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ABSTRACT The model of different materials joint with bridged interface crack is considered. It is assumed that
between the crack faces there are nanofibers constraining the crack opening. The size of the zone filled with
nanofibers (the bridged zone) can be comparable to the whole crack length. The bond tractions depend on the
crack opening at the bridged zone according to the prescribed nonlinear bond deformation law. The system
of two singular integral-differential equations with Cauchy-type kernel is used for evaluation of bond tractions
for the interface crack bridged by nanofibers. A phenomenological description of the bond deformation law
in the crack bridged zone is used. Numerical experiments have been performed to analyze the influence of
the bilinear bond deformation law parameters, the size of the crack bridged zone and also the magnitude of
the external load on the convergence of the numerical iteration solution of the integral-differential equations
system.
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1. Introduction

Models of a crack with interaction of its faces make it possible to combine the approaches of fracture mechanics
and physics of strength in the analysis of crack growth. Zones of the crack faces interaction (fracture process zones) are
usually adjacent to the crack tips. In these zones forces applied to the crack faces restrain the crack opening, [1]. There are
two main versions of fracture process zone models depending on the stress singularity condition at the crack tip - cohesive
and bridged (see reviews [2], [3]). If several physical mechanisms are involved in the processes of materials deformation
and rupture then in such case, it is more effective to use the process zone models with the crack tips stresses singularity
accounting. Such models (in the terminology of [3], these are bridged crack models) have been studied for cracks in
homogeneous materials as two-dimensional problems [4–8] and as axisymmetic problems [9–11]. For interface cracks,
the bridged crack model have been extended and developed for two-dimensional case in [12, 13] and for axisymmetic
problems in [14].

In fracture mechanics, the crack bridging model is used to analyze fracture toughness and cracks growth assuming
the bridged zone destruction as cracks advance. Application of the bridged crack model together with the crack growing
criterion [15, 16] allows one to obtain dependencies of materials toughness and strength versus a crack length. The
toughening effects of bonds is presented, mathematically, by bonds deformation law. The bonds deformation law for
straight nanofibers was considered in [17–19] on the basis of shear-lag model. Straight nanofibers orientations influence
on composite fracture toughness was considered in [20,21]. The effects of nanotubes curvature on bonds deformation law
were analysed in [22, 23]. The fracture toughness of oriented multi-wall carbon-nanotube-reinforced alumina composites
was experimentally obtained and it was compared with results obtained by analytical and numerical models [24, 25].
Results confirm that the contribution to toughness from the nanotube bridging induced considerable nanoscale toughening.

In this paper, the interface crack bridged zone model is used with the following assumptions: 1) a zone of weakened
bonds between materials is considered as an interfacial crack with distributed nonlinear spring-like bonds (nanofibers)
between the crack faces (bridged zone, see Fig. 1); 2) distributed bridging tractions, which are functions of the crack
opening, are imposed to the crack faces at the bridged zone, see Fig. 2; 3) materials ahead of the crack tips are considered
as linearly-elastic; 4) ahead of crack tips, these materials are deformed together with the infinitely thin adhesion layer
without loss of their continuity; 5) the total stress intensity factor (due to the action of the external loading and the
bridging tractions) is not zero. Note that the last assumption defines the main difference between cohesive and bridged
models. Bonding in the crack bridged zone reduces the stress intensity factors. This effect depends on the bridged zone
length and bonds properties, but within the crack bridging model (in contrast to cohesive crack models) tractions are
assumed to exist together with a stress singularity at the crack tip.
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FIG. 1. Crack with two bridged zones at
the materials interface

FIG. 2. Components of the crack open-
ing ux,y and bonds tractions qx,y at the
bridged zone

FIG. 3. Bilinear bonds deformation law,
um = 10−7m, σm = 50 MPa, ucr =
ηum, softening parameter δ variation

FIG. 4. Relative bond compliance over
bridged zone length, d/` = 0.65, exter-
nal load - σ0 = 40 MPa

2. Statement of the problem

Let us consider the main statements of the interface bridged crack model proposed in [12]. Under external loads
in bonds connecting the crack faces in the bridged zone (Fig. 2) tractions Q(x) with normal qy(x) and tangential qx(x)
components are arisen (even for loads normal to the crack line)

Q(x) = qy(x)− iqx(x), i2 = −1, σ(x) =
√
q2y(x) + q2x(x), (1)

where qy,x(x) are the normal and shear components of the bonds tractions, respectively, σ (x) is the bond stress vector
modulus.
Normal and tangential stresses, numerically equal to qy(x) and qx(x), respectively, are applied to the crack faces at the
bridged zone.

The crack opening, u(x), at the bridged zones `− d ≤ |x| < ` is determined as follows

u(x) = uy(x)− i ux(x) = cb(x, σ)(qy(x)− iqx(x)), (2)

cb(x, σ) = ϕ(x, σ)
H

Eb
, ub(x) =

√
u2y(x) + u2x(x), (3)

where uy,x(x) are the projections of the crack opening on the coordinate axes (Fig. 2), cb(x, σ) is the effective compliance
of quasi-linear bonds depending on the bond position in the bridged zone and the bonds tension σ(x), H is a linear scale
related to the thickness of the intermediate layer adjacent to the interface, Eb is the effective elasticity modulus of the
bond, ϕ(x, σ) is dimensionless function which defines variation of bonds compliance over bridged zone and ub(x) is the
modulus of the crack opening. Accounting the problem linearity, it is possible to write the crack opening u(x) at the
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bridged zone as follows
u(x) = u∞(x)− uQ(x) , (4)

where u∞(x), uQ(x) are the crack opening caused by the external load σ0 and bond tractions Q(x) closing crack faces,
respectively.

By using formulae (2)-(4), we can obtain a system of integral-differential equations relative to bonds tractions qx,y(x).
Introduce the new variables, s = x/`, qy,x(s) = qy,x(x)/σ0, and differentiate relation (4) with accounting relation (1)-
(2) one obtains

c0
∂

∂ s
ϕ(s, σ) [qy(s)− i qx(s)] + u′Q(s)Eb = u′∞(s)Eb , c0 =

H

`
, (5)

Here the right side of this relation is the given coordinate function and c0 is the relative bond compliance.
The derivatives in relation (5) are defined as follows: the derivative of the crack opening under the action of homo-

geneous external loading u′∞(s) is determined by the well-known solution presented in [26]; the derivative of the crack
opening caused by bonds stress action u′Q(s) can be obtained starting from the representation for the derivatives of the
opening crack under the action of arbitrary static loads on the crack faces. Following [12] and [13], one can obtain the
system of two singular integral-differential equations (SIDE) relative to bonds tractions qy(s) and qx(s) in the form

Tij(s, σ)
dfj(s)

ds
+Wij(s, σ)fj(s) + ε

1∫
1−d/`

Gij(s, ξ)fj(ξ)dξ = Zi(s); i, j = 1, 2; (6)

where fj(s) is unknown function depending on bond tractions qx,y(s) as follows

qy(s)− iqx(s) = (f2(s)− if1(s))
√

1− s
(

1− s
1 + s

)−iβ
, (7)

and

β =
ln α

2π
, α =

µ1 + µ2κ1
µ2 + µ1κ2

, ε =
Eb

2πc0

(
k1 + 1

µ1
+
k2 + 1

µ2

)
, (8)

In relations (8) κ1,2 = 3 − 4ν1,2 or κ1,2 = (3− ν1,2)/(1 + ν1,2) for plane strain and plane stress, respectively, ν1,2 and
µ1,2 are Poisson’s ratios and the shear modulus of jointed materials 1 and 2, ε is the main parameter affecting the SIDE
solution, it includes the relative stiffness of bonds in the crack bridged zone and the mechanical properties of the both
materials.

The singular kernel Gij(s, ξ) and the vector-column Zi(s) in equation (6) can be written as [13]

Gij (s, ξ) =
(1− ξ)

√
1 + ξ

(ξ2 − s2)
√

1 + s

 s −ξ · Ω (s)

s · Ω (s) ξ

 , Ω (s) = tan

(
β ln

1− s
1 + s

)
,

Zi(s) =
π ε

2 cosh (πβ)
√

1 + s

 2β · Ω(s)− s

−2β − s · Ω(s)

 .
The details of SIDE (6) derivation and the explicit relations for the coefficients of this equation Tij(s, σ), Wij(s, σ)

(which depend on coordinates, properties of materials, function ϕ(s, σ) and its derivatives with respect to s) are presented
in [13].

3. Bonds deformation curves and numerical solution

To model the stress state in the crack bridged zone, it is convenient to present the nonlinear bond deformation law
(the relationship between the crack opening and the bonds tractions) in a relatively simple analytical form, described by
the minimum number of parameters, which can be experimentally obtained. As the first step simplification of bonds
deformation law, one can rewrite it as follows

σ(ub) =

 κb(s)ub(s), 0 ≤ ub(s) ≤ um
Φ(ub), um < ub(s) ≤ ucr,

(9)

where the initial part of bonds deformation law is assumed as linear-elastic, it may depend on the bond position along
the crack bridged zone (s = x/`), σ(s) and ub(s) are defined by relations (2)-(3), κb(s) is the bond stiffness and the
slope of the elastic rising segment of the deformation law, um is the crack opening corresponding to transition from the
linear-elastic to non-linear parts of the bond deformation law. The parameter um depends, in particular, on the mechanical
and physical characteristics of bonds and the crack length.

For the numerical solution of equations (6), we use the iteration scheme which is similar to the well-known elastic
steps method. At each iteration, equations (6) is solved by a collocation scheme with a piecewise-quadratic approximation
of the unknown functions, see details in [13]. The method of variable elasticity parameters for solving equations (6) is
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FIG. 5. Number of iterations until so-
lution convergence versus crack bridged
zone length, external load – σ0 = 40 MPa

FIG. 6. Number of iterations until so-
lution convergence versus crack bridged
zone length, external load – σ0 = 25 MPa

realized as the method of the tangential compliance with assumption that nonlinear part of the bond deformation law is
given by the explicit relation. The first step of the iteration process consists of solving equations (6) for linear elastic bonds.
Subsequent iterations are performed if, on the crack bridged zone part, u(s) > um. At each iteration, equations (6) are
solved for quasi-elastic bonds with an effective compliance that is variable along the crack bridged zone and depends on
the magnitude of the tractions vector modulus in the bonds obtained at the previous solution step. The effective compliance
is calculated in a similar manner for the determination of the secant modulus in the variable elasticity parameters method.
The process of successive approximations terminates when there is little difference in the bonds tractions that are obtained
in two successive iterations. In the current version of the computer code, the termination of the solution is performed if
the relative difference in two successive iterations is less then ω = 10−5.

The non-linear part of the bond deformation curve can be described as a monotonically decreasing or increasing
function, the specific form of which depends on the type and characteristics of the bonds in the crack bridged zone. The
decreasing non-linear part of the bond deformation curve corresponds to the weakening of bonds as the crack opening
increases. The criterion of the limiting elongation of bonds assumes that bond rupture occurs when the limiting elongation
of the bond, ucr, is reached with the bond critical stress, σcr, corresponding to this bond elongation value. Depending
on the type of bonds, the magnitude of σcr may also be zero. Note that the iteration process also terminates (before
convergence is reached) if the crack opening on the bridged zone edge exceeds ucr, which corresponds to the impossi-
bility of static equilibrium of the bridged zone for the crack of given length. Two types of the non-linear polynomial
decreasing parts of the bond deformation curve were proposed in [13]. It was assumed that the decreasing part of the bond
deformation curve is a power-law function (convex and concave) passing through points with the coordinates (um, σm)
and (ucr, σcr) in the (u, σ) plane (here σm = κb(s)um is the maximum stress corresponding to transition to non-linear
part of the bond-deformation law). The bilinear law of bonds deformation is widely used as effective simplification of the
general nonlinear deformation law [19, 27]. It can be written in our case as

σ(ub) =


κb(s)ub(s), 0 ≤ ub(s) ≤ um
σm

(η − 1)

[(
η − ub(s)

um

)
+ δ

(
ub(s)

um
− 1

)]
, um < ub(s) ≤ ucr,

(10)

where the following notations are used

η =
ucr
um

, δ =
σcr
σm

. (11)

When σcr < σm (δ < 1), the second dependence in (10) is decreasing (softening). When σcr > σm, it is the increasing
one (linear hardening), and the ideal plasticity condition is satisfied when δ = 1. Relative bond elongation before it breaks
is defined by the parameter η > 1.

4. Convergence of iteration solution and bridged stresses

Consider a crack of length 2` = 10−3m at the interface of half-planes of different materials (the junction of a metal
(elastic modulus E1 = 135GPa) and a hard reinforced polymer (elastic modulus E2 = 25GPa) and Poisson’s ratios
of the materials ν1 = ν2 = 0.35) with two bridged zones of equal size, filled with bonds. It is assumed that the bond
deformation law is a bilinear diagram. The initial elastic part of this diagram has the bond stiffness constant along of
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FIG. 7. Bilinear bonds deformation
law, perfect plasticity (δ = 1), ucr =
ηum, variation of initial relative compli-
ance c0, external load – σ0 = 40 MPa

FIG. 8. Number of iterations until solu-
tion convergence versus crack bridged zone
length, external load – σ0 = 40 MPa, varia-
tion of initial relative compliance c0

the bridged zone (see (3)) κb = cb
−1 = Eb/H , the elastic modulus of nanofibers is Eb = E2 and ϕ(s, σ) = 1). The

crack opening value for transition to the second part of the bond deformation law is assigned as um = 10−7m. In the
calculations, the size of the crack bridged zone is regarded as a free parameter, and the convergence of the iteration process
and the stress distributions in the crack bridged zone are analysed for 0 < d ≤ `.

We will obtain some parameters of the deformation law, expressing them in terms of the relative compliance of bonds
c0. The value of compliance cb on the elastic part of the deformation diagram for the crack of length 2` = 10−3m and
with the elastic modulus of nanofibers Eb = 25GPa can be written as

cb = c0
`

Eb
= c0

0.5 · 10−3

25 · 109
= 2c0 · 10−8m/MPa.

According to (9) the maximum elastic stress admissible in bonds is

σm = um/cb = 5/c0 MPa. (12)

When c0 = 0.1 (this value of the relative compliance corresponds to elastic deformation of bonds consisting of polymer
molecules bundles or nanonfibers), we obtain the values cb = 2 × 10−9 m/MPa and σm = 50 MPa. These parameters
have been used to plot the graphs according to the relation (10) for different dishardening parameters δ (Fig. 3).

To illustrate the iterative solution of the SIDE for δ = 1, η = 7.5, some results of calculations at the external load
σ0 = 40 MPa, and d/` = 0.65 are presented. The change in the relative bonds compliance along the crack bridged zone
γ(i)(s, σ) is shown in Fig. 4 where

γ(i)(s, σ) = c
(i)
b (s, σ)

Eb
H
, s =

x

`
.

Here γ(1)(s, σ) = 1 is the initial relative compliance of bonds at the first step of iteration solution. The solution conver-
gence in this example is achieved in Nc = 36 iterations. The iterative process converges quite fast and after the 7th-8th
iteration the solution parameters change slightly.

Changing the softening parameter in the range 0 ≤ δ ≤ 1 under constant external load significantly affects on the
iteration process convergence.

Due to strong bonds stress concentration in the elastic solution [12], the minimum external load for which non-linear
deformation of bonds will occur for c0 = 0.1 is about σ0 = 11 MPa [13]. It was numerically revealed that for bilinear
dependence under the external load 11 MPa ≤ σ0 ≤ 40 MPa and 0.9 ≤ δ ≤ 1, the iterative solution converges at any
size of the crack bridged zone, and when parameter δ decreases, regions of solution divergence arise. Iterations number
dependenciesNc until the solution convergence versus the crack bridged zone length under the external load σ0 = 40 MPa
, η = 7.5 and softening parameter values δ = 0.0; 0.5; 0.75 is shown in Fig. 5. If δ = 0.0, the divergence zone of the
iterative solution occupies more than half of the crack length (0.13 < d/` < 0.87), for δ = 0.50 the divergence zone
is 0.19 < d/` < 0.68 and for δ = 0.75 the divergence zone decreases up to 0.25 < d/` < 0.50. In all these cases of
solution divergence, there is no static equilibrium state for the given external load and bonds deformation law. Decreasing
the external load allows one to achieve the solution convergence at any values of the parameter δ. For the external load
σ0 = 25 MPa iterations number dependencies until solution convergence is achieved versus the crack bridged zone length,
at variation of softening parameter δ is shown in Fig. 6. The maximum number of iterations depends significantly on the
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FIG. 9. Traction vector modulus at the
crack bridged zone edge vs bridged zone
length, η = 2, δ = 0.5, external load –
σ0 = 17.5 MPa

FIG. 10. Normal traction over bridged
zone length, d/` = 0.1, η = 2, δ = 0.5,
external load – σ0 = 17.5 MPa

a) b)

FIG. 11. Normal (a) and shear (b) bond traction over bridged zone, 1, 2, 3 – elastic solution, 4, 5, 6 –
nonlinear solution, η = 2, δ = 0.5, external load - σ0 = 17.5 MPa, t = d/`

softening parameter, and the position of this maximum keeps when parameter δ changes. The number of iterations for
which convergence of the iterative solution process is achieved increases in proportion to the external load value.

Bonds deformation diagrams with different stiffness of the initial elastic part and with the next perfect plasticity part
(δ = 1) for the external load σ0 = 40 MPa are shown in Fig. 7. As stiffness of the elastic part of this diagram increases
then relative compliance of bonds decreases and the maximum stress corresponding to transition to the second part of the
diagram increases (σm = 67 MPa and σm = 100 MPa, see (12)).

The maximum number iterations up to the solution convergence reduces with decreasing of bonds relative compliance
in view of increasing the stress σm. The position of the iteration number maximum shifts towards the small sizes of the
crack bridged zone with decreasing of bonds relative compliance (see Fig. 8) because the maximum elastic stress value at
the trailing edge of the bridge also shifts to a small zone size, [12].

Decreasing of bonds relative compliance c0 and keeping um = const lead to reduction of crack bridged zone range
covered by nonlinear deformation because together with compliance, the crack opening in the bridged zone also decreases
in the elastic solution [12]. For relatively big external load, this zone reduction is weak (see Fig. 8), but when the external
load decreases, the zone reduction is noticeable. The results for less load shown in Fig. 9–11 were also obtained for
different bonds relative compliance but for external load σ0 = 17.5 MPa and η = 2 and δ = 0.5. The dependence of the
traction vector module σ at the crack bridged zone edge versus the bridged zone relative size d/` is given in Fig. 9. If
the bonds deformation diagram with a dishardening branch is considered then the most significant traction redistribution
occurs at the range of the bridged zone sizes d/` close to the position of the bonds traction maximum in linear-elastic
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a) b)

FIG. 12. Normal bonds tractions over bridged zone, d/` = 0.1: (a) -external load - σ0 = 17.5 MPa,
variation of parameter η; (b) - variation of external load

solution, see the upper line in Fig. 9 which corresponds to linear-elastic solution. In Fig. 9 it can be noticeable seen
the decreasing the zone of nonlinear deformation with the decreasing of the relative bond compliance. The effect of
the relative bonds compliance variation on the zone of nonlinear deformation size is also illustrated by Fig. 10. At the
specified external load (σ0 = 17.5 MPa) and at the crack bridged zone length d/` = 0.1 (the position of this zone size
is also marked in Fig. 9, line A − B), the size of the bonds nonlinear deformation zone increases if the relative bond
compliance c0 of the linear part of the deformation curve increases.

Distributions of the normal and tangent tractions at the external load σ0 = 17.5 MPa, for the bonds deformation
parameters of η = 2, δ = 0.5 and c0 = 0.1 are shown in Fig. 11 for t = d/` = 0.1, 0.3, 0.5. Stresses at the trailing edge
of these bridged zones are shown in Fig. 9 by grey circles. For the given load the range of the crack bridged zones length,
in which nonlinear deformation of the bonds is possible is 0.015 ≤ d/` ≤ 0.75 (see Fig. 9). As the length of the crack
bridged zone increases, the value of elastic stresses in the bonds decreases and, accordingly, a part of the crack bridged
zone with nonlinear bonds deformation also decreases.

Changing the parameter η = ucr/um has a noticeable effect on the distribution of tractions in the region of bonds
nonlinear deformation (see Fig. 12a). As ucr/um → ∞ than distribution of tractions in the region where u(x) > um
approaches to uniform σ(x) → σm since the convergence of iterative process is reached at u � ucr. Increasing of the
external load at fixed length of crack bridged zone and the prescribed bonds deformation curve leads to increasing of
bonds nonlinear deformation region (see Fig. 12b).

The stress intensity factors (SIF) for bridged crack depend on the bridged zone length and the parameters of bonds
deformation law. Having the distribution of bonds traction over the crack bridged zone, one can calculate the stresses
ahead of the crack tip and the SIFs following to [12]:

KI + iKII = lim
%→0

√
2π% (σyy(%) + iσxy(%))

( %
2`

)−iβ
, (13)

where σyy(%) and σxy(%) are the stresses ahead the crack tip caused by the external loads and by the bonds traction, %
represents the small distance to the crack tip.

The total SIFs due to external load and bonds tractions can be defined as follows

KI + iKII =
(
Kext

I +K int
I (d)

)
+ i
(
Kext

II +K int
II (d)

)
, Kb =

√
K2
I +K2

II , (14)

where Kext
I,II and Kint

I,II(d) are the SIFs caused by the external loads and the bond tractions and Kb is the SIFs modulus.
On the basis of relationships for the stress distribution ahead the interface crack tip under arbitrary loads on the crack

faces [28] and using statements (13)-(14), we can obtain the total SIFs for the interface straight bridged crack under the
external tension load σ0 [12]

KI + iKII = σ0
√
π`

(1 + 2iβ)− 2 cosh(πβ)

π

1∫
1−d/`

(py(ξ) + iξpx(ξ))√
1− ξ2

dξ

 , (15)

where px,y are dimensionless amplitudes of bonds traction qx,y(s)

py(ξ)− ipx(ξ) = (qy(ξ)− iqx(ξ))

(
1− ξ
1 + ξ

)i β
.
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FIG. 13. Relative SIF versus the crack
bridged zone length: 1 – linear-elastic
bonds; 2 – bilinear bonds deformation
law

FIG. 14. The rates of deformation energy
absorption by bonds: 1 – linear-elastic
bonds; 2 – bilinear bonds deformation law

Let’s consider the effect of the bond deformation law on the level of the stress intensity factors. Decreasing the softening
parameter δ of the bond deformation law leads to reducing of the stress level in the crack bridged zone bonds and,
therefore, the SIF increases. Increasing the bond compliance of the linear part bond deformation law leads to nonlinear
deformation region enlargement. For example, in Fig. 13, the dependence of the SIF module versus the crack bridged
zone length for σ0 = 40 MPa and c0 = 0.1 is shown. The nonlinear deformation zone and the degree of softening of the
bonds increase with increasing of the bonds compliance.

Two energy characteristics of interfacial bridged cracks are used in bridged cracks growth criterion [15]:
1) the deformation energy release rate associated with the crack tip stress intensity factors (15) is as follows

Gtip(d, `) =

(
κ1 + 1

µ1
+
κ2 + 1

µ2

)
K2
b

16 cosh2(πβ)
, (16)

2) the rate of the energy absorbtion by bonds associated with the energy necessary to create a unit of new surface of
the bridged zone is as follows

Gbond(d, `) =

`∫
`−d

(
∂ uy(x)

∂ `
qy(u) +

∂ ux(x)

∂ `
qx(u)

)
dx, Ḡbond =

Gbond (d, `)

Gtip (0, `)
, (17)

where Ḡbond is the dimensionless energy parameter, Gtip(0, `) is the energy release rate for a crack without bridged zone.
The effect of the bonds deformation law on the bridged crack energy characteristic Ḡbond is shown in Fig. 13. For

linear-elastic bonds in the crack bridged zone, the rate of energy consumption by bonds reaches a maximum value at a
certain size of the bridged zone. Changing the law of bonds deformation results in a change in this energy parameter in
the whole non-linear deformation zone, which in this case covers the entire range of the crack bridged zones, as well as a
shift in the position of the maximum of this function to larger value of the size of the bridged zone.

5. Conclusion

Parametric description of nonlinear bonds deformation law in the crack bridged zone as the bilinear diagram taking
into account sections of softening makes it possible to evaluate effects of basic characteristics of deformation curves on
the numerical solution convergence, to investigate tractions distribution over bonds in the crack bridged zone, and also
evaluate effect of softening on energy parameters of bridged cracks.

The results obtained can be useful (despite the limited possibility of transferring the solution of non-linear problems
to other scales) in the development of methods for solving similar problems for bridged cracks by finite and boundary
element methods.

The model of bridged crack at the materials interface allows one to analyze bonds tractions distribution for different
laws of bonds deformation, to evaluate the crack limit equilibrium taking into account the kinematic and energy conditions
of fracture, see [15]. The model can be used at different fracture scales and allows one to analyse the process of fracture
of adhesive compounds and composites from unified point of view, including the stages of defect onset, crack formation
and growth at the nano-, micro- and macro-scales.
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