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a b s t r a c t
Linear elastic fracture mechanics (LEFM) implies that crack-like flaws would intensify stress in brittle
materials with stress intensity scaling up with the square root of the crack size. Therefore, the apparent
strength of materials tends to be much smaller than the theoretical value. In this paper, we examine the
stress state in nacreous composites and find that in such materials the crack-induced stress intensification and its dependence on crack size can be suppressed greatly. This feature of nacreous composites can
be attributed to the unique ‘‘brick-and-mortar’’ (B-and-M) structure and a synergistic match of the
mechanical properties between ‘‘brick’’ (e.g. minerals) and ‘‘mortar’’ (e.g. proteins) phases. Our findings
not only provide a fundamental insight into the origin of the excellent mechanical properties of nacreous
composites such as high strength, high toughness and flaw tolerance, but also will be of great value to the
design and synthesis of new structural materials for superior mechanical properties.
! 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Brittle materials such as ceramics exhibit ‘‘bulk’’ strength a few
orders of magnitude lower than the theoretical values. Such degradation of strength has been commonly attributed to the inevitable
existence of crack-like flaws in the materials. In the presence of
cracks, the stress in a material, even under relatively low applied
load, can be locally intensified to a level high enough to initiate
crack growth, resulting in much reduced apparent strength. In order to design materials with high strength, crack-induced stress
intensification is a fundamental issue needs to be tackled. Surprisingly, this intractable problem seems to have been successfully addressed in natural biomaterials whose major compositions are
actually brittle minerals. Nacre, for example, is composed of more
than 95 vol% of aragonite and less than 5 vol% of proteins [1], but
its apparent tensile strength reaches up to 300 MPa [2], an order
of magnitude higher than that of the pure monolithic aragonite.
Such high apparent strength in combination with a high content
of brittle constituent implies that there must be certain mechanisms in nacre’s structure and/or material effectively suppressing
the crack-induced stress intensification.
It is a common structural feature of load-bearing biological
materials such as nacre, teeth and bone that their stiff constituent
phases (e.g. minerals) are normally present in the form of thin
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tablets or elongated fibers glued together by the soft constituent
phases (e.g. proteins), resulting in the so-called ‘‘brick-and-mortar’’
(B-and-M) structure [3], as shown in Fig. 1a. In nacre, the thickness
of the bricks is generally much greater than that of the mortar, giving rise to a high volume fraction of the brick phase (the thicknesses of aragonite tablets and protein layer are around 500 nm
and 25 nm respectively). Inspired by the natural B-and-M composites, Gao et al. [3,4] showed that the crack-induced stress concentration in an individual brick vanishes when the brick thickness is
reduced to below a critical length scale around a few tens of
nanometers, reaching the so-called flaw tolerance state [5,6]. This
concept was also applied to the robust adhesion of nanoscale fibrillar structures [7,8] and observed in nanocrystalline graphene [9].
For nacreous B-and-M materials, nanoscale dimension plays an
important role in preventing the crack-induced stress concentration in individual bricks. But what about stress concentration
caused by cracks larger than the thickness of individual bricks?
Can the nacreous materials tolerate cracks larger than the brick
thickness? To answer these questions, further explorations into
the stress field in B-and-M materials is needed.

2. Distribution of shear stress in mortar layer
To shed light on the stress field in materials with the B-and-M
composite structure, many theoretical attempts have been made
based on a variety of assumptions for the structure and constitutive law of the composite. As our attention in this paper is mainly
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drðxÞ
¼ % hBR2EBR u001 ðxÞ, where hBR is the thickness of the
dx
brick. It follows that

sðxÞ ¼ % h2BR

u001 ðxÞ ¼ ½u1 ðl % xÞ þ u1 ðxÞ % D&

2GMO
:
hBR hMO EBR

ð1Þ

Such ‘‘shear lag’’ type of approach was originally proposed by Cox
[14] and has been widely used in analyzing the stress transfer in
composites [15–18]. The solution to the Eq. (1) is readily obtained
by adopting proper boundary conditions. The detailed procedure
can be found in Appendix A of the Electronic Supplementary Materials (ESM). The distribution of shear stress in the mortar is then given by

sðxÞ ¼

"
#
GMO D coshð2lx=l % lÞ
;
hMO cosh l þ l ( sinh l

ð2Þ

where l is a dimensionless parameter defined as

l¼

qffiffiffiffiffi2ffiffiffiffiffiffiffiffiffiffi

l GMO
.
hBR hMO EBR

Similar solutions have been obtained in previous studies
[10,11,19]. Denoting the aspect ratio of bricks by q = 2l/hBR, l can
qffiffiffiffiffiffiffiffiffiffiffi
qffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GMO
UGMO
hBR
be rewritten as l ¼ q2 hhBR
) q2 ð1%
UÞEBR , where U ) hBR þhMO stands
MO EBR

for the volume fraction of the brick phase. It is implied that higher
stiffness ratio EBR/GMO between brick and mortar or lower aspect ratio q of brick give rise to lower value of l. For the limiting case of
rigid bricks, l is reduced to 0, giving rise to a uniform distribution
D
according to Eq. (2). For the other cases with
of shear stress GhMO
MO

l = 0.5, 1.0, 5.0 and 10.0, the distributions of shear stress given in

Eq. (2) are graphically shown in Fig. 2a. It can be seen that for given

l the maximum shear stress occurs at the ends x = 0 and x = l, while

sðxÞ ¼ ½u2 ðxÞ % u1 ðxÞ&

GMO
;
hMO

pffiffiffi
where a is the thickness of the mortar layer, and u1 and u2 are the
longitudinal displacements of bricks #1 and #2, respectively. The
symmetry of the problem implies that u2 ðxÞ ¼ D % u1 ðl % xÞ, where
l is the half length of bricks. As the shear stress developed in the
mortar layer is applied on the surface of brick #1 and balanced by
the
normal
stress
r(x)
in
it,
we
have

(a)

12
µ=0.5
µ=1.0
µ=5.0
µ=10

10

2

τ l /hBR∆EBR

focused on the spatial distribution of stresses, we propose a simplified model by referring to recent studies [10–12].
Let us begin with stress in the mortar layer. As has been
indicated by the ‘‘tension-shear chain’’ (TSC) model [3,13], the
stress in the mortar layer of a B-and-M composite is dominantly
shear. The distribution of the shear stress depends on the mechanical properties of brick and mortar as well as the remote external
loading. Consider an infinite B-and-M composite under uniaxial
tension along the longitudinal direction of bricks, as illustrated in
Fig. 1b. The periodicity and symmetry of the B-and-M structure
allows us to tackle the problem simply by considering a unit cell
consisting of a mortar layer sandwiched by two quarter bricks
marked by #1 and #2. Periodic boundary condition is applied by
constraining the transverse movements of the lateral boundaries.
While the mortar is assumed to be elastic perfectly plastic with
shear modulus GMO and shear strength s0, the bricks are modeled
as elastic material with Young’s modulus EBR and strength rfth .
The end-to-end elongation of two bricks under external uniaxial
load is denoted by D, as shown in Fig. 1b. If D is small, the mortar
layer undergoes purely elastic deformation and the shear stress
therein is correlated with the relative longitudinal displacements
between bricks #1 and #2 through

the minimum takes place at the middle x = l/2. The ratio of the maximum to the minimum can be readily calculated from Eq. (2) and
equals cosh l, which is actually a monotonically increasing function
of l. For nacre, if we take EBR = 100 GPa, hBR = 500 nm, hMO = 25 nm,
l = 3.75 lm, GMO = 33.56 MPa (based on EMO = 100 MPa and
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Fig. 1. (a) SEM image of brick-and-mortar structure in nacre; and (b) schematics of
a TSC model under uniaxial tension. Due to the periodicity and symmetry of the
problem, an assembly of a mortar layer sandwiched by two quarter bricks is used as
a representative unit cell for analysis.
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Fig. 2. (a) Distribution of shear stress in mortar layer under elastic deformation. (b)
Distribution of shear stress in elastic-perfectly-plastic mortar layer under different
levels of external load.
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mMO = 0.49) (the same values will be adopted throughout this paper

unless otherwise indicated), l is estimated to be around 0.614. The
ratio of the maximum to minimum shear stresses is estimated to be
around 1.2, implying little variation of shear stress within the mortar layer in nacre. Recalling the definition of l, it is evident that
even more homogeneous shear stress field will be developed if
nacreous materials have higher stiffness ratio between brick and
mortar EBR/GMO or lower aspect ratio of bricks q.
In the preceding analysis, we assumed that the deformation of
mortar is purely elastic. This is true only when D is smaller than
the critical value given by Dc = lb2[1 + l tanh (l)], where b is a
qffiffiffiffiffiffiffiffiffi
s0
. For nacre, taking
dimensionless parameter defined as b ¼ hGMO
MO l
hMO ¼ 25 nm, s0 = 11.55 MPa (as Von Mises yield criterion implies
pffiffiffi
that s0 ¼ ry = 3, where ry is the tensile yield strength of protein
taken as 20 MPa here), GMO = 33.56 MPa and l = 3.75 lm leads to
an estimate of b to be 0.048. It follows that the critical displacement Dc is around 0.31%l provided that l = 0.614 as we estimated
before. When the elongation D exceeds the critical value Dc, plastic
yielding in mortar takes place starting from ends x = 0 and x = l.
According to the magnitude of shear stress, the mortar layer can
be divided into yielding zones and elastic zone, as shown in
Fig. 2b. In the yielding zones (0 < x < a and 1 % a < x < 1), shear
stress is uniform and equal to the shear strength s0 . In the elastic
zone (a 6 x 6 l % a), the longitudinal displacement of brick #1
u1(x) should satisfy Eq. (1), leading to the following equations:

ð3Þ

The solution to Eq. (3) can be readily obtained by using proper
boundary conditions (see Appendix B of the Electronic Supplementary Materials for the details), and the shear stress in mortar is
found to be

8 coshð2lx=l%lÞ
>
< coshð2la=l%lÞ s0 ; ða 6 x 6 l % aÞ
sðxÞ ¼ s0 ; ðx < a or x > l % aÞ
>
:

The tensile stress developed in a brick depends on the magnitude and distribution of the tangential traction s applied on it.
What we are interested here is the stress concentration of the
tensile stress r in bricks, which strongly relies on the spatial distribution of the tangential traction s. To examine the dependence of
stress concentration of the normal stress in bricks on the distribution of tangential tractions s, the plane strain problem of a
two-dimensional brick with aspect ratio q is considered. The tangential traction, which is a function of dimensionless parameter
l as given in Eq. (2), is applied on both sides of the brick. Finite
element analysis (ABAQUS, Dassault Systèmes) is carried out to
examine the stress concentration factor of the tensile stress in the
brick, which is defined as the ratio of the maximum tensile stress
to the mean value over the cross-section. Fig. 3a shows the evolution of stress concentration factor as a function of l for bricks with
different aspect ratios q. For a given q, it can be seen that the stress
concentration factor decreases with decreasing l, implying that
larger discrepancy between mortar and brick in stiffness tends to
mitigate stress concentration in the bricks. In the limiting case of
l = 0, corresponding to uniform tangential traction, the stress concentration factor drops to a value close to unity for the aspect ratio
of q = 32. Such trend was also confirmed by molecular dynamic
(MD) simulations (see Appendix C of the Electronic Supplementary
Materials for details). For nacre, if we take q = 15 and l = 0.614, it
can be estimated from Fig. 3a that the stress concentration factor is
qffiffiffiffiffiffiffiffiffiffiffiffiffiffi
UGMO
around 1.4. Since l ¼ q2 ð1%
UÞEBR , the stress concentration factor can
qffiffiffiffiffiffiffiffiffiffiffiffiffiffi
UGMO
also be expressed in terms of two independent variables ð1%
UÞEBR

and q, as shown in Fig. 3b. It can be clearly seen that higher aspect
ratio of brick or larger stiffness difference between brick and

ð4Þ

with the length of the yielding zone a determined implicitly from
the following equation (see Appendix B for detailed derivation):

D ¼ 2b2 l2 aða=l þ 1Þ þ b2 l % b2 lðl þ 2aÞ tanhð2la=l % lÞ:

3. Capped stress concentration in bricks

(a)

ð5Þ

By taking l = 0.614 and b = 0.048 for nacre, Fig. 2b shows the distributions of shear stress in the mortar after consideration of yielding.
It can be seen that the yielding of mortar initiates at x = 0 and x = l
when D reaches 0.31%l. The yielding zone further expands with the
increase of D. Eventually, when D ) 0.36%l, the mortar layer yields
completely, giving rise to a uniform shear stress equal to s0 over the
whole mortar layer. It should be pointed out that our analysis is
based on the assumption that the mortar and mortar/brick interface
would not fail before full yielding. This assumption is reasonable for
B-and-M composites with highly deformable mortar such as
proteins in nacre. For the case with less ductile mortar, failure of
mortar may occur before the whole layer yields. Under this circumstance, more sophisticated modeling is needed, which is beyond the
scope of the present paper.
Our analysis so far has indicated that the shear stress in the
mortar layer of nacre exhibits little variation at both elastic and
plastic stages of deformation. At the purely elastic stage, the shear
stress is homogenized due to the exceedingly high stiffness ratio
(>1000) between minerals and proteins. With increasing load, such
shear stress gets further homogenized as plastic yielding of
proteins happens. Eventually, a uniform shear stress is developed
in the protein layer (mortar) with magnitude capped by its shear

(b)

Stress Concentration Factor

8
2 s0
>
< % hBR EBR ; ð0 6 x 6 a or l % a 6 x 6 lÞ
2GMO
u001 ðxÞ ¼
½u1 ðl % xÞ þ u1 ðxÞ % D&:ða 6 x 6 l % aÞ
>
: hBR hMO EBR

strength s0. Such shear stress is transferred through the mineral/
protein interfaces and imposed on the mineral surfaces as tangential traction, giving rise to tensile stress in the minerals (bricks).
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Fig. 3. (a) Variation of stress concentration factor with q
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mortar would result in less stress concentration in bricks. For
nacre, the volume fraction U is as high as 95%. The stiffness of brick
is about three orders of magnitude greater than that of the mortar,
giving rise to the ratio of GMO/EBR approximately equal to 10%3. It is
this small stiffness ratio in combination with the large aspect ratio
of brick ensures the capped stress concentration in nacre. Similar
reduction of stress concentration due to the large stiffness difference between protein and mineral has been reported by Okumura
and de Gennes [20], even though the effect of aspect ratio of brick
on stress concentration was not considered in their work.
Although the yielding of mortar has not been taken into account
in Fig. 3, it can be predicted that the stress concentration factor will
become even smaller if the mortar starts to yield as the shear stress
in mortar layer becomes more homogeneous. If full yielding is
achieved in the mortar layer, the tangential traction applied on
the brick surfaces would become uniform and equal to the shear
strength s0 of mortar. The tensile stress in brick then exhibits the
same extent of stress concentration as that in the elastic case with
l = 0. Therefore, the maximum tensile stress in nacre is always less
than 1.4 times the mean tension over the cross-section, which
should not exceed s0q with s0, q being the shear strength of the
mortar and aspect ratio of the brick, respectively. If the tensile fracture strength of bricks rfth P 1:4s0 q or EBR P 42s0 q taking
rfth ) EBR =30, the bricks would never fracture. The validity of above
condition can be easily verified if we choose s0 ) 11.55 MPa,
EBR = 50 GPa and q ) 15 for nacre. If we consider the interfacial
strengthening mechanisms in real nacre such as ‘‘intertile bridges’’
and asperities by taking s0 as the value of interfacial shear
strength, which was measured to be around 37 MPa [21], above
condition is still satisfied.
So far, our discussion on the stress concentration in bricks is
carried out by using the perfect intact B-and-M model. In reality,

(a)

however, not all bricks in nacre are strong. Some weak bricks
may exist due to the existence of preexisting cracks. Under external loading, fracture happens first in the weakest bricks, resulting
in cracks larger than the thickness of individual brick. Will these
larger cracks cause higher stress concentration as in monolithic
brittle materials and eventually lead to catastrophic failure? To answer this question, a cracked B-and-M model is constructed by
introducing a few broken bricks in advance, as shown in Fig. 4a.
The size of the crack is given by 2a = (2n + 1)hBR + (2n + 2)hMO,
where n is the number of the broken bricks introduced. The bricks
and mortar are assumed as elastic and elastic-perfectly-plastic
materials respectively, with mechanical properties taken as those
adopted above. Uniaxial tension is applied along the longitudinal
direction with periodic boundary conditions applied on both sides
of the model. Therefore, what we are considering here is actually a
nacreous material with periodic crack configuration. The width of
model W represents the spatial periodicity, which is taken as
12.6 lm in our model. Finite element analysis (ABAQUS, Dassault
Systèmes, France) is adopted to examine the maximum tensile
stress in the bricks.
For different crack sizes 2a, Fig. 4b displays the calculated distributions of the tensile stress at the moment when the maximum
tensile stress in bricks occurs. Clearly, stress concentration of
certain extent is present in the bricks located in the vicinity of
the crack tips. The variation of the maximum tensile stress with
the crack size is shown in Fig. 4c. It can be seen that the maximum
tensile stress in the bricks firstly increases and then decreases with
the increase of crack size. Like the prediction by the intact B-and-M
model above, our calculation on the basis of the cracked nacre
model indicates that the maximum tensile stress in bricks is still
capped by a finite value irrespective of the crack size 2a. In the calculated case, this finite value is less than 1.45qs0. That is, the
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Fig. 4. (a) Schematics of cracked B-and-M structured materials under uniaxial tension. (b) Close-ups of the tensile stress in cracked B-and-M composites with cracks of
various sizes. (c) Variation of the normalized maximum tensile stress in cracked B-and-M composites as a function of normalized crack size. (d) Calculated variation of
normalized effective tensile strength of cracked nacreous materials as a function of crack size with the failure shear strain of mortar layer being taken as 35%, 40% and 50%
respectively.
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crack-induced stress intensification is always limited within a
finite level in nacreous materials regardless of the crack size.
Therefore, the bricks in nacreous materials would not fracture as
long as their theoretical strength rfth is no less than a finite threshold ks0q, where k is a constant depending on the aspect ratio q of
bricks and stiffness ratio between brick and mortar. In our calculated case, k = 1.45. Clearly, such capped stress concentration
would never be expected in monolithic materials with dimension
more than microns, in which crack with the configuration shown
in ffiffiffiffiFig.
result in stress intensity proportional to
ffiffiffiffiffiffiffiffiffiffiffi4a
ffiffiffiffiffiffiffiffiffiffiwould
ffiffiffiffiffiffiffiffi
p
W ( tanðpa=WÞ [22], a quantity growing monotonically as 2a/W
approaches to unity. To shed light on the load-bearing capacity
of cracked nacreous composites, the effective tensile strength (ETS)
is examined, which is defined as the maximum sustainable tensile
force per unit effective bonded area on the plane of crack, i.e.
S = Fmax/(W % 2a). Fig. 4d shows the calculated ETS of the cracked
nacreous materials as a function of crack size. Mortar layer with
different failure shear strain HpMO or ductility are considered. Our
results show that the variation of the ETS with the crack size depends on the ductility of mortar. When HpMO ¼ 35%, ETS exhibits
apparent degradation in comparison to the strength of the intact
case (a = 0). Such degradation is reduced with the increase of
HpMO . There exists a critical value of HpMO beyond which the ETS of
the cracked nacreous materials is constant and equal to the
strength of the intact case Sintact irrespective of the crack size,
implying that the flaw tolerance state is achieved within the size
of W. In our computational model W is taken as 12.6 lm and the
critical HpMO for flaw tolerance is around 50%. To achieve flaw tolerance at even larger length scale, mortar with higher ductility or
larger HpMO is required. This is basically due to the dependence of
length scale for flaw tolerance on the fracture energy [6] which,
for nacreous composites, is proportional to the ductility of mortar
layer HpMO .

4. Conclusions and discussion
Crack-like flaws have long been viewed as destructive elements
for structural materials as they tend to intensify stress with intensity factor scaling up with the crack size. Theoretically, the intensified stress at the tip of a crack can reach any level required to break
the microscopic bonds of the material, leading to the growth of
crack. The growth of crack size in return will degrade the carrying
capacity of the material further, resulting in catastrophic failure
and lower apparent strength. In this paper, exploration into the
stress state of B-and-M composites indicated that such crackinduced stress intensification can be suppressed in B-and-M structured materials. That is because in B-and-M materials the load is
transferred through brick/mortar interfaces. If the mortar phase
is compliant and ductile, the load applied on the bricks is always
confined by the shear strength of mortar. The maximum tensile
stress developed in the bricks is capped by a finite value independent of the crack size. Catastrophic failure of material is effectively
avoided and considerable strength of the composite is ensured.
Besides, the capped stress state in the bricks also benefits the
toughness of the B-and-M composite because it prevents the
cracks from propagating into bricks. Therefore, the cracks would
deflect when encountering the brick/mortar interfaces [23]. As a
consequence, delamination of brick/mortar interface or fracture
of mortar occurs, triggering a variety of toughening mechanisms
including pullout of the bricks from the mortar matrix, interfacial
friction, sliding of bricks and so on [24,25].
It should be pointed out that capped stress concentration is not
a ubiquitous nature of all B-and-M composites. Instead, the occurring of it is conditional and dependent on factors such as the stiffness ratio between brick and mortar phases, the aspect ratio of the

bricks and the volume fraction of bricks. While higher volume
fraction of brick phase would make the stress in the mortar layer
shear-dominant, the higher stiffness ratio between brick and
mortar and larger aspect ratio of bricks would homogenize the
distribution of the shear stress in the mortar layer. Additionally,
the theoretical strength of bricks rfth should be no less than kqs0,
where k is a coefficient. For B-and-M structure with large aspect
ratio of brick and high stiffness ratio between brick and mortar, k
approaches 1. For nacre, it can be readily verified that all above
conditions are satisfied very well, giving rise to its excellent
mechanical properties. These findings not only shed light on the
origin of the high strength, high toughness and flaw tolerance of
natural nacreous materials, but also would be of great value to
the design and fabrication of biomimetic nacreous materials.
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