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ABSTRACT 

Simulations of low velocity impact with a flat cylindrical indenter upon a carbon fiber fabric reinforced 

polymer laminate are rigorously validated.  Comparison of the impact energy absorption between the model and 

experiment is used as the validation metric.  Additionally, non-destructive evaluation, including ultrasonic scans and 

three-dimensional computed tomography, provide qualitative validation of the models.  The simulations include 

delamination, matrix cracks and fiber breaks.  An orthotropic damage and failure constitutive model, capable of 

predicting progressive damage and failure, is developed in conjunction and described.  An ensemble of simulations 

incorporating model parameter uncertainties is used to predict a response distribution which is then compared to 

experimental output using appropriate statistical methods.  Finally, the model form errors are exposed and corrected 

for use in an additional blind validation analysis.  The result is a quantifiable confidence in material characterization 

and model physics when simulating low velocity impact in structures of interest.  
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INTRODUCTION 

Fabric reinforced polymer laminates are used in a wide variety of structural applications.  Numerical analysis 

of composite structures is critical for design and damage tolerance assessment.  Laminates consisting of fabric 

reinforced lamina further complicate analysis methods because each ply cannot be idealized as a unidirectional 

layer, but is in reality a complex yarn structure with crimp and undulations.  Therefore, a homogenized approach to 

lamina modeling is needed [1, 2] for woven fabric architectures.  Additionally, laminates exhibit directional 

dependent strength, stiffness and toughness.  Abnormal loads, such as transverse impact, can inflict considerable 

damage in components that significantly reduce the design envelope.  For this reason, low velocity impact (LVI) is a 

commonly studied condition when assessing damage tolerance of composite laminates with relevancies spanning 

from defense applications to recreational products [3-18].  The likelihood of occurrence coupled with the potential 

for sub-surface, barely visible impact damage (BVID) that can significantly degrade a component make this ‘old’ 

problem still a rather pervasive issue to consider in engineering designs.  There are a number of influential variables 

in the impact event that merit consideration when discussing the nature of the response and the anticipated damage 

mechanisms.  Some of more relevant physical parameters that have been explored by researchers include projectile 

material, shape, mass and velocity [10-14], the target laminate boundary conditions [15, 16], stack sequence and 

fabric architecture [17], as well as the thickness [18].  

One distinct limitation in most numerical studies to date is the lack of vetting through sampling the entire 

parameter space.  With the advancement of high performance computing, large ensembles of simulations can be run 

with the goal of better quantifying the uncertainties inherent in model predictions.  Furthermore, validation can only 

be achieved within some statistical space when the bounds of model uncertainty are fully explored.  Validation, an 

essential element in the qualification of numerical models, is used to build quantifiable confidence in simulation 

results.  The definition of validation is:  “The process of determining the degree to which a computer model is an 

accurate representation of the real world from the perspective of the intended model applications” [19].  Each input 

of the model adds a degree of freedom making the isolation of the highly contributing inputs difficult.  To remedy 

this, a sensitivity analysis is conducted prior to the implementation of a validation analysis. 

While many post impact damage analysis techniques to evaluate damage tolerance rely on the compression 

after impact (CAI) experiment [9], this study will utilize a quasi-quantitative analysis of the impact delamination and 

damage [20] zone to assess the nature and extent of damage.  Detailed insight of the impact-damaged zone is 
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achieved through ultrasonic mapping [21].  Additionally, post-impact specimens are scanned and imaged using 3D 

computed tomography (CT) for even greater insight into the nature and extent of damage mechanisms.  

This work documents a validation effort for the LVI modeling of carbon fiber reinforced composite.  In the 

case of LVI with post-test non-destructive evaluation (NDE), quantitative as well as qualitative assessment is 

necessary.  Where the residual strength is untested in both experiments and model, the qualitative metrics such as 

crack length and depth, delaminated area and quasi-quantitative metrics such as load time shape are an important 

way to assess relevant engineering statistics.  However, a qualification metric must be quantifiable and contain 

sensitivities to many of the input parameters.  Calibration, or the isolation and adjustment of model inputs in order to 

match the experimental response, is only completed to prove deficiencies in the model and direct future efforts.  The 

primary metric for comparison is the change in kinetic energy calculated before and after the impact event using the 

initial and rebound velocities of the indenter fixture, respectively.  The experiments are conducted on a 12 layer 

laminate constructed of an 8-harness satin weave carbon fiber reinforced polymer (CFRP).  The material is 

minimally characterized, leaving many model inputs unknown.  Additionally, the force time histories and pre- and 

post-impact ultrasonic scans are utilized as validation metrics.  A project status report documents some preliminary 

aspects of this study in greater detail [22]. 

EXPERIMENTS 

Materials and Apparatus 

The CFRP material used for this investigation consists of an 8-harness satin weave prepreg with an epoxy based 

resin.  Laminates are hand layed up from precut ply kits.  The material is cured in the form of flat plates using a 

standard autoclave process under vacuum at 350° F and 45 psig of pressure.  Specimens are then cut from 

consolidated laminates using a wet diamond saw to the dimensions shown in Table 1.  For the textile architecture 

used in this study, one ply is denoted as (0/90) representing the warp and fill directions in the 0° and 90° directions, 

respectively.  Therefore, the laminates used in this investigation are composed of 12 plies of textile material with the 

warp direction oriented along the specimen’s length. 

A gravity accelerated drop weight impact tester is used to perform instrumented impact experiments on the flat 

specimens.  Below the pin located flat specimen there is an unsupported central region measuring 76 mm by 127 

mm, corresponding to the width and length directions of the specimen, respectively.  The specimen is not securely 

clamped; rather a pair of toggle clamps is closed with negligible force to only constrain vertical displacement of the 

specimen edges.  The incident kinetic energy of impact, which is controlled with the mass of the crosshead and its 

drop height, is set at 50 J and 25 J for this investigation.  The impact tip is a 19 mm diameter cylinder with a flat 

face made of stainless steel.  The total mass of the crosshead assembly is 5.42 kg.  A light sensor is used to 

determine the velocity just prior to and after impact.  The force during impact is measured with a strain gage based 

load cell integrated in the tup.  The force response is filtered at 12 kHz and data is collected at a frequency of 

approximately 820 kHz for the entire duration of the impact event.  After the rebound velocity is measured, 

pneumatic rebound brakes are activated to prevent a second impact event onto the specimen. 

In order to visualize, measure, and delineate between damage form and location, pre and post-impact specimens 

are ultrasonically scanned and then imaged with 3-dimensional computed tomography (CT).  These methods provide 

metrics for the qualitative validation of finite element simulations.   

Computed tomography is extremely insightful into the spatial distribution of damage and the extent of its 

growth.  The form of damage can also be delineated in many instances with careful inspection after reconstruction.  

With image reconstruction software, a careful step-through of the specimen can be conducted to map specific 

fracture and delamination fronts.  CT scanning is performed using a 225 KeV energy level and a target power of 54 

W. 

Ultrasonic scans measure signal attenuation in a damaged specimen.  The result is a 2D representation of the 

damage profile.  The amplitude of the back face reflection is plotted in these images and a corresponding scale is 

shown to quantify the degree of attenuation.  A color coding with a large value of AMP(%) can be attributed to 

undamaged and well coupled material, allowing the input sound wave to pass through the specimen and return back 

to the transducer with virtually no losses.  Conversely, low values of returned signal amplitude are attributed to 

attenuation of the signal to regions where damage is present, i.e. delamination, cracking, etc.  Ultrasonic scanning is 

performed using a 5 MHz transducer with a focal length of 2 inches with specimens submerged in water to act as a 

coupling agent.  All specimens are adequately baked out after water exposure before mechanical testing.  
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Experimental Results 

Specimens are impacted at an incident kinetic energy of approximately 50 J.  A second set of impact 

experiments with 25 J of incident kinetic energy are conducted to validate the model after necessary adjustments.  

Both measured force time history data sets are shown in Figure 1.  The impact event consisted of a combination of 

elastic deformation and rebound as well as energy absorbing damage, with the entire event occurring in 

approximately 5 ms.  A summary of the results is shown in Table 2 and Table 3. 

The specimens underwent pre and post-impact scans using ultrasonics and 3D computed tomography.  Typical 

CT results are shown in Figure 2.  The top-down view slices through the specimen reveal the extent of shear 

cracking and gross delamination.  This top-down view is not able to detect delaminations that are in contact as well 

as the ultrasonic scans.  However, slices along the length of the specimen reveal at which interfaces delamination 

has occurred and the extent at which it has grown. 

NUMERICAL MODEL 

Geometry and Mesh 

The finite element mesh consists of the lower impactor geometry, a lumped mass, a fixed holder and base, and 

the specimen.  The experiments consistently showed crack preference towards one side of the test fixture; indicating 

skew impact of the tup on the specimen.  This angle of impact was measured as 0.45⁰.  Since this error was only 

observed on one of the principal axis, the model is half symmetric.  

Verification of the model and code is done using mesh convergence studies, and regression tests are performed 

for most of the physics that are present in the simulation (i.e. contact, constitutive models, element formulation, 

etc.).  The laminate material model was generated in conjunction with this study, so verification was completed on 

the theoretical formulation by subject matter experts and numerical outputs.  These outputs used various 

representative simulations, such as single element, implicit quasi-static and explicit dynamic crack growth for mesh 

sensitivities.  The final converged mesh consists of 1.1 million reduced integration hexahedral elements.  As a result 

of the composite failure constitutive model formulation, mesh convergence does not indicate mesh independence 

since the mesh size is an input. 

Materials 

An elastic orthotropic damage evolution and failure material model is developed for this study.  The 

formulation follows closely with [23-25].  Crack band theory is implemented, where distributed crack growth is 

assumed through a localization event.  Prior to softening, distributed damage is allowed to evolve in the element 

resulting in a “hardening” stress strain response.  Failure, or crack localization, is assumed to be distributed across 

the crack band and softening is controlled by size dependent fracture energy [26].    The opening stress to relative 

displacement (δ) relationship is therefore replaced with the presumed identical δ = εl
*
.  Where, for our purposes, l

*
 is 

the characteristic length of the finite element and ε is the homogenized strain in the crack opening direction [25].  

Since elastic damage is assumed the only source of stiffness loss, damage variables can be introduced for each the 

normal and shear components of stress.  The corresponding compliance tensor takes on the following form [23]: 
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The damaged (actual) stresses and strains are 

 

 𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙 (2) 

 

 𝜀𝑖𝑗 = 𝑆𝑖𝑗𝑘𝑙𝜎𝑘𝑙 (3) 

where 

 

 𝐶𝑖𝑗𝑘𝑙 = 𝑆𝑖𝑗𝑘𝑙
−1  (4) 

 

Since the compliance tensor becomes singular at d = 1, the stiffness tensor is written in closed form where the limit 

of stiffness as d → 1 exists. 

In order to simplify the model and model form error analysis, the general form of the damage activation 

function is assumed a simple quadratic strain criterion.  These thresholds are evaluated for tension and compression, 

matrix and fiber modes and for each of the primary material planes [2, 24, 25].  For example, the damage activation 

function for the matrix mode in the 11 plane is given for tension and compression as 

 

Tension: 𝜑11+
𝑚 = √(

𝐸11〈𝜀11〉

𝑋11+
𝑚 )

2

+ (
𝐺12𝛾12

𝑆12
𝑚 )

2

+ (
𝐺13𝛾13

𝑆13
𝑚 )

2

 (5) 

 

Compression: 𝜑11−
𝑚 = √(

𝐸11〈−𝜀11〉

𝑋11−
𝑚 )

2

+ (
𝐺12𝛾12

𝑆12
𝑚 )

2

+ (
𝐺13𝛾13

𝑆13
𝑚 )

2

 (6) 

 

where 〈 〉 are the Macaulay brackets, defined as  

 

 〈𝑥〉 = {
0, 𝑥 < 0
𝑥, 𝑥 ≥ 0

 (7) 

 

The user provides only damage initiation/failure stresses (𝑋𝑓).  For failure in the fiber mode the stress used in the 

damage activation function must be the effective stress.  For strain equivalency, the effective strength in the 11 

direction is simply 

 

 𝑋̅
𝑓
= 𝐸11𝜀11

𝑓
 (8) 

 

where 𝜀11
𝑓

 is the strain to failure found by solving strain during matrix damage curve at the fiber strength.  Therefore, 

the damage activation function for the fiber mode in the 11 plane is given for tension and compression as 

 

Tension: 𝜑11+
𝑓

= √(
𝐸11〈𝜀11〉

𝑋̅11+
𝑓
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2

+ (
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12
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2

+ (
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𝑓

)

2

 (9) 

 

Compression: 𝜑11−
𝑓

= √(
𝐸11〈−𝜀11〉

𝑋̅11−
𝑓
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2
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13
𝑓

)

2

 (10) 

 
The user specified fracture energies are the total energy associated with material bifurcation for a given mode of 

failure.  The current model formulation does not account for mixed mode coupling during fracture. 

Damage evolution is user defined only for matrix mode failure.  The evolution of fiber damage is controlled by 

internal parameters using the fracture energies and crack band theory.  For each matrix failure mode (tension, 

compression, shear) the evolution equation is generally defined as 
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 𝑑 = 1 −
𝐾𝑚

𝐸
+ (

𝐾𝑚

𝐸
− 1)

1

𝑟𝑚
𝑛

 (11) 

   

where Km and n are the matrix mode damage modulus and exponent, respectively.  The damage exponent is intended 

to add flexibility in the material response.  For shear damage, Km is defined in τ - γ space.  After the fiber mode 

strength is exceeded, the material is linearly softened.  Note matrix mode damage is zero for Km = E or n = 0. 

In order to determine the significance of material input parameters, a sensitivity analysis is conducted.  The 

analysis of variance (ANOVA) general linear regression method is a way to test the hypothesis that the inputs to the 

model (factors) within given tolerances do not significantly affect the means of an output metric.  A Box-Behnken 

design of experiments method is used to assign factors at different levels for individual runs [27].  The results of this 

study are not presented here.   

The properties for the 8HS CFRP are shown in Table 4.  Standard deviations for measured parameters are given 

in parentheses and bounds of uniform distributions for estimated parameters are shown as ±.  Very large ranges 

where often utilized in the sensitivity analysis due to lack of decent predictions.  Once deemed influential, the 

parameters are better estimated.  The failure model is complex and requires an extensive experimental program to 

characterize.  Some properties, such as the in-plane compressive strength, are calibrated to experiments that exhibit a 

specific phenomenon of interest.  Other properties are estimated from literature or calculated through 

micromechanical simulations [28, 29].  Properties not directly measured are given bounds, thus assuming a uniform 

distribution between two likely extrema.  Each measured property is either applied directly and verified or calibrated 

to match experiments. 

Each lamina interface is modeled as a plane separated by cohesive zone (CZ) zero volume hexagonal elements.  

A simple mixed mode traction separation law detailed in [30] is used for delamination prediction.  Interpenetration 

is prevented with contact definition.  This precaution is necessary to prevent layer interpenetration after cohesive 

element failure.  A benefit of this technique is the appearance of compression dependent mode II peak traction and 

thus toughness similar to [31].  Therefore, for a constant normal stress (𝜎𝑛), the effective peak traction and 

toughness are simply 

 

 𝜏∗ = 𝜏 + 𝜇〈−𝜎𝑛〉 (12) 

   

 𝐺𝐼𝐼
∗ = 𝐺𝐼𝐼 + 𝜇𝛿𝑇𝐶〈−𝜎𝑛〉 (13) 

 

where 𝜇 is the frictional coefficient and 𝛿𝑇𝐶 is the critical tangential separation.  Since after element failure a 

frictional interface is assumed, the current model cannot differentiate surfaces enclosing a failed element, i.e. a 

single friction coefficient controls both CZ traction and frictional forces.  The model form is known to be in error in 

this regard.  Calibrating this method with experimental data was not complete.  Conservative values were used in 

order to provide some level of effectiveness.  The actual level of mode II toughness sensitivity on compressive stress 

in likely higher, as seen in [32]. 

Double cantilever beam (DCB) and end notched flexure (ENF) specimens are used to characterize the mode I 

and mode II interlaminar fracture toughnesses, respectively.  In the ENF experiments, the crack grows unstably from 

the initial strength, thus not allowing for a detailed analysis of the fiber bridging effect or an accurate measurement 

of the average toughness.  Furthermore, examination of the four point bend experiments show a series of events that 

includes a distinct stiffness loss due to mode II delamination.  Numerical analyses of these experiments indicate 

higher fracture toughnesses than those measured with ENF.  However, this experiment includes a number of 

assumptions and input sensitivities resulting in difficulty isolating this input.  Further experiments, designed to 

obtain the rising resistance with crack growth and the fiber bridging effects are required.  Nevertheless, the value 

obtained from the ENF experiment is used in the initial study; however, the source and effect of higher values are 

investigated later in this study.  The interlaminar material properties are given in Table 5. 

NUMERICAL RESULTS AND UNCERTAINTY QUANTIFICATION 

Blind Comparison: 50J Impact 

Qualitative (subjective) assessment of the damage and the quantitative (objective) change in kinetic energy are 

used as validation metrics.  Since the uncertainty distribution is unknown for many of the inputs, a uniform 
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distribution is assumed in the sampling algorithm.  Latin Hypercube Sampling (LHS) with 100 simulations is 

utilized to generate an ensemble of models to provide an output distribution. 

A common method to determine if two normally distributed samples are of the same population is the Student’s 

t-test [33].  In other words, the t-test can be used to test whether there is sufficient evidence to assume the model 

sample means are equal to the real world estimates (experiments).  The p-value associated with the t-test is the 

probability that, if the null hypothesis of equal means were true, the differences are obtained by chance.  For 

example: a value of 0.05 means there is 0.05 probability of error when rejecting the null hypothesis.  In terms of 

validation, a high probability results in accepting the null hypothesis that there is insufficient justification that there 

is a significant difference between the model and the real world.  Therefore, higher values of p (typically > 0.05) 

indicate confidence in the model. 

Applying the Anderson-Darling test [34], normality is confirmed with a test statistics of 0.294 for the energy 

absorbed and 0.418 for the rebound velocity.  Utilizing the Levene test for equal variance [35], it is confirmed that 

the model and experimental variances can be treated as equal.  Therefore, a t-test for unrelated groups with equal 

variance can be used to estimate model validity.  Testing the hypothesis that the model and the experiment means of 

the energy absorbed are equal produces a p-value of 0.095 which is greater than the commonly used critical value 

0.05.  There is insufficient evidence to reject the null hypothesis.  The t-statistic is then utilized to give a precision 

interval.  The difference in the means is estimated by 

 

 𝛿𝑋 ≈ (𝑋̅𝑚𝑜𝑑𝑒𝑙 − 𝑋̅𝑒𝑥𝑝𝑒𝑟) ± 𝑡𝛼/2,𝑑𝑓𝜎̂𝑋̅𝑚𝑜𝑑𝑒𝑙−𝑋̅𝑒𝑥𝑝𝑒𝑟
 (14) 

 

where 𝑋̅𝑚𝑜𝑑𝑒𝑙  and 𝑋̅𝑒𝑥𝑝𝑒𝑟  are the model and experimental means, respectively, 𝑡𝛼/2,𝑑𝑓 is the t-test statistics at 

significance level of 𝛼 and 𝑑𝑓 degrees of freedom and the combined standard deviation of the difference 

(𝜎̂𝑋̅𝑚𝑜𝑑𝑒𝑙−𝑋̅𝑒𝑥𝑝𝑒𝑟
) for 𝑛𝑚𝑜𝑑𝑒𝑙  model samples and 𝑛𝑒𝑥𝑝𝑒𝑟  experiment samples is 

 

 𝜎̂𝑋̅𝑚𝑜𝑑𝑒𝑙−𝑋̅𝑒𝑥𝑝𝑒𝑟
= 𝑆𝑝𝑜𝑜𝑙𝑒𝑑√

1

𝑛𝑚𝑜𝑑𝑒𝑙

+
1

𝑛𝑒𝑥𝑝𝑒𝑟

 (15) 

 

and the pooled standard deviation assuming equal variance is 

 

 𝑆𝑝𝑜𝑜𝑙𝑒𝑑 = √
(𝑛𝑒𝑥𝑝𝑒𝑟 − 1)𝑆𝑒𝑥𝑝𝑒𝑟

2 + (𝑛𝑚𝑜𝑑𝑒𝑙 − 1)𝑆𝑚𝑜𝑑𝑒𝑙
2

𝑛𝑒𝑥𝑝𝑒𝑟 + 𝑛𝑚𝑜𝑑𝑒𝑙 − 2
 (16) 

 

With 95% certainty (α = 0.05), the bounds in the difference (error bounds) between the model and experimental 

predictions for means of energy absorbed are [-5.17, 2.43] or [-22.6, 10.6] %.  Similarly, the rebound velocities 

produce a p-value of 0.096 and 95% error bounds of [-0.14, 0.30] m/s or [-4.55, 9.62] %.  Therefore, a blind 

comparison of the quantitative results produces statistical justification for model validation. 

The delaminated area and crack characteristics are assessed to determine accuracy in the model fidelity and 

physical representation of failure.  Figure 3 provides an example of the out-of-plane shear damage accumulated in 

the model and a CT scan of a tested specimen.  While the experiment shows a more resolved crack and a more 

distributed delamination pattern, the physical characteristics match well with the model.  The length and position of 

the main crack extending axially (into the page) matches experiments.  Figure 4 gives a selection of experimental 

and model 2D delamination areas.  A discrepancy exists in the extent of delamination.  Nearly all the models 

predicted delamination to a free edge, while nearly all the experiments exhibited contained delamination.  However, 

the actual area of delamination was not explicitly measured.  Overall, the qualitative properties matched well 

between model and experiment. 

Figure 5 gives force versus time for all the simulations and experiments.  While both the homogenized 

quantitative metrics and qualitative aspects of the model match well with experiments, there are many important 

discrepancies to note.  Firstly, the rate of damage evolution, or the time period over which the drops due to damage 

occur, is lower for the experiments as seen in the larger peak and sudden drop off from elastic loading.  Noting these 

discrepancies and evaluating the sensitivity analysis results, the estimated parameters of importance can be 

calibrated to produce a response that is qualitatively and quantitatively similar to the experiments. 
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Model Form Errors: Rate Effects and Fiber Bridging 

The model form errors are isolated utilizing the qualitative assessment of the blind study and the sensitivity 

analysis results.  Through data analysis and calibration, the sharp peak at first failure is a result of delamination and 

lamina crack evolution.  This is consistent with the model, which predicted delamination and crack growth to occur 

in much the same way yet more gradually and at a lower load.  The higher loads in the experiments must be 

associated with a higher effective strength likely due to rate effects.  Additionally, models that predict delamination 

to an edge produce high energy absorptions; however, the force time history does not match in the unload portion of 

the response.  With little exception, in order to match the experimental force time history, two fully contained planes 

of delamination are needed.   

In order to rectify differences in each metric of validation, the following errors are progressively addressed.  

First, extrinsic toughening due to fiber bridging is added as a superimposed traction separation law that will control 

crack arrest before reaching a free edge.  Second, rate effects are added to the traction separation relationship in 

order to predict rate dependent delamination.  Third, lamina failure and damage evolution criteria are modified to 

better reflect the sudden fracture seen in the experiments. 

A simple cohesive zone material model is implemented in order to address the issue of rate dependent crack 

initiation and extrinsic toughening due to fiber bridging.  The cohesive zone material model utilizes two 

superimposed mixed mode traction separations laws in order to predict extrinsic toughing due to fiber bridging [36].  

The general form of the traction separation law is shown in Figure 6.  Four independent damage evolutions are 

tracked for each of the fiber and matrix for mode I and mode II.  In order to account for mixed mode failure, the 

element is fully decayed when the following criterion is met: 

 

 
Γ𝐼

𝐺𝐼𝐶

+
Γ𝐼𝐼

𝐺𝐼𝐼𝐶

= 1 (17) 

 

where ΓI and Γ𝐼𝐼 are the total energies per unit area for mode I and II, respectively and  𝐺𝐼𝐶 and 𝐺𝐼𝐼𝐶 are the 

instantaneous mode I and II fracture toughnesses, respectively.  An example of the fiber bridging effect and a 

recalibration of the DCB force versus displacements are shown in Figure 7Figure 7.  Additionally, an example of the 

effects of fiber bridging on a delaminated surface after impact is shown in Figure 8.  The faded color in the fiber 

bridging Figure 8(b) is matrix only failure and only partial fiber failure.  From this figure, it is noted the fiber 

bridging model still has two major planes of delamination and does not change the fracture path in the lamina while 

mandating contacted delamination.  While mode II fiber bridging is not experimentally determined, the phenomenon 

is noted in literature [37].   

The rate effects are added with a simple log linear relationship on the peak stresses.  The length scale and 

separation values remain constant.  Therefore, the initial slope, and fracture toughnesses follow the same log linear 

relationship.  The inputs are adjusted at the beginning of each time step by 

 

 𝑓 = 𝑓̅ (1 + 𝐶𝑟 log (
𝜀̇

𝜀𝑜̇

)) (18) 

 

where 𝑓 ̅and 𝑓 are the parameters at strain rates 𝜀𝑜̇ and 𝜀̇, respectively and 𝐶𝑟 is the strain rate coefficient.  The 

reference strain rate (𝜀𝑜̇) is typically 10
-4

.  The strain rate is estimated as the separation rate over some artificial 

thickness, typically an estimate of the bond line.  For exploratory purposes, the above rate effects are included in the 

out-of-plane shear strengths of the lamina.   

The rising resistance in mode I is characterized with the DCB experiment.  The fracture energy is plotted versus 

the crack length.  If the rising resistance is assumed due to extrinsic toughening (behind the crack tip), the initial and 

total fracture energies and the normal length scale are easily extracted from the data.  This method is not possible for 

mode II given the data available.  The four point ENF experiment can be used to extract the necessary data  [38].  

However this method is shown to be highly sensitive to friction and experimental set-up.  For this study, the 

extrinsic toughening in mode II is applied with engineering judgment and numerical calibration.  The normal and 

tangential fiber bridging length scales are chosen to be 4 mm and 2 mm, respectively.  The normal length scale and 

toughness are calibrated to match the experimental data. 

A side effect of the higher interlaminar strength and toughness due to rate effects is a greater sensitivity to the 

timing and distribution of lamina damage and failure.  If the lamina damages over a long period with a large 

distribution of cracks, interlaminar stresses remain low and often below the failure point.  Therefore, the out-of-

plane shear stress is modeled as linear elastic to failure, removing any matrix damage.  Additionally, the shear 
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compressive failure coupling is likely in error.  The simple quadratic strain formation under predicts the effective 

strength in out-of-plane compression and shear conditions.  The model form is likely better represented by an 

unbalanced partially interactive criterion [32, 39, 40].  In order to test this modification without significant effort, the 

out-of-plane compressive failure is removed; reducing the failure criteria to maximum strain.  This effectively 

increases the load at failure while reducing the period of lamina crack formation.  The effect is lamina crack 

evolution and delamination occurring simultaneously; resulting in the sudden load drop seen in the experiments.  

Lastly, the compression sensitivity in mode II delamination is shown to be too high.  Upon crack initiation at lamina 

failure, the “frictional” loads prevent significant shallow delamination; resulting in a greater driving force in the 

intact laminate.  The result is delamination to an edge and an over prediction in the energy absorbed.  Therefore, the 

“frictional” coefficient used in compression shear coupling is reduced to a mean value of 0.20. 

From this point, the various model form and calibration changes are demonstrated by a single model.  Table 6 

provides the modified model inputs; all other inputs are taken as the means.  Table 7 give the energy absorbed for 

each scoping simulation.  Figure 9 shows the force versus time results for the sequence of modifications described 

above.  The models designated A-E in Figure 9 are as follows: 

 

A. Original model with the mean inputs given in Table 4 and Table 5 

B. The original plus fiber bridging 

C. The original plus fiber bridging, rate effected delamination, no out-of-plane shear matrix damage, no out-

of-plane compressive failure 

D. The original plus fiber bridging, rate affected delamination, no out-of-plane shear matrix damage, no out-

of-plane compressive failure, “friction” coefficient reduced to 0.20. 

E. The original plus fiber bridging, rate effected delamination, no out-of-plane shear matrix damage, no out-

of-plane compressive failure, “friction” coefficient reduced to 0.20, rate effects on out-of-plane shear 

strength in the lamina 

 

While there remains other additional model physics that can be included; those presented in this section are 

proposed sufficient to produce another round of validation simulations.  While the rate effects in the bulk material 

show promise, Model D, which includes rate effects in delamination and modified lamina failure, is deemed 

adequate to produce quantitative and qualitative model validation.  First, a sampling of the 50J models is simulated 

and the results are compared to experimental data.  Secondly, the 25J experiments are modeled in order to produce 

an additional blind comparison for validation. 

Verification of the Modified Model: 50J 

Since the model has been adjusted to 50J impact experiments, this exercise can only serve as a verification and 

further calibration of the model rather than a true validation.  The means of the modified inputs are given in Table 6.  

The total toughnesses in the cohesive model are assumed to have the same standard deviation as previously.  The 

proportion range in the shear fracture energies are assumed unchanged.  The uncertainties in the rate coefficients are 

assumed uniformly ±10%.  A total 100 samples are simulated with LHS. 

The force time histories, shown in Figure 10, compare well.  The first peak load, the drop in load due to 

delamination and lamina failure, the second peak and the duration of impact all compare well.  Additionally, the 

lamina damage and failure match well to experiments.  However, even when preliminary analysis showed promise 

for a contained delamination, the delaminations in these samplings remain an issue.  One of the six experiments has 

delamination to a free edge.  In contrast, in the simulations nearly all the lower delaminations propagated to a free 

edge.  Fiber bridging effectively maintained the average shear stiffness necessary to match the unload path in the 

experiments; however, the extent of delamination is dissimilar.  The formulation of rising resistance may be in error.  

The simulated energy absorbed results show a bimodal distribution with one outlier.  While the simulations are 

weighted towards the higher energy mode, the bimodal delamination and force versus time of the experiments is 

well represented.  However, more experiments would be necessary to accurately characterize the bimodal 

distribution. 

After removing the outlier of 27.4 J, the quantitative results based on energy absorbed compare well.  Equal 

variance is confirmed with the Levene test and a p-value of 0.164.  However, as the distribution is bimodal, 

normality cannot be confirmed in the numerical results.  Therefore, the Mann-Whitney [41] non-parametric rank test 

is utilized for the energy absorbed.  This method will test for the equality of the medians between two groups and 

does not rely on the data being normally distributed.  The medians of the experimental and model data are 23.0 J and 

23.4 J, respectively.  Testing the null hypothesis of equal medians between the model and experiment produces a p-
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value of 0.798.  Since the p-value is greater than 0.05, there is insufficient justification to reject the null-hypothesis.  

Therefore, quantified verification of the updated model is achieved.  The 95% error bounds on the difference in the 

medians are estimated as [-1.20, 1.57] J or [-5.21, 6.85] %. 

Blind Comparison of the Modified Model: 25J 

To test the predictive capability of the updated model, an impact energy was chosen to be significantly different 

than the previous value while still activating similar phenomenon.  The 50 J experiments showed recoverable 

loading (matching elastic predictions) up to approximately 25 J of energy transfer.  Therefore, we chose this 

challenging impact energy for final validation experiments and simulations. 

A total 100 samples are simulated with LHS.  While the force time histories, shown in Figure 11, cover the 

range of experimental values, the scatter is significant.  This is likely due to the instability of the chosen input 

energy.  Nevertheless, the first peak load and the drop in load due to delamination compare well.  Additionally, the 

lamina damage and failure and delaminated surface match well to experiments.  Random selections of delaminated 

surfaces from both model and experiment are shown in Figure 12.  Some simulations show delamination to a free 

edge.  This discrepancy may further point to the formulation of rising resistance being in error.  

After removing the outlier of 1.60 J, the quantitative results based on energy absorbed compare well.  Similar to 

the calibrated 50 J simulations, the energy absorbed is a bimodal distribution with the one outlier.  Therefore, a 

nonparametric test is necessary.  The medians of the experimental and model data are 10.85 and 12.2 J, respectively.  

The Mann-Whitney test produces a p-value of 0.832.  Again, there is insufficient justification to reject the null-

hypothesis.  Therefore, quantified validation of the updated model is achieved.  The 95% error bounds on the 

median are estimated as [-2.49, 1.77] J or [-22.9, 14.2] %.  The large uncertainty is reflective of the scatter in the 

simulation results arising from instability in the solution.  Since the Levene test indicated unequal variances 

corresponding to high model uncertainty, the validation may be questionable.  In order to more accurately measure 

the experimental variance, more data is necessary.   

CONCLUSIONS 

The results of this study have demonstrated a thorough verification and validation effort for the simulation of 

composite damage and failure under low-velocity impact.  A simulation methodology and model formulation is 

presented with good results.  Further experimentation and model development is nonetheless necessary. 

For a 50J impact experiment, statistical justification in favor of the equal distribution hypothesis between the 

model and experiment is achieved and the uncertainty bounds are calculated.  The qualitative simulation results 

compared well with experiments.  The model predicted matrix damage, fiber breaks and delaminations consistent 

with experiments.  However, the simulations tended to over predict the extents of delamination.  Nearly all the 

models predicted the delaminated areas reaching a free edge of the specimen.  This phenomenon was only observed 

in a few experimental specimens.  While a rising resistance to delamination is obvious from this study, the form 

and/or inputs to the extrinsic toughening formulation are in question.  A more detailed investigation with additional 

experiments is necessary.  Similar results are found in the 25J impacts.  The qualitative results matched very well.  

At this point it is certain that better characterization data is necessary, however, constitutive model modification, 

particularly cohesive zone materials and damage surface formulation, is not ruled out. 
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Figure 1: Force versus time from experiments 

  



14 

 

 

 

 

 
Figure 2: Typical CT slices along depth and the specimen length showing respective cross sections after 

impact 
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(a)  

(b)  

Figure 3: An example of the post impact cross-section of (a) CT scanned specimen and (b) model prediction 

of weft damage and delamination. 
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(a)                    

(b)   

Figure 4: A selection of delaminated areas for (a) experiments and (b) simulations 
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Figure 5: Force versus time from simulations and experiments 
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Figure 6: Formation of the modified traction-separation law 
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Figure 7: Comparison of cohesive zone models with experimental data 

 

 

  



20 

 

(a)      (b)  

Figure 8: Example of delaminated areas from 50J simulations for (a) original and (b) fiber bridging 
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 (a)   (b)  

(c)   (d)  

Figure 9: Force versus time from simulations with fiber bridging and rate sensitive delamination 
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Figure 10: Force versus time from 50J simulations and experiments 
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Figure 11: Force versus time from 25J simulations and experiments 
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(a)                   

(b)       

Figure 12: A random selection of 25J delaminated areas for the (a) experiments and (b) the updated model 
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Table 1: Typical dimensions for impact specimens 

Width (mm) Length (mm) Thickness (mm) Stack Sequence 

102 155 4.49 [(0/90)6]s 
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Table 2: Impact parameters measured during 50J experiments 

 Impact 

Velocity (m/s) 

Impact 

Energy (J) 

Maximum 

Load (N) 

Energy 

Absorbed (J) 

Impact 

Duration (ms) 

Rebound 

Velocity (m/s) 

Averages 

Std Dev 

4.3 

(0.002) 

49.1 

(0.047) 

13575.1 

(317.8) 

22.9 

(0.953) 

5.0 

(0.069) 

3.1 

(0.058) 
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Table 3: Impact parameters measured during 25 J experiments 

 Impact 

Velocity (m/s) 

Impact 

Energy (J) 

Maximum 

Load (N) 

Energy 

Absorbed (J) 

Impact 

Duration (ms) 

Rebound 

Velocity (m/s) 

Averages 

Std Dev 

3.06 

(0.0008) 

25.4 

(0.012) 

12120 

(132) 

11.1 

(0.64) 

4.76 

(0.11) 

2.30 

(0.057) 

 

 

 

 

 

 

  



28 

 

Table 4: CFRP material properties 

Description Identification Values 

Elastic Constants 

Warp Modulus 

Weft Modulus 

Out-of-plane Modulus 

In-plane Poisson’s Ratio 

Weft Poisson’s Ratio 

Warp Poisson’s Ratio 

In-plane Shear Modulus 

Weft Shear Modulus 

Warp Shear Modulus 

E11 (GPa) 

E22 (GPa) 

E33 (GPa) 

ν12 

ν23 

ν13 

G12 (GPa) 

G23 (GPa) 

G13 (GPa) 

63.9 (2.4) 

62.7 (3.8) 

8.19 ± 0.40 

0.048 (0.018) 

0.399 ± 0.018 

0.400 ± 0.017 

3.44 (0.058) 

3.27 ± 0.27 

3.25 ± 0.26 

Fracture Energies 

Warp Tensile Fracture Energy 

Weft Tensile Fracture Energy 

In-plane Shear Fracture Energy 

Weft Shear Fracture Energy 

Warp Shear Fracture Energy 

GI11 (J/mm
2
) 

GI22 (J/mm
2
) 

GII12 (J/mm
2
) 

GII23 (J/mm
2
) 

GII13 (J/mm
2
) 

80 ± 20 

80 ± 20 

12 ± 1.2 

10 ± 1.0 

10 ± 1.0 

Strengths 

Warp Tensile Strength 

Warp Compressive Strength 

Weft Tensile Strength 

Weft Compressive Strength 

Out-of-plane Tensile Strength 

Out-of-plane Compressive Strength 

In-plane Shear Matrix Strength 

In-plane Shear Fiber Strength 

Weft Shear Matrix Strength 

Weft Shear Fiber Strength 

Warp Shear Matrix Strength 

Warp Shear Fiber Strength 

F1T (MPa) 

F1C (MPa) 

F2T (MPa) 

F2C (MPa) 

F3T (MPa) 

F3C (MPa) 

S12M (MPa) 

S12F (MPa) 

S23M (MPa) 

S23F (MPa) 

S13M (MPa) 

S13F (MPa) 

769 (37) 

-816 (69) 

823 (26) 

-816 (69) 

56.2 ± 13 

-56.2 ± 13 

48.4 (0.84) 

77.3 (1.1) 

32.4 ± 7.4 

65.5 ± 12 

32.4 ± 7.4 

65.5 ± 12 

Damage Moduli 

In-plane Shear Damage Modulus 

Weft Shear Damage Modulus 

Warp Shear Damage Modulus 

K12m (MPa) 

K23m (MPa) 

K13m (MPa) 

152 (10.1) 

152 ± 15.2 

152 ± 15.2 
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Table 5: Interlaminar material properties 

Description Identification Values 

Mode I CZ Toughness 

Mode II CZ Toughness  

Friction Coef. 

Mode I CZ Peak Traction 

Mode II CZ Peak Traction 

GI (J/mm
2
) 

GII (J/mm
2
) 

μ 

σ0 (MPa) 

τ0 (MPa) 

0.282 (0.045) 

0.782 (0.087) 

0.45 ± 0.25 

10 ± 1.0 

32.4± 7.4 

 

 

 

 

 

  



30 

 

Table 6: CFRP input material properties for scoping 

Description Identification Values 

Mode I CZ Matrix Toughness 

Mode I CZ Fiber Toughness 

Mode II CZ Matrix Toughness 

Mode II CZ Fiber Toughness 

Mode I CZ Rate Coef. 

Mode II CZ Rate Coef. 

Out-of-plane shear Rate Coef. 

GICm (J/mm
2
) 

GICf (J/mm
2
) 

GIICm (J/mm
2
) 

GIICf) 

CRI  

CRII 

CR23,13 

0.173 
 

0.0870 

0.782 

0.392
 

0.06 

0.06 

0.06 
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Table 7: Energy absorbed predictions for scoping exercise 

Model Designation Energy Absorbed (J) 

Model A 

Model B 

Model C 

Model D 

Model E 

20.7 

22.7 

26.6 

23.4 

21.2 

 

 

 


