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with the commercial finite element software ABAQUS. The PPR, potential-based traction-
separation relation is chosen to describe the element’s constitutive model. The intrinsic
cohesive formulation is outlined due to its compatibility with the standard, implicit finite
element framework present in ABAQUS. The implementation of the cohesive elements is

Key Wordsf described, along with instructions on how to incorporate the elements into a finite element
3D cohesive elements . . . . .

ABAQUS mesh. Specific areas of the user-defined elements, in which the user may wish to modify
UEL the code to meet specific research needs, are highlighted. Numerical examples are provided
PPR Cohesive model which display the capabilities of the elements in both small deformation and finite
Finite deformation deformation regimes. A sample element source code is provided in an appendix, and the

source codes of the elements are supplied through the website of the research group of
the authors.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The use of cohesive elements within the framework of the finite element method has proven to be a powerful tool to
model the fracture and fragmentation of materials. The concept of the cohesive zone model was presented over half a
century ago by Dugdale [1] and Barenblatt [2]. They proposed modeling the inelastic zone in front of a macrocrack with a
traction-separation relationship. Thus, as the crack separates, a softening traction is applied to the surrounding bulk
material. There have been a variety of traction-separation relations proposed, including linear, bilinear, trilinear, trapezoidal,
polynomial, and exponential softening models. A review of some of the significant traction-separation relations can be found
in the work by Park and Paulino [3].

When using cohesive elements, the material model chosen for the bulk elements is independent of that chosen for the
cohesive elements. For example, the bulk elements may be linear elastic, viscoelastic, hyperelastic, etc. In this publication
we will present examples which use both linear elastic and hyperelastic material models. For the hyperelastic material,
we use the Neo-Hookean material model; with corresponding stored-energy function, W [4]:

W(F) :gul ~3). (1)
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Nomenclature

B global displacement-separation relation matrix

Dical local tangent stiffness matrix of the cohesive zone model
[Fly internal force vector of a cohesive surface element

Kl tangent matrix of a cohesive surface element

m, n non-dimensional exponents in the PPR model

N; cohesive element shape functions

R rotational matrix of nodal displacements

T, cohesive traction vector

Text external traction vector

Tn, T¢ normal and tangential cohesive tractions

TY, T} normal and tangential cohesive tractions for the unloading/reloading relation
u virtual displacements

o, B shape parameters in the PPR model

oy, By shape parameters in the unloading/reloading relation

r boundary of external traction

I boundary of cohesive fracture surface

I'n, Tt energy constants in the PPR model

On, Ot normal and tangential final crack opening widths

on, Ot conjugate normal and tangential final crack opening widths
An, Ar normal and tangential separations along the fracture surface
At At maximum normal and tangential separations along the fracture surface
Jny At initial slope indicators in the PPR model

E Green strain

S 2nd Piola-Kirchhoff stress

Omax, Tmax normal and tangential cohesive strengths

Ons Pt normal and tangential fracture energies

¥ potential function for cohesive strength

Q domain

() Macauley bracket

tiocal local force vector of the cohesive model

| identity matrix

n vector normal to the cohesive element midplane

t, 6 vectors tangent to the element midplane

Dy, Dy, Dy, Dy components of the local tangent stiffness matrix

A1, Ao, A3 opening components of cohesive element

D}, D, D}, Df components of the local tangent stiffness matrix for unloading/reloading
F deformation gradient

u material shear modulus

Iy first invariant of the deformation gradient (F - F)

A virtual separation of cohesive element

where F is the deformation gradient, u is the initial shear modulus of the rubber, and I; = F - F is the first principal invariant
of the deformation gradient. Since the two constitutive models (bulk and cohesive) are independent, the modeling of
functionally graded materials will require modifications to both the bulk and cohesive formulations. A means for modifying
cohesive element formulations to allow for graded properties will be presented.

Currently, the built-in traction-separation relations for cohesive elements in the commercial software ABAQUS [5] have
limitations. The available traction-separation relations typically consist of a linear hardening region, and either a linear or
exponential softening region. The traction-separation relationship used in this paper is the consistent, potential-based
model presented by Park et al. [6] in 2009. This model has been implemented in the Warp3D software [7], and in the Finite
Element All-Wheel Drive (FEAWD) software [8-10], but it’s use in ABAQUS has been limited to two-dimensional fracture
problems. The intrinsic model will be presented here, the extended details of the model, and the extension of the model
to an extrinsic formulation may be found in the principal publication. This work is an extension of a previous publication;
in which the authors present the two-dimensional user defined element (UEL) for use in ABAQUS [11]. The requests, from
users of that UEL, for the corresponding extension to three-dimensions, has been the motivation behind the present
publication.
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This paper aims to provide an educational look at the implementation of cohesive elements into a finite element mesh, in
accordance with their use in ABAQUS or a similar commercial software with support for user-supplied subroutines. In the
following section, we present related work and discuss potential applications of the cohesive model. In Section 3 the formu-
lation of the three-dimensional UEL is outlined, and its use in ABAQUS explained. In Section 4, the intrinsic formulation of the
Park-Paulino-Roesler (PPR) cohesive model is presented. It is understood that research, by its very nature, is diverse and
ever changing. In order to aid in the removal of the black-box nature of many codes, and to make this work more adaptable
to its user, Section 5 describes areas of the code which may be of interest to the readers, to modify and incorporate into their
own work. Section 6 presents some relevant examples which make use of the 3D elements. Finally, a discussion of the work
is presented, and a representative implementation (interface cohesive elements between linear tetrahedral bulk elements) is
included in an Appendix.

2. Related work

Since its conception, the cohesive zone model has been used to describe the fracture and fragmentation of a variety of
complex problems. Cohesive elements have been used extensively to model the fracture of concrete and asphalt [12]. In
1976, Hillerborg et al. [13] used cohesive elements with a linear softening relationship to study the fracture of plain concrete
beams. Following the work of Hillerborg, Petersson [14]| implemented a bilinear softening model to simulate the fracture of
concrete and other quasi-brittle materials. More recently, Song et al. [15-17] used intrinsic cohesive elements to simulate
crack propagation in asphalt concrete beams. They tailored both bilinear softening and exponential softening relations to
asphalt to capture the behavior of the beams. Spring [ 18] used a graded bilinear softening relationship to investigate the fail-
ure of functionally graded concrete slabs. Park et al. [19] developed a trilinear softening relationship to model the fracture of
functionally graded, fiber reinforced concrete beams. By accounting for the added fracture energy due to the inclusion of
fibers, they displayed excellent agreement between numerical and experimental results.

There has also been a substantial amount of work done that uses cohesive elements in the simulation of impact damage
and fragmentation. For instance, Camacho and Ortiz [20] employed a linear softening relation to model the pervasive frac-
ture behavior which occurs during impact damage in brittle materials. They study the problem of a steel pellet impacting a
ceramic plate (an important problem in armor and turbine blade design), and capture results consistent with experiments. In
1998, Espinosa et al. [21] combined cohesive elements with a continuum damage model to capture the fragmentation of
ceramic rods under dynamic impact. Pandolfi et al. [22] used cohesive elements to model the fragmentation of radially
loaded, expanding rings. More recently, Mota et al. [23] studied the fragmentation of a human cranium due to a firearm
injury. They used cohesive elements with a linear softening relation, combined with three-dimensional finite element sim-
ulations, to capture behavior observed experimentally. In 2010, Caballero and Molinari used the same model as Camacho and
Ortiz to study the fracture and fragmentation of kidney stones under impact. Their findings lead to the design of a new sur-
gical tool to optimize the efficiency of kidney stone dissipation [24].

In general, the numerical simulation of dynamic crack propagation has been a popular application for cohesive elements.
In 1999, Ortiz and Pandolfi [25] used effective-displacement three-dimensional cohesive elements to model dynamic frac-
ture. They considered quadratic cohesive elements with an irreversible cohesive law, and were able to capture the correct
crack trajectory in a drop-weight dynamic fracture test. Ruiz et al. [26] looked at the failure of a three-point-bend concrete
beam under dynamic loading. They simulated the fracture using three-dimensional cohesive elements with a linear soften-
ing relation. More recently, Zhang and Paulino [27,28] were able to capture the microbranching phenomenon in dynamic
fracture simulations using a linear softening relationship, they studied materials with both homogeneous and graded prop-
erties. In fracture simulations, particularly dynamic fracture simulations, it is important to take into consideration the effect
of finite deformations. When cohesive elements are inserted into a model they initially have zero thickness, but once fracture
progresses they separate and rotate. By not taking into consideration the rotation of these fracture surfaces, the physics of
the problem may not be accurately captured.

3. UEL formulation

Three different cohesive element formulations are developed. As illustrated in Fig. 1, the three elements allow for com-
patibility with both linear brick and linear tetrahedral bulk elements, as well as with quadratic tetrahedral bulk elements.!
As discussed previously, the material model used for the bulk elements is independent of that used for cohesive elements.

Intrinsic cohesive elements are inserted a priori into a finite element mesh. Initially, the intrinsic cohesive elements have
zero thickness and, upon separation, impart a traction to the adjacent bulk elements. There are two common approaches to
inserting cohesive elements into a mesh. One may either insert the cohesive elements along a pre-selected fracture path,
restricting the crack to propagate where the user has specified, or one may insert cohesive elements between all bulk ele-
ments in a region of a mesh, allowing fracture to propagate freely within that region. When cohesive elements are inserted
throughout a region of a mesh, the elements may introduce an artificial softening into the overall model, effectively distort-
ing the bulk material properties [29,30]. In addition, if cohesive elements are inserted between all bulk elements in a region

T It is important to note that, at the time of publication, ABAQUS does not have a built-in cohesive element that is compatible with quadratic elements.



D.W. Spring, G.H. Paulino/Engineering Fracture Mechanics 126 (2014) 190-216 193

() (b) ()

Fig. 1. Cohesive elements compatible with (a) linear brick, (b) linear tetrahedral and (c) quadratic tetrahedral elements. Cohesive elements, highlighted
in red, are of initially zero thickness. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

of the mesh, the solution becomes highly non-convergent, and additional numerical measures need to be included in the
solution scheme to account for these instabilities [31,32]. An alternative method for allowing fracture to propagate freely
would be to use extrinsic cohesive elements [25,33].

Prior to insertion of cohesive elements, the standard finite element formulation may be described mathematically, using
the principle of virtual work [34]:

Wi,,t:/()‘E:SdV:/()‘u-deF:WM 2)
Q r

where E is the Green strain tensor in the domain Q and éu is the virtual displacement on the boundary I'. Moreover, Ty
denotes the external traction, and S is the 2nd Piola-Kirchhoff stress tensor. When cohesive elements are included in the
formulation, they contribute an additional term to the internal work:

/5E:de+/ 5A-TCdFC:/5u-TextdF 3)
Q I'c r

where T, is the cohesive traction, along the fracture surface I';, corresponding to the virtual separation 5A. Using the Galerkin
method [34], we discretize the contribution from the cohesive elements:

1 1
K], = /0 /0 B'R'D,,.RB/dZdy (4)

1 1
F, = / / BR "ty JdEdiy (5)

where (&, 7) denote intrinsic coordinates and J the Jacobian. In order to accurately incorporate a user defined cohesive ele-
ment into the existing ABAQUS framework, we must provide the element stiffness matrix ([K],;) and force vector ([F],;) within
the user-defined element (UEL). The global displacement-separation matrix, B, is a 3 x N matrix (where N is the number of
shape functions) that computes the relative opening of the crack at any point in the cohesive element. The rotational matrix,
R, transforms from global to local coordinates. The local constitutive matrix, Dy, and the local force vector, t;,.q, are func-
tions of the particular choice of cohesive model, and will be outlined below for the PPR cohesive model.

The B matrix is computed from the shape functions N; (i = 1,2,...N), and the identity matrix I:

B= [Nll3x3|N213x3\ s |NNl3x3][I3Nx3N\ — l3N><3N]' (6)
The rotational matrix, R, is a function of the normal vector (n) and two perpendicular tangential vectors (t,, t;) which form
the basis of the midplane of the cohesive element, as illustrated in Fig. 2.
ﬁT
R=|t]]. (7)
t]
The local constitutive matrix, specific to the PPR model, is defined as:
Dnn DntAZ/At DntA3/At
Diocat = | D43/ 4; Dy A2 ) A? + T A2 A2 Dy Ay Az A? — T Ay A3 ) A3 8)
Dnds/Ac DydyAs/A7 —Tedy A3/ A} Dud3/ A7 +Ted5) A7
where Dy, Dy, Dy, and Dy, are derived from the PPR model and are included in Appendix A. The variables 4, and 43 corre-

spond to the crack opening widths in the plane perpendicular to the normal direction (44), as illustrated in Fig. 3. The local
force vector, tj, for the PPR model is:
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(b)

Fig. 2. A cohesive element in (a) its initial configuration with zero thickness and (b) its deformed configuration, depicting the normal and tangential vectors
on the midplane of the element.

Z

Fig. 3. Definition of opening directions in a typical element configuration.

T,
tIocal = TtAZ/At (9)
TiAs3/ 4,

where we have considered the tangential opening directions to be coupled through the relationship 4, = y/ 43 + 43, on the

fracture plane. The traction components (T, and T;) are derived from the cohesive potential and will be defined for the PPR
model in Section 4.1.

4. Cohesive model

The cohesive model, chosen independent of the bulk model, determines the cohesive behavior in the inelastic region in
front of the crack tip. There have been many models proposed (see [3] for a recent review of some of the prominent models),
most of which suffer from deficiencies when trying to satisfy boundary conditions or which require non-physical input
parameters. The PPR model is an adaptable cohesive model that was designed with the goal of overcoming the deficiencies
suffered by previous models. The PPR model is able to capture both intrinsic and extrinsic fracture behavior [6], but the
present implementation in ABAQUS focuses on the use of the intrinsic model. The extrinsic model is outlined in the principal
publication [6]. Below we outline the formulation of the intrinsic softening model, as well as the choice of unloading/
reloading and contact relations used in this work.

4.1. Intrinsic PPR model

The PPR model is potential-based. Such models have an advantage over non-potential-based models, in that their
traction-separation relations are determined by taking the derivative of the potential with respect to the normal and tan-
gential opening displacements. Similarly, the second derivative of the potential provides the consistent (material) tangent

matrix. The potential for the PPR model is described as:
. AN m o AN\ ANF 14"
¥(4n. 40) = min(gy, 90 + | Fa(1=22) (B 2) " g, — ] (1= 220) (BN g g (10)
on o Op Or B O
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where 4, and 4, are the normal and tangential opening tractions, respectively. There are eight user inputs to the model, a
feature that allows for a very adaptable model that can capture a variety of responses. The eight inputs are: normal and tan-
gential fracture energies (¢,, ¢,), normal and tangential cohesive strengths (0, Tmax), Normal and tangential shape param-
eters (o, ), and normal and tangential initial slope indicators (4,, 4). All parameters have physical interpretation. The shape
parameters control the softening slope of the traction-separation relations. If o or f is set equal to 2, the relation is almost
linear, whereas if they are less than or greater than 2, the relation is concave or convex, respectively. The initial slope indi-
cators correspond to the ratio of the peak crack opening width to the final crack opening width. Thus, the smaller the initial
slope indicator, the greater the initial slope in the traction-separation relation. The potential is defined over a domain of
dependence; which is bounded by the normal final crack opening (6,) and the tangential final crack opening (J;):

m— n-1
oc/ln(l—/1”)“’1<%+1)(%2,1+1) B 5;%%(1—;,f)/‘*‘(ﬁﬂ)(gyﬂ) . 1)

n

5 O

O-max

The corresponding traction-separation relations, T, and T, determined by taking the derivative of the above potential with
respect to 4, and 4, respectively, are described as:

v
~ o4,

Ly A (M A - a1 M > m . An\"
Con <_§> (E 5_n> - <_§> (E E)
4\ (n 14"
>{HO—&)@+&>+@r%+ (12)

_oY
T o4,
_ I
=3

T (4n, 4r)

Te(4n, 4r)

(180 (55 a5 o)

-2 )

These traction components are used to determine the local force vector, as per Expression (9). Representative traction-sep-
aration relations are plotted in Fig. 4.

The energy constants I'; and I'; are related to the normal and tangential fracture energies. When the normal and tangen-
tial fracture energies are different (¢, # ¢,), the energy constants become:

T = (—gp,) n 00/ Gn=00 (E)"Z T = (—gp,) (e om/(@bn) (ﬁ) n. (14)

m n

When the normal and tangential fracture energies are equal (¢, = ¢,), the energy constants become:

ool ()

where the non-dimensional exponents, m and n, are evaluated from the shape parameters (o, ) and the initial slope indi-
cators (An, A¢):

I
YIRS,
/ B
T hanaoaeeecs

7

Traction (MPa)

Traction (MPa)
o
S

0.01

00
Normal Opening (mm) Tangential Opening (mm)

0
Normal Opening (mm)  Tangential Opening
(mm)

@) (b)

Fig. 4. Traction separation relations for (a) normal opening (¢, =100 N/m,0m. =40 MPa,x =5.0, and 4, =0.1), and (b) tangential opening
(¢; =200 N/m, Opmey = 30 MPa, = 2.0, and 4 = 0.2).
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The traction-separation relations are valid in a domain of dependence. The domain for the normal traction is bounded by the
final crack opening width in the normal direction (J,) and the conjugate final crack opening width in the tangential direction
(£0;). Similarly, the domain for the tangential traction is bounded by the final crack opening width in the tangential direction
(+6;) and the conjugate final crack opening width in the normal direction (5,). The conjugate final crack opening width in the
tangential direction (4, = ;) is the solution of the following nonlinear equation:

ﬁ(m):n(l—g)ﬁ(%+§—;>"+<¢t—¢n>:0; (17)

which is unique between 0 and §,. Likewise, the conjugate final crack opening width in the normal direction (4, = §,) is the
solution of the following nonlinear equation:

i = 1o (1-52) (242) "+ (9, - 9 =0 (18)

o

which is unique between 0 and §,. The resulting domains of dependence are illustrated in Fig. 5.

In order to implement these elements into ABAQUS, we also need to consider the consistent tangent matrix, Djy. This is
calculated by either taking the second derivatives of the potential function (10), or the first derivatives of the traction rela-
tions (12) and (13), with respect to the normal and tangential separations (4, and 4;). The components of the consistent tan-
gent matrix are combined to form the local constitutive matrix through Expression (8), and are given in Appendix A.

4.2. Choice of unloading/reloading relation

The unloading/reloading relationship used in this model is uncoupled, in the sense that the unloading in the normal direc-
tion is viewed as independent of that in the tangential direction. The unloading relationship is activated when the normal or
tangential separation is past the peak cohesive strength of the element, and effects both the traction vector and the tangent
matrix. The current unloading/reloading relationship in the model is linear to the origin, as illustrated in Fig. 6. This is a very
common approach to modeling unloading/reloading in cohesive elements [35,36], and will likely satisfy the expectations of
the user. If an alternative unloading/reloading relationship is desired, we outline a possible replacement in Section 5.2 and
specify the portions of the UEL which will need to be updated.

4.3. Choice of contact formulation

The contact formulation chosen for this work is based on the penalty stiffness approach. As the normal separation
becomes negative, the resisting force increases linearly in accordance with a corresponding stiffness. The modulus of this
stiffness is chosen to correspond to the slope of the hardening curve as it approaches zero opening displacement. Alterna-
tively, other contact formulations could be used, such as the ones found in references [37,38]. We will discuss the modifi-
cations necessary to alter the contact formulation in Section 5.4.

5. Implementation and user modifications
In order to make this work as useful as possible, in this section we first describe how to implement the cohesive elements

into a model, then we outline the sections in the code that the users may chose to modify, to suit their specific needs. This
section provides the basis for other modifications (not anticipated in this paper).

Tn(By, Ae) Te(Dy A)

(b)

Fig. 5. Domain of dependence for each cohesive interaction (T, T;), bounded by the final crack opening widths (3,, J;) and the conjugate final crack opening
widths (3, ;).
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Fig. 6. Depiction of the linear unloading/reloading relations for the (a) normal traction and (b) tangential traction.

5.1. Implementing elements into an ABAQUS input file

In order to insert the cohesive zone element (CZE) into a finite element mesh, the input file should refer to the CZEs using
the following commands. In the case of the CZE with 8 nodes:

*USER ELEMENT, TYPE = Ul, NODE = 8, COORDINATES = 3, PROPERTIES = 8, VARIABLES = 14
1,2,3
*ELEMENT, TYPE = Ul, ELSET = ELSET_NAME

where the VARTABLES parameter indicates the number of solution-dependent state variables which are stored in each ele-
ment [5]. For our purposes, these variables track the maximum opening at each Gauss point in the element to determine if
the element is opening or closing. The main difference, for the other elements, is the number of nodes and variables. For the
CZE with 6 nodes; NODE = 6 and VARIABLES = 8, and for the CZE with 12 nodes; NODE = 12 and VARIABLES = 8.

Below these input lines, the user specifies the element number and the node numbers corresponding to these elements.
Nodes are numbered in the order shown in Fig. 7. To assign properties to the elements, one needs to include the following
lines to the input file:

*UEL PROPERTY, ELSET = ELSET_NAME
100, 200, 30, 40, 2, 5, 0.1, 0.2

where we have chosen, for example, ¢, = 100 N/m,¢, = 200 N/m,0mex = 30 MPa,Tjpex = 40 MPa,a =2, 8 =5,4, = 0.1 and
A = 0.2, respectively. Note that the units are important, and the values here assume that the dimensions of the mesh are
given in meters, and any force boundary conditions are given in Newtons. Finally, when running this problem on a linux
machine, the following command line prompt will run the problem:

abaqus job = job_name user = 3DpprBrick.f

where ‘job_name’ is the name of the input file.
5.2. Modifying the unloading/reloading relation
The current unloading/reloading relationship in the model is linear to the origin, as illustrated in Fig. 6. Some users may

wish to modify this; which may be done by altering only a few lines in the UEL. Unloading effects the traction vector and the
tangent matrix, both of which will need updating. For purposes of illustration, we outline the steps necessary to implement a

(b)

Fig. 7. Node numbering for (a) a CZE with 8 nodes, (b) a CZE with 6 nodes and (c) a CZE with 12 nodes.
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Ty (B, A) T{(An, )

T? (An' At)

(b)

Fig. 8. Depiction of the power-law unloading/reloading relations for the (a) normal traction and (b) tangential traction. When o or ” > 1, we get a convex
unloading/reloading relation, when o” or f” < 1 we get a non-convex unloading/reloading relation.

power-law unloading/reloading relation. Assuming a power-law relation, the corresponding tractions during the unloading
phase are reformulated as:

An
A

oy A By A
) a0 =T ) (1) (19)
t

Tﬁ(ﬁnaﬁr) = Tn(AnmxaAt)( Y
tmax

Nmax

where o, and 8, determine the shape of the unloading curve, as shown in Fig. 8. Similarly, the tangent matrix components
become:

v oy An o1 v Ay o
Dnn = Tﬂ(Anma)HA[) A A ) Dnt = Dn[(Anma)HAt) A (20)
Nmax Nmax Nmax
A Byp—1 A By
DY = Tu(Ans Ao Lo (2N Dy — Dy, g (22 1)
Ator \ At Aty

To implement these changes into the UEL, we must first introduce additional input parameters, let’s call them alphaV
and betaV. This can be done in the input portion of the code (lines 35-42):

alphaV =PROPS (9)
betaV =PROPS (10)

We then need to pass these variables into the subfunction k_cohesive_law. In order to update the normal unloading
traction, we need to modify line 255 to the following:

* (popn/pmax) **alphaV

Similarly, to modify the tangential unloading traction, we need to change line 272 to:

*(popt/tmax)**betaV

The process of updating the consistent tangent matrix follows in the same manner as the tractions. Updating is required
to the variables Dy, D, D and Dy, on lines 307, 314, 348 and 355, respectively. In the order they appear, these lines need to
be changed to:

307: * (alphaV/pmax)* (popn/pmax)** (alphaV-1)
314: * (popn/pmax)**alphaV

348: *(betaV/tmax)* (popt/tmax)** (betaV-1)
355: *(popt/tmax)**betaV

respectively. It is important to note that, since the unloading/reloading relation is not derived from a potential, the resulting
system is not guaranteed to be symmetric.

5.3. Modifications for material gradation
There are multiple ways in which one may chose to grade their material properties [39,40]. This section will outline the

modifications necessary to implement a graded normal fracture energy in the z-coordinate direction, based on the method
proposed by Kim and Paulino [40]. Based on this simple exercise, we hope that the users will be more familiar with the UEL,
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and more adept at making their own modifications. In order to allocate the range and region of gradation, we need more user
inputs; which may be included in the input section of the code (lines 35-42):

Gfn_min = PROPS (9)
Gfn_max = PROPS (10)
Zmin = PROPS (11)
Zmax = PROPS (12)

where Gfn_min, Gfn_max, Zmin and Zmax correspond to the minimum and maximum value of the fracture energy and to the
minimum and maximum z-coordinates in the model, respectively. The remainder of the modifications need to occur prior to
the first use of the fracture energy (on line 105). To compute the total change in the fracture energy, we include the line:

del_Gfn =Gfn_max-Gfn_min

Finally, assuming a linear variation of fracture energy, we include the lines:

Gfnl = Gfn_min+ ( (Zmax-co_de_m (3,1))/(Zmax-Zmin) )*del Gfn
Gfn2 = Gfn_min+ ( (Zmax-co_de_m (3,2))/(Zmax-Zmin) )*del_Gfn
Gfn3 = Gfn_min+ ( (Zmax-co_de_m (3,3))/(Zmax-Zmin) )*del_Gfn
Gfnd = Gfn_min+ ( (Zmax-co_de_m (3,4))/(Zmax-Zmin) )*del_Gfn
Gfn =sf (1)*Gfnl + sf (2)*Gfn2 + sf (3)*Gfn3 + sf (4)*Gfnd

after we call the subfunction k_shape_fun on line 99, and before we determine the inputs to the cohesive model on line 103.
The resulting cohesive model will have a varying final crack opening width, and corresponding softening curve, based on the
variation of fracture energy. This method, although presented for variation of fracture energy in the z-direction, can be
extended to other parameters (including multiple parameters) in any direction, such as that illustrated in Fig. 9 for the case
of graded shape parameter, o.

5.4. Modifying the contact relation

The current UELs are implemented with the common penalty stiffness approach to contact. The slope of the stiffness is in
accordance with that of the initial hardening slope at the initiation of the intrinsic formulation. There is much research into
the appropriate method of accounting for contact in a cohesive element formulation; which could be a desired modification
to the formulation [37,38]. In order to change the contact formulation, the user needs to modify the corresponding part of the
code in which contact is handled. In the subfunction k_cohesive_law the user needs to modify the section of the code in
which the normal opening displacement is negative (line 279):

if (delu (3).LT. 0.0) then

Cohesive Strength (MPa)

_— e

0.002

0.004

0.008 0.006
0.01 ’ Crack Opening (mm)

Fig. 9. Effect of varying o on the traction-separation relation in the normal direction. Notice the effect on both the shape of the softening curve and on the
final crack opening width.
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The users have complete freedom within this section, and may include any additional variables external to this statement
as they wish.

In addition to the contact condition considered within the element itself, one may choose to use the surface contact con-
ditions built into ABAQUS [5]. The surface contact conditions use the master-slave surface relationship to prevent element
interpenetration. This condition is suitable for situations in which the fracture surfaces are predefined, but would be very
difficult to implement if the intrinsic cohesive elements are inserted throughout a region. This method essentially requires
one additional step in the analysis. One must define two surfaces, corresponding to the two fracture surfaces that make up
the facets in which the cohesive elements are inserted. More information on how to implement this method may be found in
the ABAQUS users manual [5].

6. Three-dimensional example problems

Some of the capabilities of the elements will be demonstrated here. The following problems are presented and discussed:
(1) the mixed-mode bending (MMB) test problem, (2) the small deformation of a coated particle debonding from a matrix,
and (3) the finite deformation debonding of a rigid particle reinforced elastomer.

6.1. Mixed-mode bending specimen

The mixed-mode bending problem is chosen as a simple example to compare the three cohesive elements to one another.
The geometry of the problem is illustrated in Fig. 10. This is a popular test specimen to estimate fracture energies under
mixed-mode loading conditions [41]. Its Cartesian geometry can be represented in a two-dimensional plane, and thus has
received a lot of interest in fracture related publications [42-44,46]. Adding to its popularity is the presence of an analytical
solution. The analytical solution consists of three separate components [45,6]. Initially, the response is linear, and can be
compared with results from linear beam theory. However, once fracture initiates, the response follows that derived from lin-
ear elastic fracture mechanics. The elastic beam has a modulus of 122 GPa, and a Poisson’s ratio of 0.3.

We consider two different scenarios for the cohesive properties. In both scenarios, the shape parameters (, ) and initial
slope indicators (1,, /) are set equal to 3.0 and 0.02, respectively. The first scenario considers a fracture energy of 500 N/m in
both the normal and tangential directions, and equivalent cohesive strengths in each direction. The influence of the magni-
tude of the cohesive strength is investigated, and the results are illustrated in Fig. 11(a). Similar behavior is observed for each
element type (see Fig. 1), thus only the results using linear tetrahedral bulk elements are shown. As the cohesive strengths
increase, the numerical solution approaches the analytical solution. The second scenario considers different fracture energies
in the normal (¢, = 500 N/m) and tangential (¢, = 500 N/m) directions. The cohesive strength in the normal direction is set
as 20 MPa and the strength in the tangential direction is varied. As the tangential cohesive strength increases, the results
approach the analytical solution, as illustrated in Fig. 11(b). As expected, the present results for the three-dimensional prob-
lem are essentially the same as those obtained by Park and Paulino for an equivalent two-dimensional problem [11].

6.2. Small deformation coated particle debonding

The following example is that of a single coated particle imbedded in an elastic matrix. In composite materials, such as
this, the micro-geometry and interface conditions have a significant influence on the macroscopic behavior [47-50]. The
computational study is conducted on a single coated particle, embedded in a matrix. The model is simplified by only con-
sidering a single octant of the particle, with symmetric boundary conditions, as illustrated in Fig. 12. The particle has a radius
of 1 mm, the coating has a thickness of 0.2 mm, and the particle volume fraction is 40%. Linear, eight-node brick (B8) ele-
ments are used to discretize the domain. Mesh refinement studies on the model indicate that meshes with approximately
150,000 bulk elements produce accurate results, and is the level of refinement used in this example, as illustrated in
Fig. 12(b). With this level of refinement, 3230 cohesive elements are inserted between the coating and the bulk matrix to
account for the debonding behavior. The composite structure is loaded hydrostatically through displacement boundary

t c
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Fig. 10. Geometry and boundary conditions of the MMB beam. L = 51 mm, ¢ = 60 mm, B = 25.4 mm, h = 1.56 mm, ap = 33.7 mm,P = 850 N.
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Fig. 11. Representative results for MMB beam using linear tetrahedral elements. The results with linear brick and quadratic tetrahedral elements are
similar and thus are not repeated here.
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Fig. 12. Coated particle model. Debonding occurs between coating and matrix. (a) Geometry and (b) mesh.

conditions applied to the exterior surface of the model. The particle and the matrix have an elastic modulus of 100 MPa, with
a Poisson’s ratio of 0.25. The coating is assumed to be stiffer, and has an elastic modulus of 200 MPa, with a Poisson’s ratio of
0.25. The cohesive fracture energy, ¢,, is varied, while the cohesive strength (Gmax), shape parameter (o) and initial slope
indicator (4,) are set as 10 MPa, 3.0 and 0.005, respectively.

The results are illustrated in Fig. 13. The initial hardening slope is that of the combined, perfectly bonded structure. At
large macroscopic strains, complete separation occurs and the load is carried entirely by the matrix shell. The transition
between the initial and final hardening slopes is a function of the cohesive fracture energy. As the cohesive fracture energy
increases, the transition becomes more gradual; which is consistent with the trends that Ngo et al. [51] observed for particles

without coatings.
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Fig. 13. Macroscopic stress vs. strain response of particle debonding under hydrostatic loading.
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(b)

Fig. 14. Representative volume element with rigid particle inclusions. (a) Geometry and (b) mesh.

6.3. Finite deformation particle debonding

Recent studies suggest that the inclusion of particles in an elastomer acts to greatly increase the stiffness of these com-
posite materials. The behavior at the interface of such composite materials is an important area of current research
[47,52,53]. There are two commonly accepted phenomena which occur when particles are included in an elastomer. First,
the particles influence the microstructure of the bulk material, and second, the particles may debond from the bulk material
under finite deformations. This example proposes using cohesive elements to capture the particle debonding behavior under
finite deformations. Under consideration is a cubic representative volume element (RVE) with 80 randomly placed polydis-
perse particles imbedded in the RVE; making up a total volume fraction of 10%, as illustrated in Fig. 14(a). The polydisperse
particles have three different radii, as suggested by Lopez-Pamies et al. [54]. There are 10 particles with a 10 pm diameter, 10
particles with a 7.95 um diameter, and 60 particles with a 4.4 pm diameter. The RVE is periodic, with periodic boundary con-
ditions, meaning that the complete microstructure of the material can be obtained by translating the RVE in the three Carte-
sian directions [55,56]. The finite element mesh consists of approximately 100,000 quadratic tetrahedral elements, and is
generated using the automatic mesh generator NETGEN [57]. A section of the mesh is shown in Fig. 14(b).

The matrix is modeled as an incompressible Neo-Hookean material with a shear modulus of x = 1.0 MPa. The stored-
energy function for Neo-Hookean rubber is expressed in Eq. (1). The particles are also modeled using an incompressible
Neo-Hookean material, with a shear modulus of u = 10,000 MPa. The large difference between the moduli for the matrix
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Fig. 15. Deformation behavior of the RVE under uniaxial stretch. (a) Deformed shape, illustrating the concurrent separation of the particles from the matrix
and (b) stress-strain response of the RVE in comparison to the same RVE without the inclusion of particle debonding.
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and the particles results in the particles acting rigidly. The fracture energies (¢,, ¢,), cohesive strengths (G max, Tmax), Shape
parameters («, f8), and initial slope indicators (/,, 4;) are set as 1.0 N/m, 0.5 MPa, 3 and 0.2, respectively. The deformed shape,
illustrated in Fig. 15(a) illustrates the concurrent debonding of all the particles from the matrix. The constitutive response of
the composite is illustrated in Fig. 15(b). The RVE undergoes a much higher strain, under the same imposed stress, when
debonding is considered; demonstrating the importance and significance of including particle debonding in such composite
materials. Notice that Fig. 15(b) provides a global (aggregated) response of the RVE under uniaxial stretch. Locally, one can
observe finite cohesive displacements on the interfaces and finite strains in the matrix (see Fig. 15(a)).

7. Concluding remarks

This paper outlines the implementation of a three-dimensional cohesive zone element into a user defined subroutine for
use in ABAQUS. In total, three different cohesive elements are implemented; which are compatible with linear brick, linear
tetrahedral and quadratic tetrahedral bulk elements (see Fig. 1). The constitutive model for the cohesive elements is inde-
pendent of that for the bulk elements. The selected constitutive model for the cohesive elements is the intrinsic PPR model. A
linear unloading/reloading relation and a penalty stiffness approach to contact are chosen. The modulus of the penalty stiff-
ness is set equal to the initial hardening slope at the initiation of the intrinsic formulation.

In addition to the base formulation, a series of suggested modifications is presented. These modifications highlight the
sections of the code which require changing if the user chooses to implement alternate unloading/reloading and contact con-
ditions. As well, the modifications necessary to implement graded cohesive elements are presented. In order to present the
varied possible applications, three numerical examples are presented: the mixed-mode bending beam, the small deforma-
tion debonding of a coated particle and the finite deformation debonding of multiple particles embedded in an elastomer.
This paper is written from an educational perspective, and is aimed at promoting the use of cohesive elements to model
the fracture and failure of materials using either commercial finite element software, such as ABAQUS; or research oriented
software.
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Appendix A. Tangent stiffness matrix

The local constitutive matrix, specific to the PPR model, is expressed in Eq. (8), where the components D, Dy, Dy, and Dy,
FY  oT, I,
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Appendix B. ABAQUS: User Defined Subroutine’

ilc 3D PPR UEL for ABAQUS Code (Compatible with 4 node Tet Elements)
:c Reference: D Spring, GH Paulino, "A Growing Library of Cohesive
5)c Elements for Use in ABAQUS". Engineering Fracture Mechanics

SUBROUTINE UEL (RHS, AMATRX, SVARS, ENERGY, NDOFEL, NRHS,
NSVARS, PROPS, NPROPS, COORDS, MCRD, NNODE, U, DU, V, A, JTYPE,
TIME, DTIME, KSTEP, KINC, JELEM, PARAMS, NDLOAD, JDLTYP,
ADLMAG, PREDEF, NPREDF, LFLAGS, MLVARX, DDLMAG, MDLOAD, PNEWDT,
JPROPS, NJPROP, PERIOD)

S w N -

1 INCLUDE ’ABA_PARAM.INC’

13 DIMENSION RHS (MLVARX,*) ,AMATRX (NDOFEL , NDOFEL) ,PROPS (x),
SVARS (*) ,ENERGY (8) , COORDS (MCRD , NNODE) ,U(NDOFEL) ,

DU (MLVARX ,*) ,V(NDOFEL) ,A(NDOFEL) ,TIME (2) ,PARAMS (%),
JDLTYP (MDLOAD , *) , ADLMAG (MDLOAD ,*) ,DDLMAG (MDLOAD , *) ,
PREDEF (2, NPREDF ,NNODE) , LFLAGS (*) , JPROPS (%)

B W N e

19 DIMENSION dsi1(3),ds2(3),dn(3),Trac (MCRD,NRHS),

2 1 Trac_Jacob (MCRD,MCRD) ,R(MCRD,MCRD),coord_1(MCRD,NNODE) ,
2 GP_coord(2),sf (3),B(MCRD,NDOFEL),co_de_m(3,3),

3 B_t (NDOFEL ,MCRD), Transformation_M(NDOFEL,6NDOFEL),

4 Transformation_M_T (NDOFEL ,6 NDOFEL) ,templ (MCRD, NDOFEL)

25 DIMENSION stiff_1(NDOFEL,NDOFEL),temp2(NDOFEL,NDOFEL),
26 1 stiff_g(NDOFEL,NDOFEL),residual_l(NDOFEL,NRHS),

2 residual_g (NDOFEL,NRHS) ,aJacob_M(2,3) ,delu_loc_gp(mcrd),
2 3 co_de(mcrd,nnode)

30 DOUBLE PRECISION G_fn, G_ft, f_tn, f_tt, alpha, beta, rn, rt,
31 1 p.m, p_n, deln, delt, tmax, pmax, opn, opt

Define Inputs=======================================================

O o o0

5 G_fn=PROPS (1)
% G_ft=PROPS (2)
f_tn=PROPS (3)
38 f_tt=PROPS (4)
9 alpha=PROPS (5)
10 beta=PROPS (6)

al rn=PROPS (7)

2 rt=PROPS (8)

3 GP_n=3d0

44 GP_W = 1.0d0/3.0d0
451 C

2 The source code provided in this appendix, compatible with the linear tetrahedral element, can be downloaded from the url http://ghpaulino.com. The
source code for the other elements of Fig. 1 (linear brick and quadratic tetrahedral) can also be downloaded from this url.
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Initialize Matrices and Vectors====================================

Do local computations

Compute shear and normal local opening displacments

Do Calculations at Gauss Points

call k_vector_zero(dsl,3)

call k_vector_zero(ds2,3)

call k_vector_zero(dn,3)

call k_matrix_zero(Trac,mcrd,nrhs)

call k_matrix_zero(Trac_Jacob ,mcrd,mcrd)
call k_matrix_zero(R,mcrd,mcrd)

call k_matrix_zero(coord_1,mcrd,nnode)
call k_vector_zero(GP_coord,?2)

call k_vector_zero(sf,3)

call k_matrix_zero(Transformation_M ,ndofel ,ndofel)
call k_matrix_zero(Transformation_M_T ,ndofel ,ndofel)
call k_matrix_zero(B,mcrd,ndofel)

call k_matrix_zero(B_t,ndofel,mcrd)

call k_matrix_zero(templ,mcrd,ndofel)

call k_matrix_zero(stiff_1,ndofel,ndofel)
call k_matrix_zero(temp2,ndofel ,ndofel)
call k_matrix_zero(stiff_g,ndofel,ndofel)
call k_matrix_zero(residual_1,ndofel,nrhs)
call k_matrix_zero(residual_g ,ndofel ,nrhs)
call k_matrix_zero(aJacob_M,2,3)

call k_matrix_zero(rhs,ndofel ,nrhs)

call k_matrix_zero(amatrx,ndofel ,ndofel)
call k_matrix_zero(co_de,mcrd,nnode)
a_Jacob=0.d0

do i = 1, mcrd
do j = 1, nnode
co_de(i,j)=coords(i,j)+U(3.0%(j-1.0)+1i)
end do
end do

call k_local_coordinates(co_de,R,coord_1,Transformation_M,
& Transformation_M_T,a_Jacob,aJacob_M,coords,u,ndofel ,nnode,
& mcrd)

do i =1, 3
ds1(i)=coord_1(1,i+3)-coord_1(1,1i)
ds2(i)=coord_1(2,i+3)-coord_1(2,1)
dn(i) =coord_1(3,i+3)-coord_1(3,1i)

end do

do i = 1, GP_n

Determine the values of the shape function at each Gauss Point

205
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98| C

9 call k_shape_fun(i,sf)

10| C

m|c Determine Inputs to Cohesive Model==================================
02| C

103 p-m=(alphax*(alpha-1.0)*rn**2.0)/(1.0-alpha*rn**2.0)
104 p_n=(beta*(beta-1.0)*rt**2.0)/(1.0-beta*rt**2.0)

105 deln=(G_fn/f_tn)*alpha*rn*(1.0-rn)**(alpha-1.0)

106 & *((alpha/p_m)+1.0)*((alpha/p_m)*rn+1.0)**(p_m-1.0)

10 delt=(G_ft/f_tt)*beta*rt*(1.0-rt)**x(beta-1.0)

108 & *((beta/p_n)+1.0)*((beta/p_n)*rt+1.0)**(p_n-1.0)

19| C

1o call k_vector_zero(delu_loc_gp ,mcrd)

1| €

mfc Determine shear and normal opening displamenets at Gauss points
13| C

114 do J = 1, 3

ns delu_loc_gp(1)=delu_loc_gp(1)+ds1(j)*sf(j)

16 delu_loc_gp(2)=delu_loc_gp (2)+ds2(j)*sf(j)

1 delu_loc_gp(3)=delu_loc_gp(3)+ dn(j)*sf(j)

s end do

19| C

120 opn=delu_loc_gp(3)

121 opt=sqrt(delu_loc_gp (1) **2.0+delu_loc_gp(2)**2.0)
2| c

123 if ((Svars(GP_n*(i-1.0)+1.0) .LT. opt) .AND.

124 & (opt .GT. rtxdelt)) then

125 Svars (GP_n*(i-1.0)+1.0)=opt

126 end if

127 if ((Svars(GP_n*(i-1.0)+2.0) .LT. opn) .AND.
128 & (opn .GT. rn*deln)) then

129 Svars (GP_n*(1i-1.0)+2.0)=opn

130 end if

131 tmax=Svars (GP_n*(i-1.0)+1.0)

13 pmax=Svars (GP_n*(i-1.0)+2.0)

| c Determine Traction vector and tangent modulus matrix

136 call k_cohesive_law(Trac,Trac_Jacob,G_fn,G_ft,deln,delt,
137 & alpha,beta,p_m,p_n,pmax,tmax,delu_loc_gp,mcrd,nrhs)

w|c Determine B matrix and its transpose
141 call k_Bmatrix(sf,B,mcrd,ndofel)
143 call k_matrix_transpose(B,B_t,mcrd,ndofel)

Compute the stiffmness matrix
Local Stiffness = B_t * Trac_Jacob * B

O o oo

148 call k_matrix_multiply(Trac_Jacob,B,templ,mcrd,mcrd,
149 & ndofel)
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call k_matrix_multiply(B_t,templ,stiff_1,ndofel,
& mcrd ,ndofel)

Compute Global stiffness matrix
Global_K = Transpose(T) * K * T

call k_matrix_multiply(Transformation_M_T,stiff_1,
& temp2,ndofel ,ndofel ,ndofel)

call k_matrix_multiply(temp2,Transformation_M,stiff_g,
& ndofel ,ndofel ,ndofel)

Multiply Jacobian with the Global stiffness and add contribution
from each Gauss Point

a_Mult = a_Jacob*GP_w
call k_matrix_plus_scalar (amatrx,stiff_g,a_Mult,
& ndofel ,ndofel)

Compute the global residual vector
Local_residual = B_t *x Trac
Global_residual = Transpose(T) * Local_residual

call k_matrix_multiply(B_t,Trac,residual_l,ndofel,
& mcrd,nrhs)

call k_matrix_multiply(Transformation_M_T ,residual_1l,
& residual_g ,ndofel ,ndofel,nrhs)

Multiply the Global residual by the Jacobian and add the
contribution from each point

call k_matrix_plus_scalar(rhs,residual_g,a_Mult,
& ndofel ,nrhs)
end do

return
end

Determine the global displacement-separation (B) matrix

subroutine k_Bmatrix(sf,B,mcrd,ndofel)
INCLUDE ’ABA_PARAM.INC’
dimension sf (3),B(mcrd,ndofel)

B(1,1) = sf(1)
B(1,4) = sf(2)
B(1,7) = sf(3)

B(1,10)= -sf (1)
B(1,13)= -sf(2)
B(1,16)= -sf(3)
B(2,2) = sf(1)

207
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202 B(2,5) = sf(2)
203 B(2,8) = sf(3)
B(2,11)= -sf (1)

205 B(2,14)= -sf(2)
206 B(2,17)= -sf (3)

207 B(3,3) = sf(1)
208 B(3,6) = sf(2)
200 B(3,9) = sf(3)
210 B(3,12)= —Sf(l)

211 B(3,15)= -sf(2)
212 B(3,18)= -sf (3)

214 return
215 end

217 subroutine k_cohesive_law(T,T_d,G_fn,G_ft,deln,delt,
218 & alpha,beta,p_m,p_n,pmax,tmax,delu,mcrd,nrhs)

219 INCLUDE ’ABA_PARAM.INC’

20 dimension T(mcrd,nrhs),T_d(mcrd,mcrd),delu(mcrd)

21 DOUBLE PRECISION G_fn, G_ft, f_tn, f_tt, alpha, beta,
& p_.m, p_n, deln, delt, tmax, pmax, popn, popt, gam_n,
& gam_t, Tn, Tt, Dnn, Dnt, Dtt, T_d, T, delu

25 popn=delu(3)
26 popt=sqrt (delu(l) **2.0+delu(2) **x2.0)

28 call k_Mac(pM1,G_fn,G_ft)
29 call k_Mac(pM2,G_ft,G_fn)

231 if (G_fn .NE. G_ft) then
gam_n=(-G_fn)**x(pM1/(G_fn-G_ft))*(alpha/p_m)**p_m
pE gam_t=(-G_ft)**x(pM2/(G_ft-G_fn))*(beta/p_n)**p_n
234 elseif (G_fn .EQ. G_ft) then

25 gam_n=-G_fn*(alpha/p_m)**p_m

236 gam_t=(beta/p_n)**p_n

7 end if

Pre-calculation of the normal cohesive traction Tn

O o0 o0

21 if (popn .LT. 0.0) then

242 popn=0.0

243 elseif ((popn .GE. deln) .0OR. (popt .GE. delt)) then

244 Tn = 0.0

245 elseif (popn .GE. pmax) then

246 Tn=(gam_n/deln)*(p_m*(1.0-(popn/deln))**alpha*((p_m/alpha)

27 & +(popn/deln))**(p_m-1.0)-alpha*((1.0-(popn/deln))**x(alpha-1.0))
248 & *((p_m/alpha)+(popn/deln))**p_m)*(gam_t=*(1.0-(popt/delt))

249 & *xbetax((p_n/beta)+(popt/delt))**p_n+pM2)

250 else

251 Tn=(gam_n/deln)*(p_m*(1.0-(pmax/deln))**alpha*((p_m/alpha)

5 & +(pmax/deln))**(p_m-1.0)-alpha*((1.0-(pmax/deln))**(alpha-1.0))
& *((p_m/alpha)+(pmax/deln))**p_m)*(gam_t*(1.0-(popt/delt))
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& **betax*x((p_n/beta)+(popt/delt))**p_n+pM2)
& *popn/pmax
end if
c
¢ Pre-calculation of the tangential cohesive traction, Tt
c
if ((popn .GE. deln) .0OR. (popt .GE. delt)) then
Tt = 0.0
elseif (popt .GE. tmax) then
Tt=(gam_t/delt) *(p_n*(1.0-(popt/delt))**beta*x((p_n/beta)
& +(popt/delt))**(p_n-1.0)-beta*x((1.0-(popt/delt))**(beta-1.0))
& *((p_n/beta)+(popt/delt))**p_n)*(gam_n*(1.0-(popn/deln))
& **alpha*((p_m/alpha)+(popn/deln)) **p_m+pM1)
else
Tt=(gam_t/delt)*(p_n*(1.0-(tmax/delt))**beta*((p_n/beta)
+(tmax/delt) ) **(p_n-1.0)-betax((1.0-(tmax/delt)) **(beta-1.0))
*((p_n/beta)+(tmax/delt))**p_n)*(gam_n*(1.0-(popn/deln))
**xalpha*((p_m/alpha)+(popn/deln)) **p_m+pM1)
*popt/tmax
end if

R

C

»s|c Algortihm 1

C

»771¢ Normal Cohesive Interaction
¢c (1) Contact

if (delu(3) .LT. 0.0) then

Dnn = -(gam_n/(deln*%*2))*(p_m/alpha)**(p_m-1.0)*(alpha+p_m)*
& (gam_t*x(p_n/beta)**p_n + pM2)
Dnt = 0.0

Tn = Dnn * delu(3)
else if ((popn .LT. deln) .AND. (popt .LT. delt)
& .AND. (Tn .GE. -1.0E-5)) then
Tn = Tn
¢ (2) Softening Condition
if (popn .GE. pmax) then
Dnn=(gam_n/(deln**2.0))*((p_m**x2.0-p_m)*((1.0-(popn/deln))
**alpha) *((p_m/alpha)+(popn/deln))**(p_m-2.0)+(alpha**x2.0
-alpha)*((1.0-(popn/deln))**(alpha-2.0))*((p_m/alpha)
+(popn/deln))**xp_m -2.0*alpha*p_m*((1.0-(popn/deln))
**(alpha-1.0))*((p_m/alpha)+(popn/deln))**(p_m-1.0))*(gam_t*
(1.0-(popt/delt)) **xbeta*((p_n/beta)+(popt/delt)) **xp_n+pM2)
Dnt=(gam_n*gam_t/(deln*delt))*(p_m*((1.0-(popn/deln))**alpha)
*((p_m/alpha)+(popn/deln))**(p_m-1.0)-alpha*((1.0-(popn/deln))
**(alpha-1.0))*((p_m/alpha)+(popn/deln))**p_m)*(p_n
*((1.0-(popt/delt))**beta)*(((p_n/beta)+(popt/delt))
**(p_n-1.0))-beta*x((1.0-(popt/delt))**x(beta-1.0))*((p_n/beta)
+(popt/delt)) **p_n)
¢ (3) Unloading/reloading condition
else
Dnn=(gam_n/deln)*(p_m*(1.0-(pmax/deln))**xalpha*((p_m/alpha)
& +(pmax/deln))**(p_m-1.0)-alpha*((1.0-(pmax/deln))**(alpha-1.0))
& *((p_m/alpha)+(pmax/deln))**p_m)*(gam_t*(1.0-(popt/delt))

xR

xR

209
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& **beta*x((p_n/beta)+(popt/delt))**p_n+pM2)
/pmax
Dnt=(gam_n*gam_t/(deln*delt))*(p_m*((1.0-(pmax/deln))**alpha)
*((p_m/alpha)+(pmax/deln))**(p_m-1.0)-alpha*((1.0-(pmax/deln))
** (alpha-1.0))*((p_m/alpha)+(pmax/deln))**p_m)*(p_n
*((1.0-(popt/delt))**beta)*(((p_n/beta)+(popt/delt))
**(p_n-1.0))-betax*x((1.0-(popt/delt))**(beta-1.0))*((p_n/beta)
+(popt/delt)) **p_n)
*popn/pmax
end if
c (4) Complete Failure
else
Tn = 0.0
Dnn =
Dnt =
end if

&

S S R =

0.0
0.0

Tangential Cohesive Interaction

if ((popt .LT. delt) .AND. (popn .LT. deln)
& .AND. (Tt .GE. -1.0E-5)) then
Tt = Tt

25| ¢ (1) Softening Condition

if (popt .GE. tmax) then

Dtt=(gam_t/(delt**2.0))*((p_n**2.0-p_n)*((1.0-(popt/delt))
x*beta)*((p_n/beta) +(popt/delt)) **(p_n-2.0)+(beta**2.0-beta)
*((1.0-(popt/delt)) **x(beta-2.0))*((p_n/beta)+(popt/delt))**xp_n
-2.0*beta*p_n*x((1.0-(popt/delt))**(beta-1.0))*((p_n/beta)
+(popt/delt))**(p_n-1.0))*(gam_n*(1.0-(popn/deln))
x*alpha*((p_m/alpha)+(popn/deln))**p_m+pM1l)

Dtn=(gam_n*gam_t/(deln*delt))*(p_m*((1.0-(popn/deln))
**alpha) *((p_m/alpha)+(popn/deln))**x(p_m-1.0)-alpha*((1.0-
(popn/deln)) **(alpha-1.0))*((p_m/alpha)+(popn/deln))**p_m)*(p_n
*((1.0-(popt/delt))**beta)*(((p_n/beta)+(popt/delt))
**(p_n-1.0))-beta*x((1.0-(popt/delt))**(beta-1.0))*((p_n/beta)
+(popt/delt)) **p_n)

R ER

FTRER

/¢ (2) Unloading/reloading condition

else
Dtt=(gam_t/delt)*(p_n*(1.0-(tmax/delt)) **xbeta*x((p_n/beta)
+(tmax/delt) ) **(p_n-1.0) -betax*x((1.0-(tmax/delt))**(beta-1.0))
*((p_n/beta)+(tmax/delt))**p_n)*(gam_n*(1.0-(popn/deln))
x*alpha*((p_m/alpha)+(popn/deln))**p_m+pM1l)
/tmax
Dtn=(gam_n*gam_t/(deln*delt))*(p_m*((1.0-(popn/deln))
xxalpha)*((p_m/alpha)+(popn/deln))**x(p_m-1.0)-alphax*((1.0-
(popn/deln))**(alpha-1.0))*((p_m/alpha)+(popn/deln))**p_m)*(p_n
*((1.0-(tmax/delt)) **xbeta) *(((p_n/beta)+(tmax/delt))
**(p_n-1.0))-betax((1.0-(tmax/delt))**(beta-1.0))*((p_n/beta)+
(tmax/delt))**p_n)
*popt/tmax
end if

R

L5 S R = = =

s71c (3) Complete failure condition



else
Tt = 0.0
Dtt
Dtn =
end if

0.0
0.0

if (Dtn .NE.
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Dnt) then

Dtn = 0.5*x(Dtn + Dnt)

Dnt = Dtn
end if

if (popt .EQ. 0.0) then
T(1,1) = 0.0
T(2,1) = 0.0
T(3,1) = Tn

T_d(1,1)=Dtt
T_d(1,2)=Dtn
T_d4(1,3)=0.0
T_d(2,1)=Dnt
T_d(2,2)=Dtt
T_d4(2,3)=0.0
T_d4(3,1)=0.0
T_d(3,2)=0.0
T_d(3,3)=Dnn

384

386

388

else

T(1,1)=Tt*delu(1l) /popt
T(2,1)=Tt*delu(2)/popt

T(3,1)=Tn

T_d(1,1)=Dtt*(delu(l)/popt)**2.0+Tt*x((delu(2) **2.0)

& /(popt**3.0))
T_d(1,2)=Dtt*xdelu(1l)*delu(2)/(popt**2.0)

& -Tt*delu (1) *delu(2) /(popt*%*3.0)
T_d(1,3)=Dntx*delu(l)/popt

T_d(2,1)=Dttxdelu(1l)*delu(2)/(popt**2.0)
& -Tt*delu (1) *delu(2) /(popt*%*3.0)
T_d(2,2)=Dtt*x(delu(2)/popt)**2.0+Tt*((delu (1) **x2.0)
& /(popt**3.0))
T_d(2,3)=Dntx*delu(2)/popt

T_d(3,1)=
T_d(3,2)=
T_d(3,3)=

end if

return
end

subroutine k_local_coordinates(co_de,R,coord_1,Transformation_M,
& Transformation_M_T ,a_Jacob,aJacob_M,coords,u,ndofel ,nnode,

& mcrd)

Dtn*delu (1) /popt
Dtn*delu(2) /popt
Dnn
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INCLUDE °’>ABA_PARAM.INC’

dimension R(mcrd,mcrd),coord_1(mcrd,nnode) ,aJacob_M(2,3),
& Transformation_M(ndofel ,ndofel),coords (mcrd,nnode),
& Transformation_M_T (ndofel,ndofel) ,u(ndofel),
& co_de(mcrd,nnode), co_de_m(3,3),SFD(2,4)

call k_matrix_zero(co_de_m,3,4)

do i =1, 3
co_de_m(i,1)=(co_de(i,1)+co_de(i,4))*0.5
co_de_m(i,2)=(co_de(i,2)+co_de(i,5))*0.5
co_de_m(i,3)=(co_de(i,3)+co_de(i,6))*0.5

end do

SFD(1,1) =-1
SFD(1,2) =1
SFD(1,3) =0
SFD(2,1) =-1
SFD(2,2) =0
SFD(2,3) =1

do i = 1,2
do

j =1,3
do k =1, 3
aJacob_M(i,j) = aJacob_M(i,j) + SFD(i,k)*co_de_m(j,k)
end do
end do
end do

duml = aJacob_M(1,2)*aJacob_M(2,3) - aJacob_M(1,3)*aJacob_M(2,2)
dum?2 aJacob_M(1,3)*aJacob_M(2,1) - aJacob_M(1,1)*aJacob_M(2,3)
dum3 aJacob_M(1,1)*aJacob_M(2,2) - aJacob_M(1,2)*aJacob_M(2,1)

a_Jacob = sqrt(duml#**2 + dum2**2 + dum3**2)/2.0d0
Rnl = sqrt(duml**2 + dum2**2 + dum3*%*2)

R(3,1) = duml/Rnil
R(3,2) = dum2/Rnl
R(3,3) = dum3/Rni

alen=sqrt (aJacob_M(1,1)**2.0 + aJacob_M(1,2)*%2.0
& + aJacob_M(1,3)**x2.0)

R(1,1)=aJacob_M(1,1)/alen
R(1,2)=aJacob_M(1,2)/alen
R(1,3)=aJacob_M(1,3)/alen

R(2,1)=R(3,2)*R(1,3)-R(3,3)*R(1,2)
R(2,2)=R(3,3)*R(1,1)-R(3,1)*R(1,3)
R(2,3)=R(3,1)*R(1,2)-R(3,2)*R(1,1)

num=nnode
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do i = 1, num
dum=3.0*(i-1.0)
Transformation_M(dum+1,dum+1)=R(1,1)
Transformation_M(dum+1,dum+2)=R(1,2)
Transformation_M(dum+1,dum+3)=R(1,3)
Transformation_M(dum+2,dum+1)=R(2,1)
Transformation_M(dum+2,dum+2)=R(2,2)
Transformation_M(dum+2,dum+3)=R(2,3)
Transformation_M(dum+3,dum+1)=R(3,1)
Transformation_M(dum+3,dum+2)=R(3,2)
Transformation_M(dum+3,dum+3)=R(3,3)

end do

call k_matrix_transpose(Transformation_M,Transformation_M_T,

$ ndofel ,ndofel)

do i = 1, nnode

coord_1(1,i)=(R(1,1)*co_de(1,i)+R(1,2)*co_de(2,1)

& +R(1,3)*co_de(3,1i))

coord_1(2,i)=(R(2,1)*co_de(1,i)+R(2,2)*co_de(2,1)

& +R(2,3)*co_de(3,i))

coord_1(3,i)=(R(3,1)*co_de(1,i)+R(3,2)*co_de(2,1i)

& +R(3,3)*co_de(3,i))
end do

return
end

subroutine k_shape_fun(i,sf)
INCLUDE ’ABA_PARAM.INC’
dimension sf(3), GP_coord(2)

if (i .eq. 1) then
GP_coord(1)= 1.0d40/6.04d0
GP_coord(2)= 2.0d40/3.04d0
elseif (i .eq. 2) then
GP_coord(1)= 2.0d40/3.04d0
GP_coord(2)= 1.040/6.04d0
elseif (i .eq. 3) then
GP_coord(1)= 1.0d40/6.04d0
GP_coord(2)= 1.0d40/6.04d0
end if

sf(1)= 1.0 - GP_coord (1) - GP_coord(2)
sf (2)= GP_coord (1)
sf(3)= GP_coord (2)

return
end

subroutine k_matrix_multiply(A,B,C,1l,n,m)

213
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INCLUDE ’ABA_PARAM.INC’
dimension A(1l,n),B(n,m),C(1l,m)

call k_matrix_zero(C,1,m)

do i =1, 1
N

do j , m
do k = 1, n
C(i,j)=C(i,j)+A(i,k)*B(k,j)
end do
end do
end do
return

end

subroutine k_matrix_plus_scalar(A,B,c,n,m)
INCLUDE °’>ABA_PARAM.INC’
dimension A(n,m),B(n,m)

do i =1, n
do j =1, m
ACi,j)=A(i,j)+c*B(4i,]j)
end do
end do

return
end

subroutine k_matrix_transpose(A,B,n,m)
INCLUDE °’ABA_PARAM.INC’
dimension A(n,m),B(m,n)

do i =1, n
do j =1, m
B(j,i)=A(i,])
end do
end do
return
end

subroutine k_matrix_zero(A,n,m)
INCLUDE ’>ABA_PARAM.INC’
dimension A(n,m)

do i =1, n
do j =1, m
A(i,j)=0.4d0
end do
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566 return

567 end

| CE S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S s S S EEEEEEEEEEEEEEEESE
569 subroutine k_vector_zero(A,n)
570 INCLUDE ’ABA_PARAM.INC’

571 dimension A(n)

5721 C

573 do i =1, n

574 A(i)=0.4d0

575 end do

576 C

577 return

578 end

579 CE =SS =SS S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S SSS=S=SS=S=SS=SS=S=S=S===S=======
580 subroutine k_Mac(pM,a,b)

581 INCLUDE ’ABA_PARAM.INC’

s82| C

if ((a-b) .GE. 0.0) then

584 pM=a-b

585 elseif ((a-b) .LT. 0.0) then
586 pM=OdO

587 end if

sss| C

589 return

590 end

591

592

593
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