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Abstract—This paper presents a non-local interface 
mechanical model to describe aortic dissection. In this regard, the 
mode-I debonding problem based on a cohesive zone modeling is 
endowed with non-local terms to include long-range interactions 
that are present in multi-layered biological tissue. Such non-local 
effects are related to the collagen fibers that transmit forces 
between non-adjacent elements. Numerical simulations are 
provided with different values of the non-local parameters in 
order to show the effect of the non-locality during the debonding 
processes. 

Keywords—biomechanics; cohesive zone model; debonding 
process; non-local effects.  

I.  INTRODUCTION 

Aortic dissection is not a common disease but it 
is highly lethal. The estimated incidence involves 
from 5 to 30 cases per million people per year. 
Population-based studies suggest that the incidence 
of acute dissection ranges from 2 to 3.5 cases per 
100,000 person-years. It may occur that two to three 
times as many patients die of dissections as of 
ruptured aortic aneurysms; approximately 75% of 
patients with ruptured aortic aneurysm would reach 
an emergency department alive, whereas for aortic 
dissection 40% may die immediately. Furthermore, 
from 50% to 70% may be alive 5 years after surgery 
depending on age and underlying causes. 

For an untreated acute dissection of the ascending 
aorta the mortality rate goes from 1% to 2% per hour 
after the onset. Type A dissections treated medically 
can occur within the first 24 hours (approximately 
20% of them) or within the 1st month after 
presentation (approximately 50% of them). Even 
with surgical intervention, the mortality rate for type 
A dissection may be as high as 10% after 24 hours 
and nearly 20% 1 month after repair. Although type 
B dissection is less dangerous than type A, it is still 
associated with an extremely high mortality. The 30-
day mortality rate for an uncomplicated type B 
dissection approaches almost a percentage of 10%. 
However, patients with type B dissection and 
possible complications such as limb ischemia, renal 
failure, or visceral ischemia have a 2-day mortality 
upwards of 20% and may prompt the need for 
surgical intervention. 

Biomechanical models of interfaces are well 
known in the literature to represent a challenging 
step toward the prediction of the aortic dissection. In 
this regard, specific models in literature have never 
described interface and its debonding failure in 
mode-I condition, whereas biomechanical 
predictions have been only assessed with the aid of 
phenomenological failure criteria [1]. 
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In this work, the authors aim at introducing a first 
biomechanical model of aortic interface based on a 
peridynamical approach of the interfacial connection 
(Fig. 1). Elastic long-range interactions and failure 
criteria of the interfacial connections have been 
involved in the equilibrium equations and the 
constitutive models of the interface [2-7].  

 
Fig. 1. Hystopatology of dissected aorta. 

The numerical results obtained in the paper may 
be used to formulate an appropriate interface 
element for the biomechanical simulation of the 
aortic dissection. 

 

II. MODE-I DEBONDING AND COHESIVE CRACK MODEL 

The prediction of the interfacial failure 
mechanisms for adhesively bonded joints and 
composite structures is a well-known issue that has 
been studied both theoretically and/or numerically 
[8,9]. Small loads usually leave an adhesively 
bonded junction, where a jump of displacements is 
allowed due to the compliance of the interface. An 
increasing load, instead, can lead to adhesive breaks 
in one or more interface points where a crack starts 
and propagates along the interface, up to the 
complete detachment of the adherends. 

In literature, interfaces have been modeled in 
different ways, e.g., a narrow region of continuum 
with graded properties, an infinitely thin surface 
separated by springs, and cohesive zones with 
specific traction–separation relations. One of the key 
research issues is to determine the best way to 
characterize interfaces within the framework of 
continuum mechanics rather than using ad hoc 
methods only to facilitate numerical 
implementations, e.g. springs in finite element 
methods. In this context, some examples of spring 
layer model have been applied in [10] to capture 

debonding and sliding, according to a combined 
stress-based criterion and frictional resistance 
criterion. The interface models based on a 
continuous distribution of linear springs represent 
the simplest way to analyze the mechanical behavior 
of adhesive interfaces, (see [11-13] among others). 
These kinds of models are referred to as linear-
elastic interfaces or weak interfaces. In this 
framework, the recent literature has included 
different stress- and energy-based parameters 
together with their associated failure criteria [14-18]. 

More recent studies, however, have successfully 
adopted the so called cohesive zone models (CZMs) 
to study the non-linear delamination, debonding, 
and, more generally, crack initiation and propagation 
within homogeneous and inhomogeneous materials 
and interfaces [19-21]. This is mainly related to the 
computational efficiency of these models and to 
their versatility for numerical implementations in 
many fields of computational mechanics. CZMs 
describe the traction-separation behavior of 
interfaces before and during fracture, and they are 
characterized by two phases, i.e. an increase of the 
traction up to a peak value and a subsequent 
decrease to zero, which describe the crack initiation 
and the growth of cohesive surfaces until new 
traction-free surfaces appear.  

Among a large variety of test configurations, we 
select herein a standard specimen named double 
cantilever beam (DCB). This is the commonly used 
specimen to determine the mode-I critical energy 
release rate or interlaminar fracture energy of fiber-
reinforced polymer composites (ISO 15024, ASTM 
D5528-01). For this kind of specimen, a pioneering 
work was provided by Kanninen [22], whereas some 
CZMs have been more recently developed by de 
Morais [23], and Dimitri et al. [24], based on a 
Euler-Bernoulli beam theory. In line with the last 
two works, the present study aims at developing a 
new approach to model the onset and propagation of 
debonding in the DCB specimen. We adopt the 
CZM, assuming a linear-elastic behavior for the 
adherends and concentrating all non-linearities at the 
interface. The CZM solution is found in a numerical 
sense for an elastic-plastic cohesive law, and an 
interface of finite length, while determining 
interfacial stresses, load-displacement curves, and 
critical load. In this regard, the problem of mode-I 
debonding of a double cantilever beam is introduced 



below. The beams are modeled as Euler Bernoulli 
beams connected by a cohesive interface, as shown 
in Fig. 2. 

 
Fig. 2. Double beam model. 

In Fig. 2 a is the crack length, zp is the fracture 
process zone (FPZ) length, P is the applied loading 
and s is the relative displacement between the two 
beams; each beam has a thickness equal to h. In the 
region where z<0 the cohesive interface is still in 
the elastic region.  
The governing differential equation of the problem 
reads as follows 
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where t is the beam depth, E and I  refer to the 
elastic modulus and moment of inertia of the beam, 
respectively, and ( )s  is the normal stress across 
the interface and the mechanical behavior of the 
interface is locally described by a cohesive stress-
separation law. Typical cohesive laws applied in the 
literature have a trapezoidal or bilinear forms, as 
depicted in Fig. 3, GIc being the critical energy that 
dictates the fracturing process. 

The interfacial laws depicted in Fig. 3 are 
completely defined by three parameters, namely the 
peak stress p , the corresponding relative 

displacement sp and the ultimate relative 
displacement sf. To the purpose of simplifying the 
problem and highlighting the effect of parameters 
on the structural response, Eq. (1) is redefined in a 
dimensionless form, as already proposed in [27]. 
More specifically, lengths are normalized with 
respect to the characteristic length, as follows 
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where /p pk s . The dimensionless longitudinal 

coordinate in the cohesive zone (namely, the FPZ) 
is here referred to as / chz z l , the dimensionless 

total length of the specimen is defined by  / chl l l , 
whereas the dimensionless crack length and bonded 
length of the specimen are given by / cha a l  and 

/ chb b l , respectively. Moreover, the dimensionless 
relative separation and ductility are defined as 

/ ps s   and /f ps s  , respectively. Under these 

assumptions, the cohesive law may be written as  
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and the governing equation (1) can be recast in the 
following form 

 
4

4
4 ( ) 0

d
f

dz

     (4) 

The explicit form of ( )f   depends on the 
cohesive model assumed in the DCB together with 
its elastic or cohesive zone. In [27], the explicit 
analytical solutions of Eq. (4) have been found for 
the two cohesive models depicted in Fig. 3, both for 
the case of beams of infinite and finite length. 

A. Non-local cohesive model 

In multi-layered biological tissues, such as 
arteries walls, collagen fibers go through different 
layers and contribute to the resistance of the 
interface to the separation between two adjacent 
layers; when collagen fiber are waved, they can be 
thought as a sewing between two adjacent layers. 
More specifically, if the collagen fibers are not 
normal to the interface, they transfer forces between 
non-adjacent beam elements. These long-range 
interactions may be modeled in a biomechanics 
context as non-local forces mutually exerted by 
non-adjacent beam element.  

Following the well-established approach shown 
in [2-7], the non-local forces are thought as linearly 
dependent on the relative displacements between 
two non-adjacent beam elements and on the product 
of the two volume elements considered.  
Moreover, the non-local forces are scaled through 
an attenuation function that decreases the entity of 
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the force as the distance between two volume 
elements increases. 

Fig. 4 shows the simple mechanics behind the 
non-local forces mutually exerted between two non-
adjacent volume elements located at z=zj and z=ζk. 

 
Fig. 3. Cohesive stress-separation laws, trapezoidal (up) and bilinear (down). 

 
Fig. 4. Mechanics of non-local forces exchanged by two non-adjacent beam 
elements. 

Fig. 4 shows the simple mechanics behind the non-
local forces mutually exerted between two non-
adjacent volume elements located at z=zj and z=ζk. 
The non-local forces that the k-th volume element 
applies to the j-th volume element may be written as 

 ( )jk jk j k k jF C V V s s      (5) 

where  
       j j k kV z th V th        (6) 

and  
          k k j js s s s z    (7) 

The non-local elastic coefficient Cjk is a variable 
elastic coefficient depending on the distance 
between the two volume elements through an 
attenuation function  g   as follows 

  jk k jC C g z     (8) 

where Cα is a parameter of the model. The resultant 
of all non-local forces applied to the j-th volume 
elements is evaluated as the sum of all contributions 
coming from all the elements of the beam as  
   ( )j j k k j k j
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By taking the limit for , 0j kz     the explicit form 

of the resultant of non-local forces applied on the 
volume elements located at the generic position z is 
readily obtained as 
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Note that in Eq. (10) the integral domain is 
extended to the only adhesive part of the specimen, 
since the non-local forces do not involve the 
detached portion of the beams. By considering both 
local and non-local forces, the equilibrium equation 
related to the generic volume element of the beam 
reads 
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As far as the attenuation function is concerned, 
some typical laws have an exponential and power 
form. In this work, a power law of order  is 
selected as attenuation function, i.e. 
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By placing Eq. (12) into Eq. (11) leads to 
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Eq. (13) may be written also in dimensionless form 
as 
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When Eq. (14) is written in the elastic zone, it 
assumes the following form 
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whereas for the FPZ it is recast as 
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In the detached zone the governing equation simply 
reads 

 
4

4
0

d

dz


   (17) 

It has to be noted that Eq. (14) is an integro-
differential equation, whose closed form solution is 
not straightforward. Hence a numerical method has 
been herein applied for the solution. In this regard, 
the central difference scheme has been adopted to 
perform the numerical simulations shown. 

 

III. NUMERICAL SIMULATION 

In this section numerical applications are 
performed to investigate the non-local effects in the 
debonding mode-I process. For the numerical 
applications, the double beam element depicted in 
Fig. 2 is considered. The length of the beam is l=60 
mm, the cross section has h=t=1 mm, and the 
Young modulus is 100E   GPa. The crack length 
before the application of the load is a=14 mm. The 
traction-separation cohesive law is described by the 
non-linear trapezoidal law in Fig. 3, where the 
selected parameters are 2.5P  MPa, 0.25Ps  mm,  
and 0.75fs  mm. For the non-local interaction 

5C   and three different values of the order   are 
selected, i.e., 0.2,0.5,0.7   to show the effect of the 
attenuation function in the mechanical response of 
the beam. In order to solve the Eq. (14), a 
discretization scheme is introduced and the central 
difference method is applied to evaluate the relation 
between the relative separation s(z) and the critical 
loading P during the mode-I debonding process. 
More in detail, the beam is discretized with 200 
elements with a constant volume, whereby each 
element has the same length /z l n  . The matrix of 
the stiffness contains the local terms related to the 
flexural stiffness and to the non-linear interface 
interactions, and non-local terms, are obtained with 
the aid of the central difference and the 
discretization of the integral in Eq. (14). 

Fig. 5, 6 and 7 show the deformed configuration 
of the beam with different values of 0.2,0.5,0.7    
for varying values of the loading P. In Fig. 8, the 
load P vs separation s is shown for the three cases 

with non-local terms as well as in total absence of 
non-locality. 

 
Fig. 5. Evolution of the deformed configuration of the beam for different 
values of the applied load P (𝛼 = 0.2). 

 
Fig. 6. Evolution of the deformed configuration of the beam for different 
values of the applied load P (𝛼 = 0.5). 

 
Fig. 7. Evolution of the deformed configuration of the beam for different 
values of the applied load P (𝛼 = 0.7). 



 

 
Fig. 8. Load P vs. separation s for different values of the non-local 
parameters. 

IV. CONCLUDING REMARKS 

In this work a non-local cohesive zone model has 
been adopted to reproduce the physical phenomenon 
known as arterial dissection. In the proposed model, 
the interface is able to transmit local elasto-plastic 
actions and non-local elastic long-range interactions. 
It is shown that the variation of non-local parameters 
yields to a different mechanical behavior. Such 
parameters must be selected accurately with the aid 
of experimental tests on biomechanical tissues. 
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