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Abstract 

Numerical analysis of delamination failure in composite laminates is very often carried out 

with cohesive interface element in a finite element framework, due to their robustness and ease 

of use. Explicit time integration is often preferred, to overcome material and damage non-

linearity and impact loading scenarios. However, a very fine mesh is needed to correctly 

represent the nonlinear cohesive zone ahead of the numerical crack tip to achieve a stable and 

mesh size insensitive global failure response. This is especially true for mode I delamination 

cases, where the cohesive zone is extremely small, owing to a low critical energy release rate. 

This mesh size requirement limits the applicability of cohesive zone models largely to coupon 

scale problems. The current work augments cohesive elements with additional rotational 

degrees of freedom at the nodes, which enables a higher order displacement approximation and 

allows relatively coarser mesh to be used. The present formulation is applied to a mode I 

delamination benchmark problem, which demonstrates the superiority of the augmented 

element over the traditional cohesive element in terms of coarse-mesh accuracy and 

computational time saving. 

Keywords: Composites; Cohesive zone modelling; Finite element analysis; Mesh size; 

Enrichment 
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1 Introduction 

Advanced composites are widely used at present for structural applications in aerospace and 

automotive sectors due to their superior mechanical properties such as high specific in-plane 

stiffness and strength, better corrosion resistance, durability etc. However, it is well known 

that laminated composites are relatively weaker in the through-thickness direction and failure 

often happens due to inter-laminar cracks, known as ‘delamination’ running along the resin-

rich region between adjacent plies, leading to structural failure. Of all the different failure 

modes of composites, delamination takes the lowest load for initiation, and therefore is 

known as the ‘Achilles heel’ of composites [1]. Due to this, enormous effort has gone into 

characterising this failure mode experimentally and developing robust computational tools 

that can accurately predict delamination initiation and growth. On the computational side, the 

VCCT (Virtual Crack Closure Technique) and cohesive interface elements are the two 

leading technologies used to simulate delamination in a finite element framework. VCCT is 

able to model self-similar crack growth by releasing nodes between adjoining solid elements 

based on LEFM (Linear Elastic Fracture Mechanics). However, it is complex with VCCT to 

simulate the growth of a curved delamination front and interaction of multiple delamination 

fronts [2]. Moreover, VCCT needs an initial starter crack and consequently, cannot model 

delamination initiation. Such cases are readily realised with cohesive elements which are 

special purpose finite elements embedded between adjacent solid elements. In this case, a 

suitable traction vs. separation constitutive law governs both the initiation and progressive 

degradation of the interface leading to complete failure. Complex evolution of single/multiple 

delamination fronts are simulated naturally as partial or full failure of the cohesive elements 

pre-inserted along the potential debonding surfaces. Due to this, cohesive elements are 

generally preferred over VCCT for composite delamination analysis as evident from several 

cohesive element formulations and constitutive law developments over the years e.g. Allix et 
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al [3], Alfano and Crisfield [4], Camanho et al [5], Pinho et al [6], Jiang et al [7], González et 

al [8] to name a few.  

Central to a cohesive zone model is the existence of a process zone or cohesive zone ahead of 

the crack front, with a nonlinear traction distribution along it (see Figure 1). The cohesive 

zone size 𝑙CZ is very small (compared to other model dimensions) and it has been shown that 

it is crucial to maintain between two and three cohesive elements in this zone to adequately 

represent the nonlinear traction profile ( Mi et al [9], Harper and Hallett [10]). If the mesh is 

coarse such that the cohesive zone is not discretised with an adequate number of elements, 

the ultimate failure load is over estimated and the propagation is unstable, characterised by 

stick-slip like behaviour. Further, in [10], it is shown that the numerically obtained cohesive 

zone size typically tends to be much smaller than that proposed by analytical expressions 

(e.g. Yang and Cox [11], Yang et al [12]). Thus, a tight restriction on the element size is 

needed in the potential delamination regions of a finite element mesh for an accurate 

simulation. This adds to the model a significant computational burden and to some extent, 

prohibits the use of cohesive elements to simulate failure in sub-component scale problems.  

Several attempts have been made in recent years to relax the mesh density requirement for 

cohesive elements while still maintaining accuracy and stability in the numerical solution for 

delamination growth. Turon et al [13] proposed reducing the interfacial strength of the 

cohesive law to artificially extend the numerical cohesive zone length and accommodate a 

coarse mesh. A 57% lowering of interfacial strength allowed them to use eight times larger 

cohesive elements for a mode I delamination problem. While this method is generally seen to 

work well where delaminations initiate and grow from regions of high stress concentration, 

under a more uniform stress state, lowering the strength results in a weaker initial structural 

stiffness due to spurious damage in unwanted locations. Guiamatsia et al [14] enriched the 

cohesive element shape functions with the analytical solution of displacement of a beam on 
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an elastic foundation. However, the enrichment was needed to be applied to quadratic 

elements rather than linear elements to avoid shear locking, which made it computationally 

heavy. Nevertheless, it was able to closely match the analytical solution for mode I 

delamination with four times as large elements (compared to the baseline linear elements) 

and ~36% reduction in CPU time. Samimi et al [15] developed a bilinear enrichment 

function, which was added to linear cohesive and solid elements. An adaptive enrichment 

strategy was used to maximise computational efficiency. Although no explicit mention of the 

gain in element size or computational time saving is provided in their work, this technique is 

shown to reduce oscillations in the load-displacement graph of a mode I delamination 

problem using coarse mesh. Bak et al [16] showed in their work that the use of higher number 

of integration points in the cohesive zone improves the solution quality by reducing the 

integration error in a coarse mesh delamination problem. Contrary to the traditional Newton-

Cotes integration rule used for cohesive elements, they recommended the Gauss-Legendre 

rule for better solution stability and convergence. Álvarez et al [17] developed a cohesive 

element with quadratic shape functions. With this improvement, the element size could be 

stretched up to five times the size of the baseline linear elements without introducing 

significant errors, when applied to a Mode I adhesive delamination problem. Since a large 

number of integration points were also used to further stabilise the solution (in addition to the 

increase of the total number of degrees of freedom due to use of these quadratic elements), 

the beneficial effect of being able to use less number of elements on computational time was 

somewhat nullified by the time taken by the element calculations, and therefore no significant 

time saving was reported.  Recently, Lu et al [18] applied the floating node method, 

originally proposed by Chen et al [19], to partition a coarse mesh into a fine mesh around the 

crack tip to meet the element size requirement for cohesive delamination. Starting with a 

coarse mesh of 3 mm, they were able to refine up to 0.2 mm for a mode I delamination case. 
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Although this local mesh refinement adds to the computational cost by increasing the number 

of degrees of freedom, a 47% reduction in CPU time was achieved by adaptively remeshing 

around the moving delamination front. 

All of the above-mentioned works have been implemented in an implicit finite element 

framework. Such implementations are therefore suited for solving delamination problems of 

quasi-static nature.  However, addressing impact-induced delamination is one of the key 

challenges faced by composites damage analysts. The underlying physical problem in impact 

being of dynamic nature, it is highly desirable to develop a modelling tool in explicit-

dynamic framework with a cohesive element offering good coarse mesh accuracy. Further, it 

is equally important that the method is implemented while preserving the basic linear element 

topology with only nodes at the element corners, which is the most common type of finite 

element mesh used for analysis in the industry. In pursuance of this, the present work, 

implemented in a dynamic-explicit framework, starts with linear element kinematics, but 

obtains higher order displacement approximation by adding rotational degrees of freedom 

(DOF) to the nodes. In Section 2, first the structure of the linear cohesive element and the 

associated interface constitutive law that serves as the backbone of the model is presented. 

Next, the method of augmenting the cohesive and solid element kinematics by additional 

rotational DOFs and the modifications thus introduced to the element formulation are 

discussed. A higher-order Gauss quadrature scheme is used for the proposed cohesive 

element, which is discussed in Section 3. In Section 4, the simulation results obtained for a 

double cantilever beam (DCB) delamination test using large cohesive elements with the new 

augmented formulation are presented. The results are then compared with the baseline linear 

element case and the improvements are highlighted. Finally in Section 5, some general 

conclusions are drawn and possible way forward is discussed. 
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2 Element formulation 

2.1 Cohesive element technology 

For simplicity, a 2D plane-strain formulation is presented here (out-of-plane thickness is 

taken as unity). In this setting, a cohesive element is represented as a four-node entity (see 

Figure 2). The top and bottom edge of the cohesive element share nodes with the adjacent 

solid elements (representing plies) which are four-node isoparametric quadrilaterals. The 

displacement jump vector ⟦𝒖⟧ between the top and bottom surfaces are defined as: 

 ⟦𝒖⟧ = [𝐍]{𝒖} (1) 

where {𝒖} = {𝑢𝑥
1 𝑢𝑦

1 ⋯ 𝑢𝑥
4 𝑢𝑦

4}
T
 is vector of nodal displacements and [𝐍] is defined as 

 [𝐍] = [
−𝑁1 0 −𝑁2 0 𝑁2 0 𝑁1 0
0 −𝑁1 0 −𝑁2 0 𝑁2 0 𝑁1

] (2) 

In Equation (2), 𝑁1 =
1

2
(1 − 𝜉) and 𝑁2 =

1

2
(1 + 𝜉) are the linear shape functions of the 

isoparametric coordinate 𝜉 ∈ [−1,1]. Next, a local coordinate system aligned with the 

midplane of the element is established: 

 
𝒆t =

1

‖
𝜕𝐱M
𝜕𝜉

‖
(
𝜕𝑥M
𝜕𝜉

,
𝜕𝑦M
𝜕𝜉

)
T

𝒆n =
1

‖
𝜕𝐱M
𝜕𝜉

‖
(−

𝜕𝑦M
𝜕𝜉

,
𝜕𝑥M
𝜕𝜉

)
T    

}
  
 

  
 

 (3) 

In Equation (3), xM is the position vector corresponding to the element midplane obtained by 

averaging the position of the top and bottom surfaces of the element. The quantity ‖
𝜕𝐱M

𝜕𝜉
‖ is 

given by: 

 ‖
𝜕𝐱M
𝜕𝜉

‖ = √(
𝜕𝑥M
𝜕𝜉

)
2

+ (
𝜕𝑦M
𝜕𝜉

)
2

 (4) 

Next, the displacement jump is transformed in the midplane coordinate system: 
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 ⟦𝜹⟧ = (⟦𝒖⟧ ∙ 𝒆t)𝒆t + (⟦𝒖⟧ ∙ 𝒆n)𝒆n (5) 

A cohesive constitutive law is now used to relate the displacement jump in Equation (5) to 

the interfacial traction as discussed in the next section. 

2.2  Interface constitutive law 

The bilinear mixed-mode cohesive law proposed by Jiang et al [7] is used in this work and 

adapted for 2D implementation. The magnitude of the displacement jump ⟦𝜹⟧ is given by: 

 𝛿 = √𝛿I
2 + 𝛿II

2 (6) 

where, referring to Equation (5), 𝛿I = ⟦𝒖⟧ ∙ 𝒆t and 𝛿II = ⟦𝒖⟧ ∙ 𝒆n are the mode I and mode II 

components of δ in the local coordinate system. Before damage onset, the interfacial traction 

components σI and σII are related to 𝛿I and 𝛿II by very stiff linear springs to model rigid 

connections between plies (see Figure 3). Delamination initiation is detected by:  

 √(
〈𝜎I〉

𝜎Imax
)

2

+ (
𝜎II

𝜎IImax
)
2

= 1 (7) 

where, σImax and σIImax are the interfacial strengths in mode I and mode II respectively. Full 

failure of the interface is determined such that the following mixed-mode power law criterion 

is satisfied: 

 (
𝐺I
𝐺Ic

)
𝛼

+ (
𝐺II
𝐺IIc

)
𝛼

= 1 (8) 

where GI and GII are the mode I and mode II energy release rates and the subscript c indicates 

their critical value. The power law exponent is α. A damage variable D linearly degrades the 

interfacial traction from its onset value to zero at full failure: 

 𝐷 = 𝑚𝑖𝑛 {1,𝑚𝑎𝑥 (0,
𝛿 − 𝛿o
𝛿f − 𝛿o

)} (9) 
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In Equation (9), the subscripts ‘o’ and ‘f’ indicate the values of δ at onset and failure 

respectively. Finally, the nodal forces {𝒇}coh of the cohesive element are obtained at any 

instant by integrating the interfacial traction over the midplane (line segment l in 2D): 

 {𝒇}coh = ∫[𝐍]T{𝒕}𝑑𝑙
𝑙

 (10) 

where {𝒕} is the traction expressed in global coordinates. 

2.3 Enrichment of cohesive element kinematics by rotational DOF 

The formulation in Section 2.2 contains only displacement degrees of freedom at the corner 

nodes and no mid-side nodes are present. Due to this, a curvilinear crack opening profile can 

be at best approximated in a piecewise linear fashion using a group of elements (Figure 4). 

To be able to approximate a curved delamination profile within a single element, four 

additional rotational DOFs ω1- ω4 are now introduced at the four corners of the cohesive 

element using the method of Allman [20] and Cook [21], originally proposed for solid 

elements. The nodal displacement vector of the augmented cohesive element is now modified 

as {𝒖} = {𝑢𝑥
1 𝑢𝑦

1 𝜔1 ⋯ 𝑢𝑥
4 𝑢𝑦

4 𝜔4}
T
. With the introduction of four nodal 

unknowns, we can realise a quadratic variation in the displacement component which is 

normal to a given element edge (Figure 5, left). Following the same construct as in [20], the 

displacement component along an element edge is still assumed to vary linearly. The 

displacements at a fictitious midside node ‘k’ of an element edge with corner nodes ‘i’ and ‘j’ 

are [21]: 

 
𝑢𝑥
𝑘 =

1

2
(𝑢𝑥

𝑖 + 𝑢𝑥
𝑗
) +

𝑦𝑗 − 𝑦𝑖

8
(𝜔𝑗 − 𝜔𝑖)

𝑢𝑦
𝑘 =

1

2
(𝑢𝑦

𝑖 + 𝑢𝑦
𝑗
) −

𝑥𝑗 − 𝑥𝑖

8
(𝜔𝑗 − 𝜔𝑖)

    

}
 

 

 (11) 

where xi and yi represents the current nodal coordinates of node ‘i’. We now add to the 

cohesive element with two more fictitious midside nodes 5 and 6 corresponding to the top 
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and bottom edge respectively (Figure 5, right). This new element can be thought of as an 

equivalent 6-node quadratic cohesive element with nodal displacement {𝒖}quad =

{𝑢𝑥
1 𝑢𝑦

1 𝑢𝑥
2 𝑢𝑦

2 ⋯ 𝑢𝑥
5 𝑢𝑦

5 𝑢𝑥
6 𝑢𝑦

6}
𝐓
 and written in a compact form: 

 {𝒖}quad = [𝐓]coh{𝒖}rot (12) 

where, Tcoh is given by: 

 [𝐓]coh =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 0 0 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 0 0 1 0 0 0 0 0

0 0 0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0 1 0 0

0 0 0 0 0 0 0 0 0 0 1 0

1

2
0 𝑎12

1

2
0 −𝑎12 0 0 0 0 0 0

0
1

2
−𝑏12 0

1

2
𝑏12 0 0 0 0 0 0

0 0 0 0 0 0
1

2
0 𝑎34

1

2
0 −𝑎34

0 0 0 0 0 0 0
1

2
−𝑏34 0

1

2
𝑏34 ]

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (13) 

In Equation (13), 𝑎12 =
𝑦1−𝑦2

8
, 𝑏12 =

𝑥1−𝑥2

8
, 𝑎34 =

𝑦3−𝑦4

8
, 𝑏34 =

𝑥3−𝑥4

8
.  

The displacement jump ⟦𝒖⟧ in Equation (1) can now be reformulated as: 

 ⟦𝒖⟧ = [𝐍′]{𝒖}quad = [𝐍]{𝒖}rot (14) 

where [𝐍] = [𝐍′][𝐓]coh and the form of [𝐍′] is similar to Equation (2), but now with 

quadratic shape functions 𝑁1 =
1

2
𝜉(𝜉 − 1), 𝑁2 = (1 − 𝜉2) and 𝑁3 =

1

2
𝜉(𝜉 + 1).  

The nodal force vector in this case can be expressed as: 
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 {𝒇}coh = ∫[𝐍]
𝐓
{𝒕}𝑑𝐴 = ∫([𝐓]coh)

𝐓
[𝐍′]𝐓{𝒕}𝑑𝐴

𝐴𝐴

 (15) 

where integration is performed over the midplane area 𝐴, which is a line segment in 2D. 

2.4 Enrichment of solid element kinematics by rotational DOF 

The deformation of the solid elements needs to be compatible with the rotation-augmented 

cohesive elements, hence these are also augmented in a similar manner as in Section 2.3. 

Interested readers can refer to [21] for more details about this solid element formulation. In 

this case, four midside nodes 5-8 are introduced corresponding to four element edges with the 

help of corner rotations ω1- ω4 (see Equation (11)). This augments the linear quadrilateral 

element into an effective 8-node serendipity quadratic element. The nodal displacements are 

interpolated using serendipity quadratic shape functions [22] and a transformation matrix 

[𝐓]solid (which is similar in form to [𝐓]coh, Equation (13)), is used to map the displacement 

vector {𝒖}rot from the rotation-augmented domain to {𝒖}quad in an equivalent serendipity 

quadratic domain.  

The linearised Green-Lagrange strain is given by: 

 {𝜺} = [𝐁′]{𝒖}quad = [𝐁]{𝒖}rot  (16) 

where [𝐁] = [𝐁′][𝐓]solid and [𝐁′] is the strain-displacement matrix of the serendipity 

quadratic element. 

The stress is obtained by using the plane strain constitutive matrix [𝐃] for the composite (see 

Table 1 for material properties): 

 {𝝈} = [𝐃]{𝜺} (17) 

The nodal force for this solid element is: 

 {𝒇}solid = ∫[𝐁]
𝐓
{𝝈}𝑑𝑉 = ∫([𝐓]solid)

𝐓
[𝐁′]𝐓𝝈𝑑𝑉

𝑉𝑉

 (18) 
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The integration is performed over the element volume (which is element area 𝐴 in 2D). 

2.5 Mass matrix 

The method is implemented in a dynamic/explicit finite element framework, in which case, 

suitable mass matrices need to be formulated for the solid and cohesive elements. A lumped 

mass matrix is generally preferred since its inversion is trivial. For the displacement DOF’s, a 

lumped mass matrix is formulated using the standard procedure (see e.g.[22]). However, 

there is no strict guideline associated with the rotary inertia terms Iω associated with the 

rotational DOFs. Ideally they should be as small as possible (but not zero, since making them 

zero will cause singular acceleration terms). The following approximation is therefore 

proposed for Iω for a rectangular solid/cohesive element of width b and height h: 

 I𝜔 = 𝜂(𝜌ICM) = 𝜂 {𝜌
1

12
𝑏ℎ(𝑏2 + ℎ2)} (19) 

where, η is chosen to be very small (10-2 in our case) without affecting the numerical stability 

of the solution, ρ is the mass density, and ICM is the moment of inertia of the rectangular 

element about its centroid. 

3 Integration strategy for cohesive elements 

For the baseline case of linear cohesive elements, a two-point Gauss-Lobatto quadrature is 

used. In case of the rotation-augmented cohesive elements, since there are quadratic terms in 

the shape functions (Equation 14), a minimum of 3 quadrature points should be used. It has 

been  observed by Bak et al [16] that increasing the number of integration points further (than 

the minimum required) reduces load oscillation during delamination growth. This effect is 

independent of any kinematic enrichment and relies on minimisation of integration error of 

the nodal force vector. For the present study, a 6-point Gauss-Lobatto quadrature rule is used 

per cohesive element. However, increasing the number of quadrature points makes 
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computations costlier and partly negates the objective of speeding up numerical simulation by 

using a coarse mesh. Hence, the 6-point integration scheme is only applied to the cohesive 

element at the current crack tip (and one element next to it, for additional stability). The rest 

of the elements along the interface use the usual 3-point scheme. Further, once an element at 

the crack tip fails completely, the integration scheme is switched back from 6-point to 3-point 

rule. This method requires dynamically identifying the moving crack-tip, which is 

accomplished in our case (simulation of DCB delamination) by checking the normal opening 

displacement δI among all the cohesive elements which are not yet failed, and identifying the 

crack tip as the one with the maximum δI. A more advanced scheme for 3D cracks has 

previously been presented in [23]. 

4 Results 

4.1 Elimination of shear-locking 

Before moving to the delamination problem, it is first appropriate to show an important 

property of the rotation-augmented solid element, which is the elimination of parasitic shear 

that plagues the usual bilinear quadrilateral element. This is shown through an example [22] 

where a beam, built in at one end, is loaded using point load at the other end. The beam is 

discretised using four quadrilateral elements 1 mm×0.5 mm each to test element bending 

behaviour. Isotropic elastic material properties are assumed with Young’s modulus = 200 

GPa and Poisson ratio = 0.3. The shear stress variation along the neutral axis is shown for the 

usual and rotation augmented elements in Figure 6. As expected, the shear stress matches the 

analytical value only at the centroid but is incorrect at other places due to shear locking, 

giving a typical sawtooth-like profile in the case of usual bilinear elements. For the rotation-

augmented element, the shear stress matches everywhere exactly with the analytical solution 

for average shear stress, due to the quadratic interpolation which captures the correct bending 
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behaviour. This is advantageous for modelling mechanical response of composites, where 

typically multiple layers of linear finite elements across the thickness need to be used to 

correctly model bending behaviour of thick laminates. Also, cases where a thick ply block is 

represented by one single element through-thickness and materials properties at the laminate 

level are homogenised, a rotation-augmented element is able to give more accurate results by 

eliminating shear locking. 

4.2 Delamination of DCB specimen using coarse mesh 

The dimensions of the double cantilever beam specimen have been taken from [10]. The 

material properties of the ply and interface are those of the HTA6376/C composite material 

system and are given in Table 1 and 2 respectively. For the baseline case with linear 

elements, the numerical cohesive zone length is determined to be ~ 1.2 mm with the help of a 

reference mesh with 0.1 mm elements along the beam length. On the basis of this, two 

different cases are considered: one where the cohesive zone is discretised with at least three 

elements and in the other, the cohesive zone contains two elements or fewer. In all cases, the 

thickness of each beam is discretised by five rows of elements in order to prevent shear 

locking in the beams and a single row of cohesive elements is inserted between the beams to 

model the interface (Figure 7). Constant velocities that are equal in magnitude but opposite in 

direction are applied to the nodes located at the tip of each beam and the corresponding 

reaction forces are recorded. The load vs. tip-opening displacement plots for the two cases are 

presented in Figure 8(a) and (b) respectively. Clearly, the FE results closely follow the beam 

theory solution [10] until the condition of maintaining at least three elements in the cohesive 

zone (0.4 mm element size for the present case, Figure 8(a)) is satisfied. Coarsening the mesh 

further, resulting in two elements (0.6 mm) or less than two elements (0.8 mm) in the 

cohesive zone causes significantly oscillatory response in the post-peak regime (Figure 8(b)) 

For the 0.8 mm mesh, while the onset load level is over predicted by ~ 5% compared to the 
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reference beam theory solution, the amplitude of oscillation is noted to be ~ 60% of the onset 

load level, thus no meaningful data could be extracted in the propagation stage.  

To investigate this further, the traction profile along the cohesive zone is extracted and 

plotted for the various mesh sizes as shown in Figure 9(a) and (b). The traction profile 

obtained using 0.1 mm mesh is taken as a reference in both cases. For the fine mesh models, 

the profiles are virtually identical (Figure 9(a)), but for the coarse mesh models, the nonlinear 

shape of the profile could not be correctly captured (Figure 9(b)). This is particularly true for 

the 0.8 mm mesh, where the traction profile significantly deviates from the reference solution 

of 0.1 mm mesh, which also explains the oscillatory response in the load-displacement 

solution using this mesh. 

The rotation-augmented formulation has been applied to the 0.8 mm element size model only. 

The mesh is also modified to have only one row of quadrilateral elements per beam, since 

shear locking is not present during bending (see Section 4.1). This further helps in speeding 

up computation. The load-displacement curve in this case is shown in Figure 10. For 

comparison, the baseline linear 0.8 mm mesh results are also plotted along with the fine mesh 

(0.4 mm) result and beam theory solution. It is clear that the addition of rotational DOFs 

significantly improves the solution and reduces the post-peak oscillation during delamination 

growth. In fact, the results of the 0.8 mm rotation-augmented cohesive element formulation 

are almost identical to the 0.4 mm linear cohesive element case. Thus, with the addition of 

corner rotation, element size restriction reduces by a factor of two. This is attributed to the 

ability to better approximate the curved opening profile near the crack tip within a single 

element. This point is further elucidated by Figure 11, where the traction profile ahead of the 

crack front is shown for the rotation-augmented 0.8 mm mesh. Unlike the linear 0.8 mm case, 

here, the nonlinear variation of the traction profile is captured very well when compared with 

the linear fine mesh reference solution. 
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To further check that the rotational DOFs are indeed responsible for the superior performance 

of this cohesive element, and the multiple quadrature points alone cannot produce as accurate 

a result in a linear mesh, a test is performed by running the linear 0.8 mm mesh DCB with the 

6-point Gauss-Lobatto quadrature. Figure 12 compares the traction profile between the linear 

and rotation-augmented element obtained using quadrature of same order. Clearly, the shape 

of the cohesive zone traction profile, which is directly linked with the element kinematics, is 

in better agreement with the 0.1 mm mesh solution (reference) for the rotation-augmented 

cohesive element case than for the linear cohesive element case. The corresponding load-

displacement curves for the two cases are also shown in Figure 13, where the amplitude of 

post-peak load-oscillations in the linear mesh are noted to be ~45% higher than the rotation-

augmented element mesh.   

The computational time saving by using the present method is also worthy of mention. With 

all other modelling parameters fixed, the rotation augmented 0.8 mm mesh (containing only 

one row of elements through-thickness per beam) saves ~65% computational time compared 

to the 0.4 mm linear mesh (five rows of elements through-thickness for each beam), when 

implemented as a standalone code programmed in FORTRAN. The minimum time increment 

size for a stable solution was found to be almost double in case of a rotation-augmented 

0.8 mm mesh compared to the linear 0.4 mm mesh. Also, fewer elements are processed per 

increment in the former case (large elements in the delamination growth direction and only 

one row of elements to discretise the thickness of the beams of the DCB model). 

Additionally, the adaptive integration strategy saves significant computational burden 

associated with element calculations.  
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5 Conclusion 

A new cohesive element formulation is proposed to allow accurate delamination simulation 

under mode I using coarse finite element meshes in an explicit finite element framework. 

This cohesive element has only corner nodes, but still can produce quadratic deformation 

modes, similar to serendipity quadratic elements using rotational DOFs situated at the 

element corners. This is useful from an industrial perspective, where analyses are almost 

always performed with linear elements with only corner nodes. Using this methodology, both 

the in-plane and out-of-plane mesh can be coarsened (no parasitic shear in the solid elements) 

to speed up computation. The present work shows that mode I delamination can be simulated 

with the same level of accuracy with twice as large cohesive elements (compared to baseline 

linear elements) and also reduce the computational time by more than 50%. The method is 

presently implemented in an in-house dynamic explicit finite element code, but is suitable for 

implantation into existing commercial of the shelf (COTS) solutions as a user element. On-

going work is focussed on extending the method’s ability to model shear and mixed mode 

delamination and to three dimensional simulations. 
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Figure 1. Typical nonlinear traction profile in the cohesive zone 𝑙CZ ahead of the crack-tip in a 

cohesive zone model. 

  

 

Figure 2. A row of cohesive elements (grey) embedded between rows of solid elements (blue) to 

model delamination. Zoomed-in view shows details of a single cohesive element with top and bottom 

surfaces highlighted and the associated local coordinate system. 

 

 

Figure 3.Bilinear mixed-mode cohesive law, after [7]. 
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Figure 4.A curvilinear delamination profile (dashed red) approximated by straight edge segments of 

linear solid elements (blue). 

 

 

Figure 5. Left: Quadratic edge deformation of a cohesive element due to rotational DOFs (highlighted 

in blue). Right: Effective 6-node quadratic cohesive element with only displacement DOFs (midside 

DOFs highlighted in red). 

 

 

Figure 6. Element bending test showing shear stress variation along the neutral axis of a beam. 
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Figure 7. FE mesh of the DCB specimen with 0.1 mm element size (cohesive interface is highlighted 

in red). Zoomed-in view shows details of mesh discretisation through-the-thickness. 
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(b) 

Figure 8. Load-displacement response of a DCB specimen undergoing delamination (a) At least three 

elements in cohesive zone (b) Two or fewer elements in cohesive zone.  

 

(a) 
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(b) 

Figure 9. Traction profile in the cohesive zone (a) At least three elements in cohesive zone (b) Two or 

fewer elements in cohesive zone (also reference solution with 0.1 mm fine mesh plotted). Markers 

indicate location of quadrature points.  

 

 

Figure 10. Load-displacement responses of a DCB specimen undergoing delamination using the 

rotation-augmented and linear formulation. 
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Figure 11. Traction profile in the cohesive zone using the rotation-augmented and linear formulation. 

 

Figure 12. Effect of number of quadrature points on shape of traction-profile in the cohesive zone.  
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Figure 13. Load-displacement responses of a DCB specimen undergoing delamination using the 

rotation-augmented and linear formulation, both using the same number of quadrature points. 
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Table 1. Material properties of HTA6376/C [10] 

E11 

(MPa) 

E22 

(MPa) 

ν12 

(-) 

ν23 

(-) 

G12 

(MPa) 

120,000 10,500 0.30 0.51 5250 

 

Table 2. Cohesive interface properties [10] 

KI  

(N/mm3) 

KII  

(N/mm3) 

𝜎I
max

 

(MPa) 

𝜎II
max

 

(MPa) 

GIc 

(N/mm) 

GIIc 

(N/mm) 

α 

(-) 

105 105 30 60 0.26 1.002 1 

 


