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Abstract.  Laminated composite plates are utilized extensively in different fields of construction and industry thanks 
to their advantages such as high stiffness-to-weight ratio. Additionally, they are characterized by their directional 
properties that permit the designer to optimize their stiffness for specific applications. This paper presents a numerical 
analysis and optimization study of plates made of composite subjected to low velocity impact. The main aim is to 
identify the optimum fiber orientations of the composite plates that resist low velocity impact load. First, a three-
dimensional finite element model is built using LS DYNA computer software package to perform the impact 
analyses. The composite plate has been modeled using solid elements. The failure criteria of Tsai-Wu’s criterion have 
been used to control the strength of the composite material. A good agreement has been found between the predicted 
numerical results and experimental results in the literature which validate the finite element model. Then, an Adaptive 
Simulated Annealing (ASA) has been used to optimize the response of impacted composite laminate where its 
objective is to maximize the safety factor by varying the ply angles. The results show that the ASA is robust in the 
sense that it is capable of predicting the best optimal designs. 
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1. Introduction 
 

Laminated composite materials occupy an increasing space in modern industries thanks to their 

good mechanical behavior, while other materials are prone to rupture, particularly the phenomenon 

of high stress concentration between layers i.e., delamination phenomenon. For instance, the fall of 

a hammer during maintenance which causes a visible impact damage. This phenomenon poses 

catastrophic risks to aircraft safety processes. Crash safety is very important to civil aviation 

industry, specifically with regard to the increasing ratio of carbon fiber reinforced plastic (CFRP) 

in aircraft primary structures.  

In the literature, many analytical solutions as well as experimental work were carried out to  
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Fig. 1 FE model and boundary conditions of drilled laminate plate and impactor 

 

 

analyze the behavior of different types of composite structures exposed to different types of 

loading (Belakhdar and Tounsi 2017, Daouadji 2017, Polatov et al. 2020, Abderezak et al. 2021). 

While analysis of composite structures under impact loads we can find (Zhao et al 2018, Santoro 

and Kripka 2020, Cheng et al. 2014, Liu et al. 2018, Panigrahi et al. 2016, Akbulut et al. 2011, 

2020, Maamar and Zenasni 2018). Some of these pieces of research work aimed evaluating 

different material models such as crack models and damage models to analyze impact of 

composite plates (Ilyas 2010, Rizov 2017, Liu et al. 2018, Lavrenčiča and Brank 2018, Ghosh and 

Chakravorty 2018, Shyamala1et al. 2018, Clegg et al. 2019). Other pieces of research work aimed 

at optimizing such structures by reducing the thickness or fibers orientation in order to reduce the 

weight of the composite plates or to maximize their resistance (Akbulut et al. 2011, Maamar and 

Zenasni. 2018).  

The aim of this work is to present a methodology dedicated to modeling and optimization of 

laminated plates made of composite material (carbon/epoxy T800s/M21) under an impact type 

loading at low velocity and high mass using finite element (FE) method. The FE model is built 

using LS-DYNA software and optimization analysis is carried out using LS-OPT software. The 

optimization procedure aimed at maximizing the safety factor based on the principle of the 

annealing simulate algorithm to find the best lay-up sequence that supports the maximum possible 

impact load. 

  

 
2. Materials and methods 
 

2.1 Model description 
 

The experimental work done by Ilyas (2010) has been used in our study to validate our 

numerical model. A Graphite/epoxy T800S/M21 of epoxy matrix reinforced by carbon fibers 

laminate plate has the dimensions of 125×75 mm² as shown in Fig. 1. This plate is composed of 18 

plies of thickness equals to h=0.45 mm each of stacking sequence [−45, 45, 0, 90, 0, 0, −45, 45, 

0]s. We used an impactor (Hemispherical) with a mass of around 2368 g, the impactor (ball) with 

impact velocity (4.17 m/s).  Shape and geometrical properties are shown in Fig. 1. The specimen is 

supported by a steel support plate with dimensions of 300×200 mm2 and a thickness of 20 mm, 

which is bolted to a rigid frame. Tables 1 and 2 present the mechanical properties of the laminate, 

the impactor, and support. The plate is impacted in its center by the impactor. The latter is made of  
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Table 1 Material properties data for T800S/M21 simulation (Lachaud et al. 2015) 

GPa GPa 
𝑣12 𝑣13 𝑣23 

𝐸11 𝐸22 𝐸33 𝐺12 𝐺13 𝐺23 

165 7.64 7.64 5.61 5.61 2,75 0,35 0,35 0,4 

GPa GPa GPa  Kg/m3 

X𝑡  Yt X𝑐  Yc S α 𝜌 

2.2 0.045 1.2 0.28 0.05 0 1560 

 
Table 2 Material model data for impactor simulation (Lachaud et al. 2015) 

𝐸 (𝐺𝑃𝑎) 𝑣 𝜌 (Kg/m3) Diameter (mm) Masse (Kg) 

207 0.31 7850 16 2.369 

 

 

Fig. 2 Finite element Vs. experimental force history response 

 

 

stainless steel. We consider that the laminate sides are initially clamped. (See Fig. 2 and Fig. 3) 

which represent the predicted results against the experimental test. A good agreement is found 

which validate the FE model. 

 
2.2 Finite element modelling 
 

A finite element mode is built using LS-DYNA to simulate the behavior of the composite plate 

under low velocity impact. The plate is modeled using 3d solid elements. The strength of the fiber-

matrix composite is controlled by Tsai-Hill’s law. Among the incorporated constitutive material 

models of lamina available in LS-DYNA (Borazjani et al. 2017), the “Mat Composite Failure 

Optional” Model (MAT054 with Solid option) (Akbulut et al. 2011, Yong et al. 2008), is adopted 

since it has the ability to simulate the progressive damage of the material on the basis of 3D stress-

based failure criterion. The adopted MAT054 model that has been used in solid formulation is 

widely used and discussed in several applications and articles in the literature. The rigid body 

model (Mat 20 Option=Solid) is used for hemispherical head impactor as well as the supports  
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Fig. 3 Finite element Vs. experimental displacement history response shift to fit the curves 

 

 

(Maamar and Zenasni 2018, Mou et al. 2016). Solid elements were used since they are 

successfully used to model thick parts because they can capture full 3D stress states (Yong et al. 

2008). The FE element had eight nodes and one integration point through the layer thickness. Each 

node has three degrees of freedom. The “Automatic Surface to Surface” type of contact has been 

used to model the contact between the plate and the impactor while “Contact Automatic Surface to 

Surface Tiebreak” type of contact has been used between the plate layers (Liu et al. 2018). It 

should be noted that the total number of solid elements were 2402, while the number of nodes 

were about 39241 and the end time simulation is 3.5 milli seconds. 

In order to study the optimization behavior of the composite laminate plate subjected to low- 

velocity impact, Adaptive Simulated Annealing (ASA) algorithm is adopted, where the objective 

function is to maximize the safety factor by varying the angles of fibers. 

 

 

3. Results and discussion 
 

3.1 Effect of contact surface: 
 

In this section, the effect of the contact surface of the impactor on behavior of the composite 

plate, is studied. Fig. 4 represents three impactors having contact surface of (7×7) mm², (14×14) 

mm² and (28×28) mm². The reaction force and displacement in terms of time are shown on (Fig. 5 

and Fig. 6), respectively. It is observed that the bigger surface is, the lower reaction force is. 

Additionally, the displacement time history reveals that the highest displacement occur in case of 

large impactor surface. It is also noted that the time of impact increases when increasing the 

impactor surface. This is due to the fact that when the force is transferred from the impactor to the 

plate through a small surface, it results in higher stress concentration within smaller area compared 

to large surface impactor. Therefore, smaller surface impactor highly affects a limited zone 

compared to large surface impactor. 
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Fig. 4 Impactors with different contact surface 

 

 

Fig. 5 Effect of the contact surface on the reaction force 

 

 

Fig. 6 Effect of the contact surface on displacement 
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Fig. 7 Effect of the impact energy on the reaction force 

 

 

Fig. 8 Effect of the impact energy on displacement 

 

 

3.2 Effect of impact energy 
 

The energy effect is studied in this section through increasing the impactor velocity. (Fig. 7 and 

Fig. 8) show the force-time and displacement-time, respectively, for energy equals to 20J, 30J, and 

40J. From these curves, it is clear that the more the energy is, the more the effort and the maximum 

displacement are. As the load increases, it is observed that the evolution of the effort has been 

quite disturbed (presence of oscillations). These oscillations are often attributed to the degradation 

of the plate under the impactor and the vibration of the plate upon impact (Maamar and Zenasni 

2018). 
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3.3 Failure criteria of the composite plate 
 

Minimization of weight of composite structures directly affects its strength, since when 

decreasing the number of plies to gain weight, the carrying capacity of the structure is decreased 

and may cause failure (Akbulut and Sonmez 2011). In the present work, the adopted failure 

criterion is “Tsai-Wu”. This criterion, is one of the most reliable and widely used criterion to 

control the composite failure presented in a simple expression as follows (Maamar and Zenasni 

2018, Almeida et al. 2017) 
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Based on Tsai-Wu criterion, the safety factor (SF) of kth layer, 𝑆𝐹𝑘, is the multiplier of the 

stress components of the layer 𝑘, б𝑖𝑗
𝑘 , that satisfies Eq. (1) to be equal to 1.0. Eq. (1) can be written 

as follows (Akbulut and Sonmez 2011, Maamar and Zenasni 2018) 

𝑎(𝑆𝐹𝐾)2 + 𝑏(𝑆𝐹𝐾) − 1 = 0                                                    (2) 
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1

𝑌
+

1
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After solving Eq. (2) to obtain the safety factor, it is noted that the actual safety factor is always 

positive. So, the absolute value of the first root is the actual one since the negative value is 

physically meaningful (Akbulut and Sonmez 2011, Maamar and Zenasni 2018). 

𝑆𝐹𝑘 = |
−𝑏+√𝑏2+4𝑎

2𝑎
|                                                             (5) 

 

3.4 The objective function  
 

Generally, the objective function is formulated depending on the type of the optimization 

problem and its objectives. In this work, the SF factor derived previously is used as an objective 

function (extracted from Eq. (1)). The optimization aims at finding the optimum laminates 

orientation that supports the maximum impact resistance. That is to say maximizing the safety 

factor for each sample, while maintaining the same impact energy, 20 J.  

The optimization function is set as follows 

𝑆𝐹 = Max {Min(𝑆𝐹𝑘)
𝑆𝑎𝑚𝑝𝑙𝑒

}                                                         (6) 

 
3.5 Optimization results and evaluation 

 
Simulated Annealing (SA) Algorithm has been used in this study to carry out the optimization 

analysis. This algorithm is based on the physical process of annealing metals, where the material is 

initially heated then cooled slowly. Such process reduces defects. The procedure of this algorithm 

starts by generating randomly initial point with high temperature (Akçair et al. 2019, Alcantar et 
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al. 2017). The annealing process decreases the temperature slowly the thing that helps to reduce 

the extent of the search to converge to a minimum. All new points having lower objective value 

are accepted in addition to the points with a higher objective value but with a certain probability. 

The substance can take some time at constant temperature.  By specifying the number of iterations, 

each iteration has two steps: first, the solution is perturbed, then the quality of the solution is 

evaluated. After that, the new solution is evaluated to be accepted or rejected (Maamar and 

Ramdane 2016, Karakaya and Soykasap 2011). In the current study, the optimization aims at 

finding the best laminates orientations (lay-up sequence) that offer the best safety factor i.e., the 

maximum SF under constant impact energy. At this step, the angles have only three values 

±[0,45,90]. After finding the optimum plate (best lay-up sequence), we evaluate the maximum 

impact energy that can be supported by the optimized plate. The second stage of optimization is 

started in order to find the maximum safety factor when including additional angles variation 

±[0,5,10,20,25,30,35,40,45,50,55,60,65,70,75,80,85,90].  

A graphite/epoxy laminate plate is considered with dimensions of 125×75 mm² as shown in 

Fig. 1, composed of 18 plies of thickness h=0.45 mm each of stacking sequence [−45, 45, 0, 90, 0, 

0, -45, 45, 0]s  is placed on a 125×75 mm²  and support plate having 20 mm thickness made of 

steel bolted to a rigid frame. The Ls-Opt computer program is used to carry out the optimization 

calculation by linking it to LS-DYNA. The selected parameters for the optimization are listed in 

Table 3. 

According to Table 4 which represents the optimization analysis, it should be noted that the 

safety factor for the laminates of the experimental study (laminates with the Actual sequence) is 

equal to 1.3800. This value is found to be still far from failure. After the optimization calculation, 

it is possible to increase this value up to 1.7157. Noting that the corresponding optimized lay-up 

sequence is [00, -45, -45, 00, -45, -45, 00, -45, -45]s . It should be noted also that, the optimization 

results are obtained after generating 23 samples. However, the optimum lay-up sequence is 

detected by the algorithm in four generations.  

As a second stage of optimization where the optimum lay-sequence plate given in Table 4 has 

been tested under increasing impact energy so that it reaches SF=1. It is found that the maximum 

impact energy supported by this plate is 48.76 Joul (Energy Critical). Then, the same procedure of 

optimization described earlier is applied for this plate but with including new values of angle 

orientation ±[0,5,10,20,25,30,35,40,45,50,55,60,65,70,75,80,85,90] .The optimization also aims at 

seeking for the best lay-up sequence that maximizes the security factor. The results are shown on  

 

 
Table 3 For optimization methods options 

Tmin/Tmax (Ratio) 1e-6 

Annealing Scale 1000 

Cost-Parameter Anneal Ratio 1.0 

Maximum Function Evaluations 10000 10000 

Function Evaluations/Temp step 1 

 
Table 4 Predicted optimized safety factor 

One global optimum Energy [J] type SF 

[−45, 45, 00, 90, 00, 00, -45, 45, 00]s 20 Actual 1.3800 

[00,-45, -45,00,-45, -45, 00,-45, -45]s 20 Optimum 1.7157 
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Table 5 2nd stage predicted optimized safety factor 

Lay-up sequence Energy in Joul Type 𝑺𝑭 

[00,-45, -45,00,-45, -45, 00,-45, -45]s 48.76 Actual 0.9964 

[-45,-10, -25,-45,-25, -25, -45,-10, -25]s 48.76 2nd Optimum 1.2400 

 

 

Table 5. It is found that the best lay-up sequence is [-45, -10, -25, -45, -25, -25, -45, -10, -25]s with 

security factor SF=1.24 . Here, it should be noted also that, the optimization results are obtained 

after generating 40 samples. However, the optimum layup sequence is detected by the algorithm in 

the 11th the generation. 

 

 
4. Conclusions 
 

In this piece of research work, a numerical analysis and optimization study of composite plate 

subjected to low velocity impact are presented. The numerical impact analysis is performed by 

building 3D FE model using the computer program LS DYNA. “Tsai-Wu’s” failure criterion is 

used to control the strength of the composite laminates. It should be noted that the built finite 

element model is validated with experimental work from the literature where a good agreement is 

found. The optimization analysis is carried out to identify the optimum fiber orientations of the 

composite plates resisting low velocity impact load. The Adaptive Simulated Annealing (ASA) 

algorithm is adopted to control the optimization procedure. It should be mentioned that the 

objective function is set to maximize the safety factor by varying the ply angles. As a first step of 

the optimization procedure presented in this work, the angles are chosen as four desecrate 

variables θ=±[0,45,90]. It is found that the optimum safety factor SF=1.7157 corresponding to 

sequence lay-up=[00, -45, -45, 00,-45, -45, 00,-45, -45]s. Noting that, the original plate has safety 

factor SF=1.3800 with sequence lay-up=[−45, 45, 00, 90, 00, 00, -45, 45, 00]s. As a conclusion, 

the safety factor is optimized to about 124% (increased by 24%). After obtaining the optimum 

safety factor of the first step, the optimized plate is impacted by increasing energy load up to 

obtaining the critical energy that leads results safety factor SF≅1. It is found that the maximum 

energy that the plate resists is 48.76 Joule, while the original impact energy equals 20 Joule. The 

second step of optimization is the same as the first one but it is done by using the lastly obtained 

critical energy with including other values of ply angles 

θ=±[0,5,10,20,25,30,35,40,45,50,55,60,65,70,75,80,85,90]. In this step, the safety factor is 

increased to SF=1.24 with play-up sequence=[-45,-10,-25,-45,-25,-25,-45,-10,-25]s. Thus, the 

second step of optimization gives a better lay-up sequence that increases the plate resistance to 

impact loading to about 25% under higher impact energy (Twice higher) than the original one. As 

a final conclusion, the presented optimization procedure is a simple and fast procedure to find the 

best play angles that offer the best impact resistance. 
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