
 
 

Delft University of Technology

On cohesive element parameters and delamination modelling

Lu, X.; Ridha, M.; Chen, B. Y.; Tan, V. B.C.; Tay, T. E.

DOI
10.1016/j.engfracmech.2018.12.009
Publication date
2019
Document Version
Final published version
Published in
Engineering Fracture Mechanics

Citation (APA)
Lu, X., Ridha, M., Chen, B. Y., Tan, V. B. C., & Tay, T. E. (2019). On cohesive element parameters and
delamination modelling. Engineering Fracture Mechanics, 206, 278-296.
https://doi.org/10.1016/j.engfracmech.2018.12.009

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.engfracmech.2018.12.009
https://doi.org/10.1016/j.engfracmech.2018.12.009


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Contents lists available at ScienceDirect

Engineering Fracture Mechanics

journal homepage: www.elsevier.com/locate/engfracmech

On cohesive element parameters and delamination modelling

X. Lua,⁎, M. Ridhaa, B.Y. Chenb, V.B.C. Tana, T.E. Taya

aDepartment of Mechanical Engineering, National University of Singapore, 117576, Singapore
b Faculty of Aerospace Engineering, Delft University of Technology, 2629HS Delft, Netherlands

A R T I C L E I N F O

Keywords:
A. Cohesive element
B. Delamination
C. Finite element method
D. Composite laminates

A B S T R A C T

The cohesive element (CE) has been widely used to model delamination in laminated composites.
The penalty stiffness, interfacial strength and fracture toughness are three CE parameters that
often determine the accuracy of the numerical analysis by finite elements (FEs). The fracture
toughness may be experimentally determined through standard fracture tests. The interfacial
strength is difficult to obtain experimentally but also plays a crucial role in predictive numerical
modelling. The penalty stiffness is a numerical parameter whose range of values may influence
computational results. Recently, the CE has been deployed to model the initiation and propa-
gation of delamination in composite structures where no pre-existing cracks or delamination has
been assumed. The parameters are often calibrated, but comprehensive studies on the influence
of CE parameters and their selection criteria remain limited in the literature. In the present paper,
the effects of CE parameters on delamination modelling are systematically examined. The sen-
sitivity of the overall progressive damage process and failure load to the assumed CE strengths
and stiffness is studied based on selected examples of fracture and coupon-level tests. With
varying CE strengths employed in the FE analyses, two distinct kinds of failure behaviour, namely
the strength-sensitive and strength-insensitive delamination processes, have been observed, de-
pending on the geometry and ply layups of composite materials. On the other hand, the penalty
stiffness of CE mainly affects the computational efficiency and accuracy of delamination mod-
elling. The failure mechanisms and physics behind are investigated to get better understanding
on the numerical effects of CE parameters, and thus provide the selection guidelines in practical
analyses.

1. Introduction

The initiation and propagation of interface delamination is one of the significant damage modes in composite structures and
should be accurately modelled [1]. In finite element (FE) analysis, this is often achieved through cohesive elements (CEs) [2–6].
Based on an intrinsic cohesive zone model (CZM), the CE is characterized by a traction-separation cohesive law [7–9], allowing for
representation of both initiation and evolution of the failure process. Various cohesive laws, such as linear, polynomial, trapezoidal
and exponential relations, have been proposed and applied in numerical simulations [9–13]. In this paper, a bi-linear cohesive law is
used (Fig. 1), in which three parameters are required, namely the penalty stiffness Kp, the cohesive strength τ c and the fracture
toughness Gc. While the penalty stiffness Kp describes the initial elastic material behaviour before damage onset, the strength τ c

reflects the maximum stress that can be sustained by the interface. The fracture toughness Gc is a well-established material property
representing the resistance to crack propagation during the damage evolution (area under the traction-separation curve). Three
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individual fracture modes and their mixity, i.e., mode I, mode II, mode III and mixed-mode, are considered to describe the fracture
failure under general loading conditions. In most applications, the value of the mode III fracture toughness is often assumed to be the
same as the mode II toughness. The fracture toughness of different failure modes can be obtained experimentally through standar-
dized tests, such as the double cantilever beam (DCB, mode I), end-notched flexure (ENF, mode II) and mixed-mode bending (MMB,
mixed-mode) [14–17], whereas no standard tests are available for measurement of interfacial strengths and the penalty stiffness is a
non-physical numerical parameter. Compared to the fracture toughness, it is less straightforward to determine these two parameters
(τ c and Kp) for FE modelling.

Cohesive strengths directly determine the failure onset and the subsequent material softening process. The relationship between
cohesive strength and mesh size has been widely researched in the literature [18–22]. Accurate modelling of delamination propa-
gation requires very fine mesh along the potential crack path [23–25], but adopting reduced interfacial strengths could mitigate such
excessive mesh size requirement to some extent [19]. Nonetheless, as reported by Harper et al. [26], in some cases the artificially
reduced cohesive strength may have unintended effects on numerical results due to its influence on cohesive zone length, mode
mixity and energy dissipation.

Although the penalty stiffness is a numerical parameter used to maintain connection between the plies prior to delamination
initiation [27–29], it is significant and often necessary in FE modelling [30]. An appropriate value of Kp must be selected such that it
should not be too low to alter the overall compliance of the structure nor too high to trigger non-convergence [19]. However, within
the allowable range considering both numerical accuracy and feasibility, various Kp values have been found to affect numerical
predictions [30–32], especially under mixed-mode loading [33–35].

Most sensitivity studies of CE parameters in literature are performed on standard fracture toughness tests, i.e. DCB and ENF
specimens. However, increasingly CEs are employed in other structural models to predict delamination damage of composite
structures. The open-hole tension (OHT) [36–38], open-hole compression (OHC) [39,40], impact-damaged [41,42] composite la-
minates, etc., have been extensively modelled with CEs. The question whether calibrations of parameters from analyses with pre-

Nomenclature

dm damage variable of cohesive zone model
dm

' equilibrium damage factor of last time step
E ii( ) Young’s modulus in direction i, i=1, 2, 3
G ij( ) shear modulus in plane ij, ij=12, 13, 23
Gic mode i fracture toughness, i=I, II, III
Gmc mixed-mode fracture toughness
J J integral
Kp penalty stiffness
Sl in-plane longitudinal shear strength
Yt in-plane tensile strength
α power law coefficient
αii coefficient of thermal expansion in direction i,

i=1, 2, 3
η Benzeggagh–Kenane law coefficient
Γ integration path around crack tip
Γt integration path close to crack tip
Δ separation vector
Δi mode i separation, i= I, II, III
Δi

0 mode i separation at failure onset, i=I, II, III

Δi
f mode i separation at final failure, i=I, II, III
∗Δi mode i separation at crack tip, i= I, II, III

Δe effective separation
TΔ temperature change

νij Poisson’s ratio in plane ij, ij=12, 13, 23
τ traction vector
τi mode i traction, i= I, II, III
τi

c mode i interface strength, i= I, II, III
τe effective traction
B-K Benzeggagh–Kenane
CE cohesive element
CZM cohesive zone model
DCB(M) (modified) double cantilever beam
ENF(M) (modified) end-notched flexure
FE finite element
MMB mixed-mode bending
OHC open-hole compression
OHT open-hole tension
SI static indentation

Mode I Shear mode Mixed-mode

Fig. 1. The traction-separation cohesive law for CE formulation.
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cracks such as the DCB and ENF can be directly applied without modification to structural-level models remains valid and important.
In this paper, a comprehensive study on effects of CE parameters under various boundary and loading conditions is presented. The

FE modelling is performed with Abaqus Implicit (version 6.14) under quasi-static loading, and the sensitivity of delamination damage
to the cohesive strength and penalty stiffness is examined. Significant variations in the sensitivity of the CE strengths are observed
when different cases with constant penalty stiffness are analysed, and failure behaviour can be divided into two distinct categories,
namely strength-insensitive and strength-sensitive. On the other hand, the CE penalty stiffness generally affects overall computational
efficiency. While excessively low penalty stiffness leads to inaccurate predictions due to increase in structural compliance, CE models
with overly high stiffness increase the number of iterations and may not achieve convergence.

In Section 2, the background of CZM and formulation of CE are briefly reviewed. Numerical parametric studies of CE strength and
penalty stiffness are presented in Sections 3 and 4, respectively. Finally, conclusions are drawn in Section 5.

2. Cohesive zone model and cohesive element

The fundamentals of CZM and CE formulation [3,9] are briefly introduced. The tractions acting on an interface modelled with CEs
are given by:

= − =τ d K i I II and III(1 ) Δ , , ,i m p i (1)

where τi and Δi are the components of traction vector τ and separation vector Δ respectively, and =i I II and III, denote the three
modes of loading. dm is the damage factor characterizing the irreversible damage process, with =d 0m and =d 1m representing the
intact and fully failed states, respectively.

Delamination onset is frequently predicted by the quadratic criterion [29,43]:
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where τi
c represents the strength for mode i failure ( =i I II and III, ). As shown in Fig. 1, the damage evolution popularly follows a

mixed-mode bilinear cohesive law [29], although expressions other than bilinear may also be used:
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Gmc is the mixed-mode fracture toughness, which is sometimes determined by either the B-K law [44]:
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or power law [29]:
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where η and α are the B-K law and power law coefficient, respectively. =G τ1/2 Δi i i (no summation) and = ∑λ G G/i i j j are determined
at failure onset.

The damage factor dm determining failure progression is calculated based on current deformation and the damage history:
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n

t

*

Cohesive zone

Fig. 2. The cohesive zone and path-independent J integral in an arbitrary contour Γ.
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where dm
' is the equilibrium damage factor from the previous loading step.

3. Strength of a cohesive element

In this section, the influence of the CE strength parameters in delamination modelling of composite laminates is studied.
According to the stress-based failure criterion of Eq. (2), the normal and shear interfacial strengths directly govern failure initiation at
the material interface [45]. While it is relatively straightforward to obtain the intralaminar tensile and shear strengths through testing
unidirectional laminates [46–48], there is no direct method to obtain interfacial strengths.

Alternatively, the cohesive law and associated cohesive strengths may be determined through the path independent J integral
based on linear elastic fracture mechanics (LEFM) in Fig. 2 [49,50]. Taking the arbitrary path Γ close to the crack tip, the integral
path may be reduced to Γt and the traction-separation relationship of the crack surfaces may be derived [51–55]:

= ∂
∂

=∗τ J i I II and III
Δ

, , ,i
i (8)

in which ∗Δi is the mode i crack-tip openings (Fig. 2). By continuously measuring the crack-tip opening at the end of the cohesive zone
and J integral (R-curve) in the experiments, the cohesive law can be evaluated through Eq. (8) [56–59].

The LEFM method has been widely adopted to analyse the fracture behaviour of adhesive joints in composites [55–58]. Although
Eq. (8) provides a means to determine the apparent strengths of interfaces, in practice, the delamination can initiate and propagate
rapidly, so that it becomes difficult to accurately measure the crack-tip opening. For this reason, the assumed values for interfacial
strengths are usually adopted in numerical simulations and in many cases, they are set to be the same as in-plane intralaminar
strengths [60–65]. Nonetheless, a few studies suggest that that such assumption could lead to inaccurate predictions of the structural
failure behaviour [66]; therefore adjusted strength values are sometimes adopted to achieve better correlation with experimental
results [67–73]. On the other hand, reduced strengths are also sometimes used to improve computational efficiency for the fracture
propagation, e.g., specimens with pre-cracks [74].

Table 1
Literature review on the material parameters applied in numerical modelling for various carbon/epoxy systems under different loading conditions.

Ref. Material Simulation In-plane strength
Yt/Sl (MPa)

Interface strength
τ τ/I

c
II
c (MPa)

Kp (N/mm3)

Turon [45] AS4/PEEK DT – 80/100 106

Harper [20] HTA6376/C DT – 30/60 105

Soto [21] T300/977-2 DT – 60/80 106

Dávila [75] IM6/3501-6 DT – 61/68 –
Hallett [61] IM7/8552 OHT 60/90 60/90 –
Higuchi [37]; Camanho [76] IM7/8552 OHT 62.3/92.3 62.3/92.3 –
Ridha [38] IM7/8552 OHT 62.3/81.5 62.3/81.5 106

Swindeman [77] IM7/8552 OHT 76/90 76/90 2.71× 108

Lu [71]; Van Der Meer [67] IM7/8552 OHT 60/90 30/45 106

Chen [69,70] IM7/8552 OHT 60/90 40/50 106

Wang [78] IM7/5250 OHT 66/103 66/103 –
Zhou [79] Hexcel F593 OHT 98/40 98/40 –
De Carvalho [80] IM7/8552 DM 64–127/112–223 64–127/112–223 –
Chen [81]; Lu [25]; Hu [82] IM7/8552 DM 60/90 60/90 1.6× 105

Ling [83] IM7/8552 DM 80/90 80/90 –
Hu [84] T700/- DM 40/50 40/50 –
Tay [85] AS4/3501-6 DM 57/75 60/68
Soto [86] AS4/8552 Impact 26/78.4 26/78.4 2.5× 104

Sun [65] IM7/8552 Impact 60/90 60/90 –
McElroy [87] IM7/8552 Impact 129/93 129/93 –
Bouvet [88] T700/M21 Impact 50/90 50/90 106

Hongkarnjanakul [41] T700/M21 Impact 60/110 60/110 –
Abir [42] T700/M21 Impact 75/150 75/150 106

Zhi [73] Hexcel 913C Impact 60/– 105/105 106

Su [39] IM7/8552 OHC 60/90 40/50 –
Zhou [89] IM7/8552 OHC 60/90 62.3/81.5 –
Hoos [90] IM7/977-3 OHT/OHC 100/100(80) 100/100(80) –
Falcó [40] AS4/8552 OHT/OHC 74.2/110.4 74.2/110.4 –
Yang [91] IM7/8551 TT 73/92 –/92 –
Yang [91] IM7/3501 TT 57/72 –/78 –
Iarve [63] T300/976 TT 37.9/100 37.9/100 –

DT: delamination test; OHT: open-hole tension; DM: delamination migration; OHC: open-hole compression; TT: tensile test.
Underline: interface strengths are different from the in-plane strengths.
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3.1. Selection of the CE properties in numerical modelling

A review of recent papers lists the material properties for carbon/epoxy composite laminates used in FE analyses in Table 1 for
various cases involving delamination analysis, open-hole tension/compression (OHT/OHC), delamination migration (DM), impact
and tensile tests.

For the modelling of standard fracture toughness tests, CE strength values have very limited influence on the predicted results
[74], and thus assumed interface strengths can be applied. On the other hand, interface strengths may be significant when more
complex composite structures are analysed. Table 1 shows that different strength values have been applied in the CE modelling even
for the same material system. For example, various cohesive strength values have been assumed for IM7/8552 composite laminates,
τI

c from 30MPa to 127MPa and τII
c from 45MPa to 223MPa by different research groups. De Carvalho et al. [80] performed a

strength sensitivity study on the DM modelling and more accurate predictions were achieved with higher strengths (127/223MPa) as
compared to the normally used values (60/90MPa). A calibration process of material properties was conducted by Hoos et al. [90]
after the blind prediction stage, in which the shear strength was reduced from 100MPa to 80MPa to get better prediction on crack
initiation. Reduced interfacial strengths have also been adopted by Lu et al. [71], Van Der Meer et al. [67] and Chen et al. [69,70] to
achieve better agreement with experimental results (Table 1).

The following sections present parametric studies on the influence of cohesive strengths on analysis of several loading cases.
Sections 3.2–3.4 discuss analysis of delamination tests, i.e. DCB, ENF, etc., while Sections 3.5 and 3.6 discuss coupon level analysis.

3.2. Double cantilever beam (DCB) and end-notched flexure (ENF) tests

As shown in Fig. 3, FE analyses on DCB and ENF [4,18] are performed. The dimensions of the beam are length 2L=100mm,
thickness h=3mm. The width is 20mm for DCB and 1mm for ENF in the numerical examples. For both DCB and ENF, a pre-crack of
length a=30mm is modelled and the material properties are given in Table 2. CEs are pre-located along the potential crack path and
prescribed displacements Δ are applied. Four-node plane stress quadrilateral elements are adopted to model the solid beams and three
elements are used through the thickness. Small deformation and geometric linear analysis are applied.

The dependence of the predicted maximum load (structural strength) on the CE element size is shown for both DCB and ENF tests
in Fig. 4a-b. Apart from the interfacial strengths provided in the literature (Table 2), a range of strength values, i.e., from 1 to
200MPa, are used to test the sensitivity of the results. Coarse meshes may cause significant over-predictions of the maximum load,
but the results converge to the analytical solution [14] with modest mesh refinement. Higher CE strengths lead to finer mesh
requirement for convergence, and as shown in [19], adopting reduced strength values allows use of relatively coarse CE meshes. Note
that lower CE strengths imply larger cohesive zones with smoother stress gradients [20,92].

However, when the mesh is sufficiently fine (e.g., 0.1 mm for both DCB and ENF), the predicted maximum loads are generally
insensitive to the assumed CE strengths (Fig. 4c and d). However, given an extremely high =τ 200 MPaI

c in the DCB analysis
(Fig. 4c), even the 0.1 mm mesh is insufficiently fine and results in over-predictions of the peak load and subsequent softening curve.
With further mesh refinement (labelled “200MPa (0.05mm)” in Fig. 4c), the results converge with the other curves. In contrast, with
excessively low strength values, i.e., 1 MPa for both cases, the interface failure initiates at very low loading levels, resulting in
premature non-linear behaviour (Fig. 4c and d). Except for these extremely high and low CE strengths, the predicted delamination
onset and propagation compare well with the reference analytical solution. It can be concluded that the fracture of DCB and ENF
specimens are strength-insensitive.

To further investigate the effects of CE strength in delamination modelling, the analyses are repeated without pre-cracks in the
DCB and ENF but with the same geometry and material properties; these are labelled the modified double cantilever beam (DCBM)
and end-notched flexure (ENFM) (Fig. 5). As in the DCB and ENF simulations, CEs are inserted along the interface at the mid-plane,
where the initiation and progression of delamination is anticipated.

The numerical results of DCBM and ENFM tests are provided in Fig. 6. Unlike the standard DCB and ENF analyses, the predicted
strengths are less sensitive to CE size (Fig. 6a and b). However, the maximum predicted loads show a strong dependence on the
assumed CE strengths. Unstable delamination propagation occurs right after failure onset, leading to significant load drops as shown

x
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a

2L

Initial crack

h
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a

L

Initial crack

L

(a) DCB setup

(b) ENF setup

Fig. 3. Setups for double cantilever beam (DCB) and end-notched flexure (ENF) tests.
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Table 2
Homogenized material properties for the DCB and ENF models [18].

E11 (GPa) E22/E33 (GPa) G12/G13 (GPa) G23 (GPa) v12/v13 (–) GIc/GIIc (N/mm) τ τ/I
c

II
c (MPa) Kp (N/mm3)

135.3 9 5.2 3.08 0.24 0.28/0.63 57/90 106

 1 MPa        10 MPa
 30 MPa      57 MPa
 70 MPa      100 MPa
 200 MPa    Analytical
 200 MPa (0.05 mm)

 10 MPa
 30 MPa
 60 MPa
 90 MPa
 120 MPa
 150 MPa
 200 MPa
 Analytical

 10 MPa       30 MPa
 60 MPa       90 MPa
 120 MPa     150 MPa
 200 MPa

 1 MPa        10 MPa
 30 MPa      57 MPa
 70 MPa      100 MPa
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Fig. 4. Numerical results of DCB and ENF tests with different CE element sizes and interfacial strengths.
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Fig. 5. Setups for modified double cantilever beam (DCBM) and modified end-notched flexure (ENFM) tests without pre-cracks.
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in Fig. 6c and d. Without pre-cracks embedded in the DCBM and ENFM specimens, the fracture process becomes highly strength-
sensitive.

Remark 1 (Comparison between the standard and modified fracture toughness specimens). Although the use of CEs avoids dealing directly
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Fig. 6. Numerical results of DCBM and ENFM tests with different mesh sizes and interfacial strengths.
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with the stress singularity at crack tip and the singular stress is effectively smeared within the cohesive zone, high stress
concentration still exists when a pre-delamination is defined in the model, easily triggering the failure of the interface CEs. Thus, the
overall failure behaviour of DCB and ENF is not sensitive to the interfacial strengths. In contrast, without very high stress
concentrators in the DCBM and ENFM, the failure is governed by the assumed CE strengths.

Remark 2 (Effects of the pre-crack lengths). As shown in Fig. 7, the influence of CE strengths is only significant for rather short pre-
cracks, and this effect is more pronounced for ENF than DCB.

3.3. Free-edge delamination

Free-edge delamination is analysed in this sub-section. Without pre-existing cracks, free-edge delamination is a typical failure
mode in composite laminates, which has been extensively researched in the literature [93–96]. Due to the mismatch in fibre or-
ientations and orthotropy of the composite lamina, high stress exists at the free edges, triggering the initiation of delamination
[93–96]. In the numerical model shown in Fig. 8 where h=0.792mm and b=25mm, the [25/−25/90]s composite laminate is
subjected to a tensile load along the x-axis and the edge delamination occurs at the 90°/90° interface due to the high tractions through
the thickness [19]. The cross-section of the laminate is modelled with generalized plane strain elements, and CEs are inserted along
the 90°/90° interface where the onset and growth of delamination are expected. No pre-cracks are defined in the model. The material
properties adopted in the analyses are provided in Table 3.

As shown in Fig. 9a, extremely fine meshes are required to obtain converged results and such requirement keeps increasing if
higher CE strengths are adopted. With different assumed CE strengths employed in the numerical models, the predicted maximum
loads turn out to be similar to each other given a sufficiently fine mesh, implying a strength-insensitive failure process. The load-
displacement curves (Fig. 9b) show that for a fine mesh, i.e. 0.02mm, the maximum loads are in close agreement with experimental
result [19], regardless of assumed CE strengths. Although applying excessively low or high strength values (e.g., either 1 or 150MPa)
may cause fluctuation in the predicted failure stresses, the numerical errors are within 7% as compared to the experimental result. In
addition, slight nonlinearity in the loading curves is observed when relatively low interface strengths are adopted, indicating de-
lamination propagation prior to abrupt load drop.

It should be noted that unlike in the DCB or ENF models, the free-edge delamination models do not contain any pre-cracks. The
failure behaviour is, however, driven by the crack-like high stress concentration along the 90°/90° interface before the load drop
(Fig. 9c), which exhibits great similarity to the stress fields in DCB and ENF when they are modelled with CEs (Remark 1). This means
that the free-edge delamination behaves similarly to the DCB and ENF models, where the results are not sensitive to the assumed CE
strengths, as long as the mesh size is fine enough.

3.4. Stiffener debonding

Skin/stiffener debonding is a typical delamination problem for which modelling by CEs are well suited [75]. Different config-
urations of the stiffener flanges (Fig. 10) affect the mechanical performance [97]. The straight and tapered stiffener flanges are
modelled with dimensions h1= 2mm, h2= 1.8mm, b1= 120mm, b2= 45mm and b3= 30mm. Three-point bending loads are
applied and the assumed material properties are shown in Table 2.

There are significant differences between the straight and tapered flanges when stiffener debonding is modelled in the analyses
(Fig. 11). For the specimens with straight flanges, the predicted delamination process is not sensitive to the CE strengths, and
consistent results are obtained with a wide range of interfacial strength values (Fig. 11a). However, if tapered flanges are used, the
overall failure becomes strength-sensitive and relies significantly on the input strength values (Fig. 11b). This is similar to the results
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Fig. 8. Free-edge delamination problem.
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of the DCBM and ENFM without pre-cracks.
In the composite structures with straight flanges, prominent stress concentrations exist at the corners of the specimen due to the

rapid geometry change (Fig. 11c). The localized high stresses resemble the crack-tip high stress gradients and this accounts for the
insensitivity of debonding process to the interface strengths. For the tapered flanges, the stress concentrators at the edges of the flange
are effectively eliminated (Fig. 11d), resulting in dependence on CE strengths.

Table 3
Material properties of T300/934 graphite-epoxy for the free-edge delamination analyses [19].

E11 (GPa) E22/E33 (GPa) G12/G13 (GPa) G23 (GPa) v12/v13 (–) v23 (–) GIc (N/mm) τI
c (MPa) Kp (N/mm3)

140 11 5.5 3.61 0.29 0.4* 0.175 51.7 106

* Assumed values.
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Remark 3. From the above, it is the crack-like high stress concentrators that dominate the fracture behaviour and the presence or
modelling of pre-cracks is not always necessary, as illustrated by the free-edge delamination and skin-stiffener debonding problems.
Furthermore, for strength-insensitive fracture with crack-like stress concentrations, excessively fine mesh is required for converged
predictions and it is acceptable to use reduced CE strengths for application with larger CEs, as reported by Turon et al. [19].

3.5. Structural damage analyses: open-hole tension (OHT) test

The numerical examples provided in Sections 3.2–3.4 are two-dimensional problems for which only a single delamination is
modelled. However, in composite laminates with dissimilar fibre orientations, multiple delaminations may occur concurrently at
different interfaces, and the interaction between matrix cracking and interface delamination should be considered. To ensure the
reliability of numerical modelling for practical applications, it is important to understand the influence of the interfacial strengths in
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structure- and coupon-level analyses. In the current and following sections, open-hole tension (OHT) and static indentation (SI) tests
are modelled and analysed to study the effects of assumed CE strengths.

The OHT on [454/904/−454/04]s IM7/8552 composite laminate in [61,98] is modelled as shown in Fig. 12 and the material
properties used in the simulations are given in Table 4. Both matrix cracking and interface delamination are simulated with the
floating node method [70]. As summarized in Table 1, various interlaminar strength values for IM7/8552 have been used in lit-
erature. In the present study, the strengths of interface are first assumed to be the same as those of ply materials, i.e. 60/90MPa, as
commonly adopted by researchers [61,63]. The effect of other assumed CE strengths is also examined. Three meshes (0.2 mm, 0.5 mm
and 1mm) are used, and a minimum 1.5 mm crack spacing is specified for all the models [36,81].

Experimental results from Hallett et al. [61] showed that the failure of OHT [454/904/−454/04]s laminates was primarily de-
lamination dominated, in which extensive interfacial damage occurs between dissimilar plies. The widely-spread delamination,
particularly at −45°/0° interface, led to load-drop and loss of structural stiffness. In this delamination failure mode, they defined
failure strength as the stress at the load-drop caused by delamination propagation [61]. Fig. 13 shows the failure strength predicted
by the models with different CE strengths and mesh sizes. Although noticeable variations are obtained in the predicted structural
failure strengths, the delamination failure patterns of individual models right after load-drop do not differ much when different CE
strengths are employed, as plotted in Fig. 14. Unlike the other previous cases, failure of OHT specimens consists of multiple dela-
mination propagations at different interfaces and the interaction between matrix cracking and interface delamination may not be
ignored. The two coupled failure mechanisms are intensively affected by selection of the element sizes and CE strengths. According to
Fig. 13, significant reduction in the failure strength is observed if smaller element sizes and lower CE strengths are adopted, in-
dicating strength-sensitive behaviour. Mesh convergence on strength prediction is generally observed for models with relatively high
interface strengths, i.e., 40/60MPa and higher values. However, when lower CE strengths (20/30MPa and 30/45MPa) are assumed,
the mesh convergence is not obtained even after the mesh is refined to 0.2 mm. This problem also occurs on the predictions of
interfacial damage (Fig. 15). Under the same applied displacement, models with higher strength values (i.e., 60/90MPa and 90/
135MPa in Fig. 15) tend to provide converged results. In contrast, such a converged trend does not exist when the overly low 20/
30MPa strengths are adopted, in which larger damaged area are predicted with finer mesh (Fig. 15). With low strengths, CEs can
easily start to fail and their failure initiation is largely affected by the resolution of calculated stress concentration at the delamination
front which is very sensitive to the mesh size. For the finest 0.2 mm mesh, more CEs fail at early loads, thus resulting in the significant
softening responses and lower predicted failure strengths.

The distribution of the average traction, = 〈 〉 + +τ τ τ τavg I II III
2 2 2 , at −45°/0° interface is shown in Fig. 16a. For the intact CE

interface, high tractions are observed around the notch edge. However, with the emergence of matrix cracks which further triggers
the initiation of delamination damage (Fig. 16b), such localized stress concentrations are gradually replaced by larger high-traction
regions (middle and right figures). Consequently, the effects of local stress concentrators are significantly alleviated and the dela-
mination failure process is mainly determined by the overall loading capability of the interface. This accounts for the strength
sensitivity of the OHT model. It is noted that if the ply material strengths assume lower values of 30/45MPa, there is better
agreement with experimental results but this could be fortuitous.

3.6. Structural damage analyses: static indentation (SI) test

A static indentation (SI) analysis is performed on a [02/452/902/−452]s T700/M21 laminate (Table 5) and the model details are
shown in Fig. 17. Hexahedral continuum shell elements (SC8R) are employed for each composite layer while CEs are placed between
plies to model delamination. A common prescribed displacement of 1.0 mm in the z-direction is imposed on the indenter; three
models, a coarse mesh with 1×1mm elements, a fine mesh with 0.5× 0.5mm elements and further refined mesh with
0.25× 0.25mm elements, are constructed in the mid-region of the plate around the impact area. Only delamination failure is
simulated (no in-plane damage) in the model. Similar to the OHT analyses, four groups of interfacial strengths, i.e. 20/37MPa, 30/
55MPa, 60/110MPa and 90/165MPa, are tested in the simulations.

Based on the mesh sensitivity study (Fig. 18), FE mesh with 1× 1mm elements is too coarse to achieve converged results,
particular when higher CE strengths are adopted. Convergence of results is achieved with the 0.5mm×0.5mm as well as the
0.25× 0.25mm meshes. Although various CE sizes and strengths are used in the FE models, the load-displacement response, i.e., the
overall compliance of the laminate remains similar [99]. As shown in Fig. 18, the maximum indenter force increases slightly from
2082 N to 2302 N with increase of element size and interface strengths. However, the predicted delamination size shows strong
dependence on assumed CE interface strengths, i.e. higher strength values cause reduction of delamination area (Fig. 18). This could
potentially impact the residual strength of the laminate, since compression after impact is particularly sensitive to the size of de-
lamination [42].

Table 4
Material properties for the OHT (IM7/8552) tests [61].

E11 (GPa) E22/E33
(GPa)

G12/G13

(GPa)
G23 (GPa) v12/v13

(–)
v23 (–) GIc/GIIc (N/

mm)
τ τ/I

c
II
c

(MPa)
Kp (N/
mm3)

α11 (°C−1) α22/α33 (°C−1) ΔT (°C)

161 11.4 5.17 3.98 0.32 0.43 0.29/0.63 60/90 105 0 3× 10−5 160
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Remark 4 (Interfacial strengths in structural failure process). Given the complex nature of composite laminated structures and the
inherent interplay between various damage mechanisms among dissimilar plies, it is not always clear how the assumed strength
values affect the progressive damage process and the predicted failure loads. For example, in OHT tests, varying the assumed CE
strengths affects the predicted failure loads but delamination patterns remain relatively similar. On the other hand, in SI tests, the
predicted loads do not exhibit much dependence on assumed CE strength values but the predicted delamination sizes are significantly
affected.

Reducing CE strengths for the sake of computational efficiency, a strategy which has been successfully applied to fracture
(strength-insensitive) tests [19], may not be directly applicable to structural damage analyses because the failure load becomes
sensitive to the assumed cohesive strength values. Based on previous research and this work, artificial adjustment on interface
strengths (either increase or reduce) is sometimes necessary to achieve accurate predictions in structural failure analyses. For the
IM7/8552 OHT test in Section 3.5, if in-plane strengths are assumed for the interfacial values, significant overpredictions on the
failure load are obtained. However, reducing the CE strengths results in better predictions compared to experiment.
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4. Penalty stiffness of a cohesive element

In this section, the influence of penalty stiffness Kp in delamination modelling with CEs is presented. The penalty stiffness of a
zero-thickness CE should be sufficiently large to prevent spurious compliance resulting from the presence of the CEs but not too large
to avoid numerical difficulties and high computational cost. Although the values of Kp commonly adopted for composite materials
range from 104 to 108 N/mm3 [31], they are not always reported in literature (Table 1).

There is apparently no universal criterion for selection of Kp values. Turon et al. proposed an empirical equation to determine the
interface stiffness [19]:

=K
βE

tp
3

(9)

where t is the thickness of the adjacent sub-laminate and β is a parameter much larger than 1 ( ≫β 1). A larger β is preferred to ensure
that the compliance of the CE does not interfere with the overall compliance of the structure. Recently, Turon et al. [33–35] studied
the effects of penalty stiffness in mixed-loading conditions and proposed a mode-dependent penalty stiffness for delamination.
However, for simplicity we have used a constant mode-independent penalty stiffness in this present work. The influence of penalty
stiffness on analysis results and computational efficiency is presented in the next sub-sections.

4.1. DCB and ENF analyses

The standard DCB and ENF models introduced in Section 3.2 are analysed with various assumed CE penalty stiffnesses. In the
simulations, refined 0.1 mmmeshes and fixed interfacial strengths (i.e., 57/90MPa) are employed. The results for CE penalty stiffness
Kp from 103 to 108N/mm3 are given in Fig. 19.

As shown in Fig. 19a and b, as long as the CE stiffness is larger than 104 N/mm3, the loading responses obtained from both DCB
and ENF tests are practically identical. The initial stiffness and the subsequent delamination propagation also agree with the ana-
lytical solution. Incorrect results are obtained in the extreme case of 103 N/mm3. In fact, no propagation of delamination occurs
because the peak stress in the CE could not be reached when Kp=103 N/mm3 is used. However, the number of iterations increases
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dramatically when higher values of Kp are adopted (Fig. 19c and d). This is because higher Kp causes more oscillations in the Newton-
Raphson scheme and in the extreme case, where Kp is excessively high, non-convergence can occur. Therefore, selecting an appro-
priate value of penalty stiffness strikes a balance between correctness of solution and computational efficiency. Unfortunately, there
is currently no systematic way to do this other than by trial and error.

4.2. Structure-level tests

The OHT test (Fig. 12) is revisited in this section to study the influence of CE penalty stiffness in delamination analyses of complex
composite structures. Based on previous discussions, reduced interfacial strengths (i.e., 30/45MPa) and a 0.5 mm mesh are adopted.
Penalty stiffnesses Kp varying from 104 to 108 N/mm3 are applied in the models.

As shown in Table 6, if penalty stiffness values from 104 to 106 N/mm3 are adopted, satisfactory predictions on the failure load are
achieved when compared to experiment [98]. However, with higher Kp values, e.g. 107 and 108 N/mm3, significant oscillations in the
loading behaviour are observed during delamination propagation process, resulting in over-predictions of structural failure load. It is
clear that the penalty stiffness has a strong impact on computational efficiency; the number of iterations increases with higher
stiffness. It is noted that, from 104 to 107 N/mm3, the iteration number increases by 185%, and convergence is not achieved for the
case with the stiffness 108 N/mm3.

As another example of structure-level analyses, the SI test in Section 3.6 (Fig. 17) is used for a parametric study on Kp. The

Fig. 16. Traction distribution and corresponding delamination damage at the −45°/0° interface.

Table 5
Material properties for the SI (T700/M21) tests [41].

E11 (GPa) E22/E33 (GPa) G12/G13 (GPa) G23 (GPa) v12/v13 (–) v23 (–) GIc/GIIc (N/mm) τ τ/I
c

II
c (MPa) Kp (N/mm3)

130 7.7 4.8 3 0.33 0.4 0.6/2.1 60/110 106
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0.5×0.5mm mesh and 60/110MPa CE strengths are adopted, and Kp is varied from 104 to 108 N/mm3.
The maximum indentation force and delamination pattern at the top 0°/45° interface are provided in Fig. 20. With Kp values

larger than 105 N/mm3, the penalty stiffness turns out to have limited influence on the load-displacement response and predicted
delamination size. However, if stiffness values are too low, e.g. 104 N/mm3, the predicted delamination becomes too small or dis-
appears. In this case, the overall compliance is affected, with a decrease of 12% in the maximum load when compared to the case with
Kp=108 N/mm3. The iteration number also increases by 953% when the Kp is raised from 105 to 108 N/mm3.

Remark 5 (Penalty stiffness in CE: The penalty stiffness plays a significant role in FE analyses). The selection of a suitable Kp value enables
both accuracy and efficiency of simulation to be achieved. As observed in literature [30], the penalty stiffness shows little effect on
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Fig. 17. Geometry and boundary conditions for static indentation (SI) test.
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the overall loading behaviour of the DCB and ENF specimens. However, its effects are greater for structural damage modelling where
higher stiffness values are generally needed if no dominant cracks are present. Based on previous work [19,29] and the current study,
penalty stiffness values of 105 to 106 N/mm3 are appropriate candidate choices for carbon/epoxy composites, allowing for both
accuracy and feasibility of the simulation.

5. Conclusions

The effects of assumed cohesive element (CE) strengths and stiffnesses on delamination modelling are studied with coupon-level
progressive damage analyses in the present paper. Due to difficulties in experimentally determining interfacial strengths of com-
posites, assumed values are commonly adopted in delamination modelling with CEs. In problems where very high crack-like stress
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Table 6
Predicted failure strengths and total iteration numbers for OHT tests with different penalty stiffness values Kp (30/45MPa interface strengths and
0.5mm mesh).

Penalty stiffness (N/mm3) 104 105 106 107 108 Experiment [98]

Predicted failure load (N) 272 270 278 294* 308* 275
Iteration number 3747 4734 8208 10,703 35,643** –

* Significant oscillations in loading response have been observed during the delamination process, leading to inaccurate predictions.
** The simulation is terminated after the load drop due to excessively small time increment, and convergence is not expected.
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concentrations are present due to pre-existing cracks and sharp geometrical features, the results are relatively unaffected by assumed
CE strengths, i.e. strength-insensitive. However, in composite structures where such high stress concentrators are not so obvious, the
delamination fracture process significantly depends on the assumed CE strengths, i.e. strength-sensitive. In the latter case, it is
acceptable to adopt ply material strength values as the CE interfacial strengths; however, adjusted values may be assumed for better
predictive agreement with experiment, as demonstrated in analysis of open-hole tension (OHT) IM7/8552 laminates, in which re-
duced interface strengths have been applied.

The penalty stiffness Kp of CE also plays a significant role in delamination modelling. A stiffness that is too low leads to a model
with artificially low overall structural stiffness and delayed damage initiation. High Kp values ensure correct representation of overall
structural stiffness but at an expense of higher computational cost. An excessively high stiffness value leads to significant numerical
oscillations and causes convergence difficulties. In most cases, a penalty stiffness ranging from 105 to 106 N/mm3 seems to be
appropriate for carbon/epoxy laminates, for accuracy and efficiency.
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