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ABSTRACT: Cohesive zone models (CZMs) are widely used to simulate interfacial fracture, where the post-peak
softening branch of the traction–separation law (TSL) can strongly influence both the predicted response and the
numerical behavior, particularly when the fracture process zone is not small relative to the structure. In Abaqus,
however, cohesive elements are natively restricted to bilinear and linear–exponential TSLs, and implementing other
softening behaviors typically requires user subroutines, which requires advanced knowledge and limits rapid model
development and testing. This work exploits Abaqus’s tabular damage-evolution capability in a different way by
constructing the damage variable analytically from a prescribed post-initiation softening response, thereby enabling
the direct implementation of a broad class of admissible analytical TSLs, as well as softening curves obtained by
fitting experimental data, within the standard Abaqus workflow and without user subroutines. The formulation is
developed for pure-mode and mode-independent cohesive behavior with similar interfacial properties in the normal
and shear directions and provides a direct mapping between a desired softening response and the corresponding damage
evolution. The approach is verified through mode-I and mode-II patch tests, which reproduce the Abaqus-native linear
and exponential softening responses exactly under loading and unloading/reloading, and is further assessed using a
double cantilever beam delamination benchmark that highlights the sensitivity of the structural response to softening
shape while enabling non-native laws, such as modified PPR softening, to be evaluated natively. Finally, simulations of a
bioinspired nacre-like composite layer demonstrate how a compact general softening form governs macroscopic stress–
strain behavior and fracture patterns in complex microstructures. Collectively, these examples and results establish a
practical and robust pathway for implementing and comparing physically meaningful cohesive softening behaviors in
Abaqus with minimal overhead.

KEYWORDS: Bioinspired composites; cohesive zone modeling; DCB test; finite element fracture simulation;
traction-separation law

1 Introduction
Cohesive zone models (CZMs) have become a standard tool for the numerical analysis of debonding,

delamination, and fracture initiation and propagation in a wide range of quasi-brittle materials and struc-
tures. Unlike approaches directly rooted in classical fracture mechanics, CZMs are particularly well suited
to problems in which a finite process zone develops ahead of the crack tip, allowing tractions to degrade
progressively from a peak value to complete separation. This makes them especially attractive for problems
involving material and geometric nonlinearities, three-dimensional configurations, and crack-initiation
phenomena, which cannot be naturally addressed within traditional fracture-mechanics frameworks [1,2].
Since the seminal works of Dugdale [3] and Barenblatt [4], a large variety of cohesive formulations have
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been proposed, all relying on the introduction of an interface across which a displacement discontinuity
is permitted. Such interfaces may be prescribed a priori based on physical considerations or introduced
adaptively using partition-of-unity-based techniques [5–8]. At each interface point, a traction–separation
law governs the relationship between the displacement jump and the corresponding tractions, with normal
and shear components defining the possible fracture modes. An essential characteristic of any CZM is
therefore its one-dimensional traction–separation response, which arises either under pure-mode loading
or in mode-independent formulations where different modes do not exhibit explicit coupling.

In pure-mode and mode-independent settings, the traction–separation law is commonly characterized
by an initial linear elastic response with stiffness Kp, followed by the attainment of a peak traction σc and a
subsequent softening regime leading to complete decohesion. The total energy dissipated during this process,
given by the area under the traction–separation curve, is equated to the fracture energy Gc . While the elastic
stiffness is typically treated as a penalty parameter whose value can vary within a wide admissible range
without significantly affecting the solution, the peak traction is a material-dependent quantity related to
the size of the fracture process zone and the intrinsic strength of the interface. Its value is often difficult to
measure experimentally and is usually inferred indirectly. From a numerical standpoint, large values of σc
may also require increasingly fine discretizations in the vicinity of the process zone, leading to a substantial
increase in computational cost [9,10]. As a consequence, the shape of the softening branch of the traction–
separation law plays a critical role in controlling both the physical response and the numerical behavior of
cohesive simulations.

With the widespread adoption of commercial finite element solvers such as Abaqus [11], the simula-
tion of complex interfacial fracture problems has become increasingly accessible within native modeling
environments. However, despite their general versatility, such solvers typically offer only a limited set
of built-in cohesive laws. In Abaqus, cohesive elements are natively restricted to bilinear and linear–
exponential traction–separation laws, which are often insufficient to capture the wide range of interfacial
behaviors observed across different material systems. This limitation is particularly restrictive for bioinspired
composites and architected interfaces, where softening behavior is known to deviate significantly from
simple linear or exponential forms and is frequently modeled using custom finite element codes or user
subroutines [12–15]. Although user subroutines provide considerable modeling freedom, their development
requires advanced expertise, is platform dependent, and can significantly hinder rapid model development,
testing, and parametric exploration [16–18].

Abaqus does, however, allow the damage evolution to be specified directly in tabular form as a function
of the effective separation, a feature primarily intended for cases in which experimental damage data are
available. In practice, obtaining reliable experimental traction–separation data is notoriously challenging and
often infeasible [10,19]. In this work, we exploit this existing capability in a fundamentally different way by
constructing the damage evolution law analytically from a prescribed traction–separation softening curve. By
defining the damage variable directly from a desired softening response, any admissible analytical traction–
separation law, or one obtained by fitting experimental data, can be implemented within the native Abaqus
framework without the need for user subroutines. The proposed approach is formulated for pure-mode and
mode-independent cohesive behavior, assuming similar interfacial properties—initial stiffness Kp, cohesive
strength σc , and fracture energy Gc—in the normal and shear directions.

To demonstrate the generality of the proposed formulation, seven representative traction–separation
laws are considered, including bilinear [20], linear–exponential [21], linear–cubic [22], bilinear–
exponential [23], trapezoidal [24,25], a modified Park–Paulino–Roesler (PPR) law [26], and a general
softening form capable of reproducing a broad range of cohesive responses. These laws encompass most
cohesive behaviors commonly reported in the literature and allow a systematic assessment of the influence of
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softening shape under controlled conditions [19,27]. The proposed methodology is validated through a series
of numerical examples, including mode-I and mode-II patch tests, a double-cantilever-beam benchmark,
and the fracture analysis of a bioinspired nacre-like composite layer. Together, these examples demonstrate
that complex and physically meaningful softening behaviors can be modeled accurately and efficiently in
Abaqus without user subroutines, enabling rapid exploration and design of interfacial fracture models within
a standard commercial finite element environment.

2 Method

2.1 Traction–Separation Relationship in Abaqus
The traction–separation (T–S) formulation implemented in Abaqus cohesive elements assumes an

initially linear-elastic response followed by damage initiation and subsequent softening. At each integration
point, Abaqus defines nominal tractions as force components divided by the original area, and nominal
strains as separations divided by an original constitutive thickness t0 (with the transverse shear components
evaluated using the standard Abaqus averaging procedure). Denoting the nominal traction vector by T =
(Tn , Ts , Tt)T and the separation vector by Δ = (Δn , Δs , Δt)T , the nominal strains are

εn = Δn

t0
, εs =

Δs

t0
, εt =

Δt

t0
(1)

The default value is t0 = 1, so that nominal strains become equal to relative separations (i.e., relative
displacements of the cohesive faces). The constitutive thickness governing the T–S response is generally
distinct from the geometric thickness of the interface; here we adopt t0 = 1 throughout.

In the undamaged regime, Abaqus relates tractions and separations through an elastic constitutive
matrix,

T = K Δ, K =
⎛
⎜
⎝

knn kns knt
kns kss kst
knt kst ktt

⎞
⎟
⎠

(2)

To isolate the effect of softening behavior in the following sections, we consider an uncoupled penalty
formulation prior to damage, with knn = kss = ktt = Kp and all coupling terms set to zero (kns = knt = kst =
0). Under mixed normal and shear separations, Abaqus introduces an effective separation measure [20],

Δm =
√

⟨Δn⟩2 + Δ2
s + Δ2

t (3)

where ⟨⋅⟩ denotes the Macaulay bracket, ensuring that compressive normal separation does not contribute
to the driving measure. For Δm ≤ δc

m (here, δc
m denotes the effective separation at the onset of damage

initiation), the response is elastic and the traction components reduce to

T e
n = knnΔn , T e

s = kss Δs , T e
t = ktt Δt (4)

Damage initiates when a prescribed failure criterion is satisfied. In this work, we adopt the quadratic
nominal-stress criterion [28], with compressive normal tractions excluded from initiation,

(⟨Tn⟩
τn

)
2

+ (Ts

τs
)

2
+ (Tt

τt
)

2
= 1 (5)
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where τn , τs , τt denote the critical tractions (interfacial strengths) in the normal and shear directions. Beyond
initiation, for δc

m < Δm < δ f
m (here, δ f

m denotes the effective separation at complete decohesion), the interface
softens through a scalar damage variable D ∈ [0, 1] that evolves monotonically from D = 0 at the onset of
damage to D = 1 at complete failure. Abaqus degrades the elastic tractions according to

Td
n =

⎧⎪⎪⎨⎪⎪⎩

(1 − D)T e
n , T e

n ≥ 0
T e

n , T e
n < 0

Td
s = (1 − D)T e

s

Td
t = (1 − D)T e

t

(6)

where T e
i are given by Eq. (4). For a pure-mode loading path with i ∈ {n, s, t}, the resulting one-dimensional

T–S response can be written in the standard piecewise form,

Ti(Δ i) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

ki i Δ i , 0 ≤ Δ i ≤ δc
i

(1 − D) ki i Δ i , δc
i < Δ i < δ f

i

0, Δ i ≥ δ f
i

(7)

with δc
i and δ f

i denoting the mode-i separations at damage initiation and complete failure, respectively.

2.2 Controlling Softening Shape through Damage Variable
The post-peak softening branch of a traction–separation law (TSL) governs the evolution of the fracture

process zone and can strongly influence both the predicted response and the numerical requirements
of cohesive simulations. In Abaqus, however, the native cohesive formulation provides only linear and
exponential softening options; other constitutive forms typically require user-defined elements implemented
through subroutines. Abaqus does allow the damage evolution to be prescribed directly in tabular form as a
function of the effective separation, a feature primarily intended for cases in which experimental T–S data
are available. Because such data are difficult to obtain reliably, we instead construct the damage evolution
analytically from a prescribed softening curve, enabling rapid implementation and systematic comparison
of cohesive softening behaviors within the native Abaqus framework.

The proposed construction is formulated for a mode-independent cohesive response with similar inter-
facial properties in the normal and shear directions. Specifically, the elastic response is linear and uncoupled
with a common penalty stiffness knn = kss = ktt = Kp and vanishing coupling terms; the interfacial strengths
are equal, τn = τs = τt = σc ; and the fracture energies are equal, Gc

n = Gc
s = Gc

t = Gc , with damage driven by
the effective separation and complete failure attained when the total work of separation equals Gc . Under
these assumptions, the cohesive response can be represented by a single effective TSL in terms of the effective
separation Δm defined in Eq. (3). The corresponding effective traction Tm is then written as

Tm(Δm) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Kp Δm , 0 ≤ Δm ≤ δc
m

(1 − D)Kp Δm , δc
m < Δm < δ f

m

0, Δm ≥ δ f
m

(8)

where δc
m and δ f

m denote the effective separations at damage initiation and complete failure, respectively.
Let Td

m(Δm) denote a prescribed post-initiation (damaged) softening curve over δc
m < Δm < δ f

m . Combin-
ing Eq. (8) with the Abaqus damage degradation form yields a direct mapping from the desired softening
law to the damage variable,
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D(Δm) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

0, 0 ≤ Δm ≤ δc
m

1 − Td
m(Δm)
Kp Δm

, δc
m < Δm < δ f

m

1, Δm ≥ δ f
m

(9)

It is noted that the prescribed softening law must be admissible under this mapping, in the sense
that the resulting damage evolution remains bounded and physically meaningful, with 0 ≤ D(Δm) ≤ 1 and
monotonic non-decreasing behavior over the softening regime. Equivalently, in δc

m < Δm < δ f
m the damaged

traction must satisfy 0 ≤ Td
m(Δm) ≤ Kp Δm , which prevents negative damage and ensures that traction

degradation is consistent with the Abaqus constitutive structure.
The fracture energy, defined as the area under the effective T–S curve, naturally decomposes into the

elastic contribution prior to damage initiation and the dissipated contribution during softening. Defining
Ge , Gd , and Gc as the pre-initiation, post-initiation, and total fracture energies, respectively, one obtains

Ge = ∫
δc

m

0
T e

m(Δ)dΔ = 1
2

Kp (δc
m)2

Gd = ∫
δ f

m

δc
m

Td
m(Δ)dΔ

Gc = Ge + Gd = 1
2

Kp (δc
m)2 + ∫

δ f
m

δc
m

Td
m(Δ)dΔ

(10)

For a prescribed (Kp , δc
m , Gc) and a chosen softening curve Td

m(Δm), the complete-failure separation
δ f

m follows from Eq. (10).
Building on the above formulations, specific softening behaviors can be prescribed by selecting appro-

priate analytical expressions for the damaged traction Td
m(Δm). As a first step, we consider the linear and

exponential softening laws that are natively available in Abaqus, which serve both as reference cases and as
a direct verification of the proposed damage-based construction. For linear softening, the damaged traction
is defined as

Td
m(Δm) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

σc
δ f

m − Δm

δ f
m − δc

m
, δc

m < Δm < δ f
m

0, Δm ≥ δ f
m

(11)

which corresponds to a constant degradation rate from the peak traction σc to complete failure. The resulting
evolution of both traction and damage variable as functions of the effective separation is shown in Fig. 1a.
An exponential softening response can be defined in an analogous manner to

Td
m(Δm) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

σc

⎡⎢⎢⎢⎢⎢⎣
1 −

1 − exp(−αr(Δm − δc
m)/(δ f

m − δc
m))

1 − exp(−αr)

⎤⎥⎥⎥⎥⎥⎦
, δc

m < Δm < δ f
m

0, Δm ≥ δ f
m

(12)

where αr is a dimensionless shape parameter controlling the rate of traction decay. Smaller values of αr lead
to a more gradual reduction in traction, whereas larger values produce a sharper post-peak drop. Fig. 1b
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illustrates the corresponding traction–separation and damage evolution curves for several representative
choices of αr .

Figure 1: Evolution of traction and damage variable as functions of the effective separation for reference softening
laws. (a) Linear softening law. (b) Exponential softening law for several values of the shape parameter αr , illustrating
its influence on the post-peak degradation rate.

For both cases, the damage variable D(Δm) follows directly Eq. (9) once Kp, σc , and Gc are specified.
Because Abaqus natively supports linear and exponential traction–separation laws, these two softening
forms provide a convenient and rigorous validation of the proposed formulation. Mode-I and mode-II patch
tests, presented in Section 3.1, demonstrate that cohesive responses obtained using the analytically generated
damage evolution are indistinguishable from those produced by the default Abaqus implementations when
identical material parameters are employed.

Having established equivalence with the linear and exponential softening laws available in Abaqus, the
same construction can be applied to a wide range of cohesive laws reported in the literature, enabling their
direct implementation through analytically generated damage evolution. As a representative example, cubic
softening has been proposed to model damage evolution in composite structures subjected to multiaxial
loading, where a smooth cubic decay captures gradual stiffness degradation after peak traction [22]. In this
case, the damaged traction can be written as

Td
m(Δm) =

⎧⎪⎪⎨⎪⎪⎩

σc[1 − 3r2 + 2r3] , δc
m < Δm < δ f

m

0, Δm ≥ δ f
m

(13)

where r = (Δm − δc
m)/(δ f

m − δc
m) and produces a smooth transition to zero traction with vanishing slope at

complete failure. The corresponding traction and damage evolution are shown in Fig. 2a.
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Figure 2: Representative non-native traction–separation laws implemented through analytically generated damage
evolution. (a) Cubic softening. (b) Linear–exponential softening with a transition at δb

m . (c) Trapezoidal TSL with
bilinear softening with a finite traction plateau. (d) Modified PPR softening for several values of the shape parameter
α, illustrating the transition between convex and concave post-peak responses.

To account for fiber-bridging effects during mode-I delamination of composite laminates, particularly
under environmental degradation, a linear–exponential softening law has also been proposed [23]. In this
formulation, an initial linear degradation from σc to a bridging stress σb is followed by an exponential decay,
giving

Td
m(Δm) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

σc − (σc − σb)
Δm − δc

m
δb

m − δc
m

, δc
m < Δm ≤ δb

m

σb exp
⎡⎢⎢⎢⎣
−γ Δm − δb

m

δ f
m − δb

m

⎤⎥⎥⎥⎦
, δb

m < Δm < δ f
m

0, Δm ≥ δ f
m

(14)

where δb
m denotes the transition separation and γ controls the exponential decay rate. Fig. 2b illustrates this

response for δb
m = 1

2 δ f
m , σb = 7

11 σc , and γ = 5.
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TSLs with trapezoidal form have been widely employed to model crack initiation and growth resistance
in elastic–plastic materials, where a finite plateau in traction represents stable crack growth prior to final
separation [24,25]. The corresponding damaged traction is defined as

Td
m(Δm) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

σc , δc
m < Δm ≤ δs

m

σc
δ f

m − Δm

δ f
m − δs

m
, δs

m < Δm < δ f
m

0, Δm ≥ δ f
m

(15)

where δs
m defines the extent of the traction plateau. The resulting traction and damage evolution are shown

in Fig. 2c.
Finally, to capture a broad spectrum of cohesive responses within a unified framework, we consider a

modified form of the PPR potential-based model [26], specialized here to a mode-independent setting. The
damaged traction is expressed as

Td
m(Δm) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

σc

A

⎡⎢⎢⎢⎢⎣
m(1 − Δm

δ f
m
)

α

(m
α
+ Δm

δ f
m
)

m−1

− α(1 − Δm

δ f
m
)

α−1

(m
α
+ Δm

δ f
m
)

m⎤⎥⎥⎥⎥⎦
, δc

m < Δm < δ f
m

0, Δm ≥ δ f
m

(16)

where α controls the convexity or concavity of the softening response and the normalization constant A is
given by

A = m(1 − λ)α(m
α
+ λ)

m−1
− α(1 − λ)α−1(m

α
+ λ)

m

m = α(α − 1)λ2

1 − αλ2 , λ = δc
m

δ f
m

(17)

Fig. 2d illustrates the influence of α on the traction–separation response and the corresponding
damage evolution.

While the preceding TSLs cover a range of cohesive behaviors reported in the literature, their functional
forms are typically tailored to specific mechanisms or applications. To provide a compact yet flexible
representation that can span a broad family of softening responses within a single definition, we propose the
following general mode-independent softening form:

Td
m(Δm) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

σc , δc
m < Δm ≤ δs

m

σc
⎛
⎝

δ f
m − Δm

δ f
m − δs

m

⎞
⎠

p

, δs
m < Δm < δ f

m

0, Δm ≥ δ f
m

(18)

where δs
m defines the extent of a traction plateau and p controls the curvature of the post-plateau decay.

For δs
m = δc

m the plateau vanishes and Eq. (18) reduces to a one-parameter family of direct softening laws,
including the linear (bilinear) law when p = 1 and an elastic-perfectly plastic response when p = 0. For δc

m <
δs

m < δ f
m , the initial plateau represents a stable separation phase (commonly known as shear flow) prior to

softening, and the decay exponent p governs the subsequent degradation rate: p = 1 produces a trapezoidal
law, p > 1 yields a more abrupt (convex) post-peak drop, and 0 < p < 1 produces a more gradual (concave)
decay. Fig. 3 illustrates representative traction–separation and damage evolution curves for this general form
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and highlights its ability to reproduce several of the reference shapes considered above through appropriate
parameter choices. The influence of these shape controls on the macroscopic response and fracture patterns
is demonstrated in Section 3.3 for a bioinspired nacre-like composite layer.
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Figure 3: General softening law in Eq. (18) and the corresponding damage evolution obtained from Eq. (9). The
parameter δs

m controls the length of the traction plateau or shear flow, while the exponent p governs the curvature of
the post-plateau decay, enabling linear (p = 1), trapezoidal (p = 1 with δs

m > δc
m), concave (0 < p < 1), convex (p > 1),

and perfectly plastic (p = 0) limiting behaviors.

The same framework also accommodates softening laws defined directly from experimental data. If a
T–S response can be obtained or fitted as a discrete function Td

m(Δm) over δc
m ≤ Δm ≤ δ f

m , the corresponding
damage evolution immediately follows Eq. (9). The resulting law can then be implemented in Abaqus by
specifying a tabular damage evolution in terms of the relative effective displacement (Δm − δc

m), with the
two-column data format [(Di , Δm , i − δc

m), . . .].

3 Examples
To assess the proposed damage-based construction of cohesive softening laws in Section 2.2, three

numerical examples are considered: (i) mode-I and mode-II patch tests used to verify the implementation
against Abaqus-native cohesive laws under loading and unloading/reloading, (ii) a double cantilever beam
(DCB) benchmark compared against published reference results [29], and (iii) a tensile fracture simulation
of a bioinspired nacre-like composite layer illustrating the sensitivity of the macroscopic response and crack
patterns to the chosen traction–separation softening behavior.

3.1 Patch Tests: Mode-I and Mode-II
We first verify the formulation using two patch tests designed to generate a uniform stress state in the

bulk while localizing separation across a single cohesive interface. The geometries and boundary conditions
are shown in Fig. 4. In both cases, a 1.0 mm × 1.0 mm square plate is modeled with E = 200 GPa and ν = 0.3,
and a single two-dimensional cohesive element (COH2D4) is inserted either along the mid-section for mode-
I (Fig. 4a) or along the diagonal for mode-II (Fig. 4b). The cohesive parameters are taken as Kp = 4.0 × 103,
σc = 8.0 MPa, and Gc = 0.1 kJ/m2. Since Abaqus provides linear and exponential softening natively, we use
these two cases as references and compare: (i) the analytically generated damage evolution corresponding to
linear softening in Eq. (11) and (ii) the exponential case in Eq. (12) with αr = 2, against the default Abaqus
cohesive implementation under identical parameters. Unloading and reloading segments are included in the
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prescribed displacement histories to confirm that the alternative construction reproduces the native linear
unloading/reloading response.

Figure 4: Patch-test configurations and boundary conditions: (a) mode-I opening with a cohesive interface along the
mid-section and (b) mode-II shearing with a cohesive interface along the diagonal.

For the mode-I test, the bulk is discretized with two four-node plane strain elements (CPE4) separated
by a 2D cohesive element (COH2D4) placed along Y = 0.5 mm. With the bottom edge fixed, the top
edge is displaced upward to 0.008 mm, then reversed to −0.001 mm, and finally re-extended to drive
complete failure. The resulting traction–separation responses for linear and exponential softening are shown
in Fig. 5a,b. As loading proceeds, the cohesive traction increases linearly to the peak σc and subsequently
follows the prescribed softening law; during unloading and reloading, the response follows the native linear
path. The curves obtained using the analytically generated damage evolution are indistinguishable from those
produced by the Abaqus default cohesive law for both softening types.

For the mode-II test, the bulk is discretized with two three-node plane strain elements (CPE3) and
the cohesive element is placed along the diagonal. With the left and bottom edges fixed, displacements are
imposed on the top and right edges to create a shear-dominated separation history, including reversal to
enforce unloading and reloading prior to complete failure. The corresponding traction–separation curves
are shown in Fig. 5c,d, where the peak traction reaches σc before softening and the unloading/reloading
segments follow the expected linear paths. In both mode-I and mode-II patch tests, the damage-based
construction reproduces the Abaqus-native bilinear and linear–exponential cohesive responses exactly,
confirming the correctness of the implementation and providing a validated foundation for the non-native
softening laws introduced in Section 2.2.
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Figure 5: Verification of the damage-based construction against the Abaqus-native cohesive implementation. Mode-
I patch test: (a) linear and (b) exponential softening with αr = 2. Mode-II patch test: (c) linear and (d) exponential
softening with αr = 2. Arrows indicate unloading/reloading paths; the damage-based and Abaqus-native responses are
indistinguishable in all cases.

3.2 DCB Analysis
The influence of cohesive softening shape on a structural-scale response is examined through a mode-I

double cantilever beam (DCB) delamination benchmark. Following the reference study in [29], the specimen
is a unidirectional T300/1076 graphite/epoxy laminate of length 150 mm and width 25 mm, consisting of
two 1.5 mm-thick arms joined by a 0.01 mm-thick cohesive layer, with an initial delamination length a0 =
30.5 mm. The orthotropic elastic properties of the arms and the cohesive parameters used for all simulations
are reported in Table 1.
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Table 1: Material properties for double cantilever beam (DCB) test.

T300/1076 Unidirectional Graphite/Epoxy Prepreg [29]
E11 = 139.4 GPa E22 = 10.16 GPa E33 = 10.16 GPa

ν12 = 0.30 ν13 = 0.30 ν23 = 0.436
G12 = 4.6 GPa G13 = 4.6 GPa G23 = 3.54 GPa

Cohesive Properties

Kp = 1.0 × 105 σc = 52 MPa Gc = 0.170 kJ/m2

The finite element model comprises two layers of four-node plane strain elements (CPE4) connected
by four-node cohesive elements (COH2D4). A global mesh size of 0.25 mm is adopted with three elements
through each arm thickness direction, consistent with common DCB modeling recommendations [29,30].
For the given material parameters and initial crack length a0 = 30.5 mm, the referenced benchmark studies
report that a global mesh size of 0.5 mm is sufficient to achieve mesh convergence; the present model there-
fore employs a refined mesh of 0.25 mm to further minimize discretization effects. The same discretization is
maintained for all softening laws to ensure consistent cohesive-zone resolution and enable fair comparison
of crack-growth behavior without mesh-dependent bias. As shown in Fig. 6a, the lower-arm corner node is
pinned and a vertical displacement up to δ = 8 mm is applied at the upper-arm corner node; the resulting
deformed configuration and crack propagation are illustrated in Fig. 6b. To isolate the role of the post-
peak softening shape, four softening laws are considered while keeping the cohesive properties identical
(Table 1): (i) linear softening (Eq. (11)), (ii) exponential softening with αr = 2 (Eq. (12)), (iii) the proposed
general form with a zero plateau (δs

m = δc
m) and p = 2 (Eq. (18)), and (iv) the modified PPR form with α = 2

(Eq. (16)). Fig. 6c compares the predicted load–displacement curves against the benchmark data of [29]. The
benchmark reports a critical load Pcrit = 62.0 N at a critical displacement δcrit = 1.52 mm. All four softening
laws reproduce the global response closely, yet the modified PPR case provides the best overall agreement,
with R2 = 0.984, predicting Pcrit = 62.42 N at δcrit = 1.89 mm. This comparison highlights the practical value
of the proposed damage-based construction: cohesive laws such as the modified PPR response, which are
not available as native options in Abaqus and are commonly introduced via user subroutines [26,31], can be
implemented and assessed directly within the standard Abaqus workflow while preserving consistency in
(Kp , σc , Gc).

3.3 Nacre-Like Composite Analysis
The mechanical response and failure patterns of bioinspired organic–inorganic composites such as nacre

are governed primarily by the properties of the organic interfaces rather than by the stiffness of the mineral
tablets themselves [12,16]. CZM has therefore become a natural framework for studying deformation and
fracture in such systems [13,17]. However, the wide diversity of interfacial behaviors observed in bioinspired
materials cannot be adequately represented by bilinear or linear-exponential TSLs alone. As a result, previous
studies have often relied on custom finite element codes or user subroutines to implement tailored cohesive
laws [14,15,26,31], which limits flexibility and hinders rapid model development. Here, we demonstrate how
the proposed general softening law in Eq. (18) enables systematic exploration of diverse interfacial behaviors
within the native Abaqus environment.
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Figure 6: DCB benchmark setup and sensitivity to cohesive softening shape. (a) Boundary conditions and loading
configuration. (b) Deformed configuration illustrating delamination growth. (c) Load–displacement responses for
different traction–separation softening laws compared with benchmark data from [29].

A single layer of a nacre-like composite is considered in the form of a rectangular domain of 8400 nm ×
8400 nm. The mineral phase is generated as a two-dimensional polygonal array using centroidal Voronoi
tessellation (CVT) technique, producing a statistically uniform yet disordered tablet arrangement repre-
sentative of natural nacre; details of the generation procedure are provided in [32]. The two-dimensional
microstructure is then extruded to a thickness of 300 nm to form a three-dimensional mineral–organic layer,
and zero-thickness cohesive elements are inserted systematically along all tablet boundaries to represent
the organic matrix. The tablets are discretized with approximately 2300 linear hexahedral elements (C3D8),
while about 2200 three-dimensional cohesive elements (COH3D8) are used along the interfaces. The element
size along the interfaces is selected following established cohesive-zone modeling guidelines [33], where the
characteristic cohesive-zone length may be estimated as lcz ≈ EGc/σ 2

c . For the adopted material parameters,
the mesh is chosen such that the cohesive element size satisfies h ≲ lcz/5, ensuring adequate resolution of the
fracture process zone. We choose the minimal bound to avoid unwanted errors due to mesh resolution, and
maintain the same discretization for all softening laws to enable consistent comparison of their structural
effects without introducing mesh-dependent bias. The mineral tablets are modeled as a stiff elastic phase
with Young’s modulus E = 100 GPa, Poisson’s ratio ν = 0.28, and density ρ = 3.0 g/cm3, consistent with
calcium carbonate and related biominerals. The cohesive interfaces are assigned with Kp = 3.694 × 105,
σc = 50.0 MPa, and Gc = 0.5 kJ/m2 [34]. Quasi-static uniaxial tension is applied by prescribing vertical
displacement on the top surface (Y = 8400 nm) while fixing the bottom surface (Y = 0), up to a nominal
tensile strain of 0.6%, where all other surfaces remain traction free. The Abaqus/Explicit solver is employed
to robustly capture progressive interface softening, contact interactions, and crack evolution.

To examine the influence of softening shape, four representative combinations of the plateau parameter
δs

m and the decay exponent p are considered within the general law in Eq. (18): linear softening without
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a plateau (δs
m = δc

m , p = 1.0), elastic–perfectly plastic behavior (δs
m = δc

m , p = 0.0), shear flow followed by
a concave decay (δs

m = 0.005, p = 0.5), and shear flow followed by a convex decay (δs
m = 0.005, p = 2.0).

Although the geometry and material parameters are identical in all cases, Fig. 7a–d shows that both the
stress distribution and the resulting crack paths differ markedly depending on the chosen softening behavior,
as different post-peak traction reductions alter the balance between stress redistribution and local energy
dissipation along competing interfaces, thereby favoring either distributed interfacial separation across
multiple tablet boundaries or the early localization of fracture along a dominant crack path. These differences
become even more pronounced at the macroscopic level: the bulk stress–strain curves in Fig. 7e closely
mirror the underlying interfacial softening characteristics, demonstrating that the global response of the
composite is strongly controlled by the post-peak traction–separation behavior through its direct influence
on load transfer, progressive decohesion, and the accumulation of inelastic separation across the tablet
interfaces. This sensitivity is consistent with prior observations in bioinspired composite modeling [12,14,15]
and clearly illustrates the necessity of flexible softening descriptions. Collectively, these results confirm
that the proposed general softening law enables systematic, physically meaningful exploration of interfacial
behavior in complex composite systems without recourse to user subroutines.

Figure 7: (Continued)
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Figure 7: Fracture response of a nacre-like composite layer governed by the general softening law in Eq. (18). Final
stress distribution (σ22) and crack patterns at 0.6% applied tensile strain for (a) linear softening without a plateau (δs

m =
δc

m , p = 1.0), (b) elastic–perfectly plastic behavior (δs
m = δc

m , p = 0.0), (c) shear flow followed by a concave decay (δs
m =

0.005, p = 0.5), and (d) shear flow followed by a convex decay (δs
m = 0.005, p = 2.0). (e) corresponding macroscopic

stress–strain responses, highlighting the strong dependence of the bulk behavior on the interfacial softening shape
(Fig. 3 illustrates the corresponding softening shapes).

4 Limitations and Future Directions
In Sections 2 and 3, we present the proposed framework strictly formulated within the native cohesive

constitutive structure of Abaqus, where a scalar damage variable degrades the nominal traction response
through tabular damage evolution defined with respect to an effective separation measure [11]. Accordingly,
the range of implementable traction–separation behaviors is constrained primarily by the underlying
constitutive formulation of cohesive elements in Abaqus rather than by the proposed mapping itself. In
particular, a mode-independent cohesive response with identical normal and shear parameters is adopted
under an effective separation definition. Though this assumption provides limited scope for applying the
proposed softening formulations, it reflects common practice in cohesive-zone modeling when experimen-
tal validation is unavailable to justify different interfacial behavior and properties in normal and shear
directions and reliable mixed-mode calibration data are limited to construct a compact and numerically
robust representation of constrained coupling functions [9,20,35,36]. It is nonetheless recognized that
many interfaces exhibit pronounced mode dependence and evolving mode mixity, and that mixed-mode
cohesive predictions are sensitive to the selected interaction law and experimental calibration [30,33,37,38].
Within Abaqus, general mixed-mode coupling typically requires additional constitutive definitions—such
as mode-mix-dependent evolution or distinct normal/shear degradation laws—beyond a single prescribed
softening curve [11]. Constructing a fully consistent damage surface compatible with displacement-type
tabular evolution is therefore nontrivial and not supported by an equally direct solver-native workflow.
The proposed method should thus be interpreted as a rigorous and practical approach for implementing
a broad family of cohesive softening shapes within the scalar-damage/effective-separation framework of
Abaqus, while fully general mixed-mode coupling remains a natural extension that may require additional
constitutive assumptions or user element/subroutine implementations.

Additionally, the present study is limited to rate-independent behavior to isolate the influence of
softening-shape flexibility and preserve compatibility with standard quasi-static cohesive settings. Rate
effects can significantly influence interfacial strength and fracture energy in many material systems [39], and
incorporating general rate dependence typically introduces additional internal variables that are commonly
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implemented via user subroutines. Future extensions may therefore consider rate-dependent or visco-
cohesive formulations while maintaining the present mapping philosophy wherever compatible solver input
structures exist.

Finally, in the present study, we adopt the cohesive parameters from the literature for verification
and benchmarking, while isolating the effect of softening-shape flexibility and demonstrating that non-
native laws can be realized without UEL/VUEL implementations. For predictive applications, systematic
calibration of (Kp , σc , Gc) and additional shape parameters is essential and is increasingly addressed
through inverse finite-element and optimization frameworks [40–42]. Because the proposed approach
regenerates tabular damage evolution directly from a prescribed traction–separation law, it is naturally
compatible with such inverse pipelines, enabling iterative parameter identification without altering the
underlying element formulation. These considerations outline the intended applicability of the solver-
native framework while identifying clear directions for future developments in mixed-mode coupling, rate
dependence, and systematic parameter calibration.

5 Conclusion
This work presents a damage-based construction that enables flexible and physically consistent control

of cohesive softening behavior within the native Abaqus framework, without the use of user subroutines. By
defining the damage evolution analytically from a prescribed post-initiation traction–separation response,
the approach allows a broad class of admissible softening laws to be implemented for pure-mode and mode-
independent cohesive behavior, yielding similar effective stiffness, strength, and fracture energy values in
the normal and shear directions. Mode-I and mode-II patch tests confirm that the proposed definition
reproduces the Abaqus-native bilinear and linear–exponential cohesive responses exactly, including unload-
ing and reloading behavior. A double cantilever beam benchmark further illustrates how variations in
softening shape influence the structural response and demonstrates that non-native laws, such as modified
PPR softening, can be assessed accurately within the standard Abaqus workflow. Finally, simulations of a
bioinspired nacre-like composite layer show that the proposed general softening form provides compact
yet powerful control over interfacial behavior, directly governing macroscopic stress–strain response and
fracture patterns in complex microstructures. These results are obtained within the scalar-damage and
effective-separation constitutive definitions of cohesive elements in Abaqus and are therefore limited to rate-
independent, mode-independent formulations with identical normal and shear parameters, as assumed in
this study. Within this scope, the proposed framework establishes an accessible and robust pathway for
implementing, comparing, and exploring cohesive softening behaviors in Abaqus, providing a practical
solver-native workflow for parametric and sensitivity studies under the stated assumptions, without the need
for user subroutines.
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