters of the specimen (standard values).

Geometric parameters Platelet width wy,q [nm]

Collagen width wg,g [nm] Aspect ratio I[/Wparq

400 30 5
Material parameters Young's modulus Poisson’s ratio
Ehard [Gpa] Esoft [GPa] Vhard Vsoft
60 2.8 0.3 04
Cohesive parameters Maximum displacement Critical displacement Maximum stress
(Snr“j;" [nm] (Sff/[ [nm] ot [MPa]
105 5 30

3. Results

Though nacre is famous for its ductile fracture and high tough-
ness, many researches have mentioned the brittle fracture pattern
in nacre as well as some similar materials. For example, the nacre
without water shows brittle fracture that is similar to the pure
hard phase (Barthelat et al., 2007), which has also attracted the
attention of many researchers (Dubey and Tomar, 2009b,c,a;
Ghosh et al., 2007). Some artificial nacre-like materials have shown
brittle failure (Niebel et al., 2016) in mechanical tests. These exper-
imental evidences show that there must be some factors that
determine the fracture mode differentiation and this paper aims
to explore these factors based on the intrinsic properties of
materials.

3.1. Localized and unlocalized crack modes

In this study, we found that if the parameters in Table 1 are
changed, various crack initiation and propagation patterns with
completely different mechanical responses emerge. In general,
they can be classified into the localized mode and the unlocalized
mode. In the localized crack mode, the crack initiates in only one
position and extends close to that position during the whole

process. In the unlocalized mode, several different micro-cracks
emerge and extend. The crack initiation and extension patterns
of the two modes can be seen in Fig. 5. The contour corresponds
to the strain distribution in the x;-direction.

From the simulation result, it can be seen that the cracking pro-
cess corresponds well with the failure sequence of staggered bio-
materials reported by Askarinejad and Rahbar (2015, 2018),
which includes debond interface failure, shear interfacial sliding
and complete pull-out.

3.2. Quantitative characterization

The stress-strain curves and evolution of the localization factor
of the two modes are shown in Fig. 6(a) and (b), respectively.

In Fig. 6(a), the localized mode shows a brittle mechanical
response and the unlocalized mode shows a ductile mechanical
response. In the localized crack mode, the stress rapidly increases
to a high value at the beginning and then shows an abrupt drop.
With the crack propagation, the stress rises again but undergoes
a huge fluctuation till the complete detachment of the platelets.
In the unlocalized crack mode, the stress increases nonlinearly
and reaches a lower maximum value. When the crack initiates,
the stress drops a little and then rises again smoothly. It should

(i) strain e = 1%

(ii) strain e = 2.5%

(i) strain e = 1%

(ii) strain e = 2.5%

(iii) strain € = 10%
(a)

Fig. 5. Crack pattern by FEA: (a) localized mode (all parameters in standard value), (b) unlocalized mode (Esore = 11.2 MPa, others in standard value).

(iii) strain € = 10%

(b)
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Fig. 6. Overall properties of the localized and unlocalized modes depending on the aspect ratio of the hard phases: (a) stress-strain curve, (b) localization factor vs. strain.

be noted that the stress reaches the maximum value just before the
crack initiation in the two modes. It shows that the crack mode dif-
ferentiation begins before the emergence of the first free surface.
The change that happens in this brief period will be the focus of
the discussion in the next section.

In Fig. 6(b), we can see that the factor depicts inhomogeneity in
each mode. Two modes, however, have completely different Lg val-
ues. In both modes, the localization factor is low before the crack
initiation, and has an abrupt increase at the time of the crack initi-
ation. After the crack initiation, the localization factor soon reaches
the maximum value and then decreases slowly. However, the
localized crack mode has a much higher localization factor than
the unlocalized mode. This shows that the localized mode has a
more severe strain localization when the crack initiates.

3.3. Inner mechanism of the crack mode differentiation

In this section, we will concisely discuss the intrinsic mecha-
nism of the crack mode differentiation using a specific and repre-
sentative example. In the previous section we have shown the
crack initiation and propagation process of the two crack modes
in Fig. 5. A critical phenomenon must be noticed comparing with
Fig. 5(a)(i) and (b)(i). At the beginning stage, the strain distribution
is homogeneous and the two modes behave almost the same, but
after a critical point, the crack initiates remarkably and the strain
distribution becomes macroscopically inhomogeneous. We call

this point the bifurcation point from the macroscopically homoge-
neous to inhomogeneous deformation. To show this bifurcation
point more clearly, Fig. 7 illustrates the strain evolution of the
debond cohesive elements. It shows that the bifurcation point with
about 1% overall strain exists in both the crack modes. Before the
bifurcation point, the strain evolutions are macroscopically homo-
geneous in both modes. After it, however, the state of strain distri-
bution of the two modes apparently varies. In the localized mode,
the strain bifurcates into two branches. One of them refers to the
strain in the cracking zone while the other one refers to the non-
cracking positions. In the unlocalized mode, the strain distributes
inhomogeneously, but rather evenly, which also indicates the crack
initiation all over the specimen.

From Fig. 7 we know that there exists an apparent gap between
the global bifurcation point and the local critical point in the cohe-
sive relationship. However, in these two specimens, when Egu is
changed, the global bifurcation points are the same but they still
show different behaviors after the bifurcation point. Accordingly,
it is necessary to find what actually happened at the global bifur-
cation point and which factor determines the crack mode
differentiation.

Fig. 8(a) and (b) show the strain distribution of the soft phase in
the loading direction and the strain distribution on the shear cohe-
sive zone at the bifurcation point, respectively. In Fig. 8(a), it is
shown that though the average strains of the two models are
almost the same, the distribution differs. Because of the lower elas-
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tic modulus in the localized crack model, the strain concentration
is more severe than the unlocalized crack model. It is noticed that
in the localized crack model, there exists a long plateau area in
which the strain distribution is flat and near to zero. We call it
the constant strain area. The existence of the constant strain area
in the localized crack model is the most noticeable mechanical dif-
ference between the two models in the pre-bifurcation stage.

Comparing Fig. 8(a) with Fig. 8(b), it is clear that the tensile
strain in the soft phase does not directly affect on the global bifur-
cation point, but it has an effect on the strain distribution in the
shear cohesive zone.

It is shown that the constant strain area also exists in the distri-
bution of relative displacement in the shear cohesive zone, which
is apparently different from the unlocalized crack model. The inter-
esting phenomenon is that the shear strain of this constant strain
area just corresponds to the critical displacement in cohesive law
(5 nm) at the global bifurcation point. To show the difference of
the two models more clearly, a statistic form of Fig. 8(b) is shown
in Fig. 9.

From Fig. 9, we can describe the process of the crack initiation
as a series of cohesive springs jumping over the critical point of
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Esort = 11.2 GPa: (a) strain distribution of the soft phase in the x;-direction, (b)
distribution of the relative displacement in the shear cohesive zone at the
bifurcation point.
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the cohesive relationship. For the unlocalized mode, the strain dis-
tribution of the cohesive zone is more uniform, and the cohesive
elements jump over the critical point one by one. For the localized
mode, because of the constant strain area, when this large area of
cohesive zone reaches the cohesive critical point, the entire system
loses its stability abruptly, leading to a more localized crack
initiation.

In this study, we successfully solved the fracture due to the
micro-cracks in nacre and discussed the essential mechanisms of
the transition between unlocalized and localized cracking modes.
One of the newest finding in this research is the effect of the tensile
behavior of soft phase on determination of cracking modes. It is
believed that the mechanical property of soft phase only con-
tributes to the shear adhesion in the conventional ‘shear-lag
model’ (Jager and Fratzl, 2000), and the behavior of soft phase in
tensile deformation has been neglected in most of the previous
studies. A recent experimental result (Slesarenko et al., 2017),
however, shows that the mechanical properties of soft materials
play an important role for micro-cracking of synthesized nacre-
like composites. The research reveals the elastic modulus of soft
matrix contributes to the overall strain hardening which is found
in our present results.
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Fig. 9. Frequency distribution of the relative displacement in the shear cohesive zone at the bifurcation point: localized mode with standard parameters and unlocalized

mode with Egy = 11.2 GPa.

4. Conclusion

In this paper, we introduced two distinct crack modes in stag-
gered biomaterials: localized mode and unlocalized mode. System-
atic analysis has been conducted with regard to its mechanical
behavior, quantitative characterization, intrinsic mechanism, and
influencing factors.

In the localized crack mode, the crack initiates at a single posi-
tion and also propagates near that position. In the unlocalized
mode, several minor cracks initiates simultaneously or continu-
ously. Using the crack localization factor, the two modes can be
quantitatively distinguished. The two crack modes have com-
pletely different mechanical behaviors. Localized mode behaves
closer to a brittle mechanical response. The stress rises to a high
value at the beginning and then abruptly drops down after the
crack initiation. On the contrary, the unlocalized mode has a more
ductile mechanical response.

In order to find the intrinsic mechanism of the crack mode dif-
ferentiation, we focused on the dynamic crack initiation process.
Though the overall mechanical behaviors of the two modes are
highly similar before the crack initiation, we have successfully
grasped the intrinsic bifurcation point. The crack mode differenti-
ation can be well explained by using the minimum energy func-
tional principle in stability analysis.
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