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Abstract. Structures made by composite materials have been very explored for many industries, like aeronautic, 

automotive and marine. Composite materials have lightweight and high stiffness and strength characteristic; however, 

the low impact resistance of these materials is a major drawback. This is primarily because composite structures have a 

limited capability to withstand transversal loads. Especially low velocity impacts are very dangerous because they may 

induce imperceptible damages on routine inspections. For instance, the literature indicates that around 15% of repairs 

performed in airplanes are results from low velocity impacts, like dropping a tool on a part of the airplane’s structure. 

Alternatively, shape memory alloys (SMAs) have been proposed as a potential solution to this issue due to their ability 

to dissipate energy through pseudoelasticity. Hence, exploring the combination of SMA plies in composite laminates 

seems to be a promising way to avoid impact issues. The goal of the present investigation is to carry out a parametric 

study of impacts in composite plates with and without SMA reinforced. Three parameters are evaluated: the fiber volume 

fraction, the SMA ply thickness and the SMA arrangement in the laminate. The simulations are carried out using the 

commercial finite element software Ansys. The Puck failure criterion is considered for the laminate and Auricchio’s 

constitutive model is applied for the SMA. The results show that using a thin SMA ply can significantly improve the 

impact resistance of laminates, reducing and even eliminating structural damage from low velocity impacts. These 

findings have implications for the design concerning cost and weight-efficient structures. 
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1. INTRODUCTION  

  

Structures made from composite materials have been extensively investigated and used in the different industries. 

This fact can be attributed to the excellent characteristics inherent to this type of material, such as corrosion resistance, 

high stiffness and strength, low specific weight and fatigue resistance (Herakovich, 2012). 

For design composite structures, many variables are involved because the multiphase and multiscale characteristics 

(Tsai & Melo, 2014). To deal with this issue, micromechanical models are efficient tools (Ha et al., 2008; Vignoli et al., 

2019; Lin, 2022). To improve the analysis efficiency, analytical micromechanical modeling strategies have been proposed 

and demonstrated to have good performance when compared with experimental and numerical results (Andrianov et al., 

2018; Vignoli et al., 2021). However, for macromechanical analysis, the numerical simulation seems indispensable (Shah, 

2010). This hybrid analytical-numerical approach was performed for different structures, like pressure vessels (Vignoli 

& Savi, 2018) and notched plates (Vignoli et al., 2020a; Vignoli et al., 2022a). A numerical multiscale analysis for impact 

problems was proposed by Staniszewski et al. (2022); however, the computational cost becomes an issue for parametric 

studies. 

One of the biggest concerns and reasons for reduced reliability when it comes to composite materials is their low 

impact strength. According to Andrew et al. (2019), almost 13% of repairs performed on Boeing 747 aircraft are due to 

impacts from external objects. In collaboration with this, Topac et al. (2017) explain that low velocity transverse impacts, 

such as dropping a tool on a part of the airplane’s structure, generate internal damage that is not visible in routine 

inspections. The impact problem in composites for pipes and wind turbines are also reported by Shahveisi & Feli (2022) 

and Pinto et al. (2021), respectively. 

Therefore, many engineering procedures already consider that the composite parts have these damages in the planning 

phase, something that ends up adding weight to the structure. The importance of tools for damage monitoring is 

highlighted by Arumugam et al. (2015), Thiene & Galvanetto (2015) and Talreja & Phan (2019). An additional difficult 

becomes from the fact that many different damage mechanisms may happen (Tita et al., 2008). 
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To improve the impact resistance in composite structures, the hybridization approach has been proposed.  For 

instance, Güneş & Şahin (2020) propose to use carbon and glass fiber in the same laminate. The impact performance of 

glass fiber reinforced plastic (GFRP) can be improved adding metallic layers. However, traditional metals allow 

undesirable residual stresses and strains (Starikov, 2013; Chai & Manikandan, 2014). An alternative to avoid residual 

stresses and strains is the use of shape memory alloy (SMA), which is very useful for dynamical loads to explore the 

pseudoelastic effect (Savi, 2015; Vignoli et al., 2020b). Pseudoelasticity is the phenomenon resultant from 

micromechanical austenite-martensite phase transformation in SMAs, generating a hysteresis looping and dissipating 

energy (Paiva & Savi, 2006; Lagoudas, 2008). 

Zhao et al. (2018) and Gupta et al. (2019) presented experimental studies indicating that SMA may improve the 

impact response of GFRP. Lester et al. (2015) reviewed and proposed many advantages and application for composites 

with SMA. One of the most considerable perspectives is related to improve the composite performance when submitted 

to impact (Debossan & Vignoli, 2022). 

 

 
Figure 1: Schematic representation of the proposed multiscale procedure.  

  

Considering these points, the present work aims to perform an analytical-numerical multiscale analysis of hybrid 

GFRP laminates reinforced with SMA. Figure 1 shows the main idea of the proposed methodology described in Section 

2. Considering that fiber volume fraction influences on the laminate impact response (Melo & Villena, 2012), the VSPKc 

micromechanical model is described in Section 2.1 to evaluate the GFRP lamina properties from glass fiber and epoxy 

matrix properties. A cross-ply laminate s2]90/0[  is considered for macromechanical analysis using the commercial finite 

element software Ansys. For a detailed discussion about stacking sequence effects, see Hongkarnjanakul et al., (2013) 

and Wang et al. (2021). The effective properties obtained in Section 2.1 are used as input to the homogenized ply model 

described in Section 2.2. Note that the laminate properties are defined based on the material coordinate system for each 

lamina, ix , where 
g

xx 11   for laminae oriented at 0 and 
g

xx 21   for laminae oriented at 90. The laminated is submitted 

to a perpendicular low velocity impact. The impactor is assumed as cylindrical with the longitudinal axis parallel to 
gx2 . 

An investigation about different impactor shape can be found in Kursun et al. (2016). SMA reinforced are evaluated when 

applied on the two top plies oriented at 0. The results are presented and discussed in Section 3 and the main conclusions 

are summarized in Section 4. 

  

2. MULTISCALE MODELING 

  

Multiscale modeling first considers a micromechanical level, assessing how fiber and matrix properties influence 

lamina’s effective properties according to the constituents’ volume fraction. Subsequently, a macromechanical study is 

carried out that evaluates the macroscopic behavior of the laminate when it is subjected to a low velocity impact, also 

allowing the use of proper failure criteria to assess damage in the composite material. 

  

2.1 Analytical Micromechanical Model 

  

The first step of multiscale modeling is the use of VSPKc micromechanical model proposed by Vignoli et al. (2022b) 

to estimate the following effective elastic properties of the lamina: longitudinal elastic, 1E ; in-plane Poisson’s ratio, 12

; transversal elastic modulus, 2E ; in-plane shear modulus, 12G ; and out-of-plane shear modulus, 23G . 

For 1E  and 12 , the equations are similar to the classical estimation of the rule of mixture. Alternatively, for 2E , 12G  

and 23G  the model is able to consider fiber circular cross section and a square symmetry of the unit cell. The following 

set of equations is stablished to estimate the elastic properties based on VSPKc model: 
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where 
fE1  is the fiber longitudinal elastic modulus, 

fE2  is the fiber transversal elastic modulus, 
f

12  is the fiber in-plane 

Poisson’s ratio, 
f

G12  is the fiber in-plane shear modulus, 
f

G23  is the fiber out-of-plane shear modulus, mE  is the matrix 

elastic modulus, 
m  is the matrix Poisson’s ratio, )1(2/ mmm EG   is the matrix shear modulus and fV  is the fiber 

volume fraction. Additionally, /]1)/[(2 222 f
fm VEEa  , /]1)/[(2 1212 f

fm VGGa   and 

/]1)/[(2 2323 f
fm VGGa  . 

To evaluate the damage, it is necessary to calculate lamina longitudinal tensile strength, 
tS11 , longitudinal compressive 

strength, 
cS11 , transversal tensile strength, 

tS22 , transversal compressive strength, 
cS22 , in-plane shear strength, 

sS12 , and 

out-of-plane shear strength, 
sS23 . 

According to Vignoli et al. (2020c), 
tS11  and 

cS11  can be estimated considering that fiber tensile and compressive 

strength, 
f

tS  and 
f

cS , respectively, have an average reduction of 8% for tension and 20% for compression. For tension, 

the strength reduction is related to in situ damage during manufacturing; for compression, fiber misalignment induces 

additional bending to the compressive load. Additionally, for 
sS12  the authors proposed a closed-form relation based on 

the concentric cylinder model.  

For transversal strengths, Vignoli et al. (2020d) proposed that 
tS22  is governed by matrix dilatation energy density, 

cS22  is defined based on the fiber-matrix interface and 
sS23  tends to be close to the matrix shear strength, 

m
sS . 

Based in this assumptions, lamina strengths are computed by 
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where 
c
vu  is the matrix critical dilatation energy density, 

iS  is the interface strength, 

)/()( 2323
fmfmffm GGGG   , )/()( 2323

mfmfm GGGG   , )]1()1/[()(   , 
mm  43 , 

ff
2343   , 3

8.51)( fftt VVgg   and 
23

)01.0(63.6)14.0(71.7)( ffficic VVVgg 

)24.0(76.0)3(16.0   fV . 

  

2.2 Numerical Macromechanical Model 

  

Due to the symmetry of the problem, only half of the laminate geometry is considered, as shown in Fig. 2a. The 

boundary conditions represent that perpendicular displacements are zero for the following cases: on the half symmetry 

plane, where just vertical displacement is allowed; on the faces perpendicular to 
g

x2 , due to the periodicity condition 

assumed. A mesh example around the impact region is presented in Fig. 2b, where quadratic SOLID186 element is used. 

 

 
Figure 2: Summary of the FE model: a) boundary conditions; b) example of the FE mesh; c) SMA association in 

parallel and in series at the laminate top plies (SMA in black). 

 

The contacts between plies are defined as bonded, not allowing slippage and neither separation between the laminae. 

The contact in the impact region is defined as Frictional, with coefficient of friction equal to 0.3 (Liu et al., 2016; Wang 

et al., 2020). Additionally, cohesive model elements are required in ply-to-ply contacts (Kubair & Lakshmana, 2008). 

Considering mode II delamination assuming maximum equivalent contact stress equal to matrix shear strength, 50MPa 

(Kaddour & Hinton, 2012), and critical fracture energy for tangential slip equal to 0.208mJ/mm2 (Oliveira & Donadon, 

2020).  

Three different set of simulations are performed: i) with all plies made by GFRP; ii) including a SMA in parallel at 

the first two plies, both oriented at 0; iii) including SMA is series also with first two plies, keeping the total thickness of 

the laminate constant. The difference between SMA association in parallel and in series is presented in Fig. 2c. For the 

second and the third one, the influence of SMA volume fraction on the top ply is analyzed for Vf = 0 .1, 0.3 and 0.5. 

Additionally, the fiber volume fractions Vf = 0.3, 0.5 and 0.7 are evaluated. Hence, a total of 21 simulations is carried out, 

combining fiber and SMA volume fractions, as well as different possibilities of SMA associations. 

The goal of studying the application of SMA is to explore the pseudoelastic phenomenon, resulted from the SMA 

phase transformation. As illustrated in Fig. 3, SMA initially has austenitic microstructure and presents a linear behavior 

when subjected to mechanical loading up to 
AM
s . Increasing the load, a phase transformation from austenite to 

martensite occurs and total transformation is achieved in 
AM
f , followed by a linear response. For unloading, an initial 

linear behavior is observed and reverse transformation starts in 
MA
s  and finishes in 

MA
s . AE  and ME  are the elastic 

moduli of austenite and martensite phases, respectively, and R  is the maximum recoverably strain. Due to the different 

paths taken in stress-strain curves for load and unload, hysteresis loop is generated and dissipates energy. The constitutive 

model proposed by Auricchio et al. (1997) is used for the SMA in the present study. 
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Figura 3: Typical pseudoelastic behavior for SMA. 

 

To properly evaluate the damage on the composite, the Puck failure criterion (Puck & Schurmann, 1998) is applied 

considering the World-Wide Failure Exercise (WWFE) recommendations (Hinton et al., 2004). Puck criterion is able to 

evaluate four different damage modes: fiber in tension, fiber in compression, matrix in tension and matrix in compression. 

For damage propagation, the following material properties degradation are adopted: 0.93 for fiber in tension, 0.86 for 

fiber in compression, 0.80 for matrix in tension and 0.6 for matrix in compression (Vignoli & Castro, 2021).  

  

3. RESULTS 

  

The studied plate has a ply-thickness of 0.5 mm, reaching a total thickness of 8 mm, and a length of 200 mm. The 

constituents’ properties required as input for the VSPKc micromechanical model are presented in Table 1. The composite 

is made by glass fibers and epoxy matrix. Note that )1(2/ 1212312
ffff EGG   since glass fiber is isotropic. The 

properties of the SMA are listed in Table 2. Considering the drop of a metallic tool from a height of 1.50m, an impactor 

initial velocity of 5.29m/s is assumed.  

 

Table 1: Constituents’ properties for the micromechanical model (Kaddour & Hinton, 2012; Vignoli et al., 2020d). 
ff

EE 21   
f

12  
mE  m  

74GPa 0.2 4.08GPa 0.38 
f

tS  
f

cS  
m
sS  

m
cS  

2150MPa 1450MPa 50MPa 120MPa 

 c
vu  iS   

 0.18MPa 52MPa  

 

Table 2: SMA material properties (Alves et al., 2018; Enemark et al., 2014) 

AE  ME    AM
s  

AM
f  MA

s  
MA
f  R  

44.5GPa 25.8GPa 0.3 156.3MPa 373.0MPa 186.3MPa 61.6MPa 4.08% 

 

    
                                         (a)                                                                                      (b) 

Figure 4: Results of the parametric analysis for damage evaluation: a) maximum Puck failure function; b) Average 

damage in the laminate. 
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Puck failure function, 
max

Pf , for the simulated laminates are presented in Fig. 4a, where 
),( tf

Pf  is the fiber tensile 

failure function, 
),( cf

Pf  is the fiber compressive failure function, 
),( tm

Pf  is the matrix tensile failure function and 
),( cm

Pf  

is the matrix compressive failure function. Damage is present when 1max Pf . The average damage is presented in Fig. 

4b, where 0 means absence of damage and 1 means the whole volume of the laminate damaged. 

The results indicate damage for: the laminates without SMA reinforcement; all the cases of SMA association in 

parallel, represented by the letter P; and for 7.0fV  when SMA is attached in series with top composite layers, 

represented by the letter S. There is no damage detected when SMA is in series for laminates with 3.0fV  and 5.0fV

.An increase of average damage is detected for the cases of SMA in parallel and a decrease in, even elimination in some 

cases, for the cases of SMA in series. There is not any fiber damage neither delamination for all these simulations; just 

matrix damage. Since just matrix damage is observed, damage is increasing according to the fiber volume fraction because 

the lamina transversal strengths decreases when fV  increases. 

 

 
Figure 5: Puck failure criterion functions for 5.0fV : a) without SMA reinforce; b) SMA in parallel with 3.0SMAV ; 

b) SMA in series with 3.0SMAV . 

 

For a detailed analysis, the laminate with 5.0fV  is evaluated for the structures without SMA and with 3.0SMAV  

associated in parallel and in series. Figure 5 shows the maximum Puck failure functions observed during the simulation 

for each case. The critical region is on the top layers around the contact impact. The failure function distribution on the 

fixed side (right) is very similar for the three cases. This very localized damage is a characteristic of low velocity impacts. 

 

 
Figure 6: Maximum martensite volume fraction for 5.0fV  and 3.0SMAV : a) SMA in parallel; b) SMA in series. 
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To understand why SMA in series obtained the best results, Fig. 6 shows the martensite volume fraction distribution 

also for 5.0fV  and 3.0SMAV  on the top layers. Despite there is a higher phase transformation for SMA in parallel 

than in series, the phase transformation has a very irregular distribution for the first one, while a uniform distribution is 

realized for the second one. In fact, association in series with the applied boundary conditions (see Fig. 2a) is similar to 

the plane strain assumption, where the results must be independent of 
g

x2 . Additionally, when austenite-martensite phase 

transformation occurs, i.e. the pseudoelastic phenomenon, there is a decreasing of SMA stiffness and energy is dissipated. 

For SMA in parallel, when there is a stiffness reduction in this reinforce, the top glass fiber plies absorb a higher amount 

of load to obey the kinematical compatibility. On the other hand, an amount of energy is dissipated by the SMA phase 

transformation and a smaller strain deformation energy is stored on the glass fiber laminae for series association.    

 

4. CONCLUSION 

  

The present investigation evaluates different strategies to improve GFRP impact performance using SMA. A 

multiscale analysis is carried out using VSPKc micromechanical analytical model and finite element simulations using 

the software Ansys. The influence of fiber volume fraction is evaluated, as well as the SMA volume fraction on the top 

layers and its association. Damage reduction is observed in the presence of the SMA material. The reason for that fact is 

due to the hysteresis associated with the martensite phase transformation, which dissipates energy from the impact. The 

results indicate that add SMA in series is the best approach and even a small amount of SMA may decrease or eliminate 

the damage from impact load. 
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