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Abstract

A virtual finite element framework is presented to provide the transition from a high fidelity model to a

more computationally efficient continuum model for simulating fibre-dominated damage behavior in

composite laminates subjected to tensile loadings. The high fidelity method in LS-DYNA is based on the

use of cohesive interface elements to simulate both intra-laminar matrix cracks and delamination. Applied

to IM7/8552 carbon fibre reinforced plastic laminates in over-height compact tension (OCT) tests, this

modeling strategy is used to determine the effective damage parameters for the nonlocal continuum

damage model, CODAM2, implemented as MAT219 in LS-DYNA. The prediction of CODAM2 is

thoroughly assessed against quantitative and qualitative results obtained from the high fidelity model.

Furthermore, the characterized CODAM2 model is applied to simulations of large-scale OCT, open-hole

tension (OHT) and center-notched tension (CNT) specimens and results are compared to corresponding

experimental data. Due to its nonlocal feature to track the crack trajectory without the need to align the

mesh with fibre orientation, the continuum damage model CODAM2 is able to accurately predict the

structural response in all large-scale OCT, OHT and CNT test cases with significant computational

efficiency.
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1. Introduction

The Finite Element (FE) simulation of progressive damage in fibre-reinforced composite structures is

an ongoing active area of research due to the challenges that are posed by the highly complex and

interactive nature of failure mechanisms that take place at various length scales in the heterogeneous

material. Microcracks in the matrix (epoxy) material coalesce and lead to microscopic intra-laminar

damage. Further growth of such microcracks and intra-laminar debonding results in transverse mesoscopic

matrix cracks which upon reaching the interface between the plies lead to the onset of delamination [1]. In

addition, macroscopic fibre damage modes such as kinking in compression or breakage in tension

significantly affect the structural response of the composite material system.

In a discrete representation of failure in Finite Element Methods (FEM) cracks are explicitly

incorporated into the FE mesh. Fracture energy-based Cohesive Zone Models (CZM) have become a

standard tool to model the initiation and growth of discrete failure mechanisms and is available as a

built-in feature in most FE software packages. CZM was originally formulated in the late 1950s by

Barenblatt [2] and Dugdale [3] who introduced a phenomenological description of traction forces acting on

a fictional extension of discontinuities in order to eliminate stress singularities. It is now being used mostly

as an efficient tool to model debonding or delamination where the crack location and propagation path are

known a priori. In contrast to delamination, matrix cracking can occur anywhere in the matrix. In order

to use CZM to represent this failure mode, various crack paths need to be assigned in setting up the FE
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model.

One example of pre-inserted potential matrix cracks through CZM is the work by Xu et al. [4] who

implemented a discrete damage modeling strategy in the explicit FE software, LS-DYNA, to simulate the

development of the Fracture Process Zone (FPZ) in notched geometries of quasi-isotropic [90/45/0/− 45]4s

Carbon Fibre Reinforced Polymer (CFRP) composite laminates. In this modelling approach, it is

important to describe the potential multiple splitting of the 0◦ ply and delamination ahead of the notch

tip to capture the FPZ development. Inserted cohesive interface elements were therefore pre-defined to

simulate potential intra-laminar matrix splitting, and the laminae were connected with cohesive interface

elements to simulate delamination. Further to the previous study [4], a High-fidelity Finite Element

Method (Hi-FEM) has been developed to numerically predict the R-curve for Mode I trans-laminar

fracture toughness [5]. Beyond the FPZ development in [4], the pre-defined potential paths for multiple

splits were extended over the entire crack path. Initially, the R-curve for Mode I trans-laminar fracture

was determined based on the effective crack length which includes the FPZ. An alternative definition of

R-curve was also discussed based on the ’true’ crack length which excludes the FPZ [5].

Other approaches to simulate cracking without a priori knowledge of the crack path involve

computationally expensive remeshing algorithms or the implementation of enrichment methods based on

partition of unity. The latter offers mesh-independent modeling of arbitrary fracture in FE meshes.

Examples of such enrichment methods are the eXtended Finite Element Method (X-FEM) [6], the

Phantom Node Method [7] or the Floating Node Method [8, 9] which have been successfully applied to

composite structures for the simulation of delamination migration [10], matrix cracking induced

delamination [11] or progressive failure in notched laminates [12].
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Discrete FE failure modeling is computationally expensive, hence not suitable for application to large

structures beyond the coupon level size. Therefore, more efficient, albeit less accurate, methods are needed

to predict the response of large scale composite structures. Continuum Damage Mechanics (CDM) maintains

the continuity of the FE mesh while accounting for damage by means of smearing the local stiffness reduction

within the constitutive model. The original formulation and implementation of CDM based FE models with

regards to composite materials date back to early 1990’s [13, 14]. Since then, CDM has become a popular

framework for the efficient prediction of damage progression. Forghani et al. [15] present a comprehensive

overview of the theory and application of CDM in composite materials.

One example of CDM-based FE models is the COMposite DAMage Model (CODAM) developed at the

University of British Columbia. Williams et al. [16] originally formulated CODAM as a sub-laminate

based continuum damage model which was successfully applied to simulate a variety of quasi-static and

dynamic loading events including axial crushing of braided composite tubes [17]. Forghani et al. [18, 19]

developed the second generation of this model, CODAM2, addressing the material objectivity issue of the

original formulation and incorporating the nonlocal averaging feature which not only enabled mesh size and

orientation invariant numerical results but also led to a more accurate prediction of the zone of damage

and its growth path. This version is available in the explicit FE software LS-DYNA as the built-in material

card MAT219. The latest development further enhances CODAM2 by considering the nonlinear in-plane

shear response as well as its integration with progressive damage through discrete cohesive zone modeling

[20]. Delamination onset is directly coupled to initiation of matrix cracking thus allowing the use of coarse

meshes.

The two distinct modeling approaches, discrete and continuous, have their own strengths and weaknesses.
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There is a need for a robust strategy to link the more physically accurate discrete and the computationally

efficient continuum methods. The combination of CZM, to account for delamination, and CDM-based

FE models for representing intra-laminar damage (matrix and fibre damage) has been applied to CFRP

composite structures in a wide range of geometries and loading scenarios such as the progressive damage

simulation of notched composite structures under tension [20], fatigue and residual strength predictions [21]

or the prediction of transverse impact behavior and compression after impact strength [22].

In this paper, we present a virtual material characterization strategy to determine the key parameters

of the continuum damage model, CODAM2, using the High-fidelity Finite Element Method (Hi-FEM) [5]

effectively as the virtual testing tool. This will enable physics-based progressive damage simulation of

large scale composite structures that are required, for example, in aerospace or automotive applications.

The representative macroscopic damage input parameters for CODAM2 can be determined experimentally

through Over-height Compact Tension (OCT) and Compact Compression (CC) tests combined with Digital

Image Correlation (DIC) in tension and compression [23], respectively. With this calibration technique,

Forghani et al. [19] and Zobeiry et al. [24] demonstrated that CODAM2 is able to simulate progressive

damage in tensile loading of notched CFRP specimens with varying notch-tip radii that result in a range of

behavior from stable to unstable damage growth.

Here, we propose a solely virtual characterization of ply-based CODAM2 parameters to simulate damage

progression on the basis of the validated Hi-FEM model [5]. This methodology is applicable to arbitrary

loading conditions. However, this paper considers notched composite laminates that are subjected to tensile

loadings. The large-scale structures that this paper is aiming at (e.g. an aircraft lower wing skin) are

dominated by in-plane tensile loading with fibre tensile failure being the critical event. The more localised
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stress states that drive matrix damage are captured by the fully 3D Hi-FEM models and so their effect

on fibre tensile failure is accounted for. Cases where there is large scale delamination or compressive fibre

damage are not covered by the methods proposed in this paper. Future work will investigate other loading

conditions such as compression or transverse impact.

Section 2 outlines the governing equations in CODAM2. After the presentation of details of the

numerical modeling and implementation of the Hi-FEM and CODAM2 models in Section 3, we present the

characterization strategy to extract representative CODAM2 damage parameters in tension and apply

them to the simulation of OCT tests on IM7/8552 CFRP laminates. The virtually determined data is

verified both quantitatively and qualitatively to assure that CODAM2 predicts the essential features of the

damage that are equivalent to the predictions of the fully discrete Hi-FEM model. Section 5 validates this

characterization strategy by considering the application of CODAM2 to large-scale OCT and a wide range

of open-hole tension (OHT) and center-notched tension (CNT) tests on CFRP laminates. In addition, a

mesh-size sensitivity study on one of the CNT geometries is conducted. In Section 6, we discuss the

proposed strategy of using the rigour of the Hi-FEM model at the small scale to provide the input damage

parameters of CODAM2 for the more efficient computational applications at larger scales.

2. COMposite DAMage Model (CODAM2)

The current version of CODAM2, implemented as MAT219 in LS-DYNA [25], is a physically-based and

yet simple CDM approach to describe progressive damage in fibre reinforced composite laminates. Key

features of CODAM2 are explained in this section. More details and applications can be found in related

literature [16, 19, 20].
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Damage is expressed in terms of equivalent strain functions. The longitudinal (fibre) equivalent strain εeq
1

is taken to be equal to the longitudinal normal strain ε11

εeq
1 = |ε11| , (2.1)

while the transverse (matrix) equivalent strain εeq
2 accounts for the interaction of transverse tensile and

shear strains ε22, and γ12, respectively, such that

εeq
2 = sign (ε22)

√
(ε22)

2
+
(γ12

2

)2

. (2.2)

The sign of the transverse normal strain ε22 determines the compressive (negative) or tensile (positive)

nature of loading in the transverse direction. In the context of the presented work on tensile load only, the

sign function can be neglected.

Damage is considered to depend not only on the local strains, but also on the state of strain in a finite

neighborhood of that point [26]. CODAM2 uses a nonlocal averaging scheme whereby the equivalent strains

εeq
1 and εeq

2 at a local point are averaged over a spherical zone of volume Ωr with radius r around that point

such that

ε̄eq
α =

1

W

∫
Ωr

εeq
α (X)w (‖X − x‖) dΩr, α = 1, 2 (2.3)

where w and W =
∫

Ωr
w dΩr denote pointwise weight functions and their summation over all points

considered for averaging, respectively. The norm ‖X − x‖ is the distance of the local point X to every

point x in its neighborhood within Ωr [18]. The nonlocal parameter r introduces a length scale into the

formulation that is directly linked to the predicted size of the damage zone.

The damage variables ωα in longitudinal (α = 1) and transverse direction (α = 2) are then defined as a
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function of damage initiation strain εiα and damage saturation strain εsα such that

ωα =

(
|εeq
α | − εiα
εsα − εiα

)(
εsα
εeq
α

)
for

(
|εeq
α | − εiα

)
> 0. (2.4)

Damage is considered to be irreversible and hence the damage variable ωα takes the monotonically increasing

form over time t

ωα = max
τ≤t

[ωα(τ)] α = 1, 2, (2.5)

where ωα(τ) is the value of ωα at time τ .

Stiffness reduction factors R1 and R2 in longitudinal and transverse directions respectively, are defined as

Rα = (1− ωα) , α = 1, 2. (2.6)

Applied to a laminate consisting of n sub-laminates (layers), the constitutive behavior of each layer k is

described by the effective in-plane secant stiffness matrix Qk in the kth layer as

Qk =
1

D



R1E1 R1R2ν12E2 0

R2E2 0

sym DR2G12


k

(2.7)

where D = 1− (R1R2ν12ν21) and E1, E2 and G12 are the longitudinal, transverse and shear moduli,

respectively and ν12 is the major Poisson’s ratio.

The overall in-plane secant stiffness of the laminate A (consisting of n layers) is then given by

A =

n∑
k=1

T T
kQkT ktk (2.8)

with tk being the thickness of the kth layer and T k the corresponding transformation matrix to rotate the

strain vector from principal material directions into global coordinates.
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CODAM2 results in bilinear stress-strain responses in longitudinal (fibre) and transverse (matrix)

directions, respectively. Figure 2.1 (a) illustrates such a stress-strain relation in the longitudinal direction

governed by the definition of the damage variable in Equation (2.4) and shown in Figure 2.1 (b). Up until

reaching the longitudinal strength XT at damage initiation strain εi1, the pre-peak slope can be described

by the longitudinal Young’s modulus E1. The post-peak softening behavior is controlled by the damage

variable ω1 which reaches ω1 = 1 at the damage saturation strain εs1.

(a) (b)

Figure 2.1: Illustration of the (a) bilinear stress-strain relation in CODAM2 and (b) evolution of damage parameter ω1 in

longitudinal (fibre) direction. Softening is initiated at the damage initiation strain εi1 and progression is controlled by the

damage saturation strain εs1.

3. Material and Model Description

Both FE models, Hi-FEM and CODAM2, are applied to Hexcel HexPly IM7/8552 CFRP with matrix

nominal weight fraction of 35%, aerial carbon fibre weight of 134 gr/m2 and nominal ply thickness of 0.125

mm [27]. Table 1 summarizes the basic elastic properties of a uni-directional ply [4] alongside more specific

input data used in the Hi-FEM approach.
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Table 1: Elastic properties [4] and Hi-FEM input data [5] for a uni-directional IM7/8552 CFRP.

Longitudinal Modulus Transverse Modulus Shear Modulus Poisson’s Ratio

E1 (GPa) E2 (GPa) G12 (GPa) ν12 (-)

161 11.4 5.17 0.32

Additional Hi-FEM input data

Properties of continuum elements

σunit (MPa) m (-) α11 (oC−1) α22 = α33 (oC−1) G23 (GPa) ν23 (-)

3131 41 0.0 3 x 10−5 3.98 0.436

Properties of cohesive (split/delamination) elements

GIc (N/mm) GIIc (N/mm) σmax
I (MPa) σmax

II (MPa)

0.2 1.0 60 90
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The OCT [23, 28] geometry produces stable and self-similar crack growth in dispersed quasi-isotropic

CFRP laminates. Figure 3.2(left) illustrates the geometry and dimensions of the baseline OCT test

sample. Both damage models are applied to this OCT geometry. We use the term baseline here since those

dimensions are being used to virtually characterize the CODAM2 damage parameters based on the

discrete Hi-FEM model predictions. For further validation of the calibrated model results in Section 5.1,

we will also investigate larger OCT test samples.

3.1. High-fidelity Finite Element Method (Hi-FEM)

Hi-FEM has been developed to predict the R-curve for Mode I trans-laminar fracture in the baseline

OCT test of [90/45/0/ − 45]4s IM7/8552 CFRP laminates using the explicit FE software LS-DYNA [5].

A FE mesh was created based on a unit cell, which can accommodate potential splitting in different fibre

directions [5].

The in-plane refined mesh is identical in each lamina with a minimum mesh size of 0.125 mm over

the entire crack path. Mesh sensitivity analyses on centre-notched configurations using a similar detailed

modelling method [4] revealed that a mesh size of 0.2 mm as a maximum dimension was sufficient in refined

regions to obtain a reasonably converged result. The intention is to capture the FPZ development and

fracture propagation within the refined mesh. As illustrated in Figure 3.1(a), a coarser mesh was chosen

outside the expected FPZ. The width of the initial notch in the OCT test sample was chosen to be 1 mm,

in agreement with the experiments. However, a sharper 90◦ triangular notch tip was introduced to adapt to

the unit cell based in-plane mesh pattern. As stated in [5], the sharper notch in the model can cause early

fibre breakage at the notch tip. Therefore, the Hi-FEM model is evaluated after the first fibre failure where

the progressive crack propagation is not influenced by the geometry of the initial notch.
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The in-plane refined mesh was partitioned, with cohesive interface elements being inserted in between

the adjacent parts to simulate potential intra-laminar matrix splits [5]. Multiple potential split paths were

pre-defined in all plies (0◦, 90◦ and ±45◦) according to their ply orientations at a constant spacing of 0.5

mm which has previously been found to be sufficient. Different plies were then connected with cohesive

interface elements to simulate delamination. Figure 3.1(b) shows the Hi-FEM modelling approach of a 0◦

and 45◦ ply consisting of refined in-plane continuum elements including potential intra-laminar split paths

(split elements) and the connection of plies via cohesive interface elements (delamination elements).

(a) (b)

Figure 3.1: Illustration of the HiFEM modelling approach of (a) the refined mesh in the expected FPZ, and (b) a stack of

0◦ and 45◦ plies including refined in-plane continuum elements alongside potential intra-laminar split elements and cohesive

interface elements to model delamination.

A mixed-mode traction-displacement relationship for the cohesive interface elements was adopted [29].

The cohesive interface elements are linearly softened when the initiation criterion is met. The cohesive

interface element stress is linearly reduced when the stress-based initiation criterion is met. The rate of stress

reduction is controlled by a fracture energy-based propagation criterion, such that the traction is reduced to
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zero at full failure, when the correct amount of mixed mode fracture energy will have been absorbed (area

under the traction-displacement curve). After full failure, the cohesive element is deleted, which simulates

the discrete sub-critical damage. It has been demonstrated that fibre failure is controlled by defects, whether

they are in a notched specimen where there are localized high stresses, or in the uni-directional specimen

where the stresses are uniform [30]. By assuming equal probability of failure between the volume of 0◦

plies in the Hi-FEM model and a unit volume of uni-directional material (1 mm3) according to the Weibull

distribution [31, 32], a statistically based fibre failure criterion was implemented in the Hi-FEM model such

that failure occurs when

nel∑
i=1

Vi (σi/σunit)
m

= 1 (3.1)

where nel is the total number of elements in the model, σi is the elemental stress, Vi is the volume of the

element i, σunit = 3131 MPa is the tensile strength of the unit volume uni-directional material and m = 41

is the Weibull modulus [33]. The probability of failure is a function of both the volume Vi and the stresses

σi in element i, which is checked at each time step in the Hi-FEM model. When Equation (3.1) is met, the

element with the maximum principal stress is deleted, leading to the simulation of progressive fibre fracture.

Half the thickness of the baseline OCT specimen was modeled with one continuum element per ply

through the thickness, and symmetry boundary conditions were applied at the mid-plane of the Hi-FEM

model. A temperature drop of 160◦ was applied before the mechanical loading, to generate the thermal

residual stresses formed after cool-down in the manufacturing process. Uniform displacements were then

applied in opposite directions to the nodes at the positions of the contact points of the two loading pins.

Material properties used in the Hi-FEM model are listed in Table 1. Further input data can be found in [33].

The mass was scaled up by a factor of about 100,000 in the Hi-FEM model to reduce run times. Dynamic
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effects were checked by calculating the ratio between the kinetic energy and the internal energy, which was

confirmed to be minimal (below 1.4% during fracture propagation) so that the results were not affected.

3.2. Continuum Damage Model

The FE mesh for the CODAM2 model in LS-DYNA is depicted in Figure 3.2(right). The loading pins

(orange) are modeled as elastic bodies (∗MAT ELASTIC) with isotropic elastic constants E = 200 GPa and

ν = 0.3. In addition, the degrees of freedom in the horizontal and through-thickness directions of the pins

are constrained. A prescribed displacement, u, is applied to the loading pins in opposite vertical directions

through the ∗BOUNDARY PRESCRIBED MOTION option in LS-DYNA. The model consists of a single

shell element layer with one integration point through the thickness. In the ∗SECTION SHELL card in LS-

DYNA, a plane stress element formulation (ELFORM 12) is chosen. The element size in the OCT sample

in Figure 3.2(right) within the expected FPZ is 0.25 mm × 0.25 mm. In total, the OCT model includes

21,000 shell elements. The built-in user material card ∗MAT219 (CODAM2) is used with elastic input data

listed in Table 1. The virtual characterization for determination of the intra-laminar damage parameters in

CODAM2 will be discussed in the following sections.

4. Virtual Material Characterization and Calibration of CODAM2 Damage Parameters

4.1. Methodology

The application of CODAM2 requires a number of its input parameters to be determined. As illustrated

in Figure 2.1, damage initiation and saturation strains, εiα and εsα, respectively, are to be determined in the

longitudinal (α = 1) and transverse (α = 2) directions. In addition, the nonlocal averaging scheme outlined

in Equation (2.3) requires evaluation of the nonlocal radius r in order to determine the size of the averaging

14



Figure 3.2: Illustration of (left) the geometry and dimensions and (right) the Finite element mesh and applied boundary

conditions in CODAM2 in the baseline over-height compact tension test sample. The mesh size in the expected fracture

process zone around the initial notch is 0.25 mm × 0.25 mm in the CODAM2 model, adapted from [34].
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domain Ωr.

The nonlocal averaging radius r is directly linked to the magnitude of the damage height. There are different

definitions of the term ’damage height’: hc denotes the maximum height of the damage zone consisting of

delamination and fibre damage, whereas hsat
c is used to define the height of damage zone confined to fully

developed (saturated) through-thickness fibre damage. Zobeiry et al. [24] state that 0.4hc ≤ r ≤ 0.5hc in

[45/90/− 45/0]4s CFRP laminates. Figure 4.1 illustrates the determination of the saturated damage height

hsat
c in OCT laminates with self-similar stable crack growth. As an example, four plies are shown with

different fibre orientations which are indicated by the dashed lines in the top left corner of every ply. With a

closer look at the distinct damage in each ply, the area of visible fibre breakage is defined as the damage zone

and is indicated by light gray circles in Figure 4.1. Note that the 90◦ ply does not exhibit any fibre failure

since damage in this layer only consists of matrix cracks. By overlaying the different ply damage zones of

active fibre failure (excluding 90◦ plies), one can construct a damage zone of the laminate. Here, we choose

the smallest common area of damage as the laminate damage zone (dark gray circle in Figure 4.1) which

corresponds to the saturated damage through the thickness of the laminate. The developing damage height

denoted by hsat
c is the maximum height of this zone. Note that the damage height in the virtual Hi-FEM

model [5] is defined as the average of the maximum height of delaminated area hc in each interface which is

represented by deleted cohesive interface elements.

The damage height hsat
c can be determined experimentally by cumbersome destructive deplying and

detailed Scanning Electron Microscopy (SEM) analysis [35]. Here we calibrate the damage height hsat
c and

hence the nonlocal averaging radius r = 0.5hsat
c through virtual deplying in the discrete Hi-FEM model

outlined in Section 3.
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Figure 4.1: Determination of the damage height hsat
c in a dispersed over-height compact tension laminate. The Ply Damage

Zone (light gray) refers to the area confined by visible fibre breakage in each ply of the laminate. The damage height hsat
c

is defined as the least common area of the ply damage zones through the thickness (dark gray), containing fully developed

(through-thickness) fibre breakage.
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Zobeiry et al. [23] presented a methodology to characterize the strain-softening behaviour in [90/45/0/−45]4s

OCT laminates. Through the use and analysis of DIC data on the outer 90◦ ply, Zobeiry et al. showed

that it is possible to identify the shape and governing parameters of the stress-strain response of the quasi-

isotropic laminate. In their case, the laminate is assumed to be isotropic and thus only one set of initiation

strain εi and saturation strain εs is required to formulate a sub-laminate based FE model.

Here, we use the detailed Hi-FEM model to perform a virtual DIC analysis of the 0◦ and 90◦ plies in order

to determine the damage initiation and saturation strains in the longitudinal and transverse directions,

respectively. By considering the previously determined damage height hsat
c , we define equivalent four-noded

macro-elements that span over the height of the damaged area as illustrated with white narrow rectangles

in Figure 4.2.

The nodal displacements Uyi in y-direction (i = 1, ..., 4) obtained from the Hi-FEM analysis are used to

calculate the equivalent average strain εavg of each macro-element as illustrated in Figure 4.2. The equivalent

average stress σavg of each macro-element is determined by averaging the stress values at each integration

point of the Hi-FEM model that lies within the corresponding macro-element.

This virtual DIC method has several advantages over the experimental DIC analysis. With the Hi-FEM

model, it is possible to analyze each layer of the laminate individually instead of the restricted experimental

analysis confined to the outer 90◦ ply. In addition, the virtual method allows for calculating stress values

directly within the FPZ whereas the experimental procedure can only use DIC measured displacement or

strain data to estimate stresses in the FPZ.

More details on this procedure are discussed below in Section 4.2.
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4.2. Application

We use the OCT configuration applied to a dispersed [90/45/0/ − 45]4s IM7/8552 CFRP laminate.

Since the OCT loading geometry applied to this laminate produces stable and self-similar crack growth in a

confined area around the initial notch containing minor delamination, the proposed characterization strategy

can be applied where the effective damage parameters in CODAM2 represent intra-laminar damage modes

only.

The calibration of the damage height hsat
c in the [90/45/0/− 45]4s laminate follows the virtual deplying

method summarized in Figure 4.1. Fibre fracture is more confined to the 0◦ plies rather than the ±45◦ layers.

Figure 4.2 shows contours of the longitudinal strain ε11 in a 0◦ ply of the discrete Hi-FEM model during

progressive damage evolution. Note that elements in the discrete model are deleted when they reach the

volume-corrected failure stress (strain) according to the Weibull theory. The damage zone Ωr is determined

based on the deleted elements which represent fibre fracture. The fully developed damage height hsat
c as

defined in Figure 4.1 is found to be hsat
c = 3.0 mm and therefore we use r =

hsat
c

2 = 1.5 mm for the nonlocal

averaging radius in Equation (2.3). Zobeiry [35] reports a saturated damage height of 2.5 mm which was

determined by a destructive deplying method in larger [90/45/0/−45]4s OCT samples of the same material.

As described in Section 4, the CODAM2 parameters for damage initiation and saturation strains, εiα

and εsα, respectively, are to be determined in the longitudinal (α = 1) and transverse (α = 2) directions.

The stress and strain evaluation in the macro-elements outlined in Section 4.1 and illustrated in Figure 4.2

are used to determine the CODAM2 damage parameters. Figures 4.3 (a) and (b) show the resulting data

points obtained from the Hi-FEM analysis within the damage area over several time steps in the 0◦ ply and

the 90◦ ply, respectively. The virtual calibration of CODAM2 parameters focuses on the post-peak regime

19



of the stress-strain curves in Figure 4.3 to simulate damage progression. For the pre-peak regime, we use

elastic moduli E1 and E2 in Table 1 and uni-directional strain-to-failure data εi1 = 0.0155 and εi2 = 0.0081

reported in the third world wide failure exercise [27]. The optimal fit σof in Figure 4.3 (a) and (b) represents

a continuous stress-strain response based on least squares fitting of the post-peak Hi-FEM data points in

longitudinal and transverse direction, respectively. In order to study the effect of the post-peak softening

shape in CDM, a modified version of CODAM2, called CODAM2+, will be used additionally in the following

applications. In comparison to the built-in material card MAT219 (CODAM2) in LS-DYNA, this modified

version enables the user to provide as input a nonlinear in-plane shear response as well as more general

shapes of strain-softening curves than linear. Since we will only consider fibre damage dominated cases

in the following applications, the longitudinal direction incorporates a bilinear softening shape whereas

the transverse constitutive response is assumed to follow a simple linear softening behaviour. Figure 4.3

(a) shows the bilinear softening shape of CODAM2+ to represent the virtually measured data points. It

is possible to apply a steeper post-peak slope in CODAM2+ to better approximate the calibrated data

obtained from Hi-FEM. Here, the post-peak behaviour of CODAM2+ is chosen as an example to compare

the effect of different softening shapes in Sections 4.3, 5 and 6. The standard CODAM2 and CODAM2+

characterizations result in longitudinal damage saturation strains εs1 = 0.08 and εs1 = 0.17, respectively.

The transverse damage saturation strain in Figure 4.3 (b) in both cases is εs2 = 0.04. Note that the areas

under all three stress-strain curves σc2(ε), σc2+(ε) and σof (ε) in Figure 4.3 are identical in order to make

an energetically equivalent comparison.
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Figure 4.2: Illustration of the fully developed damage height hsat
c , the nonlocal radius r and the four-noded macro-element to

determine the equivalent CODAM2 damage parameters in the 0◦ ply of the [90/45/0/ − 45]4s laminate. The contour plot of

the longitudinal strain from the Hi-FEM simulation shown here refers to POD of 1.16 mm depicted as 2O in the force-POD

curve in Figure 4.4.
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(a) (b)

Figure 4.3: Stress-strain response of the [90/45/0/− 45]4s IM7/8552 composite laminate extracted from the Hi-FEM analysis

to characterize CODAM2 damage parameters in the (a) 0◦ ply in the longitudinal direction, and (b) 90◦ ply in the transverse

direction. Both linear (CODAM2) and bilinear (CODAM2+) strain-softening curves are used to fit the data obtained from

Hi-FEM simulations.

4.3. Verification

Before applying the characterized CODAM2 and CODAM2+ damage models to predict size-effects in

IM7/8552 CFRP laminates, results of the baseline OCT test configuration in Figure 3.2 are further compared

qualitatively and quantitatively to the results obtained by the discrete Hi-FEM model. Note that the Hi-

FEM model has previously been validated against experimental data [5]. Figure 4.4 shows the force versus

Pin Opening Displacement (POD) curves obtained from the three damage models Hi-FEM, CODAM2 and

CODAM2+ as well as the experimental data. The two circles in Figure 4.4, 1O and 2O, will be used in

the following analysis to verify the accuracy of the predictions based on the characterized CODAM2 and

CODAM2+ parameters. The Hi-FEM model predicts an early deviation from the linear loading path at

a POD of 0.6 mm which is due to the presence of minor delamination and local fibre failure. CODAM2

shows a linear increase until reaching the peak force at around 1 mm of POD. CODAM2+, with the steeper

22



post-peak slope as shown in Figure 4.3 (a), is able to reproduce the pre-peak deviation from the linear path.

The different initial stiffness between experiment and all simulations in Figure 4.4 is due to compliance

in the test rig, local deformation around the loading pins and the fact that POD was measured at the

cross-head of the tensile machine. The fact that the two different simulation methods (CODAM2(+) and

Hi-FEM) predict the same initial stiffness that exceeds the experimental value is indicative of these factors.

The sharper post-peak drop in CODAM2+ leads to an increased level of variability in the force response

after reaching the peak force compared to the more gradual softening in CODAM2 as shown in Figure 4.4.

More details about the post-peak regime are discussed later in a detailed investigation of the crack length

and saturated damage height in all three damage models.

Figure 4.4: Force vs Pin Opening Displacement (POD) response of the discrete Hi-FEM approach and the characterized

CODAM2 model in the baseline over-height compact tension [90/45/0/− 45]4s laminate in Figure 3.2. The circles 1O and 2O

refer to the loading states considered for the verification of the quantitative damage patterns in Figure 4.5 and 4.6.

In order to verify the CODAM2 characterization, areas of progressive damage in the different plies of the

[90/45/0/−45]4s laminate are qualitatively compared between the Hi-FEM crack model and the continuum
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damage model CODAM2 at the two instants 1O and 2O as indicated in the POD-Force curve in Figure 4.4.

Figure 4.5 and 4.6 show the damage patterns around the notch of the OCT test configuration at 1O and 2O,

respectively. In the Hi-FEM model, matrix damage is represented by saturated delamination damage in the

pre-inserted interfaces modeled through CZM. This can be best seen in the 90◦ ply (first image in Figure

4.5 or 4.6) where two parallel matrix cracks propagate horizontally away from the notch. As mentioned in

the characterization scheme in Section 4.1, fibre damage in the Hi-FEM model is described by the erosion

of elements when the volume-corrected critical stress (strain) according to Weibull theory is reached. The

damage patterns in Figure 4.5 and 4.6 show that the 0◦ ply (third image from the top) exhibits only fibre

fracture, whereas damage in the 45◦ and −45◦ ply is a combination of matrix damage (delamination) and

fibre fracture.

Damage in CODAM2 is represented by the damage variables ω1 and ω2 as presented in Equation (2.4)

and (2.5) where ω1 = 1 denotes fully (saturated) damaged elements. The qualitative damage patterns from

CODAM2 simulations in Figure 4.5 and 4.6 use the fibre damage variable ω1 in the 0◦ ply and the matrix

damage variable ω2 in all the other plies. Note that the active damage areas in the different plies in CODAM2

are very similar since the fully continuum CODAM2 model only uses one shell element through the thickness.

Inter-laminar damage is not considered which would allow for the separation of plies and hence for dissimilar

damage behavior through the thickness. Despite this major simplification, the continuum damage model

CODAM2 is able to represent equivalent progressive damage patterns as shown in Figures 4.5 and 4.6.

In addition to the qualitative comparison of the damage areas, the predicted crack lengths, damage

heights and resulting fracture energies are compared between the two crack modeling techniques.

In the Hi-FEM model, a crack is considered to propagate when the tensile strength within the Weibull
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Figure 4.5: Comparison of fracture/damage patterns between the discrete Hi-FEM model and CODAM2 in the different plies

of the [90/45/0/−45]4s laminate at the instant 1O (see POD-Force curve in Figure 4.4). The vertical displacement dy is shown

in the contour plots of the Hi-FEM model. In CODAM2, ω1 and ω2 refer to fibre and matrix damage, respectively. The crack

length ∆a in the 0◦ ply from CODAM2 results refers to damage saturation (ω1 = 1).
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Figure 4.6: Comparison of fracture/damage patterns between the discrete Hi-FEM model and CODAM2 in the different plies

of the [90/45/0/−45]4s laminate at the instant 2O (see POD-Force curve in Figure 4.4). The vertical displacement dy is shown

in the contour plots of the Hi-FEM model. In CODAM2, ω1 and ω2 refer to fibre and matrix damage, respectively. The crack

length ∆a in the 0◦ ply from CODAM2 results refers to damage saturation (ω1 = 1)
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fibre failure criterion in Equation (3.1) is reached and the element is deleted. This leads to discrete,

progressive failure of the 0◦ ply as shown in the damage patterns in Figures 4.5 and 4.6. The CODAM2

continuum damage models reproduce this progressive behaviour in a smeared sense by assigning a bilinear

or trilinear stress-strain response indicated by damage initiation and damage saturation. Due to this

difference between discrete and smeared cracks, we choose to consider two crack length definitions in the

CODAM2 and CODAM2+ models in order to bound the discrete nature of fracture. A crack in the 0◦ ply

of the [90/45/0/ − 45]4s laminate is considered to propagate in the CODAM2 and CODAM2+ models: i)

at damage initiation when the fibre damage variable ω1 > 0 and ii) at damage saturation when ω1 = 1.

Figure 4.7 (a) and (b) compare the CODAM2, CODAM2+ and the Hi-FEM model by analyzing the crack

length ∆a and the developing saturated damage height hsat
c , respectively. It can be seen that the two

different crack length definitions in the CODAM2 and CODAM2+ models bound the discrete Hi-FEM

predictions. Furthermore, CODAM2+ predictions bound the CODAM2 results. This can be explained by

the stress-strain response in longitudinal direction depicted in Figure 4.3 (a). The sharp post-peak drop

leads to more pronounced softening in CODAM2+ and hence earlier damage initiation of adjacent

elements compared to CODAM2. In contrast, the elongated tail in CODAM2+ delays damage saturation.

Note that the predicted saturated damage height in CODAM2 and CODAM2+ approaches hsat
c = 3 mm

(= 2r) where the CODAM2(+) input parameter r for nonlocal averaging was determined as previously

outlined and illustrated in Figure 4.2. Figure 4.7(b) shows that the damage height hsat
c evolves over time

(or POD) until approaching the maximum value of 3 mm. This is an important feature of the nonlocal

CODAM2(+) models which enables the prediction of rising R-curves as will be discussed in the following.

The fracture energy Gc of the [90/45/0/−45]4s laminate can be calculated by the Numerical Compliance
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(a) (b)

Figure 4.7: Comparison between CODAM2, CODAM2+ and Hi-FEM predictions of the progression of (a) the crack length ∆a

and (b) the saturated damage height hsat
c with POD in the baseline over-height compact tension test on the [90/45/0/− 45]4s

IM7/8552 laminate.

Calibration (NCC) as described by Xu et al [5] such that

Gc =
P 2

2B

dC

da
, (4.1)

where P is the predicted force before the load drop in the POD-Force curve in Figure 4.4, B is the nominal

specimen thickness, C = POD/Force is the numerical compliance based on the POD-Force curve in Figure

4.4 and a = a0 + ∆a is the predicted crack length with ∆a measured in the 0◦ ply and the initial notch

length a0 illustrated in Figure 3.2(left). The predicted compliance C is plotted against the crack length a

and a polynomial y(x) that best fits the data is determined in order to derive the term dC
da in Equation

(4.1). Based on Equation (4.1), Figure 4.8 shows the calculated fracture energy values Gc in the discrete

Hi-FEM model [5] and the characterized CODAM2 and CODAM2+ with the two crack length definitions

(one based on damage initiation and the other on damage saturation). Similar to the observations in the

crack length and saturated damage height analysis in Figure 4.7, it can be seen that the two crack length
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definitions in CODAM2 and CODAM2+ bound the Hi-FEM predictions. As stated by Xu et al. [5], the

true R-curve in Figure 4.8 should be considered from a crack length ∆a ≥ 2.5 mm to account for the fully

developed FPZ. A similar conclusion can be drawn from the CODAM2 and CODAM2+ results where

fracture toughness approaches a constant value when the maximum damage height is reached. Take for

example the R-curve predictions based on damage saturation in Figure 4.8. Predictions from CODAM2

and CODAM2+ reach a steady fracture toughness of 126 kJ/m2 and 132 kJ/m2, respectively, at a crack

length 4 mm ≤ ∆a ≤ 5 mm. Figure 4.7 (a) shows that this saturated crack length corresponds to a POD

of 1.2 mm to 1.4 mm. This is the range of POD where the saturated damage height in Figure 4.7 (b)

reaches its constant value of 3 mm predefined by the nonlocal averaging radius r.

Furthermore, the fracture toughness versus ∆a results in Figure 4.8 show different slopes. In a local

continuum damage analysis with a constant input for fracture toughness, one would expect a constant

R-curve. Davila et al. [36] showed that the simulation of the R-curve in compact tension tests requires the

superposition of at least two bilinear cohesive elements with different properties and therefore these

properties need to be fitted based on the measured R-curve.

In contrast to Davila’s two-element solution in CZM [36] or to a local CDM analysis where damage is

confined to one row of elements, the nonlocal averaging in CODAM2 and CODAM2+ smears damage over

multiple rows of elements leading to an increasing R-curve. Considering the data corresponding to damage

saturation in Figure 4.8 as a measure of crack length, this slope of the R-curve is more gradual compared

to the Hi-FEM model. When the crack length (and damage height) are measured by damage initiation,

the R-curves have a similar slope to the Hi-FEM prediction. In the damage initiation analysis, contrary to

damage saturation, energy is still being dissipated while crack growth is assumed to progress. This leads to
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a steeper increase of fracture toughness until reaching a steady value when the saturated damage height is

reached.

Figure 4.8: CODAM2, CODAM2+ and Hi-FEM predictions of the fracture energy Gc vs crack length ∆a in the baseline

over-height compact tension test on the [90/45/0/ − 45]4s IM7/8552 laminate. The calculation of Gc is outlined in Equation

(4.1) and dC/da is calculated by the curve fit in Figure 4.4.

The continuum and discrete modeling techniques pursue different objectives. On the one hand, the

Hi-FEM model aims for physically accurate modeling of the failure modes that explicitly account for matrix

cracking, fibre breakage and delamination as discrete fracture events. Conversely, CODAM2 and CODAM2+

provide an efficient computational tool to predict the structural response in large-scale composite parts

using continuum representation of damage. Table 2 compares the computational cost of the models in the

baseline OCT simulation presented in Section 4.2 up to 1.24 mm POD. The CODAM2 and Hi-FEM models

were calculated on the BlueCrystal Phase 3 computer cluster at the University of Bristol with 32 CPUs.

The discrete Hi-FEM model uses mass-scaling to reduce run times [5]. Note that the computation time
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for CODAM2+ will be similar (if not identical) to CODAM2 simulations. Table 2 shows that CODAM2

only needs three minutes to predict a comparable equivalent structural response as the Hi-FEM model.

Considering the reported displacement controlled loading rate of 0.5 mm/min in the experiments [5], the

characterized CODAM2 model provides real-time simulation capability for the dispersed [90/45/0/− 45]4s

IM7/8552 laminate where delamination can be neglected.

Table 2: Comparison of computational runtime in the simulation of the baseline over-height compact tension test on the

[90/45/0/− 45]4s IM7/8552 laminate.

Hi-FEM CODAM2

Number of elements 3.3 million 21,000

Computation time 86 hours 3 minutes

Speedup factor 1720

5. Validation

The characterized CODAM2 and CODAM2+ input data obtained through the Hi-FEM crack model for

the baseline [90/45/0/ − 45]4s OCT laminate will be validated against experimental test data for different

loading scenarios and test geometries using the same IM7/8552 CFRP material system.

5.1. Size-Effects in Over-height Compact Tension Tests

The capability to predict the structural response of a CFRP laminate over different length scales is

essential in the application of computational damage models to large-scale structures. The nonlocal feature

in CODAM2 and CODAM2+ allows for the efficient upscaling of small-scale CFRP structures. In Figure

5.1, CODAM2 and CODAM2+ are applied to a larger [90/45/0/ − 45]4s OCT geometry without altering
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the input data. Based on the baseline OCT model used in the characterization scheme in Section 4 with

dimensions L1 = 53 mm and L2 = 104 mm, we use a medium size (2L1 × 2L2) OCT sample to assess the

capability of the model to predict size-effects. The mesh size in the different FE models is scaled accordingly

so that the average element size from the baseline model (0.25 mm × 0.25 mm) is adjusted in the medium

(0.5 mm × 0.5 mm) OCT configuration. Note that the nonlocal averaging radius r = 1.5 mm can be directly

applied to such larger meshes as long as it covers more than one element length. Otherwise, the nonlocal

feature does not come into effect.

Figure 5.1 shows the CODAM2 and CODAM2+ predictions of the POD-Force curve in the medium OCT

sample overlaid on the experimental measurements [23]. It can be seen that CODAM2 and CODAM2+ are

able to capture the overall trend. CODAM2 and CODAM2+ predict larger forces at the onset of nonlinearity

at around 1-1.5 mm POD. This is typically seen in nonlocal damage models [24] where stresses build up

in the zone of averaging before the elements undergo softening. Instead of a continuously growing damage

height and hence R-curve around damage initiation, the nonlocal model applies a more constant damage

height hc which leads to the prediction of higher forces. This effect can also be observed in the Force vs

POD curves shown in Figure 4.4 for the baseline OCT sample and the flat R-curve shown in Figure 4.8.

Note that the damage height hc still develops in CODAM2 as shown in Figure 4.7 (b). When the saturated

damage height hsat
c is reached (here hsat

c = 3.0 mm), CODAM2 and CODAM2+ are able to predict the

experimental data accurately.

For further validation of the medium size OCT test case, Figure 5.2 shows the evolution of the crack

length ∆a predicted by CODAM2 and CODAM2+ in comparison with experimental data [35]. As shown

in Figure 5.2, the predicted crack lengths using the CODAM2 and CODAM2+ models correlate well with
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the experimental data. Similar to the observations with the Hi-FEM model in the small scale OCT results

in Figures 4.7 and 4.8, the continuum damage simulations whereby the crack length is measured based on

either damage initiation or damage saturation in CODAM2 and CODAM2+ bound the experimental test

data.

Figure 5.1: Predicted POD-Force results of the size-effect study in Over-height Compact Tension (OCT) tests on the medium

size [90/45/0/− 45]4s IM7/8552 laminates with 2L1 = 106 mm and 2L2 = 208 mm [23].

5.2. Open-Hole Tension Tests

As part of a large experimental program on scaling effects in notched composites, Green et al. [37] studied

open-hole tension (OHT) [45/90/−45/0]4s IM7/8552 CFRP laminates. From these data, three different hole

diameters were selected for analysis as listed in Table 3. Figure 5.3 (a) shows the corresponding geometry

of the OHT specimen with hole diameter D, gauge length L and gauge width W . Note that the stacking

sequence is different from the [90/45/0/− 45]4s laminate used in previous sections (e.g. presence of central

double 0◦ ply block). Xu et al. [38] found that these different layup sequences show similar tensile failure

responses.
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Figure 5.2: Predictions of the crack length ∆a based on damage initiation and damage saturation in CODAM2 and CODAM2+

for the medium over-height compact tension test on the [90/45/0/ − 45]4s IM7/8552 laminate compared with experimental

data [35].

The size of the FE mesh in the CODAM2 and CODAM2+ model around the expected damage at the

hole is 0.5 mm × 0.5 mm, similar to the medium OCT sample in Section 5.1. A prescribed displacement is

imposed on one edge along the gauge width of the OHT samples and nodes at the opposite edge are fully

constrained. Table 4 shows the measured and predicted maximum far-field stress values for the three different

OHT specimens. It can be seen that CODAM2 predicts higher OHT strength values than the experiments

by 7% to 10%, whereas CODAM2+ under-predicts the strength by 2% to 5%. As reported by Green et al.

[37], dominant failure mechanisms in post-mortem analyses were observed as fibre dominant failure with sub-

critical damage for this layup. The continuum damage models CODAM2 and CODAM2+ are able to predict

fibre dominant cases as seen in the previous OCT tests in Figure 4.4 and Figure 5.1. However, higher fidelity

models accounting for matrix-dominated failure are required to account for sub-critical damage modes such
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as matrix splitting and delamination. By comparing CODAM2 with CODAM2+ predictions in Table 4,

it can be seen that the steeper post-peak curve in the stress-strain response of CODAM2+ leads to lower

strength predictions, resulting in up to 15% lower tensile strength compared to CODAM2 simulations. This

is consistent with the sensitivity analysis conducted by Zobeiry [35] who investigated different post-peak

softening shapes in the stress-strain response of a continuum damage model using laminate properties. It

was found that increasing post-peak slope in the stress-strain response leads to decreasing maximum forces

in OCT simulations.

(a) (b)

Figure 5.3: Geometry and dimensions of the (a) open-hole tension (OHT) and (b) center-notched tension (CNT) sample

consisting of hole diameter D, notch length C, gauge length L and gauge width W .

Table 3: Dimensions (mm) of open-hole tension (OHT) [37] and center-notched tension (CNT) [4] specimens. Figure 5.3 (a)

and (b) illustrate the two specimen geometries.

D (in OHT) or C in (CNT) Gauge width W Gauge length L

Scale 1 3.2 15.9 63.5

Scale 2 6.4 31.8 127.0

Scale 4 12.7 63.5 254.0

Scale 8 25.4 127.0 508.0

Scale 16 50.8 254.0 508.0
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Table 4: Comparison between predicted tensile strength (MPa) by the CODAM2 and CODAM2+ model and measured data

(MPa) in OHT experiments [37] in [45/90/− 45/0]4s IM7/8552 laminates over the range of OHT samples listed in Table 3

Experiments (cv, %) CODAM2 CODAM2+

OHT Scale 1 478 (3.1) 529 452

OHT Scale 2 433 (2.0) 466 412

OHT Scale 4 374 (1.0) 408 370

OHT Scale 8 331 (3.0) 395 342

OHT Scale 16 323 (3.7) 384 347

5.3. Center-Notched Tension Tests

Xu et al. [4] investigated a range of scaled [45/90/− 45/0]4s center-notched IM7/8552 CFRP laminates

loaded in tension, to study size effects in notched composite structures. The damage properties for the

CODAM2 and CODAM2+ model are further validated by considering the range of [45/90/−45/0]4s Center-

Notched Tension (CNT) laminates listed in Table 3 and illustrated in Figure 5.3 (b). The layup is identical

to the OHT specimens in previous section.

Similar to the OHT study, the FE mesh in the CODAM2 and CODAM2+ model around the expected

damage at the notch is structured with an element size of 0.5 mm × 0.5 mm. A mesh sensitivity study

outlined in Section 5.4 investigates a range of different element sizes within unstructured meshes. A

prescribed displacement is imposed on one edge along the gauge width of the CNT samples, whereas nodes

at the opposite edge are fully constrained.

Table 5 shows the results of the CODAM2 and CODAM2+ damage models applied to the various CNT

geometries listed in Table 3. The far-field stresses are evaluated for each CNT geometry to determine
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the tensile strength. All simulation cases show brittle failure of the laminate where the CNT samples fail

abruptly after reaching a peak load in a linearly elastic manner. The numerical results are further compared

to measured strength values [4]. Overall, CODAM2 is able to capture the trend of decreasing strength

values in large-scale CNT geometries. The predicted tensile strengths are within 8% of the measured

strength in each case. The simulations yield lower strength values due to the fact that the damage zone in

the [45/90/− 45/0]4s laminate is not fully developed at the peak load which is consistent with the observed

damage patterns in tested CNT samples [39]. With the under-developed damage zone, local sub-critical

damage such as 0◦ splitting and delamination can significantly blunt stress concentrations and increase the

strength values, which is not yet included in the current non-local CODAM2 models.

Table 5 also compares CODAM2 with CODAM2+ predictions. As observed in simulations of the OHT tests,

CODAM2+ leads to lower strength predictions, resulting in up to 16% lower tensile strength compared to

CODAM2 simulations.

Figure 5.4 summarizes the comparisons of experimental and predicted strength values in the two notched

configurations of [45/90/− 45/0]4s IM7/8552 CFRP laminates.

5.4. Mesh-sensitivity Analysis

The CNT Scale 4 specimen in Table 3 is used to investigate the mesh size and mesh orientation sensitivity

of the tensile strength predicted by CODAM2. Figure 5.5 shows the six different discretizations of the CNT

sample around the notch. The mesh labelled 05mm s refers to the structured mesh with an element size of

0.5 mm × 0.5 mm around the notch from previous Section 5.3. The other two meshes in the same column

(05mm 1 and 05mm 2) consist of the same discretization around the notch with an element size of 0.5 mm

× 0.5 mm. However, the mesh in each case is unstructured with a fine global approximate mesh size of
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Table 5: Comparison between predicted tensile strength (MPa) by the CODAM2 and CODAM2+ model and measured data

(MPa) in CNT experiments [4] in [45/90/− 45/0]4s IM7/8552 laminates over the range of CNT samples listed in Table 3.

Experiments (cv, %) CODAM2 CODAM2+

CNT Scale 1 582 (3.9) 556 479

CNT Scale 2 519 (2.0) 493 422

CNT Scale 4 456 (0.9) 418 349

CNT Scale 8 349 (2.7) 310 289

CNT Scale 16 261 (2.9) 235 226

(a) (b)

Figure 5.4: Comparison between predicted tensile strength by the CODAM2 and CODAM2+ model and measured data in (a)

OHT [37] and (b) CNT experiments [4] in [45/90/− 45/0]4s IM7/8552 laminates over the range of samples listed in Table 3.
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0.5 mm in 05mm 1 and a coarser global approximate element length of 1.0 mm in 05mm 2. Similarly, a

coarser mesh around the notch with element size of 1.0 mm × 1.0 mm is investigated with three different

global approximate mesh sizes as depicted in the right column in Figure 5.5. The resulting tensile strengths

obtained from the mesh size and mesh orientation sensitivity analysis is listed in Table 6. It can be seen

that the tensile strength in the meshes with 0.5 mm × 0.5 mm element size around the notch only varies

by about 1.4% which confirms the mesh-insensitivity of the nonlocal CODAM2 damage model. Alongside

the inaccurate stress calculations in the coarser meshes (1mm 2 and 1mm 3) in Table 6, these two examples

also show that the choice of the nonlocal averaging radius r determines the maximum possible element size

so that a sufficient number of integration points is considered in the averaging scheme.

Figure 5.5: Discretizations around the notch of the Scale 4 CNT sample to study mesh size and mesh orientation sensitivity of

the characterized CODAM2 model.
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Table 6: Predicted tensile strength values (MPa) by CODAM2 in the Scale 4 [45/90/− 45/0]4s IM7/8552 CNT sample of the

mesh-sensitivity analysis. The different mesh types are depicted in Figure 5.5.

Mesh type CODAM2 predictions

05mm s 417.9

05mm 1 412.1

05mm 2 413.9

1mm 1 414.1

1mm 2 407.3

1mm 3 389.5

6. Discussion

The virtual characterization technique presented in Section 4 yields progressive damage input parameters

for CODAM2 and CODAM2+ which are in agreement with experimentally determined values. Based on the

discrete Hi-FEM crack model, it is possible to easily extract such input data. The experimental procedure

to obtain the damage properties of the laminate requires deplying methods and SEM analysis to quantify

fracture areas in each ply of the CFRP layup. The verification of the virtual characterization scheme in

Section 4.3 shows that CODAM2 and CODAM2+ are able to produce representative damage patterns in

the different plies of the [90/45/0/− 45]4s OCT laminate. In the Hi-FEM model, it is possible to simulate

discrete crack paths due to pre-inserted cohesive elements to account for matrix cracking and delamination.

Since the OCT test configuration of dispersed CFRP laminates, e.g. the investigated [90/45/0/ − 45]4s

laminate, leads to stable crack growth in a confined area around the notch without extensive delamination,

CODAM2 and CODAM2+ are able to predict meaningful representative damage patterns in a fraction of
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the computational time that is required for the discrete Hi-FEM model. The quantitative analysis of the

crack length and saturated damage height in Figure 4.7 and fracture energy values in Figure 4.4 further

assures that CODAM2 and CODAM2+ can be applied to such dispersed laminate layups. Due to their

computational efficiency, it is possible to apply these continuum damage models to large-scale composite

structures that exceed the size and load capacity of typical coupon level testing machines.

In ply-scaled blocked laminates, e.g. [904/454/04/−454]s, large areas of delamination and matrix splitting

can be observed [20]. In such cases, the proposed virtual characterization technique needs to be enhanced

to account for delamination. Therefore, experimental measurement (e.g. C-Scan) is required to quantify

the amount of delamination in the laminate. A combined experimental-numerical calibration framework is

proposed by Shahbazi [20] in order to predict the structural response of ply-scaled (blocked) laminates.

The study of size-effects in Section 5.1 illustrates the benefits of the nonlocal feature in CODAM2 and

CODAM2+. It is possible to apply the characterized damage parameters directly to larger scales without

the need for adjusting mesh-sizes or input data. Since the characteristic damage height does not change

with the OCT geometry, the virtual characterization on the baseline OCT model provides all the required

information to apply the nonlocal CODAM2 and CODAM2+ model to larger OCT specimens. Xu et al.

[40] studied size-effects in [45/90/ − 45/0]4s IM7/8552 OCT laminates experimentally and concluded that

the fracture process zone in all three investigated OCT test configurations remains constant. A similar

conclusion can be drawn from the virtual determination of the damage height in the baseline OCT model

which correlates well with experimental data obtained in medium size OCT tests [23].

The medium size OCT geometry in Figure 5.1 consists of a coarser mesh compared to the baseline OCT

used in the virtual characterization scheme. The nonlocal averaging radius r needs to cover more than one
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element length so that neighboring integration points can be considered in the calculation of the equivalent

strains as outlined in Equation (2.3). The mesh size in the expected fracture process zone in the medium

OCT model is 0.5 mm × 0.5 mm. The two OCT simulation studies also show that the nonlocal damage

models predict higher maximum forces at the onset of nonlinearity due to the constant averaging radius r.

Stresses build up within the defined damage zone before undergoing softening. As soon as the saturated

damage height hsat
c is reached, CODAM2 (and CODAM2+) gives accurate force predictions in the two OCT

cases. Ideally, the nonlocal algorithm would incorporate a variable (increasing) averaging radius to account

for the growth of damage height in these OCT geometries.

The OHT and CNT studies presented in Sections 5.2 and 5.3 show that the characterized damage

parameters can be used in other dispersed quasi-isotropic laminates where delamination is relatively small.

CODAM2 is able to predict the tensile strength values in all CNT samples with reasonable accuracy. The

difference between predicted and experimentally measured tensile strength is less than 8% in CNT and

10% in OHT tests. These results agree well with previous numerical CNT studies where it was shown

that different continuum damage models are able to predict the tensile strength in a wide range of CNT

geometries [34].

The mesh size and mesh orientation sensitivity analysis in Section 5.4 further demonstrates the advantages

of the nonlocal averaging scheme in CODAM2. Given that the mesh in the CNT geometry is fine enough to

calculate the stresses around the notch, the nonlocal capability allows for unstructured meshes without the

requirement to change any of the input data to maintain the objectivity of the numerical results as would

be the case with local models.

Overall, the calibrated CODAM2 and CODAM2+ models correlate reasonably well with results
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obtained from the discrete Hi-FEM model or experimental data. The presented virtual material

characterization strategy allows for the transition from discrete crack modeling to a smeared damage

representation. Thereby, it takes advantage of both modeling techniques. The computationally expensive

but detailed discrete model is able to predict physically accurate failure modes such as explicit matrix

cracks, fibre breakage or delamination. In contrast, CODAM2 and CODAM2+ represent the different

damage modes in a smeared manner, hence only capable of capturing the essence of the response rather

than its details. However, the computational cost associated with CODAM2 is dramatically lower and

therefore it can be applied to large composite structures provided that large scale delamination does not

occur.

7. Conclusion

This work presents a virtual material characterization technique to determine effective damage

parameters for the nonlocal continuum damage model CODAM2, implemented as MAT219 in LS-DYNA.

The characterization is based on the High-fidelity Finite Element Method (Hi-FEM) discrete model [5]

applied to the baseline Over-height Compact Tension (OCT) test of [90/45/0/ − 45]4s IM7/8552

carbon-epoxy laminates. Specifically, the discrete model is used to determine characteristic ply-based

quantities such as the saturated damage height hsat
c as well as damage initiation and saturation strains in

longitudinal and transverse directions required as input in CODAM2. A modified version denoted as

CODAM2+ enables the use of more general shapes of input strain-softening curves other than linear. The

characterization for the continuum damage model is first verified against representative damage patterns

in the different plies of the [90/45/0/ − 45]4s and fracture energy measurements. CODAM2 and
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CODAM2+ are able to predict similar quantitative and qualitative measures at a fraction of the

computational cost compared with the discrete Hi-FEM modeling approach. In combination with the

nonlocal capability, the low computational cost of CODAM2 and CODAM2+ allows for the application to

large-scale composite structures. The two CODAM2 models are validated against experimental data from

a medium OCT test as well as from a range of open-hole tension and center-notched tension specimens. In

all validation cases, CODAM2 predicts the structural response of the IM7/8552 laminates with reasonable

accuracy. A mesh-sensitivity analysis demonstrates the capability of the nonlocal CODAM2 damage model

to account for various mesh sizes and mesh orientations with the same characterized damage parameters as

mentioned above.

This characterization strategy can be applied to establish multiscale damage models with different

refinements and crack representations at each scale. For example, microcracks can be modeled discretely

on the micro-scale and directly transferred to the meso-scale in a smeared manner.

Future research will focus on the inclusion of inter-laminar damage in the form of cohesive zone models

combined with CODAM2. This will allow for the modeling of blocked composite laminates where matrix

splitting and delamination are dominant failure modes.
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