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ABSTRACT
The current work is based on the implementation of the CODAM2 intralaminar damage model
in CUF-Explicit, an explicit nonlinear dynamics solver based on the Carrera Unified
Formulation (CUF). The CODAM2 model is based on the concept of continuum damage
mechanics, and stress-based failure criteria are used to determine the onset of damage. The
damage progression makes use of the crack-band theory to scale the fracture energies, thus
ensuring mesh objectivity. The structural modelling is performed using high-order 2D theories
based on CUF. 2D elements are used to model the structural geometry, and 1D expansions
based on Lagrange polynomials are used to define the thickness, resulting in a layer-wise
modelling approach. Numerical assessments are performed considering single elements and
tensile coupons. The results are in good agreement with reference numerical solutions and
experimental data, thus verifying the current implementation.
Keywords: High-order modelling, CUF, CODAM2, explicit damage modelling
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INTRODUCTION

Carbon fibre reinforced polymers (CFRP) are a class of advanced materials that are increasingly
becoming very popular in the aerospace industry. However, the analysis of such composite
structures is difficult since they exhibit multiple complex damage mechanisms and failure
modes. This is more evident in numerical analysis, where a high-fidelity model is often required
to capture the failure modes necessary to accurately describe both the local and global behaviour
of the structure. These issues make the numerical analysis of composite structures, especially
on the scale used in industry, a computationally intensive task.
Modelling the material behaviour constitutes a very important aspect of the numerical analysis
of composites structures. Various approaches to capture the nonlinear material response have
been investigated in recent years. The discrete modelling approach involves techniques such as
the Cohesive Zone Method (CZM), where cohesive/interface formulations are used to model
intralaminar damage such as matrix cracks, and interlaminar damage such as delamination [13]. However, such an approach typically involves significantly high computational costs. An
alternative approach, with reduced computational demands, is Continuum Damage Mechanics
(CDM). In this technique, the cracks are smeared into the continuum and represented using
damage parameters, which account for the softening response in the damaged state. The
relatively straightforward implementation and reduced computational costs makes it a widely-
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used approach [4-6]. A popular method for numerical damage analysis is the use of CDM-based
models for intralaminar damage, and a CZM-based approach to model interlaminar damage i.e.
delamination. This combines the efficiency of CDM models in representing the effective
response of the damaged material while including the effects of delamination, which are critical
in scenarios involving transverse loading such as impact of composite structures [7-10].
The current work involves the implementation of the CODAM2 damage model [11] within the
framework of the Carrera Unified Formulation (CUF) [12]. CODAM2 is a CDM-based
intralaminar damage model, where stress-based failure criteria are used to determine damage
initiation, and the damage progression is determined based on the crack-band approach. The
mesoscopic form of the CODAM2 damage model [13] has been used in the present work, such
that the damage initiation and progression are determined at the ply level. CUF is a generalised
framework used to develop advanced structural theories for 1D and 2D models. Expansion
functions are used to enrich the kinematics of the cross-section in the case of 1D models, and
the thickness in the case of 2D models, which results in 3D-like accuracy of the solution without
the corresponding computational costs [14]. The objective of the current work is the explicit
damage analysis of composite structures, where the CODAM2 damage model is used to
describe the material behaviour and the structural modelling is performed using CUF.
The paper is structured in the following manner. Section 2 describes the CUF framework and
the CODAM2 damage model in detail. The numerical assessments and results are discussed in
Section 3, and finally the conclusions are given in Section 4.
2

METHODOLOGY

2.1

Carrera Unified Formulation

Figure 1: Schematic representation of 2D modelling in CUF

Consider a 2D element aligned in the CUF coordinate system, as shown in Figure 1. The
generalized displacement field can be expressed as
𝑢(𝑥, 𝑦, 𝑧) = 𝐹𝜏 (𝑧)𝑢𝜏 (𝑥, 𝑦), 𝜏 = 1,2, … , 𝑀

(1)

where Fτ(z) is an expansion function described through the thickness, uτ is the generalized
displacement vector, and M is the number of terms in Fτ(z). The expansion function and the
number of terms M can be arbitrarily chosen and is a user input. The current work uses the
Component-Wise (CW) approach, where 1D Lagrange polynomials are used to enhance the
through-thickness kinematic field of the 2D finite elements. Such a formulation results in purely
displacement degrees of freedom at each node. The displacement field is obtained in the
following manner
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𝑛

(2)

𝑢𝑥 = ∑ 𝐹𝑖 (𝑧)𝑢𝑥i (𝑥, 𝑦)
𝑖=1

where x denotes the displacement component of a node, and i is the node number. Further details
on the use of Lagrange-based polynomials as a class of expansion functions may be found in
[15].
Finite Element Formulation
The stress and strain fields are given by
𝛔 = {σxx σyy σzz σ𝑥𝑦 σ𝑥𝑧 σyz }

(3)

𝛆 = {εxx εyy εzz εxy εxz εyz }

(4)

The linear strain-displacement relation is given by
𝛆 = 𝐃𝐮

(5)

where D is the linear differentiation operator. The constitutive relation is given by
𝛔 = 𝐂 sec 𝛆

(6)

where Csec is the secant stiffness matrix obtained from the CODAM2 material model. Using 2D
elements with the shape functions Ni (x, y) to model the in-plane geometry of the structure, the
3D displacement field is written as
𝐮(x, y, z) = Fτ (z)Ni (x, y)𝐮τi

(7)

The dynamic equilibrium equation is solved explicitly using the central difference scheme,
whose formulation can be found, for instance, in [16].
2.2

CODAM2 intralaminar damage model

The mesoscopic form of the CODAM2 damage model considers damage initiation and
propagation at the ply level. Fibre damage initiation is determined using the following stressbased initiation function
σ11
(8)
𝐹1 =
𝑋𝑇
where 𝜎11 is the longitudinal stress and XT is the fibre tensile strength. Similarly, matrix damage
initiation is determined using the following relation
𝐹2 = (

σ22 2
τ12 2
) +( )
𝑌𝑇
𝑆𝐿

(9)

where 𝜎22 and 𝜏12 are the transverse tensile and shear stresses, respectively. The transverse
tensile and shear strengths are denoted by YT and SL, respectively. The equivalent strain 𝜀𝛼𝑒𝑞 in
the principal directions are calculated as
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𝑒 )2
𝜀1𝑒𝑞 = |𝜀11 |, 𝜀2𝑒𝑞 = √(𝛾12
+ (𝜀22 )2

(10)

𝑒
where 𝛾12
is the elastic shear strain. The damage saturation strain is given by
𝑓

ε1𝑠

𝑓

(11)

2𝑔
2𝑔
= 1 , ε2𝑠 = 2
𝑋𝑇
𝑇

𝑓

where 𝑔𝛼 is the fracture energy density of the constituent material α, and T is the equivalent
transverse stress 𝜎2𝑒𝑞 evaluated at F2 = 1 as shown below
σ𝑒𝑞
2 =

𝑒
τ12 γ12
+ σ22 ε22
𝑒 )2
+ (ε22 )2
√(γ12

(12)

|𝐹2 =1

Finally, the damage variables are calculated as
ωα = (

𝑖
ε𝑒𝑞
εα𝑠
α − εα
)
(
) , α = 1,2
εα𝑠 − ε𝑖α
ε𝑒𝑞
α

(13)

where ε𝑖α is the failure initiation strain i.e. ε𝑒𝑞
α |𝐹𝛼 =1 . The damage variables ωα are used to
calculate the secant stiffness matrix, which is used in Eq. (6) to calculate the stresses in the
damaged state.
3

NUMERICAL RESULTS

3.1

Single-element tests

The initial numerical assessment consists of single-element tests, which are a convenient
method to verify the implementation of the damage model. The analysis consists of a single
square element of edge-length 1.0 mm, with a nominal ply thickness of 0.125 mm. The material
system considered is IM7/8552, whose material properties have been listed in Table 1. The
various load cases are discussed as follows:
E11
[Gpa]

E22
[Gpa]

E33
[Gpa]

ν12

ν13

ν23

G12
[Gpa]

G13
[Gpa]

G23
[Gpa]

165.0

9.0

9.0

0.34

0.34

0.5

5.6

5.6

2.8

XT [MPa]
2560.0

YT [MPa]

ST [MPa]

G1f [kJ/m2]

G2f [kJ/m2]

73.0

90.0

120.0

2.6

Table 1: Material properties of the IM7/8552 system

4

High-fidelity damage analysis of composite structures

Nagaraj et al.

Figure 2: A schematic representation of the single-element tests. (a) tensile load along the fibre, and
(b) tensile load transverse to the fibre.

3.1.1 Longitudinal tension
The current assessment consists of a single-element test loaded along the fibre direction, as
shown in Figure 2a. In such a case, failure is expected to initiate when the stress reaches a value
equal to the fibre strength, which is an input parameter, with a subsequent reduction in the loadbearing capacity. The stress-strain curve of the structure is shown in Figure 3a, which shows
that the peak stress in the single-element corresponds to the fibre strength.
3.1.2 Transverse tension
In this case, the tensile load is applied transverse to the fibre direction, as shown in Figure 2b.
Under this configuration, the load is carried by the matrix, and failure initiation occurs when
the stress reaches the matrix strength. This can be observed in the stress-strain curve plotted in
Figure 3b, where the peak stress corresponds to the matrix strength i.e. an input material
property.

Figure 3: Stress-strain response of the single-element test. (a) longitudinal tension, and (b) transverse
tension.

3.1.3 Single-element laminate in tension
The last single-element assessment considers a quasi-isotropic laminate with a stacking
sequence of [90/45/0/-45]2s, loaded in tension as shown in Figure 4a. In the CUF analysis, each
ply has been modelled using a first-order expansion through the thickness, while the in-plane
geometry is modelled using a single L4 element. The stress-strain response obtained as a result
of the CUF analysis has been plotted in Figure 4b, along with reference numerical solutions
obtained from [13].
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Figure 4: (a) Schematic representation of the quasi-isotropic single-element laminate subjected to a
tensile load, and (b) Stress-strain response of the laminate

Some observations can be made
1. The single-element test results verify the current implementation in the CUF framework,
as seen in Figure 3.
2. The results obtained from the CUF analysis are in good agreement with those of
reference numerical solutions [13], as seen in Figure 4.
3.2

Centre-notched specimen in tension

Figure 5: A schematic representation of the centre-notched tensile specimen (dimensions in mm)

The next numerical assessment is that of a coupon-level specimen under tensile loading. A
centre-notched specimen has been considered, as shown schematically in Figure 5. The laminate
stacking sequence is [45/90/-45/0]4s, and the material system is IM7/8552, whose properties
have been listed in Table 1. One end of the coupon is clamped, while a displacement u y = 3.0
mm has been prescribed on the opposite end. The structure is based on the scale-8 centrenotched specimen investigated in [13].
The structure is modelled in CUF using 132 L9 elements within the plane of the coupon, with
a first-order expansion modelling the thickness of each ply, resulting in a layer-wise model. The
results of the CUF analysis has been plotted in the form of the axial stress-strain curve, shown
in Figure 6. The figure also shows the curve obtained from reference numerical simulations
[13], as well as experimental test results from [17]. The following observations are made
1. The global response predicted by the CUF analysis is in good qualitative agreement with
that of the reference numerical results.
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2. The peak strength predicted by the CUF analysis matches that given by the reference
numerical solution, as well those obtained from experiments.
3. The current approach offers flexibility in terms of structural modelling. The tensile
loading of the notched specimen does not require a detailed evaluation of the out-ofplane terms, and therefore a first-order expansion can be used to model each ply. Higherorder expansions can be used when a detailed evaluation of interlaminar stresses are
required, such as in the case of delamination.

Figure 6: Stress-strain plot of the scale-8 centre-notched specimen in tension

4

CONCLUSION

The current work involved the implementation of the CODAM2 damage model within an
explicit dynamics framework based on CUF. High-order theories based on CUF were used to
model the geometry of the composite structure, and 1D expansions based on Lagrange
polynomials were used to describe the thickness, leading to a layer-wise modelling approach.
Numerical assessments such as single-element tests and coupon-level tests on centre-notched
tensile specimens were performed. The results indicate that
1. The solutions provided by the CUF analysis are in good agreement with reference
solutions, thus verifying the current implementation.
2. The higher-order models available in CUF leads to a high-fidelity and computationally
efficient model.
3. In the current approach, differing levels of refinement can be considered for the in- and
out-of- plane geometries, which maintains the fidelity of the model as per the
requirement of the analysis.
Future works include the development of delamination capabilities, and the use of the current
framework in the impact analysis of composite structures.
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