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Abstract 

We present the details of a combined experimental and numerical study used to calibrate the parameters of 

a macro-mechanical damage model that is incorporated as a user material model in the explicit finite 

element program, LS-DYNA, to represent the progressive damage behaviour of composites at the level of 

the representative volume element. Specifically, the model parameters defining the transverse tensile and 

axial compressive response of a triaxially-braided carbon fibre/epoxy composite are determined based on 

results from notched tensile, 4-point bend and eccentric compression tests.    To demonstrate the validity of 

the material model and its calibrated input parameters, the response of notched tensile coupon and eccentric 

compression tests are simulated and shown to correlate well with experimental measurements.  Further 

validation of the model is provided here and in Ref. [1] through successful simulation of the axial crushing 

of square tubes made of the same material.   

Keywords: Braided Composite Tubes; Progressive Crushing; Model Calibration; Finite Element Analysis 

(FEA); Damage Mechanics; Fracture Tests      

1. Introduction 

Composite tubes for energy absorption have received considerable amount of attention in the past few 

decades due to their high specific properties with the potential for weight savings in aerospace and 

automotive applications.  One of the biggest obstacles to the successful integration of these components 

into mainstream automotive products is the inability to confidently predict their performance using finite 

element analyses; nowadays a standard design step for automotive metallic components.   
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Given the complex nature of damage formation and failure in laminated composites, especially under 

dynamic loads (e.g. low and high velocity impact, and crush loading events), simulation of the damage 

response of composite components poses a major challenge to structural analysts. At the laminate level, the 

interactions of various failure modes including intra-laminar failure (fibre and matrix failure) and inter-

laminar failure (delamination), adds to the complexity of the problem. The complexity is highlighted 

further considering that the initiation and propagation of discrete damage modes such as delamination and 

splitting are highly geometry and lay-up dependent (e.g. [2] and [3]). In recent years, many studies have 

focussed on development of damage models that are capable of addressing these challenges. Ranging from 

discrete models to continuum damage models, they vary in terms of underlying assumptions for damage 

evolution, computational efficiency, associated characterization/calibration efforts, and applicability [4]. 

Currently, the ply-based approaches are notably popular (e.g. [5]-[8]). In such approaches, usually, the 

behaviour of individual plies is simulated separately using continuum (smeared) damage-based models 

(e.g. [9],[10]). The interaction of plies and the formation of inter-laminar failure modes, on the other hand, 

are simulated using discrete models such as those based on cohesive zone methods.  Unidirectional or 

woven plies which are the repeating units of the laminate in these approaches, have to be experimentally 

characterized. Inter-laminar properties are characterized separately using standard tests.  

Considering the complex reinforcement architecture of braided composites, many studies have focused on 

multi-scale approaches to simulate the progressive failure response of these composites. Micromechanics 

based approaches, for example, have been used to predict the nonlinear failure response of braided 

composites (e.g. [11]-[14]). To include the effect of braided architecture at larger scales, meso-scale 

approaches based on unit cell discretization (i.e. sub-cell approach) have been widely used for progressive 

damage modelling of braided composites ([15]-[19]).  A meso-scale simulation approach was implemented 

by Zhang et al ([20]-[22]) for progressive tensile failure modelling and to evaluate the free edge effects in 

straight-sided coupons. In recent years, attention has been paid to the effect of manufacturing defects on the 

failure response of braided composites [23]. Borowski et al [24] employed a multi-scale simulation 

approach of the response of braided composites from micro-level to macro-level while considering the 

effect of manufacturing-induced defects due to the mismatch of free strains and thermal properties. The 

wide range of proposed simulation approaches for braided composites underscores the challenges 
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associated with simulating the failure behaviour of these multi-scale materials.  Considering the higher 

propensity for development of manufacturing-induced defects in braided composites compared to 

unidirectional composites, predicting the performance of braided composites under static and dynamic 

loads becomes a formidable task.  

To avoid the difficulties associated with characterization and simulation of braided composites with a high 

degree of manufacturing defects (i.e. poor quality braided composites), in this paper, a ply-based modelling 

approach is employed to simulate crushing of braided composites. However, unlike ply-based models for 

which unidirectional/woven layers constitute the repeating units, for braided composites, a braided layer 

with fibres oriented in multiple  directions (e.g. [0/±45] considered in this study) forms the repeating unit. A 

simplified continuum damage mechanics (CDM) based model, CODAM (for COmposite DAMage) is 

employed to represent the damage behaviour of braided layers. The model uses a macro-mechanical strain-

softening (stress-strain curve with a descending branch after the peak stress) approach to represent, in a 

smeared fashion, the effect of the constituent damage growth on the overall response of a macro-level 

representative volume of the material.  Such an approach is intended to capture the essence, rather than the 

details, of the damage progression in the material leading to its nonlinear behaviour up to failure. 

Representing fracture in a smeared manner by reducing the material stiffness and strength after the peak 

strength of the material has been reached is relatively easy to implement in finite element codes and 

therefore, the continuum based smeared cracking approach is a commonly adopted methodology for 

practical computational analysis of large-scale composite structures. 

In braided composite tubes (Fig. 1), material fracture and delamination is estimated to account for the 

majority of the total energy absorbed, with the remaining energy absorbed through friction and heat 

generation [25].  It is imperative, therefore, to accurately characterize the material behaviour for finite 

element representation of the problem.  Typically, material model parameters are determined from standard 

mechanical testing.  However, the step from mechanical testing to material model calibration is difficult for 

a number of reasons.  Composites, and braided composites in particular (due to their coarse architecture), 

are very sensitive to edge effects ([26]- [30]).  These edge effects can trigger failure mechanisms in the 

coupon specimen that are not representative of failure in the structure (i.e. tow pull-out versus tow fracture) 

leading to erroneous input parameters. It has been shown that edge effects affect the failure response of 
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braided composites (e.g. [26]). The influence of edge effects on accurate measurement of elastic properties 

has also been quantified [21]. To overcome difficulties associated with characterizing braided composites 

using standard specimens, and to minimize the edge effects, notched coupon tests and tubular geometries of 

specimens have been proposed in the literature ([27] and [28]). Kohlman and co-workers ([26] and [27]), 

for example, developed a double edge-notched (DEN) coupon testing approach to evaluate the tensile 

strength of braided composites.   

It is also important to represent the consequences of substantial levels of damage growth in the material.  

Characterization of this damage growth, which in itself is complex, involving many competing mechanisms 

such as matrix cracking, fibre breakage, fibre kinking and delamination, often requires specialized testing 

that promote stable damage progression in contrast to catastrophic failure.  Given these difficulties, extreme 

care should be taken in determining phenomenological model parameters to ensure that they are accurate 

and that they capture the true behaviour of the material.   

In this paper, the material model parameters that define the damage behaviour for each braided layer are 

obtained from a combination of standard coupon, notched tensile fracture, 4-point bend, and eccentric 

compression tests.  In order to minimize edge effects, a notched specimen geometry based on the over-

height compact tension test configuration is used to further evaluate both the elastic and fracture properties. 

In the absence of reliable test data for stiffness and strength, normally arising from standard coupon tests, 

the successful simulation of the notched coupon test is used as a basis for numerical adjustments of tensile 

stiffness and strength values in the transverse direction. The 4-point bend tests are used to estimate an 

average value for the axial compressive strength and simulation of eccentric compression tests are then 

used as a means of validating the calibrated compressive model. The delamination properties consisting of 

maximum value of inter-laminar traction for onset of delamination and interface toughness (area under the 

interface traction-separation curve) for progression of delamination are estimated from Double Cantilever 

Beam (DCB) tests.  The final validation of the model is provided here, and in Ref. [1], through successful 

simulation of the axial crushing of square-section tubular structures made of the same braided material.   

2. Braided Composite Material 

The energy absorption and mechanical properties of two-dimensional, 2-ply and 4-ply, carbon fibre 

triaxially-braided composites were investigated.  The braid structure consisted of Fortafil 80k axial tows 
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(an 80k tow is composed of 80,000 individual fibres) and Grafil 12k biaxial tows arranged in a [0/±45] 

pattern (Fig. 1) in a vinyl-ester epoxy (Ashland Hetron 922) resin.  All the braided panels used for in-house 

testing were supplied by General Motors Corporation.  These panels were fabricated by Excel Pattern 

Works, Inc (Dearborn, MI) by pouring the resin into a mould containing the braid.  Mould pressure was 

maintained at 650 to 690 kPa (90 to 100 psi) and a temperature of 66 °C (150 °F) was applied to one side of 

the mould.  The plaque was then post-cured at a temperature of 93 °C (200 °F) for 1 hour.  The quality of 

the material was fair, with a moderate number of voids, resin rich areas, and variable braid pattern.  The 

thickness of specimens cut from these panels was observed to vary by up to 5%, with average values of 2.3 

and 6.1 mm, for the 2-ply and 4-ply braid, respectively.   

3. Overview of Constitutive Model 

3.1. Modelling approach 

As mentioned previously, for finite element modelling of the axial crushing behaviour of these braided 

composite tubes, the material response of each layer was modelled using a continuum damage mechanics 

(CDM) based model for composite materials.  CDM models represent the mechanics of distributed 

cracking, lending them well to modelling composite damage growth.  In essence, CDM approaches attempt 

to represent the effect of progressive damage growth at the micro-scale level by appropriate deterioration of 

the material properties at the macro-scale level.  Delamination is simulated using a tie-break contact 

between the braided layers that obeys a traction-separation cohesive law. 

3.2. CODAM 

CODAM [31], is implemented as a user material model into the explicit finite element analysis program, 

LS-DYNA.  It represents the effect of progressive damage growth at the macro-scale level of the 

Representative Volume Element (RVE).  The RVE response represents the damage behaviour within the 

fracture process zone (FPZ) if the material is tested under conditions that lead to stable damage growth. 

Damage growth in the RVE is tracked by a damage parameter (ω), which ranges from a value of 0, 

indicating no damage to a value of 1, indicating complete damage.  At the simplest level, the damage 

parameter is defined as a linear function of the RVE strain, and this is in turn manifested by a linear 

reduction in the RVE modulus.  The RVE therefore exhibits a strain-softening behaviour.  Fig. 2 shows a 
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general strain-softening response, in which the material is initially elastic until damage initiates (A-B), after 

which the modulus degrades and the stresses drop (B-C).  This stress-strain response can also be thought of 

as a stress-displacement (or traction-separation) response defined for the specific characteristic damage 

height (i.e. the height over which damage is fully developed in the FPZ).  Also shown in the figure is the 

assumed linear damage growth law and an example of the characteristic damage height observed in a 

carbon fibre/epoxy laminate.     

It should be mentioned that built into the constitutive model is the ability to define damage and modulus 

reduction laws that are more complex (involving fibre and matrix damage initiation and saturation values 

for instance) than the linear relationships assumed in this study.  The reader is referred to Williams et al.

[31] for complete details.  However, in this body of work it was our intention to simplify the model without 

compromising its physical basis.  To this end, the initial modulus, peak stress and fracture energy were 

identified as the primary model parameters. 

3.2.1. Scaling for Numerical Objectivity 

Finite element simulations using strain-softening material models are inherently mesh dependent due to 

localization ([8], [32] and [33]).  Localization is the condition where damage becomes concentrated in a 

single element, or row of elements.  The energy absorbed through failure of each element is dictated by the 

defined elemental stress-strain behaviour and the dimensions of the element.  The results therefore are 

dependent on the size of the elements, and unlike typical finite element analyses, predictions do not 

improve (converge) with mesh refinement.   

To address this mesh dependency, a scaling law has been incorporated into CODAM that modifies the 

elemental stress-strain response in order to maintain consistency of the characteristic fracture energy (Gf), 

which is considered a material constant.  The approach that follows the crack band concept developed by 

Bazant et al.[33] is based on the notion that the fracture energy (on a per unit area basis) associated with 

failure of any finite element should be equivalent to the corresponding fracture energy associated with 

failure of the characteristic RVE element.  In other words, the following energy equivalence is enforced 

 (1) 

6



where Gf is the fracture energy per unit area,  is the specific fracture energy of the element (per unit 

volume) and is equal to the post-peak stress area under the stress-strain curve, and he is the element size.  In 

general, the process involves scaling the post-peak elemental stress-strain curve in such a way as to 

maintain the fracture energy constant (or satisfy Eq. (1)). 

3.2.2. Simplified Tensile Response 

As mentioned previously, it was our intention to simplify the constitutive response.  The response is 

therefore assumed to remain linear until the peak stress, as shown in Fig. 2 (i.e. at the peak stress the 

damage parameter ω = 0).  The post-peak response is non-linear due to the assumptions of linear damage 

growth (i.e. damage increasing linearly with strain) and a linear modulus reduction law (i.e. modulus 

decreasing linearly with damage), which when combined lead to a parabolic stress-strain curve.  The initial 

modulus, peak stress and energy absorption characteristics are thus the only parameters required to define 

the constitutive relationship.  

To maintain the physical basis of the model, these parameters should be based on measurements from 

suitable characterization tests.  The modulus and peak stress values are typically measured from un-notched 

coupon specimens, although attention has to be given to the specimen width and edge effects when 

determining the peak stress values of braided materials or other composites with coarse architecture.  The 

fracture energy Gf  is measured from tests such as Over-height Compact Tension (OCT) [34] or Compact 

Compression (CC) [35] that promote stable damage growth.  Knowing the fracture energy and peak stress,  

allows one to calculate the specific fracture energy per unit volume  from Eq. (1), which dictates the 

strain-to-failure value that corresponds to the fully saturated (developed) damage state (i.e. the strain at 

failure is adjusted to represent the fracture energy per unit volume). 
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3.2.3. Simplified Compressive Response 

The underlying mechanisms that contribute to damage development in compression are different than those 

in tension.  In tension, damage is introduced via matrix micro-cracks that coalesce into larger cracks and 

delaminations that eventually lead to fibre failure and complete loss of load carrying capacity of the 

laminate.  In compression, matrix failure leads to the formation of micro buckling zones in fibres, kink 

band ([36]-[38]), as demonstrated in Fig. 3 for a simple cross-ply laminate.  The kink band is characterized 

by the cooperative rotation of fibres into a band that develops under compressive load.  Within this kink 

band, the fibres rotate and damage is introduced to the surrounding matrix via shearing and delamination. 

Another distinguishing feature of compressive damage is that the damage height does not remain constant, 

as assumed in tension.  Rather, the damage height increases as loading continues through a process known 

as band broadening.  Band broadening is feasible in compression because loads can be transferred across 

damaged areas in compression due to direct bearing of the surfaces (i.e. load can be transferred across the 

kink band).  Usually, upon reaching a critical stress value to form the initial kink band, the compressive 

failure zone broadens into the adjacent virgin material under a constant, reduced stress level (or plateau 

stress). As shown in other studies [35], the broadening continues to form macro-level failure mechanisms 

such as slip surfaces where all the fibres fracture across the width of the specimen and the laminate fails 

completely.  

To characterize such behaviour and measure the damage parameters such as the plateau stress and fracture 

energy in order to establish a strain softening response under compression, tests such as Compact 

Compression (CC) [35] must be conducted to promote stable damage growth. Usually in such tests, the 

surface strains are measured using digital image correlation technique (DIC) in order to extract the 

parameters of the strain softening response (see [35] for more details). However, given the poor quality of 

the braided material and presence of many defects such as voids, dry spots and volume fraction variation 

through-thickness, full characterization of damage parameters proved to be difficult [39]. One main 

challenge in conducting compressive tests on samples with inhomogeneous fibre volume fractions (that 

leads to stiffness/strength variation) through the thickness is preventing bending / buckling which results in 

premature failure of the samples and large variability in the experimental results. To address this issue, for 

material characterization of current braided materials, along with uniaxial tests, 4-point bending tests and 
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eccentric compression tests were also conducted [39]. Since full characterization under compression 

through compact compression tests were not carried out, a simplified compressive constitutive response 

was considered in this study. To represent the broadening of the damage zone in the braided material, the 

stress-strain behaviour was assumed to have the general characteristics shown in Fig. 4.  As in tension, the 

material is assumed to behave linearly elastic up to the peak stress (A-B).  It is also assumed that the 

propagation stress (plateau stress) is equal to the damage initiation stress (B-C).  Generally speaking, the 

stress required to initiate the kink band is larger than the plateau stress to broaden the kink band.  The 

simplified assumption was made in lieu of more complex strain softening curves (e.g. [35]) to mitigate the 

challenges of compressive characterization of the poor quality braided laminate used in this study. This 

response in fact represents an average smeared response for the kink band zone which includes both 

damage initiation and damage band broadening.  

4. Material Characterization and Calibration of the Damage Model 

To align with our attempt to simplify the finite element model, it was decided to take advantage of elastic 

assumptions where possible.  With this in mind, the material response in transverse compression 

(compression in the hoop direction) and longitudinal tension (axial tension) were not characterized and 

instead assumed to remain in the elastic regime.  This was based on the negligible amount of damage 

observed in these modes in the series of experimental tube crushing tests [41].  On the other hand, it was of 

primary importance to capture the transverse tensile and longitudinal (or axial) compressive damage 

properties in the model as a significant amount of energy is absorbed by damage growth in these directions 

(see Fig. 1).  Effort was also placed on representing delamination accurately.  It is worth noting that the 

predominant nature of the crushing process in these tubes was observed to be a stable crush progression, 

with damage initiating at the bottom (impact surface) and propagating up the length of the tube in a 

splaying type failure mode [41]. The splaying mode is characterized by formation of continuous fronds that 

bend outward (with plug initiator) or both outward and inward (without plug initiator) with little or no 

fracturing of the fibre bundles. This section presents the methodology used to characterize the relevant 

material properties and summarizes the final model parameters that were used in the axial crush simulations 

of the tubes [1]. 
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In characterizing the braided material using standard mechanical coupon tests, attention must be paid to the 

coarse architecture of the material and the large influence that edge effects can play.  Zhang et al. [21] 

studied the effect of free-edge on the stiffness properties of triaxially-braided composites and through their 

numerical and experimental investigations determined that the modulus obtained from tensile tests 

conducted on straight-sided coupons is size-dependent.  The treatment of the edges of specimens can also 

be influential.  For example, Pickett and Fouinneteau [30] noted up to a 28% reduction in the failure stress 

and a 39% reduction in the failure strain of braided coupon specimens when tested with cut edges versus 

uncut edges (continuous tows achieved by reversing their direction at the edge).  Aggarwal et al. [26] noted 

even more significant differences (up to 60% reductions) in carbon fibre/epoxy braided specimens.  Given 

that in most applications (e.g. braided composite tubes) the braid is continuous, basing material model 

parameters on tests conducted on coupons cut from a larger panel can lead to large model errors.  For these 

reasons, it was decided to determine the model parameters using tests that are as insensitive to edge effects 

as possible.  

4.1. Transverse (Hoop) Tensile Response Characterization  

Although the failure strength and strain values were extremely sensitive to edge effects, both Aggarwal [29] 

and Pickett and Fouinneteau [30] noted that there was little influence of the edge treatment on the initial 

modulus values.  However, to address the concerns regarding edge effects, elastic and damage properties 

obtained by standard tests were further verified using tests conducted on notched samples, as discussed in 

the next section.  While other studies (e.g. [26]-[28]) have also recommended using notched samples to 

minimize the edge effects when characterizing braided materials, the notched sample geometry used in this 

study is such that it promotes a self-similar damage growth to enable fracture characterization. In the 

current study, the initial modulus was assumed to be equal to 12.5 GPa, based on coupon tests carried out 

by Huang and Waas on the braided material [39]. The validity of this modulus was then verified by 

conducting numerical simulations of notched tests (see Section 4.1.2 below). The other parameters needed 

for characterization of the material in this direction are the fracture energy, Gf, and the peak strength, σp.  

Quantification of these two parameters, using a combined numerical and experimental approach, is outlined 

in the following sections. 
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4.1.1. Fracture Energy Characterization 

To obtain fracture energy, tensile fracture tests were conducted on the 2-ply and 4-ply braids using the 

Over-height Compact Tension (OCT) specimen geometry (Fig. 5(a)) established by Kongshavn and 

Poursartip [34]. Specimens were loaded in tension through pins located above and below the notch to 

promote stable progressive crack growth.  The load and pin opening displacement were recorded 

throughout the test and deformation and strain development on the surface of the specimens was monitored 

using the DIC technique. Fig. 6 shows a force vs. pin opening displacement (POD) profile representative of 

the 4-ply braided material, along with the crack length (Δa) at four different locations as determined from 

the strain contours. An average value of Gf is calculated as the total work done by the forces applied at the 

pins divided by the area of crack length as: 

 (2)

where Wtotal is the total work done, t is the thickness of the specimen, and Δa is the crack length.  The total 

work done at a given value of POD was calculated as the area under the load-POD curve assuming 

unloading along a linear path to zero load and zero POD (i.e. permanent deformation was not considered).  

Using this approach, the characteristic fracture energies were determined to be 47 and 55 kJ/m2 for the 2-

ply and 4-ply braided material, respectively.  

4.1.2. Tensile Peak Strength 

As explained earlier, due to the poor quality of the material and variation of stiffness through the thickness, 

bending of the samples during uniaxial tests was unavoidable. This resulted in premature failure of the 

specimens. While Huang and Waas [39] report an average peak strength value of 47 MPa based on standard 

coupon testing (about 0.4% strain-to-failure), other studies such as Aggarwal [29] and Pickett and 

Fouinneteau [30], report a higher range of 67 to 120 MPa (about 0.6% to 1% strain-to-failure). Huang and 

Waas [39] reported a large difference between the strains measured from both surfaces of each specimen 
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during each test (up to 0.3% in some cases) which underscores the issue with the bending of the samples 

and premature failure. Based on these experimental results, an initial wide range of 47 to 130 MPa 

(corresponding to strain-to-failure values ranging from 0.4% to 1%) was considered for tensile strength.  

To further improve the estimation of the peak strength and narrow down the wide range of experimental 

values, a series of finite element simulations were conducted using the OCT geometry. Because damage 

localizes into a single row of elements in simulations using strain softening approaches, in the OCT 

simulations, a structured mesh with uniform element size of 2 mm was placed in front of the notch and 

assigned a damage model (CODAM) while outside this zone the material was considered to be linear 

elastic (see Fig. 7). The obtained fracture energy from the previous section along with the wide range of 

experimental peak stresses were used as CODAM input parameters for these simulations. By correlating 

the experimental results with numerical load-displacement curves, the estimated value for the peak strength 

was further refined. For each simulation, the peak strength was varied while keeping the initial elastic 

modulus and fracture energy constant. In order to maintain the objectivity of the numerical simulations, the 

Bazant’s crack band scaling [33], as described in the previous sections, was used to determine the fracture 

energy density, and consequently the saturation strain, in the linear strain-softening curve. As an illustrative 

example, the input curves for the two peak stress values of 47 MPa and 118 MPa that represent the same 

fracture energy values (for a 2 mm mesh size) are shown in Fig. 8.  

Both 2-ply and 4-ply OCT specimens were simulated using LS-DYNA and the implemented CODAM 

damage model.  For the 4-ply simulations the initial modulus and lower bound peak strength were 

increased by 10% to represent the fact that the 4-ply material was of better quality (also likely the main 

contributing factor to the higher characteristic fracture energy, which was 17% higher in the thicker 

material).  The final input material parameters for the two simulations that produced the most reasonable 

predictions are summarized in Table 2.  Fig. 9 shows the response predicted using these material parameters 

as well as the predicted response assuming the peak strength values of 47 MPa and 52 MPa (lower bound 

experimental results). Using this numerical approach, the peak strength values for these braided materials 

are estimated through a trial-and-error scheme to be 118 MPa and 130 MPa for the 2-ply and 4-ply systems, 

respectively.   It can be observed that for the 4-ply system (Fig. 9b) the initial elastic part of the simulated 

curve as well as the response near the peak loads agrees well with the experimental data.  This agreement is 
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carried over into the post-peak (softening) portion of the curve where the predicted softening response falls 

within the scatter band of the experimental results; thus indicative of a smooth progressive growth of 

damage. In contrast, the sudden drops in load observed experimentally for the 2-ply specimens that are not 

captured in the simulation results, are caused by the sudden formation of cracks likely due to the inferior 

quality of the thinner specimens.  The smeared crack approach adopted in the current numerical model is 

more suitable for predicting stable and progressive crack growth as opposed to abrupt load drops that are 

driven by local material instabilities. Therefore, the predicted post-peak softening behaviour tends to be 

smooth, characterized by a shallow descending slope as shown in Fig. 9. 

4.2. Axial (Longitudinal) Compressive Response Characterization 

The initial modulus in the longitudinal direction (parallel to the axial tows) was assumed to be equal to 60 

GPa based on coupon tests carried out by Huang and Waas [39]. For the assumed simplified stress-strain 

curve (as shown in Fig. 4), only the initial modulus and compressive strength have to be defined. The axial 

compressive strains induced in the splaying fronds of the tubes during crushing were not large enough to 

cause fully saturated (100%) damage. As a result failure strain does not need to be defined in order to 

accurately capture this particular crushing event. As mentioned earlier, due to the difficulties associated 

with conducting axial compressive tests on the poor quality braided materials considered in this study, the 

compressive strength of the material was estimated from 4-point bend tests carried out by Huang and Waas 

[39].  Given that composites, and especially braided or woven composites, are weaker in compression than 

in tension, the onset of damage and thus deviation from linearity is associated with compressive damage 

initiation in these tests.   

Ten four-point bend specimens (Fig. 10), having a length, L, of either 17.78 cm (7 in) or 22.86 cm (9 in) 

and other dimensions as summarized in Table 1, were tested with the axial tows aligned with the length of 

the specimen.  The experimental load versus load cell displacement profiles were compared to elastic 

solutions (see Fig. 11) to identify the location where the experimental curves become non-linear (an 

indication of damage initiation).  The compressive stress in the outer fibre corresponding to these locations 

is calculated as 

 (3) 
2

3
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where P is the load, d is the distance between the point of load application and support (as shown in Fig. 

10), and w is the specimen width.  This provides an estimate for the compressive strength ranging from 210 

to 280 MPa.  An average value of 250 MPa is assumed in this study. 

4.2.1. Validation using Eccentric Compression Simulations 

To validate the simplified compression model with compressive properties obtained above, eccentric 

compression tests conducted by Huang and Waas [39] on the same braided material were simulated in LS-

DYNA. The eccentric compression test configuration induces large rotations during bending of the 

specimen leading to possible hinge formation at the centre of the beam which mimics the type of 

deformation mechanisms that the fronds of the tube undergo as they bend around the plug initiator (in the 

case of tube crush with plug initiator) or around the debris wedge (in the case of tube crush without plug 

initiator).  Details of the eccentric compression tests have been described in [42].  Huang and Waas [39] 

tested sixty combined compression-bending (eccentric compression) specimens having lengths of 15.24, 

17.78, 20.32 and 22.86 cm (6, 7, 8 and 9 in) and eccentricities of 2, 7 and 14 mm.  The specimens were 

nominally 50 mm wide and 2.2 mm thick.  In the experiments, the load was applied and monitored through 

special eccentric grips and a RVDT was attached to the bottom of the jig to record the end rotation.  

Specimens failed catastrophically via cracking and hinge formation at the middle of the specimen. 

The numerical eccentric compression model consisted of one layer of shell elements, discretized in-plane 

with 4 × 4 mesh of elements with thickness of 2.2 mm.  The ends of the specimen were rigidly attached to 

two rigid plates at the top and the bottom with a width of 2, 7 or 14 mm.  Displacements were applied to the 

edges of the rigid plates to represent the eccentricity of the applied loads (Fig. 12b).  The material was 

assumed to have a modulus of 60 GPa and a compressive strength of 250 MPa.  The material was also 

assumed to remain elastic and undamaged in tension. 

Fig. 12(a) compares the LS-DYNA predictions to the experimental load versus end rotation response for 

the 7in length with an eccentricity of e = 7 mm.  The specimen bends under the eccentric compressive loads 

and reaches a peak load after an end rotation of approximately 25° (or an applied displacement of 12 mm).  

The load then drops off continuously until the end of the simulation.  Note that because the tensile response 

is elastic, the simulation does not predict failure (or hinge formation) as was observed experimentally.  

Aside from one experimental outlier, the predictions agree well with the experiments.  Also shown on the 
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same figure are two more curves predicted by LS-DYNA.  The first corresponds to the predicted response 

if the material is assumed to behave elastically (i.e. no damage) in both tension and compression.  The 

prediction representing damage growth diverges from this elastic solution at a load of approximately 580 N 

(or at the instant when the maximum outer fibre compressive stress reaches -250 MPa).  The second curve 

corresponds to the response if the material strength values are based on results from coupon testing (in this 

case equal to 170 MPa and 109 MPa in tension and compression, respectively).  This results in very poor 

predictions, supporting the claim that edge effects play a significant role in coupon testing of this braided 

material.   

The numerically obtained peak loads and average of the experimentally measured peak loads are compared 

for the twelve variations of the tests in Fig. 13.  The peak loads were slightly over-predicted in the shorter 

6in specimens and under-predicted for the other three lengths.  However, most simulation results fell within 

the bounds of the experiments. 

4.3. Interfacial Delamination Properties 

Delamination is also an important mode of failure that needs to be represented in the model to properly 

capture the behaviour of multi-ply braided composite tubes under axial load.  Fracture energy required to 

simulate delamination was determined from DCB tests conducted by Keller et al. [43] on 4-ply [0/±45] 

braided materials. From these tests, an average fracture energy value, GIc, of about 1.7 kJ/m2 was measured. 

Similar values for delamination fracture energy were also reported in a study by Mouritz et al. [44] based 

on DCB tests on braided [0/±45]6 laminates. They attributed this rather high value to extensive branching 

of the crack around the braided fibre bundles, as noted in SEM micrographs of cross-sections taken from 

the DCB specimen after testing.   

5. Tube Crushing Simulation 

Table 2 provides a summary of the input parameters for crush simulations of braided tubes. This table also 

presents the summary of the experimental and numerical methods used to obtain these parameters. For tube 

crush simulations, the strain-softening constitutive responses in tension and compression along the 

transverse (hoop) and axial directions, respectively, are constructed using these parameters. For current 

simulations, rate dependency of the material was neglected. This decision was supported by experimental 

results conducted at intermediate strain rates of 1/s [45]. The experiments showed negligible enhancement 
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of material properties (increases in strength and stiffness) at these rates. In other studies, it has been shown 

that there is a perceptible change in mechanical properties at very high strain rates (exceeding 500 1/s). 

However, at the global rates of loading relevant to the tube crushing events considered in this study (<100 

1/s) an insignificant change in properties has been reported. When testing braided composites, Sun and co-

workers [46] observed negligible change in tensile stiffness for strain rates less than 250 1/s.  In a separate 

study [47], while the compressive response was found to be highly influenced at elevated rates above 1600 

1/s, very little effect on mechanical properties was observed at strain rates below 400 1/s.  

The material behaviour under axial tension and transverse compression are assumed to be linear elastic 

(without damage) given that in the tube crush event these are not the operative modes of loading. For both 

2-ply and 4-ply tubes, intra-laminar damage response of individual plies were simulated using material 

model CODAM implemented in LS-DYNA as a user material model.  A mesh size of 2 mm was used in 

these simulations (for more details refer to [1]). The built-in “tie-break” interface option (*CONTACT 

AUTOMATIC ONE WAY SURFACE TO SURFACE TIEBREAK) was used to simulate delamination. It 

has been shown that the fracture energy of the tie-break model is the primary parameter that drives the 

response and other numerical parameters such as the combination of failure stress and PARAM values are 

of secondary importance ([48]-[50]).  

Contact between the tube and the plug initiator, debris wedge and rigid wall were modeled using 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE.  Based on measurements made by DeTeresa et 

al. [45] on a similar braided material, a coefficient of friction of 0.22 was used between the tube and the 

plug.  A higher value of 0.35 was used between the tube and the rigid wall to account for the fact that the 

surfaces of the plies were rougher in tubes crushed without the plug initiator.  DeTeresa et al. measured an 

average value of 0.35 in their friction tests when the surface of the braid was roughened.  Owing to the 

highly abrasive nature of the debris wedge, an even higher value of 0.40 was assumed for contact between 

the tube and the debris wedge.   

In the drop weight simulations only a quarter of the tube was modeled due to symmetry. The drop weight 

was simulated as a rigid body with a quarter of the total mass of 535 kg. An initial velocity of 2.6 to 4.9 m/s 

was applied to the drop weight. Similar to experiments, all the simulations were conducted with and 

without an external plug initiator. Fig. 14 shows a comparison of the experimental and numerical failure 

 16



morphology for 2-ply and 4-ply tube crushing simulations without a plug. Experimental and numerical 

force-displacement curves are also compared in Fig. 15.  

To gauge the crashworthiness of the tubes, two main parameters that are usually considered are the specific 

energy absorption (SEA) and load ratio, defined as the ratio of peak load to the average load. Comparison 

of these values obtained from experiments and simulations are shown in Fig. 16.  

SEA values show an acceptable agreement with only 4% difference between experimentally measured and 

predicted values. The predicted load ratios, however, do not match as closely as the SEA and show a 

maximum of 40% difference for simulations with plug and 8% for simulations without plug. As reported in 

other studies [1], the difference observed in simulations with a plug can be attributed to the difficulties 

associated with accurately capturing the chamfer at the leading edge of the tube as well as development of 

the debris wedge in the numerical model. Fig. 16 also shows the predicted breakdown of energy absorption 

between the three energy absorbing mechanisms, namely, delamination, friction, and material damage. The 

numerical results suggest that the majority of the energy is absorbed through material damage, followed by 

friction, and finally by energy absorbed through delamination, which is relatively insignificant at only 

1-3%.  However, representing delamination in the model is crucial in capturing the correct load path and 

failure morphology (i.e. splaying). 

6. Conclusions 

During axial crushing of braided composite tubes, the energy absorbed by the material is primarily a result 

of progression of compressive damage in the longitudinal (or axial) direction, tensile damage in the hoop 

(or transverse) direction, and delamination.   

In this paper, a previously developed continuum damage mechanics based model, CODAM, was used to 

represent the consequence of damage propagation in a carbon fibre/epoxy [0/±45] braided composite.  The 

inputs to the model are initial elastic moduli, peak stress values and fracture energy.  In compression, band 

broadening or propagation of the initial damage unit into the interior undamaged material, is represented by 

a plateau stress.  The input parameters were determined from a series of specialized tensile fracture 

experiments conducted in-house, combined with standard coupon and 4-point bend test results reported 

previously [39]. Very good agreement between the simulations and the experiments was observed, 
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indicating that despite some simplifying assumptions that were made, the pertinent details of the material 

behaviour were captured. 

The input material stress-strain (strain-softening) curves determined from this study have been used 

successfully to simulate the damage propagation and energy absorption in the axial crushing of braided 

composite tubes. 
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Fig. 1.  Braided composite tube (a) before and (b) after dynamic axial crushing test and (c) schematic 
showing the corresponding architecture of the [0/±45] braid.  

Fig. 2.  General strain-softening response used to represent the behaviour and energy absorbed 
through tensile fracture. 
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Fig. 3.  Schematic showing progression of the through-thickness damage in compression from (a) 
undamaged to the state of (b) damage initiation via kinking and matrix damage and (c) 
complete failure represented by fibre fracture and matrix cracking across the specimen width. 

 

Fig. 4.  Simplified stress-strain response used to represent the behaviour and energy absorbed 
through compressive fracture.  Note that the damage law is not linear as in tension, but rather 
bi-linear.  This is due to features of the constitutive model related to the definition of damage 
growth within each of the constituents (matrix and fibre) - see [40]. 
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Fig. 5.  (a) OCT specimen geometry, (b) experimental set-up and (c) details of the damage observed 
ahead of the notch. 

Fig. 6.  Load versus POD profile for a 4-ply braided OCT test, showing the crack length associated 
with increasing levels of POD. 
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Fig. 7.  Details of the OCT model in LS-DYNA showing the localization of strains into a single row of 
elements in front of the notch.  

 Fig. 8.  Schematic showing the method used to scale the peak strength value while maintaining the 
other material parameters; namely, the elastic modulus and fracture energy density (or area 
under the stress-strain curve) for a 2 mm element constant. 
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Fig. 9.  Comparison between the numerically simulated and  experimentally measured force vs. POD 
profiles for the: (a) 2-ply, and (b) 4-ply OCT specimens with axial tows oriented transverse to 
the loading direction.  Also shown are the simulation results if peak strengths were extracted 
from standard coupon tensile tests (σp = 47 and 52 MPa). 

 

Fig. 10.  Test configuration for four-point bend specimens. Lengths, L = 17.78 cm (7 in) and 22.86 cm 
(9 in) were tested. Other dimensions are listed in Table 1.   
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Fig. 11.  Load versus machine displacement showing the divergence of the elastic solution from the 
experimental results [39] for: (a) 17.78 cm (7 in), and (b) 22.86 cm (9 in) 4-point bend 
specimens at an outer fibre compressive stress of between -210 and -280 MPa. The region 
where the deviation from the elastic solution occurs is indicative of damage initiation and 
allows the critical value of the longitudinal compressive stress to be estimated.  

Fig. 12.  (a) Comparison of simulation results (with three different assumptions with respect to 
material behaviour) to the experimental curves for the eccentric compression test on the 17.78 
cm (7 in) specimen with 7 mm of eccentricity and (b) deformation behaviour corresponding to 
locations A, B, and C on the curve with the compressive strength equal to -250 MPa.  
Experimental results are taken from [39]. 
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Fig. 13.  Failure loads measured experimentally and predicted from simulations for the four lengths 
of eccentric-compression specimens tested under varying values of eccentricity, e.  The 
experimental values [39] reported are the average, and the error bars represent the range of 
failure loads measured, excluding outliers. 
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Fig. 14.  Comparison of experimentally observed and predicted failure morphologies in 2-ply (a and 
b) and 4-ply (c and d) tubes crushed without plug initiator.  Results from quarter-tube 
simulations have been mirrored to produce these images. 
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Fig. 15.  Comparison of experimental and numerical force-displacement profiles for (a) 2-ply and (b) 
4-ply tubes crushed without plug initiator. 
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Fig. 16.  Comparison of experimentally measured and numerically predicted values of load ratio and 
SEA obtained from crushing of braided composite tubes with and without plug initiator. 
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♦ 

Table 1 – Summary of four-point bend test results [39]. 

  * Average does not include outliers 

Table 2 – Summary of model input parameters 

Specimen Length, 
L, cm (in)

d, cm   (in)
Ls, cm   
(in)

Average* 
thickness (mm)

Average*  
width (mm)

Average* Failure 
Load, P (N)

17.78 (7) 3.81 (1.5) 12.70 (5) 2.36 52.31 931

22.86 (9) 6.35 (2.5) 20.32 (8) 2.15 51.03 412

Mode Parameter 2-ply 4-ply Characterization/Calibration

Transverse Tension Modulus,  Ey (GPa) 12.5 13.75
Standard uniaxial tests [39]  
adjusted using notched test 
simulation

Transverse Tension Peak stress,  σp  (MPa) 118 130
Over-height compact tension 
test (OCT) combined with FE 
simulation

Transverse Tension
Fracture energy,  Gf  (kJ/
m2)

47 55
Over-height compact tension 
test (OCT)

Axial Compression Modulus,  Ex (GPa) 60 60 Standard uniaxial tests [39] 

Axial Compression
Plateau stress, σcrit = 
Peak Stress (MPa)

250 250
Four-point bending test and 
eccentric compression test [39] 
combined with FE simulation

Interfacial Friction
Friction coefficient used 
in LS-DYNA contact 
definitions

0.22 - 
0.4

0.22 - 
0.4

Friction tests on similar 
braided material [45]

Delamination
Fracture energy,  GIc  (kJ/
m2)

1.7 1.7
Double cantilever beam 
(DCB) [43] tests
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