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Abstract

Composite laminates subjected to high velocity impacts are usually studied by

means of experimental or numerical approaches. Nevertheless, these techniques

are not appropriate to analyze the wide range of possibilities in the design

of laminates (a great amount of time and economic resources are required);

therefore, more efficient methods would be desirable.

This work presents the capability of an ANN approach to predict the change

of the ballistic limit with the laminate stacking sequence, and hence to find the

optimum laminate combination. In order to obtain a refined ANN tool, a com-

bined methodology of experimental and finite element method has been used.

The results of the experimentally validated FEM model, are used to provide

the data to the ANN. Once trained, the ANN is able to predict accurately the

ballistic limit of composite laminates studied. The ANN allows studying very ef-

ficiently the whole possibilities of laminate stacking sequence using the common

orientations, in symmetric 12 plies laminates (4096 cases). In addition, a deeper

comprehension of composite plates when subjected to high velocity impact has

been achieved by means of the analysis of the results. Conclusions obtained

can be used by composite design engineers to improve ballistic performance of

composite plates.
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1. Introduction1

The aerospace sector began to use composite materials by means of the2

introduction of fibreglass in the Boeing 707 during the 1950s [1]. Composite3

materials were at first used for tertiary structures, that are the ones which4

does not produce any reduction of aircraft flying capacity if they fail. Since5

the use of composite materials represents a major advantage in terms of weight6

reduction due to its higher specific stiffness and strength properties compared7

to aluminium, its use has been extended to secondary and primary aircraft8

structures. Nevertheless the replacing of metals in these structures is a major9

challenge for the aircraft industry due to the high performance and reliability10

needed. The first examples on secondary and primary structures were the use11

of composite materials for the vertical stabilizers in the Airbus A300 (1970s)12

and for the horizontal stabilizers in the Boeing 737 [2].13

As it is said, a high performance is needed in secondary and primary struc-14

tures since they could be subjected to a wide range of loads, including dynamic15

loads such as impacts. As an example, birds [2, 3], hail stones [4, 5, 6, 7] or16

runaway debris [8, 9] may impact against the structure at high velocity. These17

structures could also be subjected to low velocity impacts [10] it will not be18

the scope of the present work. Prior to the introduction of composite materials19

in critical aircraft structures, the analysis of how these materials behave when20

subjected to high velocity impact loads had to be performed to check safety21

flight requirements. Therefore first studies appear in the late 1960s and 1970s22

in which high velocity experimental impacts were done [11, 12]. Since those23

works, this scope has been widely studied using experimental tests; an inter-24

esting review can be seen in [13, 14]. The studies carried out have shown that25

composite materials are quite vulnerable to normal impacts, occurring damages26

that diminishes its load bearing capacity [15]. In addition the experimental27
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studies performed allowed to notice that the behaviour of composite materi-28

als is influenced by many parameters, such as impact velocity [16], material29

properties [15], laminate stacking sequence [17], laminate thickness [18], impact30

trajectory [19] or temperature [20].31

The understanding of the behaviour of composite materials when subjected32

to high velocity impacts has improved with the use of numerical codes, in which33

simulations have provided additional information that was impossible to obtain34

experimentally. Moreover, numerical methods allow saving resources compared35

to experimental techniques. The finite element method (FEM) has been used in36

different works in which high velocity impact on composite materials are anal-37

ysed. In order to obtain accurate results it is essential to use a proper material38

model for the composite laminate. One approach is to use mesoescale models39

at ply level in which different failure mechanisms are defined to reproduce the40

material behaviour. For instance, López-Puente and his co-workers [9, 10] have41

used a material model based on the Chang-Chang criteria [21] for modelling42

high velocity impacts on composite laminates obtaining accurate results regard-43

ing the residual velocity and damaged area. Similar approaches have been used44

in other works but including the use of cohesive interfaces [22] or cohesive el-45

ements [8] to model the delamination. Multiscale modelling has been used as46

another approach to model composite laminate subjected to high velocity im-47

pacts [23] obtaining good agreement when compared with other failure criteria.48

The experimental and numerical techniques previously mentioned have been49

proved to be useful to analyse composite material when subjected to high ve-50

locity impact. However, the main drawback of these technique is that both51

are very time consuming which results in a growth of the analysis cost. More-52

over, the continuous improvements in the composite manufacturing engineering53

have increased the range of possibilities in the designing of laminates (E.g. thin54

plates vs thick plates, fibre and ply hybridization, new fibres and matrices, non-55

conventional stacking sequence...). The use of the previously mentioned tech-56

niques for analysing this wide range of possibilities will be inappropriate due to57

the great amount of time and economic resources required. Therefore in order58
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to analyse these new types of composite laminates much more efficient meth-59

ods would be desirable. Analytical modelling could be a proper technique to60

analyse these new types of composite laminates because its computational cost61

when the model is implemented is negligible and it has been used successfully62

to predict residual velocity and impact damage area on high velocity impact63

[24, 25]. Nevertheless, they require the assumption of certain hypothesis which64

limits its scope and its usage for the wide range of composite laminates. An-65

other technique is the use of the Artificial Neural Networks (ANN) that are able66

to solve complex problems in a very low computational time. This technique67

has been used successfully on composite structures, both for quasistatic and68

dynamics loads. Naderpour et al. [26] has predicted the compressive strength69

of FRP-confined concrete with the use ANN. Kalhor et al. [27] have predicted70

the response of metal-FRP square tubes subjected to axial crush, studying the71

influence of FRP thickness and laminate stacking sequence. ANN model has72

been also used to predict low velocity impact against composite plates. For73

example, Malik et al. [28] predicted successfully the energy absorbed in these74

impacts using a ANN trained with the data provided by a FEM model. It has75

to be remarked that the previous papers correspond to quasistatic or low veloc-76

ity impacts subjected to composite laminates. However, it has been found that77

prediction of composite materials subjected to high velocity impacts are scarce.78

For example, ANN was used by D. Fernández et al. [29] to predict the ballistic79

behaviour of composite plates analysing the influence of impact trajectory.80

The works aforementioned have shown that ANN is an efficient method to81

predic the behaviour of composite laminates when subjected to quasistatic and82

low velocity impact loads but it has not been widely used to study composite83

laminates subjected to high velocity impacts. The possibilities of this method84

have not been totally explored: the use of a high efficient method can be useful85

in the designing process and ANN has not been yet applied to analyse the86

influence of laminate features in its behaviour when subjected to high velocity87

impacts.88

The present work proposes a new methodology which is able to predict the89
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ballistic limit of composite laminate with different laminate stacking sequence90

with a low computational effort in such a way that could be used as a design tool.91

The methodology consists on combining the experimental, numerical (FEM) and92

artificial neural network techniques. The experimental tests are used to validate93

the FEM modelling. Once validated, the FEM model is used to provide data94

for the ANN. The ANN is trained by means of the numerical results in order95

to be able to predict with enough accuracy the ballistic limit of composite96

laminates. The whole range of possibilities of laminate stacking sequence using97

the standard orientation (0°,45°,-45°and 90°) in symmetric 12 plies laminates98

has been studied, which results in 4096 possible cases. The analysis of the99

results has been used to find the optimum laminate stacking sequence and also100

to improve the understanding of the behaviour of composite plates subjected to101

high velocity impact. Conclusions can be used by composite design engineers102

to improve ballistic performance of composite plates.103

An outline of the remaining content of this paper is as follows. In the104

next section (Section 2) a brief explanation of an ANN is included, centred in105

the architecture that is the most used in the solid mechanics, the MultiLayer106

Perceptron (MLP). In Section 3 it is detailed the methodology used in the107

present work, describing the experimental test, the FEM model and the MLP108

developed. The results are showed in Section 4, while a discussion focusing in109

the designing purposes is included in Section 5. Finally, major conclusions are110

listed in Section 6.111

2. Artificial Neural Network (ANN)112

In this work an artificial neural network (ANN) has been used to predict the113

ballistic performance of laminates varying its laminate stacking sequence. An114

ANN is a machine learning algorithm that is able to process the information115

given to produce an answer. The validity of the answer depends on how the116

information has been treated; this process is called training or learning. This117

training process, as in the human brain, is done by learning by example in such118
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a way that the internal structure is modified during this process to assure the119

correct answer. The capability of learning is reached, also as in the human120

brain, by means of a highly interconnected internal structure. These character-121

istics made ANN suitable for solving highly non-linear problems such as pattern122

recognition, data classification or curve fitting problems than can be found in123

solid mechanics field.124

Although there are many different types of artificial neural network, the125

multilayer perceptron architecture (MLP) is the most used in solid mechanics126

[29]. This architecture is the one selected in the present work. A MLP is an127

ANN composed by different layer of neurons interconnected in such a way that128

an individual neuron receives the signals of all neurons of the previous layer,129

process it and gives its signal to all neurons of the following layer. This process130

is called feed-forward algorithm and is the responsible of producing an output131

in the network. The behaviour of an individual neuron i can be described as132

follows: yi = fi (
∑
φijxj − bi). The inputs (xj) are multiplied by the weights133

(φij) and when the sum of the weighed inputs are higher than a threshold (bi) the134

output of the neuron (yi) is activated, by means of an activation function (fi).135

The values of the weights and the threshold are the ones that are modified in the136

training process to minimize the output errors. For the activation function can137

be used different possibilities, such as the sigmoid function, hyperbolic tangent138

or linear function that have to be tested to select the proper one.139

As it has been said, in a MLP neural network there are different layers of140

neurons which are classified in three different types: the input, hidden and141

output layers. The input and output layers are only composed by an unique142

layer which number of neurons is the same as the number of input and output143

variables used in the ANN. However, the number of layers and neurons for144

the hidden ones are not determinate by the problem and commonly these two145

parameters are chosen after an iterative process in which it is selected the value146

that produce the better results with an efficient computational cost.147

Although an MLP is able to produce results once designed, it is not useful148

until the network is trained. In order to train the network it is needed a set149
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of known values of input and output (x∗, y∗)T to develop the learning process.150

During this learning phase the internal structure of the network, in this case the151

values of the sets of weights and thresholds, are modified iteratively to minimize152

the error of the MLP. This process is called the back-forward error propagation153

algorithm. It can be distinguished the following steps on it:154

1. The set of weights and thresholds are initialize by random values.155

2. The ANN is run producing an output.156

3. The error of the output e(s) is obtained with the following equation:157

e(s) =
1

2

M∑
i=1

(y∗i (s)− yi(s))2 (1)

where y∗i is the set of known output values and yi are the values predicted158

by the ANN in the actual iteration.159

4. The values of the weights and thresholds are modified according to the160

stochastic gradient descent expressed as:161

φij(s+ 1) = φij(s)− ξ
∂e(s)

∂φij
(2)

162

bi(s+ 1) = bi(s)− ξ
∂e(s)

∂bi
(3)

where ξ is the learning rate. The learning rate determines the influence163

of the error in the rate of changes occurred in the weights and thresholds164

in the learning process. This parameters affects the convergence and the165

stability of this process.166

5. The previous steps from 2 to 4 are repeated iteratively. Each iteration is167

called an epoch. In this work the maximum number of epochs has been168

selected assuring that the global error of the ANN reaches a minimum.169

3. EXP- FEM -ANN combined methodology170

The methodology proposed in this paper is based on a combined approach171

of experimental, numerical (Finite Element Method) and machine learning (Ar-172
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tificial Neural Network) techniques, which allows to obtain accurate and com-173

putational efficient results. The loop or path to apply this methodology is as174

follows:175

� Experimental tests. In order to obtain experimental data for numerical176

validations, high velocity impact tests have been carried out in the Univer-177

sity Carlos III of Madrid Impact Lab obtaining the ballistic performance of178

a CFRP tape laminate which stacking sequence is (+45/−45/0/90/90/0)s.179

� Finite element method. The data required to train the ANN is un-180

approachable from an experimental point of view, due to the high cost181

associated to manufacture and test laminates with different stacking se-182

quences. For this reason, the data for the ANN learning should be provided183

by a less costly method, as the numerical; but prior to generate the cases,184

the model has to be proved to be representative. The steps followed are:185

– Validation of the numerical model. A numerical model of the186

ballistic impact is developed in the commercial finite element code187

LS-DYNA v.R7; the results are compared with the experimental tests188

performed to validate the proposed model.189

– Virtual testing campaign. Once the numerical model is validated,190

it is performed a virtual testing campaign obtaining the ballistic limit191

of different laminate stacking sequences, data needed to train the192

ANN.193

� Artificial Nerual Network. Through the development and training194

of a ANN, the influence of the stacking sequence in the ballistic limit is195

analysed. To this end, it is necessary:196

– ANN learning process. An ANN is developed in Python and it197

is trained by the data obtained from the virtual testing campaign.198

A parametrical study of the characteristics (number of neurons and199

hidden layers, epochs etc. . . ) of the ANN has been performed to200

obtain the optimum network.201
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– ANN prediction. Once trained the ANN is able to predict the202

ballistic limit for the whole spectrum of lay-ups sequences using the203

common (0°,45°,-45°and 90°) in symmetric 12 plies laminates (2048204

different laminate stacking sequences).205

Each technique used in the present paper (Experimental, FEM and ANN)206

is described in detail below. A scheme of the methodology is described in Fig.207

1 in which it can be distinguished five main steps.

Experimental 

methodology

FEM

ANN 

 Ballistic limit prediction 

of 40 different stacking 

sequence laminates

High velocity impact on 

laminate with the 

stacking sequence 

 Ballistic limit prediction 

for all the stacking sequence 

laminates studied

Validation
Virtual

Testing

B
a
ll
is

ti
c
 l
im

it

2048 cases

Ballistic limit 

prediction

Learning

Figure 1: Scheme of the methodology

208

The analysis of the results leads to find the optimum laminate; additionally,209

it has been achieved a deeper understanding of the process that would guide210

composite designer to improve laminate ballistic performance.211

3.1. Experimental procedure212

The experimental tests used to validate the numerical model consist in com-213

posite laminates subjected to high velocity steel sphere impacts. For the pro-214

jectile, it has been selected a 7.5 mm diameter tempered steel sphere which is215

accelerated using a pneumatic canon. The impact velocity was varied in a range216

from 60 to 500 m/s changing the helium pressure which impels the projectile.217

The laminates were manufactured from prepregs made by Hexcel Composites,218

using AS4 carbon fiber and 8552 epoxy matrix; 12 plies were stacked using the219

following laminate stacking sequence: (+45/−45/0/90/90/0)s, which leads to a220
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2.4 mm thickness. The specimen dimension was 110×110mm×mm; this value221

was selected assuring that the damage does not reach the plate contour. The222

laminates were simply supported on its four back face edges. To have enough223

information to compare with the numerical model, the experimental residual224

velocity and the damaged area of the laminates have been obtained. The first225

one has been measured by means of a high speed video camera (Photron Ul-226

tima APX-RS at 36 kfps) and the damaged area has been quantified using227

the ultrasonic C-Scan technique with a 5 MHz transducer. The results of the228

experimental test are presented in detail in [? ]229

3.2. Finite element model230

The numerical model used is implemented in the commercial finite element231

code LS-DYNA v R7 in which it is simulated the steel impactor and the compos-232

ite laminate. The projectile used in the experimental test was made of tempered233

steel and since no plastic deformation nor damage has been observed after the234

impacts a linear elastic material (ρ = 7850 kg/m3, E = 210 GPa and ν = 0.3)235

has been chosen for the simulations.236

CFRP specimens are composed by 12 plies; each one represented by an237

element through the thickness with the proper orientation. In order to model238

the behaviour of the unidirectional carbon/epoxy laminate a combination of two239

approaches has been used: one to take into account the intra-laminar damages240

and the other to consider the inter-laminar damages.241

The intralaminar damage model considers different type of damages based242

in the Chang-Chang model [21]; distinguishing between fiber and matrix failure243

for tension and compression. The plies behaves as an orthotropic linear elastic244

material until failure. Once a certain failure mode occurs, a damaged model245

degrades the stiffness of the material involved in this failure mechanism in such a246

way that they are reduced keeping constant the associated stress component [30].247

Finally, the damaged elements are removed using a maximum strain criteria in248

order to avoid numerical instabilities due to excessive distortion. The inter-249

laminar damage is taken into account through a cohesive interaction based on250

10



a traction-separation law, in which it is necessary to define a damage onset and251

a damage evolution law. The cohesive interaction is placed in between each ply252

of composite material. The damage onset is controlled by a quadratic traction253

criteria while the damage evolution is controlled by a linear law type based on254

energies where the mixed mode is controlled by a power law. Both interlaminar255

and intralaminar properties of the laminate can be found in an article of the256

same author of the current work [22] where a similar computational approach257

has been used to model the same composite material (AS4 fibre and 8552 epoxy258

resin)259

Regarding the meshing, the element in-plane size was 0.73× 0.73mm×mm260

which lead to 22500 solid elements for each ply of the composite laminate,261

resulting in a total of 270000 elements. The boundary conditions are the same262

as it can be found in the experimental tests: simply supported on its four back263

face edges.264

3.3. MultiLayer Perceptron (MLP) development265

A MLP has been coded in the software Python to predict the ballistic limit266

of CFRP laminates. Since the study has been done to analyse the influence of267

laminate stacking sequence consequently, the input variables of the present MLP268

were the orientations of each ply of the laminate. Due to the symmetry of the 12269

ply laminate, only 6 variable were independent. The output variable was unique270

and corresponded to the ballistic limit of the laminate. In the present study271

the allowed ply orientations were the four common ones used in the aeronautic272

industry (0°,45°,-45°and 90°). Therefore the ballistic limit of 46 = 4096 different273

laminates has to be predicted. This value can be reduced to half because of the274

symmetry of the problem (i.e (0)6S is symmetric with (90)6S), so 2048 laminates275

have been studied. As it has been said the results of the MLP are only valid when276

the learning process is performed. In this work, it has been selected different277

laminate stacking sequences whose ballistic limit is obtained by means of the278

previously FEM model developed. The pair of data, laminate stacking sequence279

and ballistic limit, were provided in the training phase to the MLP. In order280
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to assure a proper learning process it is required the use of enough quantity of281

data, in this case, 40 different cases have been selected in the learning process.282

These cases were divided in two groups: 37 cases have been used to train the283

network while the other 3 have been chosen to carry the testing validation. The284

testing validation consists on comparing the results of the 3 cases (whose results285

were not provided to the MLP for the learning process) with the prediction of286

the MLP, checking the accuracy of the MLP. In the Section 4 it will be shown287

that the training phase developed is appropriate to achieve accurate results.288

The MLP architecture is characterized by the number of neurons arranged in289

the input, hidden and the output layer. The input layer has the same number290

of neurons as input variables, in this case 6 (the ply orientations); while the291

output layer has, in this case, only one neuron which correspond to the ballistic292

limit. As it is said previously, the number of hidden layers and its number293

of neurons are not determined by the problem. In this case only one hidden294

layer has been selected, as it is recommended in the paper of D. Fernandez-Fdz295

et al.[29]. The number of neurons in the hidden layer has been chosen after296

an optimization process, following the same procedure as in [28], which results297

can be seen in Fig. 2. As the number of neurons is increased a significant298

reduction in the error can be seen, exhibiting that the error oscillates around299

a 6%. As it is done in other works [29, 28], it has been selected the value of300

neurons which produced the minimum error; in this case the MLP with 9 hidden301

neurons produce an average error in the learning process of only a 3.7 %. As302

it was mentioned previously, one of the major advantages of the ANN is its303

highly computational efficiency. To check this, the computational time in the304

prediction of the ballistic limit of the laminates for each architecture is plotted305

in Fig. 2. A linear tendency can be seen and it has to be remarked that the306

chosen case, only has a computational time of 9 s for predicting the ballistic307

limit of 2048 different laminates. Hence, it can be concluded that the MLP308

fulfils the requirements of accuracy and efficiency.309

Concerning the activation function, that it was previously explained in Sec-310

tion 2, it has been used a linear function for the input layer and a tangent311
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Figure 2: Average error and computational time versus the number of hidden neurons

hyperbolic function in both the hidden and output layer. In order to use this312

function the input and output data has to be normalized between -1 and 1. A313

value of 1 has been selected in the learning rate (ξ) of the hidden layer and 0.1314

for the output layer. It has to be mentioned that these values are in accordance315

with the values used in other works [29]. Finally, a value of 1000 epochs (number316

of iteration) has been selected assuring an appropriate learning process avoiding317

the overlearning of the MLP. Fig. 3 shows an scheme of the MLP developed.318

Input layer

Hidden layer

Output layer

Ply stacking sequence

Ply 2 Ply 3 Ply 4 Ply 5 Ply 6Ply 1

Neuron

Weight function

Ballistic limit

Figure 3: Scheme of the MLP developed
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4. Results319

In this section it is included the experimental, numerical and ANN results320

obtained in the prediction of the ballistic limit of composite laminates with dif-321

ferent laminate stacking sequence. The results are divided in three sections: the322

validation of the numerical model comparing the numerical and the experimen-323

tal results, the ANN learning process by means of the data obtained from the324

virtual testing campaign and finally the ballistic limit prediction.325

4.1. Experimental and numerical results: Validation326

In order to validate the numerical model, three variables have been selected327

to compare the numerical results with the experimental ones: the residual veloc-328

ity, the ballistic limit and the delaminated area after the impact. The residual329

velocity is the key parameter to assure the correct simulation of the process since330

represents the energy dissipated by the laminate through its failure mechanisms.331

The ballistic limit vbl is obtained from the residual velocity using the Lambert-332

Jonas equation [31] for both experimental and numerical results. This equation333

relates residual velocity with impact velocity vres = a(v
1/p
imp− v

1/p
bl )p being a, vbl334

and p three fitting parameters. When a composite laminate is subjected to an335

impact delamination is one of the failure mechanism that appears. Although336

in terms of energy dissipation it could be neglected for high velocity impacts337

[24, 25], its occurrence could modify remarkably the kinematics of the impact338

and therefore it may influence the apparition of other failure mechanisms, such339

as fibre failure.340

In Fig 4 (a) it can be observed the residual velocity versus the impact ve-341

locity for both numerical and experimental results. In the experimental tests,342

the residual velocity is obtained by means of a high speed video camera. It can343

be seen a very good agreement between both results. Below the ballistic limit344

the residual velocity is equal to zero, while once the ballistic limit is reached345

it is seen a steep slope of the residual velocity. Finally, as the impact velocity346

increases residual velocity tends to have a constant slope. In Fig. 4 (a), it is347
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included a detailed view of the region in the vicinity of the ballistic limit where348

it can be seen an accurate prediction of the residual velocity which implies a349

proper ballistic limit determination. To check this, it is obtained the Lambert-350

Jonas equation for experimental and numerical results, included in Fig 4 (a),351

in which the ballistic limit is obtained. The difference of the ballistic limit of352

experimental and numerical results is only a 2.1 %.353

354

Fig 4 (b) shows how the impact velocity affects the delaminated area gen-355

erated in the laminate. As the impact velocity increases, the delamination356

becomes higher, reaching a maximum value when the impact velocity is close357

to the ballistic limit. Afterwards, the trend is the opposite, as the impact ve-358

locity increases, the delaminated area decreases tending to an asymptote which359

is the value of the frontal area of the projectile [20]. From the comparison it360

is possible to observe a good correlation between experimental and numerical361

delaminated area through all the range of velocities considered. Another option362

to validate the numerical model is paying attention not only on the value of the363

delaminated area, but also to its shape. Fig 5 shows the experimental C-scan364

images obtained by means of an ultrasonic inspection (5MHz pulser), and the365

corresponding damaged area obtained numerically for two different impact ve-366

locities. It has to be noticed that in the experimental images it can be seen two367

different failure mechanism: the delaminated area and the debonding of the last368

ply; while in the numerical images only delamination is obtained. It is possi-369

ble to state that the shape of delamination is also well captured. At velocities370

close to the ballistic limit the shape of the delaminated area presents the typical371

peanut shell patterns. As the impact velocity increases its delaminated shape372

is reduced and becomes rounder. According to the results obtained, it can be373

concluded that the numerical model reproduces the ballistic performance of the374

laminate and therefore it will be used in the learning process of the ANN.375
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(a) (b)

Figure 4: (a) Residual Velocity versus impact velocity. (b) Delaminated area versus impact
velocity.

(a) (b) (c) (d)

Figure 5: Delaminated area obtained in an impact of (a)135 m/s Experimental (b)135 m/s
Numerical (c)500 m/s Experimental (d)500 m/s Numerical

4.2. ANN training process376

Once the numerical model is validated, a virtual testing campaign has been377

performed using the FEM model to provide the data required for the learn-378

ing process of the MLP. As it was already said, 40 different laminate stacking379

sequences have been considered. For each laminate, at least a set of 6 simu-380

lations with different impact velocity have been performed in order to assure381

a correct determination of the ballisitic limit using Lambert-Jonas equation.382

As an example, Fig. 6 shows the corresponding residual velocity versus im-383

pact velocity for three of the forty laminates considered: (0/0/0/90/90/90)S ,384

(45/45/45/90/45/45)S and (0/0/45/−45/0/0)S . In addition the Lambert-Jonas385

equation obtained is included in each figure. The parameter of Lambert-Jonas386

equation has been obtained by curve fitting of Vr − Vi curve.387
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(a) (b)

(c)

Figure 6: Residual velocity versus impact velocity for (a) (0/0/0/90/90/90)S ,
(b)(45/45/45/90/45/45)S and (c) (0/0/45/− 45/0/0)S laminates

388

In the learning process, 37 out of the 40 cases have been provided to the389

ANN and the other 3 have been used to do the testing validation of the learning390

process. The testing validation consist on comparing the results of the 3 cases391

(whose results are not provided to the MLP for the learning process) with the392

prediction of the MLP, checking the accuracy of the MLP.393

Fig 7 shows the ballistic limit obtained with the FEM model versus the394

same results predicted by the ANN, distinguishing the 37 learned cases and the395

3 testing validated cases. As it can be seen all the cases are inside the marked396

region that represent a maximum error of a 10% of error, being the maximum397

error in the ballistic limit ANN prediction a 9 % while the average error is only398
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a 3.7 %. If only the three cases of the testing validation are taking into account399

the average error is about a 7 %. Therefore, it can be concluded that the ANN400

provides a good prediction of the ballistic limit and it is suited to determine the401

ballistic limit for different laminate stacking sequence and it could be used to402

find the optimum configuration.403

Figure 7: Ballistic limit prediction of FEM model and ANN obtained in the learning process

4.3. ANN ballistic limit prediction404

Once the ANN have learned, the ballistic limit of all the possible configura-405

tions of laminate stacking sequence with orientations of 0,±45 and 90 have been406

obtained. As it has been already said, there are 46 = 4096 different laminate407

stacking sequence for symmetrical laminates of 12 plies, but due to symmetry408

only half of the laminates has to be studied. In Fig. 8 (a) it is included the bal-409

listic limit for all the configurations studied obtaining values from Vbl = 92 m/s410

to 130 m/s. It can be seen that varying laminate stacking sequence, which has411

no consequence in the weight, the ballistic limit can be increased a 41 %, which412

in terms of energy means almost double the ballistic performance; this can be413
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seen as a promising result for designing purposes. In addition, the figure shows414

a particular pattern which can be explained due to the way the laminates are415

sorted. First half of the laminates corresponds to the ones whose outer layer is416

0° while the rest are the ones that is 45°. It can be seen that the ballistic limit417

is clearly influenced by the orientation of the first ply; while a certain amount418

of laminates of the first half are above 120 m/s only a few of the second half419

reach this value. In each half, it can also be seen four different trends because420

the laminates are also ordered with the orientation of the second outer layer.421

In the figure it is indicated the different groups in order to clarify it. Fig. 8422

(b) shows a detailed view of the group of laminates whose two outer layers are423

(0/90) in which the best results can be seen. An increasing trend can be seen as424

the third outer layer is changing from 0°to 90°. Therefore, the better results in425

terms of the maximum value and minimum variability correspond to the lami-426

nate family (0/90/90/a/b/c)S where a, b, and c can be any of the different ply427

orientation studied (0°, ±45°and 90°). Moreover, the best laminate belongs to428

this family and is (0/90/90/0/90/0)S which has a ballistic limit of 130.2 m/s.429

All the previous findings lead to think that the orientation of the outer layers430

plays an important role for the laminate ballistic limit. Therefore, not only the431

orientation of the plies but also their position with respect to the mid-plane is a432

factor that influences the laminate ballistic limit. In order to understand these433

results a deeper analysis for all the laminates studied has been performed.434

5. Discussion435

As it has been seen seen previously, the laminate stacking sequence has a436

clear influence in the ballistic limit, with differences that can reach more than a437

40%. The differences are influenced not only by the orientation of the plies but438

also by their position with respect to the mid-plane. As it is known, the distance439

with respect to the mid-plane plays an important role in the determination of the440

laminate bending stiffness matrix D, and therefore this matrix may be a major441

responsible for the ballistic limit. Matrix D is obtained by D = 1
3

∑n
i=1 Q̄(z3i −442
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z3i−1) where n is the number of plies of the laminate, Q̄ is the ply stiffness443

matrix, and zi and zi−1 is the top location and the bottom location of the ply444

with respect the mid-plane. Consequently the ply stiffness matrix is multiplied445

by a magnitude that increases with the cube of the distance to the mid-plane.446

In order to capture the influence of the bending stiffness matrix with the447

ballistic limit, Fig 9 shows the ballistic limit versus the equivalent bending448

stiffness (D∗), . The equivalent bending stiffness is defined as [32, 33] D∗ =449 √
A+1
2 D11D22 where A = D12+2D66√

D11D22
and Dij corresponds to the position of the450

i row and j column in the matrix D. This parameter is related with the response451

of composite laminate when subjected to low velocity impacts [34, 35]. As it452

can be seen, there is no clear trend in this graph, although it can be noticed453

that there are a wide range of variability in the ballistic limit in the region of454

maximum equivalent bending stiffness D∗ > 65 Nm, including the maximum455

and minimum values of the ballistic limit. This effect can be explained because456

the definition of the equivalent bending stiffness takes into account different457

terms, such as the component of the bending stiffness with respect to the in-458

plane axis (D11 and D22) but also the bending stiffness values related to the459

torsional moments (D66) and the coupling effects (D12). It is reasonable to460

think that due to the physics of the problem, in which the impact (at least in461

the velocity near to ballistic limit) mainly induces bending deformation in the462

plate, the first terms are playing a major role in this problem.463

Therefore, the relation of the ballistic limit versus these parameters (D11464

and D22) has been analysed; first regarding the magnitude of an average of465

them and finally comparing the differences between both. In Fig. 10 (a) it is466

shown the relation between the ballistic limit of the laminates with respect to467

the geometric mean of the parameters D11 and D22. Although a variability can468

be observed, it can be seen a trend that relates higher values of the ballistic limit469

with an increase in the geometrical mean of D11 and D22. Thus, it confirms470

that the physics of the problem is influenced by the in-plane components of471

the laminate bending stiffness matrix. This effect produces a global bending472

in the plate obtaining the higher deformation in the outer plies in the 11 and473
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22 direction. The best way to increase the value of D11 and D22 is to use474

plies at 0°and 90°since the fibres are oriented in the direction x and y of the475

plate (that correspond to the axes 1 and 2). It has to be mentioned that the476

0°and 90°plies have to be placed preferably in the outer layer since outer plies477

has more influence in the laminate bending stiffness matrix than inner ones.478

Hence, these laminates have the fibres in the same direction and location as the479

maximum strain are observed, becoming more efficient to carry the stress-strain480

state induced by the impact. Regarding the lower values of D11 and D22, it has481

to be said that they are related to laminates whose outer layer are composed482

mainly by ± 45°plies and then they are not so efficient for the present impact483

load conditions.484

In Fig. 10 (b) it is shown the relation between the ballistic limit of the485

laminates with respect to the absolute value of the logarithm of the ratio of486

the parameters D11 and D22. A value |LogD11

D22
| = 0 means that both values487

are equal while higher values means increasing differences. It can be noticed488

that the higher values of the ballistic limit are in the region where D11 and D22489

are similar between them while in the region of maximum differences of D11490

and D22, there is no laminate that reach a ballistic limit of 120 m/s. This can491

be explained because a difference in the stiffness would produce uneven plate492

deformation and may trigger earlier the failure mechanism in one direction than493

in other. Nevertheless in the region of |LogD11

D22
| = 0 it can be seen also the494

minimum values of the ballistic limit, that correspond to laminates that have495

mainly plies at ± 45° that produce no difference regarding direction 11 and 22496

in matrix D. As it has been explained previously for Fig. 10 (a) the use of ±497

45° does not increase enough the value of the parameters D11 and D22 leading498

to lower ballistic limit.499

To understand finally the influence of D11 and D22 parameters with the500

ballistic limit it has been included the Fig. 11 in which it has been analysed501

the ratio of the parameters D11 and D22 with respect to the geometric mean502

of these parameters, while the ballistic limit is depicted with a contour map in503

each marker. It can be seen, as the other figures show, that the laminates with a504
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higher ballistic limit are in the region with a higher value of the geometric mean505

of the parameters D11 and D22, but with similar values (|LogD11

D22
| = 0). This506

can be explained because the most efficient way to bear the load is to have the507

higher bending stiffness as possible for both main directions but with similar508

values avoiding uneven deformation and failures.509

In order to confirm this explanation it has been included in Table 1 a com-510

parison of several laminate stacking sequences, showing the D11 and D22 pa-511

rameters and its ballistic limit. The first two laminates included in the table,512

laminate A (0/90/90/0/90/0)S and B (0/90/90/0/0/0)S , belongs to the opti-513

mum laminate family (Fig. 8 (b)); as it was said previously these laminates are514

(0/90/90/a/b/c)S where a, b, and c can be any of the different ply orientation515

studied (0°, ±45°and 90°). Laminate A presents the maximum ballistic limit pre-516

dicted by the ANN technique and its performance under impact can be explained517

because its higher geometrical mean of D11 and D22 (
√
D11D22 = 85.7 Nm)518

and the lower differences between these values (|LogD11

D22
| = 0.05) compared with519

the other laminates. Laminate B shows also a high value of
√
D11D22, never-520

theless the increment in the difference between D11 and D22 (|LogD11

D22
| = 0.16)521

leads to the reduction in the ballistic limit. The third laminate included, lam-522

inate C (0/90/0/90/0/0)S , presents higher value of |LogD11

D22
| = 0.46 which523

means a lower ballistic limit, although the geometrical mean is similar to lam-524

inates A and B
√
D11D22 = 83.5 Nm. Finally, it is included laminate D,525

(45/-45/45/45/45/-45)S whose reduction of the
√
D11D22 is produced by the526

presence of the ±45° plies in the laminate stacking sequence, leading to an527

important reduction in the ballistic limit even without differences between D11528

and D22 (|LogD11

D22
| = 0). As it can be seen, the ANN technique allows to find529

the optimum laminate stacking sequence and to achieve a deeper comprehen-530

sion of composite plates when subjected to high velocity impact with a low-time531

consumption. Conclusions obtained can be used by composite design engineers532

to improve ballistic performance of composite plates.533
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Table 1: Comparison of laminate stacking sequence, ballistic limit and D11 and D22 parame-
ters.

Laminate Stacking sequence D11 [Nm] D22 [Nm]
√
D11D22 [Nm] |LogD11

D22
| [-] vbl [m/s]

A (0/90/90/0/90/0)S 87.8 83.7 85.7 0.05 130.2
B (0/90/90/0/0/0)S 92.7 78.8 85.5 0.16 114.9
C (0/90/0/90/0/0)S 105.3 66.2 83.5 0.46 109.9
D (45/-45/45/45/45/-45)S 50.3 50.3 50.3 0.0 99.4

6. Conclusions534

In this work, a combined methodology of experimental, Finite Element535

Method and Artificial Neural Network has been used to predict the ballistic536

limit of composite laminates varying its laminate stacking sequence. Several537

conclusions must be drawn after the analysis and discussion of the results.538

� The proposed combined methodology allows to develop an ANN that pre-539

dict ballistic limit of composite plates with different laminate stacking540

sequence successfully.541

� The numerical model, validated by experimental tests, is able to reproduce542

the influence of the laminate stacking sequence in the ballistic limit.543

� The ANN has been trained with a virtual testing campaign performed544

with the FEM model. It is obtained a 3.7% error in the learning process,545

while a 7 % for the testing validation cases. The optimum results has been546

obtained with only one hidden layer composed by 9 neurons.547

� Once the ANN is trained, the whole range of possibilities of laminate stack-548

ing sequence using the common orientation in symmetric 12 plies laminates549

have been studied. It has been observed that the ballistic limit can be in-550

creased up to a 41 % percent without any weight increase. The optimum551

laminates are the ones with the stacking sequence (0/90/90/a/b/c)S .552

� The ANN helps to understand the problem of ballistic limit optimization.553

The key point to obtain the optimum laminates (for the conditions studied554
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in this work) is to use 0°and 90°for the outer plies in such a way that the555

values of D11 and D22 are high and similar between them.556
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(a)

(b)

Figure 8: (a) ANN ballistic limit prediction for the whole range of possibilities of laminate
stacking sequence using the common (0°,45°,-45°and 90°) in symmetric 12 plies laminates. (b)
Detail of the ANN ballistic limit prediction for the laminates which outer plies are 0/90
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Figure 9: ANN ballisitic limit prediction versus the equivalent bending stiffness (D∗).
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(a)

(b)

Figure 10: ANN ballisitic limit prediction versus (a) geometric mean of the parameters D11

and D22 (b) the absolute value of the logarithm of ratio of the parameters D11 and D22.
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Figure 11: ANN ballisitic limit prediction versus geometric mean of the parameters D11 and
D22 the absolute value of the logarithm of ratio of the parameters D11 and D22.
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