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ABSTRACT 

BALLISTIC AND DROP-WEIGHT IMPACT STUDIES OF GLARE 5 FIBER-
METAL LAMINATES 

by  

Ali Seyed Yaghoubi 

 

Adviser: Professor Benjamin Liaw  

 

The aim of this study is to investigate the low-velocity and ballistic impact responses of 

the GLARE 5 fiber-metal laminates (FMLs) of various thicknesses, stacking sequences 

and geometries. The low-velocity impact tests were conducted using an Instron-Dynatup 

8250 impact test machine. The impact tests were performed at various energy levels 

ranging from 10 to 100 joules. The ballistic impact tests were performed using a high-

speed gas gun.  

Both destructive cross-sectional micrographs and nondestructive ultrasonic techniques 

were adopted to evaluate the damage created by impact. In addition, a high-speed camera 

was used to assess damage evolution in the FMLs. Ultrasound C-scans were performed 

using a Physical Acoustics Corporation (PAC) UltraPAC immersion ultrasonic imaging 

system. Results showed that only the contour of the entire damage area was obtained 

using ultrasonic C-scan, whereas more details of the damage were provided through the 

mechanical cross-sectioning technique.  

When subjected to low-velocity impact, thicker GLARE 5 FMLs offered higher impact 

resistance. It was found that the failure mode changed with varying thickness and 
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impactor mass. The experimental results showed that the threshold cracking energy 

changed parabolically with respect to the impact velocity, metal volume fraction (MVF) 

and the specimen thickness. The impact properties of the FMLs were also affected by 

laminate stacking sequence. The GLARE 5 FMLs made of unidirectional fibers had the 

least impact resistance; followed by cross-ply and angle-ply configurations; while the 

quasi-isotropic lay-up showed the best in resistance to impact. Moreover, the damage 

patterns and impact behaviors were almost invariant to the change in the specimen 

geometry. 

Three different techniques, namely: laser-beam optoelectronics, chronograph and high-

speed photography were used to measure projectile velocities along the ballistic 

trajectory. The classical Lambert-Jonas’ equation was very useful in obtaining the 

ballistic limit velocities (V50), especially for the cases when obtaining lower incident 

velocity was difficult experimentally.  It was found that by changing the geometry from a 

plate to a beam, the ballistic limit velocity increased. The results showed that V50 varied 

in a parabolic trend with respect to the MVF and the specimen thickness for both 

geometries. On the other hand, changing the stacking sequence had a less pronounced 

effect on V50 for both geometries. GLARE 5 beam and plate specimens developed 

damage similar to both monolithic aluminum alloy and polymer composite laminate. The 

interfacial debonding as well as the aluminum layers bending and stretching were 

considered to be the major aspects in dissipating the impact energy in the specimens. 

However, the permanent global bending deformation of the FML plates was less 

pronounced compared to the FML beams.  
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The finite element (FE) code LS-DYNA was used to perform numerical simulations of 

ballistic impact on the GLARE 5 FMLs of diverse thicknesses, stacking sequences and 

geometries. The aluminum layers as well as the 0.22 caliber copper bullet were modeled 

using the simplified Johnson-Cook material model. The Chang-Chang composite model 

with damage was employed for the prepreg layers. The FE models were validated based 

on the incident projectile impact velocity versus the residual velocity (VI~VR) relation, 

damage patterns and bullet residual length. Good agreement between FE and 

experimental results was obtained. The validated FE model was then used to extract some 

useful information in which experimental results were not available, e.g. the penetration 

resistance force. The FE results revealed that for the cross-ply beam and plate specimens, 

the maximum contact force was the highest for the thickest specimen; whereas it was the 

lowest for the thinnest one. On the other hand, for a given specimen configuration, by 

increasing the projectile incident velocity up to near its V50, the maximum contact force 

increased. By further increasing the projectile speed above its ballistic limit velocity, the 

maximum contact force was almost insensitive with respect to an increase in the 

projectile incident impact velocity. Similar conclusion was also achieved for beam and 

plate specimens with different lay-up orientations. 
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CHAPTER 1: INTRODUCTION 

A structural composite is a material system consisting of two or more phases on a 

macroscopic scale, whose mechanical performance and properties are designed to be 

superior to those of the constituent materials acting independently. One of the phases, 

called reinforcement, is usually discontinuous, stiffer, and stronger, whereas the less 

stiffer and weaker phase, called the matrix, is continuous. Sometimes, because of 

chemical interactions or other processing effects, an additional phase called an interphase 

exists between the reinforcement and the matrix. The properties of a composite material 

depend on the properties of the constituents, their geometry, and the distribution of the 

phases [1]. Since 1970s, composite structures have been widely used for engineering 

applications. Compared to metals, composite materials offer a number of distinct 

advantages, which include, but not limited to, higher strength-to-weight and stiffness-to-

weight ratios, superior corrosion resistance, as well as improved fatigue properties [2-5]. 

In spite of these advantages, laminated composite structures are more susceptible to 

impact damage than a similar metallic structure. It has been well known that impacts by 

foreign objects can occur during manufacturing, service, and maintenance operations. An 

example of in-service impact occurs during aircraft takeoffs and landings, when stones 

and other small debris from the runway are propelled at high velocities by the tires [2].   

Due to the combining beneficial properties of monolithic metals and fiber-reinforced 

composites, fiber-metal laminates (FMLs) provide drastically improved mechanical 

properties compared to conventional polymer matrix composites or aluminum alloys [6-

8]. GLARE 5 is a member of the family of FMLs made of interlacing layers of 2024-T3 

aluminum alloy sheets and high strength S2-glass/epoxy laminates (formed by 4 layers of 
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unidirectional laminae in the [0°/90°]s lay-up configuration). The symmetry of the 

prepreg layers with stacking sequence [0°/90°]s as well as the unidirectionality of the S2-

glass fibers, make GLARE 5 beneficial for impact applications.  Because of the interest 

in impact prone areas of aircraft, e.g. cockpit, research was carried out to optimize a 

GLARE configuration specifically for impact performance. The result showed that the 

FMLs produced using 2024-T3 aluminum alloy and unidirectional S2-glass fibers, i.e. 

GLARE 5, provided maximum impact performance when compared to laminates made 

with either S2-glass or E-glass weaves [8]. 

1.1. Objective and distinction of this dissertation 

The aim of this study is to investigate low-velocity and ballistic impact responses of 

GLARE 5 FMLs at room temperature. On the contrary to the non-FML based composite 

materials, there was limited literature available on impact behavior of FML based 

composite materials. However, literature review showed that there was meager 

information on impact performance of GLARE 5 FMLs subjected to low- and high-

velocity impact. It is thus critical to acquire more information on impact-damage 

resistance of this class of hybrid composites, which will indeed lead to better design and 

application in industries, such as aerospace. Various GLARE 5 panels with different 

stacking sequences, thicknesses and geometries were chosen for this study.  

The low-velocity impact tests were conducted using an Instron-Dynatup 8250 impact test 

machine. The impact tests were performed at various energy levels ranging from 10 

joules through 100 joules. The ballistic impact tests were conducted using an in-house-

designed high-speed gas gun equipped with a high-speed camera. Both destructive cross-

sectional micrographs and nondestructive ultrasonic techniques were used to evaluate the 
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damage created by low-velocity and ballistic impact. Ultrasound C-scans were performed 

using a Physical Acoustics Corporation UltraPAC immersion ultrasonic imaging system.  

Finally, numerical studies were conducted using a commercially available finite element 

(FE) package, LS-DYNA. The numerical simulations were only performed on GLARE 5 

FMLs subjected to ballistic impact. The research topics considered in this study are as 

follows: 

 Study the effects of thickness, impactor mass, stacking sequence and geometry on 

low-velocity impact response of GLARE 5 FMLs. In addition, the threshold level 

of cracking energy was estimated. 

 Study the projectile speed along its ballistic trajectory using different techniques, 

namely: laser-beam optoelectronics, chronograph and high-speed photography.  

 Study the effects of target position from the gun muzzle and propellants. 

 Study the effects of stacking sequence, thickness and geometry on ballistic impact 

response of GLARE 5 FMLs.  

 Develop an FE model to predict the behavior of GLARE 5 FMLs under ballistic 

impact. 

 Validate the developed FE model based on experimentally obtained results. 

1.2. Outline  

The research presented in the current dissertation consists of both experimental and 

numerical work. Chapter 2 presents literature review on both low- and high-velocity 

impact. Chapter 3 contains materials and test setup used in this study. In Chapter 4, the 

effects of thickness, impactor mass, stacking sequence and geometry under various 

impact energies were studied to evaluate the low-velocity impact behavior of the  
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GLARE 5 FMLs through drop weight tests. Chapter 5 provides different techniques that 

were used to assess the projectile velocities in a high-speed gas gun. Possible errors in 

velocity measurements using the chronograph technique have also been considered. 

Furthermore, the target position from the gun muzzle as well as different  propellant 

gases was discussed. 

The topic of ballistic impact on GLARE 5 FMLs is dealt with in Chapter 6. The goal of 

this chapter is to assess GLARE 5 panels with various thicknesses, stacking sequences 

and geometries under ballistic impact. Chapter 7 describes finite element analysis on 

GLARE 5 panels under ballistic impact. The scope of this chapter is first to validate the 

model with the experimental results obtained in Chapter 6 and then extract some useful 

information in which experimental results were not available. Finally, future work is 

described in Chapter 8. All references are listed at the end of the study. Publications from 

this study are listed at the end of this dissertation. 
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CHAPTER 2: LITERATURE REVIEW 

2.1. Fiber-metal laminates 

Fiber-metal laminates (FMLs) were developed in the Netherlands around 1980 [9,10]. 

FMLs are lightweight materials, consisting of alternating layers of thin metallic sheets 

(usually aluminum alloys) and fiber reinforced adhesives for aircraft structural 

applications (Fig. 2.1). The aim of engineering design for these materials is to combine 

the best properties of metals and fiber-reinforced composites [10]. 

 

Fig.2.1. Schematic of fiber-metal laminates. 
 
There are two major types of commercially available FMLs: the glass-fiber reinforced 

FMLs (GLARE (GLAss REinforced) [11]), which are made of alternating glass-epoxy 

and aluminum layers, and the aramid-fiber reinforced FMLs (ARALL), which are formed 

by alternating aramid-epoxy and aluminum layers. These hybrid laminates combine the 

beneficial properties of monolithic metals and fiber-reinforced composites, providing 

superior mechanical properties compared with conventional polymer matrix composites 
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or aluminum alloys [6-8,10,12]. A patent of GLARE was first filed on the 14th of October 

1987 by AKZO with Roebroeks and Vogelesang named as the inventors [8]. GLARE was 

originally developed for application in primary aircraft structures, such as the fuselage 

skin and lower wing skins [8]. GLARE was considered for aircraft fuselage skins at a 

moment in time that the first member of the FMLs family (ARALL) appeared not to be 

able to cover any aircraft application. GLARE 5 belongs to the family of GLARE FMLs 

and is made of alternating layers of 2024-T3 aluminum alloy sheets and unidirectional 

[0°/90°]s cross-ply S2-glass/epoxy laminates. The GLARE 5 patent was based on the 

optimization of a GLARE configuration for impact performance [8].  

FMLs have gained wide attention in the aerospace and space industries [9] for many 

advantages such as low density, high strength, higher damage tolerance to fatigue crack 

growth and impact damage caused by foreign objects or blast loading, corrosion 

prevention, fire retardation, etc. [9,13-20]. One major concern with polymer-based 

composite materials is their response to impact events. Typically, internal damage was 

formed in composite laminates extending well beyond the impacted area [8,21], which 

significantly reduced the strength and stiffness of the composite. This internal 

delamination damage was not usually apparent on the surface of the specimen. It is thus 

critical that the response of the composite laminates be well understood, so that the size 

of damage can be estimated from a given impact [8,21]. On the other hand, FMLs did not 

show such an undesirable response. Under impact loading, they developed damage 

similar to both a monolithic alloy and a polymer-based composite laminate [8,21]. The 

internal impact damage in GLARE was mostly confined to a relatively small area 

surrounding the point of impact. Its size was always smaller than the size of the visible 
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plastically deformed dent exposed at the outer aluminum layers for GLARE laminates 

[8,21].   

GLARE has six different standard grades [8]. They are all based on unidirectional S-glass 

fibers embedded with FM 94 adhesive resulting in a 0.127 mm thick prepreg with a 

nominal fiber volume fraction of 59%. This prepreg is laid-up in different orientations in 

between the aluminum alloy sheet, resulting in the different standard GLARE grades [8]. 

Table 2.1 shows these grades, including the most important material advantages. For 

example GLARE 4B-4/3-0.4 defined as a GLARE laminate with fiber orientation 

according to the GLARE 4B definition in Table 2.1. It consists of 4 layers of aluminum 

and 3 fiber layers; each aluminum layer is 0.4 mm thick [8]. 

Table2.1. Standard GLARE grades [8]. 
 

 
 
Research had been carried out to optimize a GLARE configuration specifically for impact 

performance. Effects of aluminum alloy, glass fiber type, thickness of the fiber layers and 

unidirectionality versus weaves were investigated and the results are shown in Fig. 2.2. It 
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is evident that FMLs produced using unidirectional S2-glass fibers provided maximum 

impact performance when compare to laminates made with either S2-glass or E-glass 

weaves. This work supported the patent for GLARE 5 [8]. Since impact strength of a 

component is also dependent on thickness of the component, it is more illustrative to 

compare impact strength on an equal thickness basis. Figure 2.3 compares different 

grades of GLARE to 2024-T3 aluminum sheets as a function of thickness. The impact 

strengths of FMLs made from weaves are also shown. The lower impact strength 

compared to the patented GLARE, i.e. GLARE 5, is significant [8]. 

 

 
 

Fig.2.2. Impact performance of various materials [8]. 
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Fig.2.3. Impact strength of GLARE versus thickness [8]. 
 
 

 

Fig.2.4. Impact strength of GLARE versus surface density [8]. 
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More importantly for the airlines, a similar presentation could be made as a function of 

surface density, as shown in Fig. 2.4. Both Figs. 2.3 and 2.4 show the outstanding impact 

strength of GLARE [8]. Furthermore, Fig. 2.5 shows the comparison of impact properties 

for different materials given by Structural Laminates Company [22]. As is apparent from 

this figure, GLARE offers higher outer layer cracking energy when subjected to both 

low- and high-velocity impact. The density of FMLs is lower than that of monolithic 

aluminum but greater than fiber reinforced composites. With the saving in density, plus 

the added strength of FMLs over monolithic metals, a structure made of FMLs can save 

up to 30 percent of its self-weight [10]. 

 
 

Fig.2.5. Impact properties of various materials [22]. 
 

Vlot [23] reported that at low velocities GLARE is as good as aluminum and superior to 

carbon fiber composites, while at higher speeds the glass fiber in the laminate becomes 

relatively much stronger and the impact properties much better than that of aluminum. He 
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stated that GLARE was more resistant to impact than other materials. Furthermore, it was 

shown that the damage, permanent deformation and the denting of the aluminum layers in 

the laminate could be found easily with naked eye due to plastic deformation [23]. 

Composites did not deform plastically; hardly any dent was created and therefore damage 

was much more difficult to detect in this type of materials [23]. The mechanical 

properties of GLARE after impact damage was created also appeared to be better [23]. In 

1990 the excellent impact properties of GLARE were implemented in the cargo floor in 

the Boeing 777. This was the first commercial application of a GLARE product [23].  

2.2. Low-velocity impact tests on composite structures 

The impact responses of composite structures are dominated by the constituent materials, 

fiber orientations and lay-up configurations, impact energies, geometry of structures, 

types of impactors, etc. Liu et al. [24, 24a] investigated low-velocity impact damage on 

ARALL 3 and various GLARE grades, i.e. GLARE 1, 2 and 3. They found that    

GLARE 1 with glass-epoxy prepregs possessed higher impact tolerance than ARALL 3 

with aramid-epoxy prepregs. They also concluded that GLARE 3 with [0°/90°] cross-ply 

glass-epoxy prepregs offered better impact resistance than GLARE 2, which is made of 

[0°
2] unidirectional glass-epoxy prepregs. Reyes Villanueva et al. [25] studied the 

mechanical properties of thermoplastic-based FMLs. Park et al. [26] used fiber-vinylester 

composite materials to examine the effect of laminate thickness on the impact behavior of 

aramid. They reported that the absorption mechanism of impact energy changed at a 

thickness between three layer composites and four layer composites. Chen et al. [27] 

studied the thickness effect on the contact behavior of a composite laminate. They found 

that their model could predict the force-deflection relationships of several thin laminates. 
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Tai et al. [28] considered the effects of thickness on the fatigue behavior of quasi-

isotropic carbon-epoxy composites before and after low energy impacts. They concluded 

that low energy impact had a more significant influence on tensile strength for thinner 

than for thicker laminates. They also found that the energy required to penetrate the 

laminates was proportional to the thickness of the composites. Furthermore, a drastic 

decrease in fatigue life was detected for thick laminates when the low energy impact was 

applied. The low-velocity impact response of FMLs based on a woven glass fiber prepreg 

and 2024-O aluminum alloy sheets was studied by Fan et al. [29]. They reported that 

increasing the target size, the plate thickness, and the indenter diameter resulted in an 

increase in the energy required to perforate the target. In addition, their finite element 

model prediction for load-displacement traces was  in good agreement with the 

experimental results. Some other researchers also reported that thickness had significant 

effects on the performance of composite materials under low-velocity impact, e.g. [30-

32]. Seo et al. [33] simulated glass-fiber-reinforced aluminum laminates with diverse 

impact damage. Their results showed good agreement with experimental measurements. 

Hitchen et al. [34] considered the effect of stacking sequence on impact damage in a 

carbon fiber-epoxy composite. They concluded that altering the layer stacking sequence 

influenced a range of properties, including the peak force during impact, the delamination 

area, and the pre- and post-impact compression strength in 16-ply carbon fiber toughened 

epoxy laminates. They also reported that the total delamination area was a function of 

stacking sequence.  Atas et al. [35] studied the effect of the weaving angle on the low 

impact response of woven composites. No significant effect was reported. Tsartsaris et al. 

[36] examined low-velocity impact behavior of FML made of 7475-T761 aluminum alloy 
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and unidirectional S2 glass/epoxy. The test results showed that the panel were capable of 

absorbing energy through localized plastic deformation and through interfacial failure 

between the  layers.  Choi et al. [37] concluded that ply orientation and stacking sequence 

could significantly affect impact damage. The test results showed that stacking sequence 

significantly affected the impact energy required to initiate the impact damage. They 

reported that re-ordering the stacking sequence varied the magnitudes and distributions of 

the interlaminar shear and transverse tensile stresses. Due to the important roles that these 

stresses played in initiating impact damage in laminated composites, the effect of these 

two stresses on the location of the initial failure could be changed significantly. They also 

found that impact damage was more sensitive to the change of stacking sequence than of 

thickness. The influence of lay-up configuration on graphite-epoxy composite material 

was studied by Guynn et al. [38]. They concluded that the difference in compression 

failure strain due to stacking sequence were small. Mili et al. [39] took into account the 

effect of stacking sequence on the impact-induced damage in cross-ply E-glass epoxy 

composite plates. They found that the contact force and displacement histories depended 

only on the incidental velocity of the projectile. They also concluded that the shape of the 

contact areas changed according to the number of plies oriented at 0° and 90°. Cantwell 

et al. [40] investigated geometrical effects in the low-velocity impact response of CFRP. 

They found that in short thick beams damage initiated at the edge of the point of impact 

as a result of the locally high impact stresses, whereas in long thin beams fracture 

occurred as a result of splitting between the lower surface fibers. Moreover, they stated 

that circular plates under certain conditions were capable of absorbing less energy than 

small simple beam-like specimens. Cantwell [41] also studied geometrical effects in the 
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low-velocity impact response of GFRP. He drew a conclusion based on tests of a range of 

circular and square plates that the degree of damage within the structure was related to 

the force generated during the impact event. Strait et al. [42] indicated that the quasi-

isotropic lay-ups possessed better overall impact resistance than cross-ply or [0/±45] lay-

ups 

Chun et al.  [43] assumed that the contact area between the striker and plate was very 

small, and used the Hertzian contact law to evaluate the contact force. Choi et al. [44] 

performed a parametric study on contact law by changing the value of the contact 

coefficient and exponent in the law. It was shown that accurate analytical results could be 

achieved using the linearized contact law. A line-nose impactor was adopted by Choi et 

al. [37,45,46] to study the impact damage mechanisms of composites, which could be 

substantially simplified from a three-dimensional to a two-dimensional event. They also 

found that the impact responses of composites was affected by the mass of impactor. Kim 

et al. [47] showed that a higher impact force and longer impact duration were obtained 

when the shape of impactor was blunter through a dynamic contact analysis. 

2.3. High-velocity impact tests on composite structures 

Impact dynamics has two features which distinguish it from the more conventional 

disciplines of the classical mechanics of rigid or deformable bodies under quasi-static 

conditions. The first is the importance of inertia effects which must be considered in all 

of the governing equations based on the fundamental conservation laws of mechanics and 

physics. The second is the role of stress wave propagation in the analysis of problems and 

the recognition that most impact events are transient phenomena where steady-state 

conditions do not exist [48]. 
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2.3.1. Light-gas guns without friction 

Applying Newton’s law of motion to the problem of projectile motion in a barrel (Fig. 

2.6) yields [48]: 

݉
ݒ݀
ݐ݀ ൌ ݉

ݒ݀
ݔ݀ ݒ ൌ  ሺ2.1ሻ                                                                                                               ܣ݌

with m the projectile mass, v the instantaneous velocity after the distance x, p the base 

pressure, and A the cross-sectional area of the barrel. 

 
 

Fig.2.6. Gun parameters [48]. 
 

Integration over the total length L of the barrel gives: 

଴ݒ݉
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where v0 is the muzzle velocity at the end of the barrel. For the simplest case of a constant 

base pressure ݌ҧ  over the length of traveling, the muzzle velocity is: 

଴ݒ ൌ ඨ2݌ҧ
ܮܣ
݉                                                                                                                                ሺ2.3ሻ 

This equation gives the main factors from which the projectile velocity for a frictionless 

motion depends. For a given cross-sectional area A, the mass m of the projectile must be 

small, the length L of the barrel large, and the pressure ݌ҧ  as high as the strength of the 

gun and the projectile can withstand this pressure. Due to the enlargement of the volume 
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behind the projectile in all guns, the base pressure ݌ҧ  behind the projectile is not constant. 

It depends on driver gas and the reservoir pressure p0. The following equations show the 

fundamental requirements for a driver gas to achieve high muzzle velocities. 

If an ideal gas with a pressure p0 and sound velocity a0 expands from a large reservoir 

into a barrel, then the pressure p in the expansion stream is a function of the following 

parameters: 

݌ ൌ ଴݌ ൮1 െ
ݒ

ቀ2
ߛ െ 1ቁ ܽ଴

൲

ଶఊ
ሺఊିଵሻ

                                                                                               ሺ2.4ሻ 

where v is the velocity of the expanding gas and ߛ is the ratio of the specific heats. 

By applying this equation to the gas flow behind a projectile, it is evident that the 

pressure ratio p/p0 depends on the relation: 

ߛሺݒ െ 1ሻ
2ܽ଴

 

As the gas expands from the high pressure reservoir, it must consume a portion of the 

stored energy in it to accelerate its own mass. A maximum flow velocity is reached when 

the gas must spend all of its energy accelerating itself. This means that the base pressure 

p drops to zero, or:  
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The maximum velocity v is termed the escape velocity vesc: 
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With T0 the temperature in the reservoir, M the molecular weight of the gas, and R the 

gas constant. This relation gives the answer to which type of gas produces the highest 

escape velocity. It must be a gas with a low molecular weight M and a high temperature 

T0 in the reservoir. A gun in which such a driver gas is used is called a light-gas gun [48]. 

In high velocity guns it is necessary to carry the projectile in the lunch tube with sabots. 

Sabot is a French word which means wooden shoe. A set of sabots is used to launch 

various projectile shapes and subcaliber projectiles. The sabots align, support, and protect 

the projectile during acceleration. They prevent projectile contact with the launch tube 

wall and separate the projectile from the hot driver gas. Outside the lunch tube, the sabots 

must separate from the projectile with a minimum of disturbance and interface. The 

sabots should move away from the projectile trajectory [48]. 

2.3.2. Experimental studies 

2.3.2.1. Measuring velocity of a projectile 

Time interval measurement and event time determination are the most important data in 

all ballistic and impact tests. The velocity measurement is a specific application of time 

measurement. Velocity measurement systems are necessary to control the muzzle 

velocity, measure aerodynamic drag of projectiles and fragments, control the impact 

velocity, measure residual velocities of projectiles and fragments for all kinds of terminal 

ballistic  tests, measure shock wave velocities, particles, and free surface velocities, etc. 

[48]. Børvik et al. [49] used a compressed gas gun to lunch the sabot mounted projectile 

at impact velocities well above and just below the ballistic limit of the target plates. They 

measured initial projectile velocity using a photocell system that had two identical light-

barriers with LED-light sources on the upper side of the projectile path and detector on 
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the lower side was used. When the projectile passed between the sources and detectors in 

the barrier, light was interrupted and signals were given to a digital oscilloscope and a 

nanosecond counter. They developed a similar system to measure residual velocities if 

perforation occurred. In addition, a digital high-speed camera system was used to record 

the projectile both before and after perforation. The digital images made it possible to 

measure the impact angles and projectile velocity during perforation. Several tests were 

carried out at different velocities without placing a target plate inside the impact chamber 

and they found that the difference in measured velocity between the initial and residual 

velocity station was less than 1%.  It was also reported that the accuracy in the camera 

measurements was high and deviation was normally within 3-4% of the velocity 

measured by the other optical measurement systems. In another study by Børvik et al. 

[50], they installed two extra chronographs to increase the accuracy and to get replicate 

measurements of the velocities. The velocity measurements were validated by firing 

bullets through all four velocity stations without a target, and the spread in results 

between the different measuring systems was in general found to be within 1-2%. Sarva 

et al. [51] performed their ballistic tests using a single-stage gas gun. The initial velocity 

of the projectile was measured by using two velocity sensors at the muzzle. The residual 

velocity of the projectile, which was slightly magnetic due to the iron content in its 

composition, was measured by means of two magnetic coil residual velocity sensors. In 

addition, high-speed photography and flash radiography were used to verify that the yaw 

did not exceed 5° and impact was normal. Zhao et al. [52] used laser velocity 

measurement device to measure the initial striking and residual velocities of bullet. 

Nesterenko et al. [53] measured the initial velocity of the projectile by the interruption of 
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two parallel laser beams located 152.4 mm apart. The laser beams were directed onto 

photodiodes connected to a time interval meter which recorded the transit of the bullet 

passage. The terminal velocity of the striker was determined from signals generated by 

successive closure of two circuits composed of two sets of parallel aluminum foils 

separated by a distance of 158 mm. Some researchers, e.g. [54-56], utilized chronographs 

to record the impact and residual velocities. Starratt et al. [57] studied an efficient method 

for continuous measurement of projectile motion in ballistic impact experiments. Their 

measurements were based on progressively blocking and unblocking of a laser-light sheet 

by the projectile. The corresponding change in total intensity was measured and 

converted to a displacement-time curve. The system could be used to determine the time 

histories of projectile velocity, acceleration, impact force and projectile energy loss 

during an impact event. Their data analysis was based on the assumption that the target 

absorbed all of the available energy. However, if projectile deformation occurred it also 

had to be taken into account.  They also recommended that the enhanced laser velocity 

system should not be used for brittle materials such as concrete where obvious problems 

would arise due to spalling, flying debris, and the like.  

2.3.2.2. Impact on composite materials 

Plate failure is due to the interaction of a variety of mechanisms with one predominating, 

depending on material properties, geometric characteristics and impact velocity. The 

most frequent types are shown in Fig. 2.7, consist of fracture, radial fracture, spalling, 

scabbing, plugging, front or rear petalling, or fragmentation and ductile hole enlargement 

[58]. These types of failure can be explained with reference to Fig. 2.7 as follows. 
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• Fracture: failure involving fracture results in the perforation of thin or 

intermediate targets. Fracture due to initial stress waves, which are stronger than 

the ultimate compressive strength of the target, could typically occur in weak, low 

density materials. Radial fracture would be limited to brittle targets such as 

ceramics.  

• Spall failure (scabbing): scabbing is a material failure due to the reflection of the 

initial compressive wave from the far side of the plate and is a commonplace 

phenomenon under explosive loading.  

• Plugging: plugging develops when a nearly cylindrical slug of approximately the 

same diameter as the penetrator is set in motion by the projectile. Failure occurs 

due to shearing produced around the moving slug. Plugs are most likely to be 

found in very hard plates of moderate thickness. Its presence most frequently 

occurs when blunt penetrators are used and it is sensitive to velocity angle of 

attack. 

• Petalling: petalling is most frequently observed in thin plates struck by ogival or 

conical penetrators at relatively low impact velocities or by blunt projectiles near 

the ballistic limit. As the material in the bulge on the back of the plate is further 

deformed by the projectile, the elastic properties of the armor are eventually 

exceeded and a star-shaped crack develops around the tip of the penetrator. The 

sectors subsequently formed are then pushed back by the motion of the projectile, 

forming petals.  
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Fig.2.7. Perforation mechanisms [58]. 
 

• Fragmentation: fragmentation occurs when the target is composed of brittle 

material. The fragments generated by a failed target themselves act as projectiles 

and must be considered as penetrators when meeting any subsequent target. 

•  Ductile failure: the ductile type of failure is the kind most commonly observed in 

thick plates. The perforation is accomplished by radial expansion of the plate 

material as the projectile pushes through. 
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Ballistic impact response of S2-glass fiber/toughened epoxy and S2-glass/IM7 graphite 

fibers/toughened SC-79 resin composite beams were examined by Sevkat et al. [59,60, 

60a].  Their approach was based on both experimental and numerical techniques to assess 

damage in the composite beams. They estimated the ballistic limit velocity, V50, with 

sufficient accuracy by combining results obtained from ballistic tests and finite element 

predictions. Budhoo [60b] evaluated the temperature effect of the same composite 

materials as in Ref. [60a] under impact. Czarnecki [61] developed a semi-empirical 

method to estimate the ballistic limit of composite laminates. Gellert et al. [62] studied 

the effect of target thickness on the ballistic perforation of glass fiber reinforced plastic 

composites. They concluded that thicker targets are more ballistically efficient, especially 

against blunt projectiles. Cortes et al. [63] investigated the impact properties of high-

temperature FMLs. They concluded that under high velocity impact conditions, glass 

fiber-reinforced poly-ether-imide laminates offered the highest specific perforation 

energy among the laminates they had considered. They also reported that interlaminar 

and interfacial delaminations appeared to be the primary mechanisms for absorbing and 

dissipating energy during the impact event in those laminates. The ballistic response of 

fabric-reinforced composites had also been studied, e.g. [64-67]. Naik et al. [68-70] had a 

number of publications especially on the analytical modeling of woven composites. Their 

models were based on the various energy absorbing mechanisms, namely: cone formation 

on the back face of the target, tensile failure of primary yarns, deformation of secondary 

yarns, delamination, matrix cracking, shear plugging and friction during penetration. 

Morye et al. [71] developed a simple model for calculating the energy absorption of 

polymer composites upon ballistic impact. A good correlation was found between the 
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radius of the deformed region measured using high speed photography and a prediction 

based on the speed of propagation of the transverse wave. Hoo Fatt et al. [72] studied the 

ballistic impact on GLARE FMLs. They derived analytical solutions based on test results 

to predict the ballistic limit and energy absorption of fully clamped GLARE panels 

subjected to ballistic impact by a blunt titanium cylinder.  It was illustrated that ballistic 

limit varied linearly with panel thickness. Their result showed the deformation energy 

due to bending and membrane accounted for 84-92% of the total energy absorbed. 

However, the energy dissipated in delamination represented 2-9% of the total absorbed 

energy and the remaining absorbed energy, about 7%, was attributed to tensile fracture 

energy of both glass/epoxy and aluminum. Furthermore, based on their study, thinner 

panels absorbed a higher percentage of deformation energy than thicker panels since it 

was easier for them to bend and stretch before fracture. Meanwhile, the thinner panels 

absorbed lower percentage of delamination energy than the thicker panels since they had 

fewer plies to delaminate. 

Abdullah et al. [16] examined the impact resistance of polypropylene-based FMLs. They 

showed that multi-layer FMLs based on the stronger 2024-T3 alloy offered a superior 

perforation resistance to those based on a 2024-O alloy. Goldsmith et al. [73] considered 

quasi-static and ballistic perforation of carbon fiber laminates. They reported that the 

ballistic limit increased approximately linearly over the range of thicknesses investigated: 

1.3 to 6.6 mm. Zhao et al. [52] experimentally studied the impact resistance properties of 

T300/epoxy composite laminates. They concluded that at the same initial striking 

velocity for the same stacking sequence, the thick plate could absorb more energy than 

the thin plate because the thick laminate had a higher strain rate than the thin one. They 
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also reported that for the same initial striking velocity and laminate thickness, the energy 

absorbed by specimens could be influenced by different stacking sequences. Vaidya et al. 

[74] did research on ballistic performance of graphite/epoxy and S2-glass/epoxy 

composites with polycarbonate facing. They concluded that woven S2-glass/epoxy were 

more damage resistant as compared to the prepreg graphite/epoxy laminates. They also 

reported that the ballistic limit and absorbed energy increased with increase in thickness 

of the laminate for a given polycarbonate thickness. Naik et al. [70] considered ballistic 

impact behavior of typical woven fabric E-glass/epoxy thick composites. They observed 

that for the same mass and diameter of the projectile, as the thickness of the target 

increased, ballistic limit velocity increased. 

Behavior of FMLs subjected to blast loading had been studied by some researchers, e.g. 

[75-78]. Langdon et al. [75] investigated the behavior of FMLs subject to localized blast 

loading. Their experiments were based on samples of varying thickness and material 

distribution. The influence of stacking configuration was also considered. They 

concluded that the size and shape of the front and back face damage regions depended on 

the thickness of the panels. 

2.3.3. Numerical studies 

Li et al. [79,80] developed a numerical model, based on the Mindlin [81] plate element 

for directly and completely simulating the low-velocity impact-induced damages in 

laminated plates which could describe the various damages and their mutual effects. A 

continuum damage mechanics (CDM) model for unidirectional composite layers based 

on plane-stress state was reported by Matzenmiller et al. [82]. Studies reported in Refs. 
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[83,84] showed that CDM-type post failure-initiation models can significantly improve 

the prediction of impact progressive damage/failure in composite structures. 

Sevkat et al. [59,60] used LS-DYNA to estimate ballistic limit velocity with sufficient 

accuracy by combining results obtained from ballistic tests and finite element predictions 

for S2-glass fiber/toughened epoxy and S2-glass-IM7 graphite fibers/toughened SC-79 

resin composite beams. Gama et al. [85] investigated impact, damage evolution and 

penetration of thick-section composites using explicit finite element analyses. They 

validated their model with ballistic experiments over an impact velocity range of 50-

1000m/s. It was shown that the impact and penetration process was divided into short and 

long time phases. They reported that 75% of the kinetic energy of the projectile was 

transferred to the composite laminate in the first 25-30 μs of time. At around V50, about 

80% of the impact energy was converted into the strain energy or internal energy of the 

composite laminate and the rest of the energy was converted into sliding energy and 

kinetic energy of the projectile-composite system. It had also been shown that 45% of the 

total internal energy was dissipated in the rear quarter of the composite plate.  Buyuk [86] 

used LS-DYNA to simulate the ballistic impact tests on 2024-T3/T351 aluminum 

material. They showed that mesh refinement did not necessarily provide better results for 

ballistic limit simulations without considering and calibrating the interrelated factors, 

such as material model parameters. 
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CHAPTER 3: MATERIALS AND TEST SETUP 

3.1. Specimens 

Materials investigated in this study were GLARE 5 FML panels provided by Aviation 

Equipment Structure Inc. All GLARE 5 panels considered in this study were made of 

2024-T3 aluminum alloy with a thickness of 0.305mm (0.012″) per sheet and 

unidirectional S2-glass/epoxy laminated layers, each with a thickness of 0.508 mm 

(0.020″). Each S2-glass/epoxy layer had a lay-up orientation according to Table 3.1. The 

configuration of GLARE 5 panels with different thicknesses, stacking sequences and 

typical mechanical properties of constituents are described in Tables 3.1 and 3.2, 

respectively. The typical mechanical properties of the constituents in Table 3.2 were 

obtained from the suppliers and open literature [87-89]. 

Table3.1. GLARE 5 panels tested in this study with different thicknesses and stacking 
sequences. 

 
Lay-up Configuration

(m/n) 
Prepreg Plies 
& Orientation

Total 
Thickness MVF 

2/1 [0°/90°]s 
cross-ply 

1.117mm 
(0.044") 0.546 

3/2 [0°4] 
unidirectional 

1.930mm 
(0.076") 0.474 

3/2 [90°4] 
unidirectional

1.930mm 
(0.076") 0.474 

3/2 [0°/90°]s 
cross-ply 

1.930mm 
(0.076") 0.474 

3/2 [±45°]s 
angle-ply 

1.930mm 
(0.076") 0.474 

3/2 [0°/±45°/90°] 
quasi-isotropic 

1.930mm 
(0.076") 0.474 

4/3 [0°/90°]s 
cross-ply 

2.743mm 
(0.108") 0.445 

5/4 [0°/90°]s 
cross-ply 

3.556mm 
(0.140") 0.429 

6/5 [0°/90°]s 
cross-ply 

4.368mm 
(0.172") 0.419 
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Table3.2. Typical values of mechanical properties [87-89]. 
 

Mechanical Property 

 

Aluminum 

2024-T3 

UD S2 
Glass/FM 94 

Epoxy Prepreg 

Tensile ultimate strength [MPa] 
  L          455 
  T          448 

1900 
57 

Tensile yield strength [MPa] 
  L          359 
  T          324 

– 
– 

Tensile modulus [GPa] 
  L          72 
  T          – 

54 
9.4 

Ultimate strain (%) 
  L          19 
  T          – 

3.5 
0.6 

Compressive yield strength [MPa] 
  L          303 
  T          345  

– 
– 

Compressive modulus [GPa] 
  L          74 
  T          – 

54.4 
11 

Density [g/cm3]     2.79 2.00 

The symbols, L and T, stand for longitudinal (the rolling direction for the aluminum) 
and transverse directions, respectively.  

 
 
The configuration notation (m/n) used in Table 3.1 means the panel is composed of m 

aluminum-alloy sheets interleaved with n fiber-reinforced epoxy layers. For example, a 

cross-ply GLARE 5 specimen with the 3/2  configuration consists of three layers of 

aluminum 2024-T3 alloy and two sets of S2-glass/epoxy composite laminae, where each 

set of lamine consists of four layers of unidirectional S2-glass/epoxy in a lay-up 

configuration of [0°/90°/90°/0°] sandwiched between adjacent aluminum 2024-T3 alloy 

sheets.  A schematic of this FML is shown in Fig. 3.1. The term MVF in Table 3.1 

represents metal volume fraction and is defined as the ratio of the sum of the thicknesses 

of all aluminum layers over the total thickness of the FML [8]: 
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aluminumMVF
FML

=
∑ t

t
                                                                                              

(3.1) 

 

 

Fig.3.1. A schematic of the cross-ply GLARE 5 FML with the (3/2) configuration. 
 

3.2. Drop-weight impact tester 

In this study, all impact tests were performed using an Instron Dynatup 8250 pneumatic 

assisted instrumened drop-weight impact tester equipped with an environmental chamber, 

as shown in Fig. 3.2. In addition, the tester also contains a pair of pneumatic breaks to 

ensure no multiple strikes during impact test (Fig. 3.2(b)). By changing the drop height or 

using the attached pneumatic assist system, the impact velocity can be varied in the range 

of 0.61 m/sec up to 13.41 m/sec. Also, the impact energy ranges from 0.67 joules up to 

442 joules [90].  
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                          (a)                                                                       (b) 

Fig.3.2. (a) Drop Weight impact tester, (b) the specimen fixture. 
 

All drop-impact tests were conducted on two different geometrical shapes: square and 

circular, with dimensions of 101.6 mm x 101.6 mm (4″ x 4″) for the square specimens 

and 101.6 mm (4″) in diameter for the circular specimens (Fig. 3.3). The specimens were 

clamped circumferentially along a diameter of 76.2 mm (3″) in the specimen fixture and 

impacted by a hemispherical steel impactor of diameter 16 mm (Fig. 3.4) with two 

different masses of 6.14 and 12.91 kg.  
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Fig.3.3. Square and circular specimen dimensions for the low-velocity impact test. 

 

 
 

 
Fig.3.4. A 16-mm hemispherical steel impactor. 

 

Using Dynatup 930-I data acquisition system, the time histories of impact loads were 

measured and recorded using a load cell located just above the impactor nose and the 

impact velocity was also measured by one pair of photoelectric-diode system attached to 

the base of the test machine. With Dynatup 930-I data acquisition system, only load (the 

resistive force of the specimen) vs. time and initial impact velocity (just prior to impact) 

can be measured directly. Using the equations of motion and conservation of energy 
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principle, energy absorbed by the specimen, velocity of impactor and deflection at the 

impact center can be derived and recorded into a file. The equations used are as follows 

(assuming data collection starts at t = 0) [91]: 

 Table3.3. Notations used in drop impact equations. 

Notation 
iv  Impact velocity measured by photodiodes 
)(tp  Resistive force of specimen at time t 

m Total mass of impactor 
g  Acceleration of gravity 

)(tf  Resultant force acting on the impactor at time t 
)(ta  Resultant acceleration of the impctor at time t 
)(tv  Velocity of the impactor at time t 
)(tx  Deflection (position) of the impactor at time t 
)(tK  Kinetic energy of the impactor at time t 
)(tV  Potential energy of the impactor at time t 
)(tEa  Energy absorbed by the specimen at time t 
)(tE Total energy of the impactor and specimen system at time t 

 
 

)()( tpmgtf −=                                                                                                             (3.2) 

m
tpg

m
tfta )()()( −==                                                                                                    (3.3) 

∫∫ −+=+= dttp
m

gtvdttavtv ii )(1)()(                                                                       (3.4) 

dtdttp
m

gttvdttvtx i ))((1
2
1)()( 2 ∫∫∫ −+==                                                                 (3.5) 

 
Since the load  p(t) provided to the tup from the specimen is not a genuine mathematical 

function, direct integration cannot be used in equations (3.4) and (3.5). Therefore, the 

software uses the trapezoidal numerical approximation for calculating the integral of the 

load curves and the subsequent velocity and deflection values. From the conservation of 

energy principle applied to the drop weight-specimen system, the total energy is 

computed as follows: 



32 
 

 
 

=++= )()()()( tEtVtKtE a Constant                                                                            (3.6) 
 
If t=0 be the time of impact (x=0) and knowing that V(0) = 0 and Ea(0) = 0, then it can be 

shown that E(0) = K(0) = Constant. Thus: 

 
)0()()()()( KtEtVtKtE a =++=                                                                                 (3.7) 

 
where 
 

2

2
1)0( imvK =                                                                                                                  (3.8) 

By rearranging equation (3.7): 

[ ] )()(
2
1)()()0()( 22 tmgxtvvmtVtKKtE ia −−=−−=                                                   (3.9) 

 
If the displacement is really small, the potential energy can be neglected. Then, the 

energy absorbed by specimen can be computed as follows: 

[ ])(
2
1)()0()( 22 tvvmtKKtE ia −=−=                                                                          (3.10) 

 
3.3. Ballistic gas-gun 

The ballistic impact tests were performed at room temperature using an in-house-

designed gas-gun. The gun consists of a pressurized tank, a gas storage vessel, a solenoid 

valve and a stainless-steel barrel. The picture of the gas gun is shown in Fig. 3.5 from two 

different angles.  
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(a) 

 

 
(b) 

 
Fig.3.5. Different views of the high-speed gas gun setup for ballistic impact tests: (a) 

front view, (b) angled view. 
 

Helium and compressed air were used as the propellants. Target inside the specimen 

container was placed at two different positions away from the gun muzzle. Figure 3.6 

shows two setup configurations, i.e. #1 and #2, that were used in this study. For the setup 
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configuration #1, target was located 93.98 cm (37″) away from the gun muzzle; while for 

the second configuration, i.e. #2, a distance of 50.8 cm (20″) was chosen for the target. 

 

 
(a) 

 

 
(b) 

 
Fig.3.6. Specimen container: (a) setup configuration #1, (b) setup configuration #2. 

 
Specimens with two different geometries were clamped from both ends: the plate 

specimen was secured by clamping 25.4 mm (1″) of each end, Fig 3.7(a), while the beam 

specimen was clamped over a length of 50.8 mm (2″) from each side, Fig. 3.7(b). The 

specimen fixture was extra supported by four C-clamps inside the specimen container 

(Fig.3.6). This would provide a fixed-fixed boundary condition at both ends of the 

clamped specimen. 
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        (a) 

 

         
         (b) 

                    
Fig.3.7. Ballistic impact test composite specimens: (a) 152.4 mm × 101.6 mm (6″×4″) 

plate specimen, (b) 254 mm × 25.4 mm (10″×1″) beam specimen. 
 

A 0.22 caliber copper bullet was used as a projectile. The bullet was mounted inside a 

pair of plastic sabots and then inserted into the gun barrel.  Figure 3.8 illustrates how the 

0.22 caliber copper bullet was mounted inside the sabots. For the same type of sabots, the 

projectile initial velocity can be controlled by changing its position inside the barrel 

and/or varying the input pressure of the gun. Once high-pressure gas was released by a 

fast acting solenoid valve, a 0.22 caliber copper bullet accelerated through the 1.016 m 

(40″) gun barrel to the desired speed.  
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Fig.3.8. Projectile assembly: (a) unassembled pair of sabots, (b) assembled pair of sabots, 
(c) 0.22 caliper copper bullet, (d) bullet inserted inside the sabots. 

 

In both setup configurations, the projectile velocity was measured in three distinct ways. 

First, two pairs of diode-lasers/amplified-photodiodes, separated by 101.6 mm (4″), were 

located near the exit of the gun barrel, forming two optoelectronic gates to measure the 

speed of the projectile at the gun muzzle. When the projectile passes through these 

optoelectronic gates, it blocks the lasers causing oscilloscope to trigger and capture the 

voltage changes. The speed of the projectile is then calculated by dividing the known 

distance between the optoelectronic gates by the elapsed time for the projectile to pass 

through the two optoelectronic gates. Figure 3.9 shows the two 

diode-laser/amplified-photodiode pairs and typical voltage-time records captured with a 

digital storage oscilloscope.  
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configuration #2, to measure the projectile velocity after perforating the target. Since the 

target position was close to the gun muzzle, there was not enough space to locate another 

pair of chronographs to measure the velocity before the projectile hitting the target. The 

chronographs were triggered by traversing an object, e.g. bullet, through their infrared 

optical screens. For this technique, the bullet speed was calculated based on the similar 

mathematics as described above. 

Last, for the third technique, a Phantom V710 high-speed camera (Fig. 3.10(a)) was used 

to videotape the bullet motion during the test. The bullet velocities were then determined 

by using the captured high-speed video. In this study, the high-speed camera was set 

perpendicular to the projectile ballistic trajectory. Figure 3.10(b) shows a typical 

superposition of two bullet images, i.e. at times t1 and t2, from the high-speed video for 

measuring the bullet velocity. The arrangements of all measuring devises for each setup 

configuration are schematically shown in Fig. 3.11. 

 

 
(a) 

 
Fig.3.10. (a) The Phantom V710 high-speed camera, (b) typical superposition of two 

bullet images at times t1 and t2 from the high-speed video. 
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                (b) 

Fig.3.10. (Continued) 
 
 
 

 

(a) 

Fig.3.11. Schematics of the arrangements of velocity-measuring devices used in: (a) 
setup configuration #1, (b) setup configuration #2. 
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       (b) 

Fig.3.11. (Continued) 
 
 

3.4. The ultrasonic damage evaluation system  

Ultrasonic measurements are most commonly used to detect damage in composite 

structures. The basic principle of all these techniques is that ultrasonic pulses, usually in 

the frequency range from 0.5 to 25 MHz, are generated which: (i) are transmitted through 

the material to a transducer (through-transmission mode); or (ii) are reflected back to the 

input transducer by defects or material inhomogeneities (reflection or pulse-echo mode) 

[92]. In this study, UltraPAC, an advanced, modular and expandable ultrasonic system 

offered by Physical Acoustics Corporation (Fig. 3.12), was used to conduct the damage 

evaluation of the impacted specimens. 
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Fig.3.12. The UltraPAC system. 

In general, a frequency of 10 MHz or higher is used for thin laminates while the 

frequency can be as low as 2 MHz for thick laminates. As the sound waves propagate 

through the material, some of them are interrupted by the presence of defects or materials 

inhomogenities, and the energy levels are attenuated. Some of these attenuated waves 

propagate through the specimen, while other waves are reflected back to the surface. The 

amplitude, frequency dependence and arrival times of detected pulses are used for defect 

analysis. Careful examination of the dependence of ultrasonic attenuation on frequency 

allows materials properties to be assessed or damage to be monitored [92]. 

In the through-transmission mode where two transducers are used, the axes of the sending 

and receiving transducers must be perfectly aligned across the thickness of specimen for 

maximum efficiency. A coupling medium with high acoustic impedance, e.g. de-ionised 

water, grease or gel, is needed between the transducer and the specimen to maximize the 

energy transfer [92]. A standard through-transmission technique employs two flat 
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transducers, which usually generates relatively blur ultrasonic images. To tackle this 

issue, a modified through-transmission technique, which incorporates a flat and a focused 

transducer, was used. In this study, a pair of 5 MHz ultrasonic transducers (one focused 

and another flat) in through-transmission mode, as shown in Fig. 3.13, was adopted to 

access the damage in the impacted specimens. It should be mentioned that all the  

ultrasonic results presented in this study were based on amplitude measurements. 

 

 

Fig.3.13. Through-transmission technique. 

Once the composite part is scanned at regular intervals across it surface, the ultrasonic 

map of defects can be presented in three different modes, namely A-scan, B-scan and C-

scan. They are described in the following with reference to Fig.3.14 [92]. 

i. A-scan. In the A-scan mode, the attenuated signals are displayed as a series of 

peaks against the time scale on an oscilloscope. The position of the signal echo 

along the time axis allows the location of the defect in the thickness direction to 

be determined, while the amplitude of the echo can give some indication of the 

size and nature of the defect.   

ii. B-scan. In the B-scan analysis mode, cross-sectional measurement can be made 

along any vertical plane, eliminating the need for destructive cross-sectioning of 
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specimen. B-scan is basically a series of very close-spaced A-scans through the 

thickness of specimen. 

iii. C-scan. The well-established ultrasonic technique for advanced composite 

materials is the C-scan mode where the extent of damage or internal 

inhomogeniety can be examined and the depth profile of damage can be obtained 

by varying the time gate for C-scan data acquisition. In the conventional C-scan 

analysis, the transducer is moved in a plane parallel to the specimen surface in a 

rectilinear raster pattern to provide a planar view of the defect in a ‘one-shot’ 

image. This image eliminates the need to produce multiple scans. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
 

Fig.3.14. Comparison of ultrasonic scanning techniques: (a) a specimen containing a 
delamination, (b) A-scan wave, (c) B-scan view, (d) planar view of the C-scan [92]. 
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CHAPTER 4: DROP-WEIGHT IMPACT TESTS ON GLARE 5 FMLS 
 

4.1. Low-velocity impact tests 

The impact properties of FMLs vary with their constituents (i.e. fibers, resin and alloy 

types), fiber orientation, stacking sequence, thickness, operating temperature, geometry 

and material type of the impactor, and surface preparation technique, etc. In this chapter, 

the effects of thickness, impactor mass, stacking sequence and geometry will be 

discussed. In addition, threshold cracking energy was also studied. 

All impact tests were conducted using an Instron Dynatup 8250 pneumatic-assisted, 

instrumented drop-weight impact tester. The specimens were clamped circumferentially 

along a diameter of 76.2 mm (3″) in the specimen fixture and impacted by a 

hemispherical steel impactor of diameter 16 mm. Unless specified, otherwise all impact 

experiments were performed using an impactor mass of 12.91 kg. Figure 4.1 shows the 

schematic drawings of the experimental setup for the low-velocity impact tests. 

Panels were cut into two different geometrical shapes: square and circular, with 

dimensions of 101.6 mm x 101.6 mm (4″ x 4″) for the square specimens and 101.6 mm 

(4″) in diameter for the circular specimens. In order to measure the strain outputs, two 

sets of strain gages were chosen to mount on the specimens with a distance 25.4 mm (1″) 

away from the impact center. The locations of these two sets of strain gages are shown in 

Fig. 4.2 for both geometrical shapes. The first set consists of a pair of strain gages located 

at 0° and 90° with respect to the 0° fiber direction in order to measure the radial and hoop 

strains along the 0° fiber and its transverse directions, respectively. The second set of the 

strain gages was placed at angles of ±45° with respect to the 0° fiber direction for 

measuring the hoop and radial strains at ±45°.   
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Fig.4.1. Schematic of the setup for drop-weight impact tests. 

After each test, the specimen was carefully removed from the fixture for post-impact 

damage assessments. Figure 4.3 illustrates how the post-impact permanent central 

deflection was measured. Both nondestructive and destructive evaluation techniques were 

used to assess the impact damage inside the impacted panels. The impacted specimens 

were first scanned through an UltraPAC immersion ultrasound system for nondestructive 

damage evaluation, and then carefully sectioned into two halves using a diamond blade 

through the impact center. Finally, cross-sectional optical pictures were taken to reveal 

the more detailed damage inside the specimens.  
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Fig.4.2. Schematic of strain gage locations on the square and circular specimens. 
 

 

Fig.4.3. Measurement of the permanent central deflection. 
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4.2. Effect of specimen thickness 

In this study, the GLARE 5 panels with different thicknesses were chosen to assess the 

thickness effect. The range of thickness is from 1.117 mm (0.044″) of GLARE 5 (2/1) up 

to 4.368 mm (0.172″) of GLARE 5 (6/5). Figures 4.4 through 4.8 show histories of the 

absorbed energy, central displacement, contact force and force-deflection for the  

GLARE 5 specimens with (2/1), (3/2), (4/3), (5/4) and (6/5) configurations, respectively. 

The noticeable damage type in the specimens is the local and global permanent 

deformations. The global permanent deformation has an important role in dissipating 

energy, especially in thinner specimens. By increasing the panel thickness, the capability 

of absorbing impact energy increased, while the maximum central deflection decreased. 

In addition, the peak contact force as well as the force rate increased, while the duration 

of contact decreased. This is due to the increase of the panel stiffness. Decreasing of 

contact time means that damage cannot be fully developed in the specimen. It can be 

observed from part (d) in Figs. 4.4 through 4.8 that under the same impact energy, as the 

panels became thicker, the initial slope of the force-deflection increased. In other words, 

resistance of the panels in the impact direction increased with increasing thicknesses. 

Thus, thicker panels offered more resistance to the transverse impact.  

Figure 4.9 shows the strain histories for the GLARE 5 specimens with different 

thicknesses under various impact energies. Figure 4.10 compares the C-scan results as 

well as the back-side (non-impacted) view of the GLARE 5 specimens with various 

thicknesses under different impact energies using the 12.91 kg impactor mass. As is 

obvious from this figure, the area of the entire damage contour increased with increasing 

impact energies. In general, under the same impact energy, as the specimen became 
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thicker the area of the entire damage contour increased. Figure 4.11 shows the cross 

sectional view of the GLARE 5 FMLs with different thicknesses. In the sequel, detail of 

these tests will be exemplified. 

4.2.1. GLARE 5 (2/1), (3/2) and (4/3)  

The flat horizontal curve in Fig. 4.4(a) indicates that the GLARE 5 (2/1) panel had 

reached its saturated level of absorbing energy. That is, an increase in the impact energy 

to above 30J would cause impactor perforation through the specimen. There was no 

rebounding energy for this case. The force-time curve showed a smooth incremental 

increase to the maximum force at time 5.07 ms. There was then a sharp initial drop in the 

force, followed by an oscillatory decrement in the force (Fig. 4.4(c)). This corresponded 

to the initial failure of the bottom aluminum layer, followed by breakage and splitting of 

the fiber, and eventually top aluminum layer failure (Fig. 4.11).  In the GLARE 5 (3/2) 

data, there was a minor drop at time 4.81 ms, followed by a major oscillatory drop at time 

5 ms. The minor drop corresponded to matrix cracking, which was the initiation of 

damage, while the major drop corresponded to fiber breakage and splitting. This was 

followed by the initiation of a crack in the bottom layer of aluminum that propagated 

along the aluminum transverse direction. As is apparent from Fig. 4.11, there was very 

large debonding between the bottom aluminum layer and its adjacent prepreg layer. The 

reason for this is that there was no constraint to the bottom aluminum layer. The failure 

pattern exhibited by the GLARE 5 (3/2) specimen can be seen in the GLARE 5 (4/3) data 

as well, but at elevated impact energies. 
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Fig.4.4. Impact responses of GLARE 5 (2/1) and (3/2) under 30J impact energy. 

 
It can be summarized that by increasing the impact energy, for GLARE 5 (2/1), (3/2) and 

(4/3) the first major failure type was debonding between the bottom aluminum layer and 

its adjacent prepreg layer. This was caused by shear of the interface, which had reached 

its saturated level by means of specimen bending. In the thinner GLARE 5 (2/1) 

specimen, the bottom aluminum layer was next to fail, while the thicker GLARE 5 (3/2) 

and (4/3) specimens exhibited fiber breakage and splitting prior to failure of the bottom 

aluminum layer (Fig. 4.11). The damage in GLARE 5 (3/2) and (4/3) further progressed 

through failure of the aluminum and prepreg layers from bottom to top as the impact 
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energy increased, e.g. 40J for the (3/2) and 50J-60J for the (4/3) configuration, as shown 

in Figs. 4, 5 and 10. The induced cracks in the back side of the specimens were caused by 

bending stresses. 

 

Fig.4.5. Impact responses of GLARE 5 (3/2), (4/3) and (5/4) under 40J impact energy. 
 

4.2.2. GLARE 5 (5/4) and (6/5)  

For both GLARE 5 (5/4) and (6/5) under 40J and 60J impact energies, respectively, fairly 

smooth force history curves are exhibited, except between 0.96 and 1.15 ms for the 

GLARE 5 (5/4) and between 0.53 and 0.83 ms for the GLARE 5 (6/5). During these time 

intervals the force-time curve became flat with very negligible oscillation. It is believed 
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that the delamination between the 0° and 90° prepreg layers took place during those time 

intervals (Fig. 4.11). At higher impact energies, a change in the slope of force history 

occurred several times. These repetitions can be explained by the intensity and 

propagation of damage in the prepreg layers in different time intervals. The initiation and 

propagation of delaminations resulted in a loss in local rigidity, which manifested itself as 

an obvious change of slope. In summary, as the panel became even thicker, i.e. GLARE 5 

(5/4) and (6/5), the first major failure type was delamination. These delaminations took 

place in layers closer to the impacted face (Fig. 4.11). This is due to the high, localized 

contact stresses. As the impact energy increases, e.g. from 60J-100J for the (5/4) and 80J-

100J for the (6/5) configuration, as depicted in Figs. 4.6-4.8 and 4.11, various types of 

damage, such as debonding between the bottom aluminum layer and the adjacent prepreg 

layer, fiber breakage and splitting, aluminum failure, etc., took  place.  Due to the panel 

thickness, stress concentrations on the impacted side initiated cracks from the top and 

damage progressed from the top down. However, cracks in the very bottom layers were 

caused by bending stresses (Fig. 4.11). 
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Fig.4.6. Impact responses of GLARE 5 (4/3), (5/4) and (6/5) under 60J impact energy. 
 

4.2.3. Strain results 

Figure 4.9 shows the strain history for the GLARE 5 specimens with different 

thicknesses. In this figure, dashed lines in some of the curves indicate that the signal was 

cropped electronically. Convex-up curves represent strain results in the radial directions, 

whereas concave-down curves represent strain results in the hoop directions. The bolder 

curves correspond to strain results from strain gages located at 0° and 90°, whereas the 

thinner curves correspond to strain results from strain gages located at ±45°.  
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Fig.4.7. Impact responses of GLARE 5 (5/4) and (6/5) under 80J impact energy. 

 
Based on Fig. 4.9, strain results in the ±45° directions are higher than 0°/90° directions. 

This is believed to be due to the influence of the fiber direction with respect to the strain 

gage locations. That is, since the top aluminum layer, where the strain gages were 

mounted, was very thin and had a very good bonding with the adjacent prepreg layer, 

therefore the strains were influenced by the fiber direction. Thus, the strain gages 

measuring the strains along the fiber direction yielded lower strains compared to those 

measuring the strains at an angle to the fiber direction. Since the fibers resist stretching 

along their direction more than stretching along other directions. In addition, Fig. 4.9 
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reveals that under the same impact energy, both radial and hoop strains decreased when 

the panel thickness increased. This is because the central deflection of the panel under the 

impact decreased with increasing panel thickness and, hence, the strain readings from the 

strain gages reduced accordingly.  

 
 

Fig.4.8. Impact responses of GLARE 5 (5/4) and (6/5) under 100J impact energy. 
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Fig.4.9. Strain histories for the GLARE 5 specimens with different thickness. 
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Fig.4.10. Back-side (non-impacted) view and corresponding C-scan view of  
the GLARE 5 FMLs with different thicknesses. 
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Fig.4.11. Cross-sectional view of the GLARE 5 FMLs with different thicknesses. 

4.3. Effect of impactor mass 

In order to study the impactor mass effect, an impactor mass of 6.14 kg was chosen in 

addition to the previous impactor mass of 12.91 kg. Since repeating all the above tests 

will make this dissertation very lengthy, thus only a few of them were reported here. 

Figure 4.12 compares the histories of the central deflection, contact force and force-

deflection under 6.14 kg and 12.91 kg impactor masses. Under the same impact energy, 

the contact force increased with a decrease in the impactor mass. The contact time also 

decreased with decreasing impactor mass. However, Fig. 4.12 shows that this was not the 
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case for GLARE 5 (4/3) and (5/4). Therefore, contact time was not a reliable parameter to 

characterize impact behavior. 

By decreasing the impactor mass, the initial slope of the force-deflection curve tended to 

become stiffer under the same impact energy. This also means that under the same impact 

energy, the damage pattern would be different for the same panel with the same thickness 

but with different impactor mass. This difference is demonstrated in Fig. 4.13 for the 

GLARE 5 (3/2) specimen. It is apparent from Fig. 4.13 that the bottom aluminum layer 

failed under 30J impact energy, using 12.91 kg impactor mass. No crack appeared in the 

bottom layer of aluminum under the same condition while using the 6.14 kg impactor 

mass. Moreover, by looking at the cross-sectional and C-scan view of the specimens, 

different damage patterns can also be observed. By maintaining the same impact energy, 

the overall damage area increased with increasing impactor mass (Fig. 4.13). It can also 

be concluded from Fig. 4.12 that the maximum deflection of the impactor was 

independent of the impactor mass. However, the same conclusion cannot be made 

regarding permanent central deflection (Tables 4.1 & 4.2). 
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Fig.4.12. Central deflection history (a), contact force history (b), and force-deflection (c), 
comparisons between the 6.14 kg (LM) and 12.91 kg (HM) impactor mass. 
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Fig.4.13. Comparison of GLARE 5 (3/2) under 30J impact energy using 12.91 kg and 
6.14 kg impactor masses. Left/right top: cross-sectional view, left/right bottom: non-

impacted side optical and C-scan views. 
 

The test results indicated that impact damage was much more sensitive to the impactor 

velocity than to its mass. However, C-scan results showed that the contour of overall 

damage tended to increase as the impactor mass increased. Depending upon the impactor 

mass and shape, an impactor may or may not cause damage under a given impact energy. 

Therefore, it would be inadequate to select impact energy alone as the parameter to 

characterize impact damage. Thus for characterizing the impact damage under the same 

impactor shape, the impactor mass or velocity in addition to the impact energy must also 

be taken into consideration.  

4.4. Threshold cracking energy 

Threshold cracking energy was studied on the cross-ply GLARE 5 specimens with 

various configurations using 6.14 kg and 12.91 kg impactor masses. In this study, 

threshold cracking energy is defined as the minimum impact energy required to create a 

crack in the bottom aluminum layer. 
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Figure 4.14 compares the threshold energy with respect to the metal volume fraction for 

6.14 kg and 12.91 kg impactor masses. The variation of threshold cracking energy with 

respect to the impact velocity is illustrated in Fig. 4.15 for both impactor masses. The 

relationships between MVF and impact velocity with respect to the threshold cracking 

energy could be fitted with a parabolic plot using a least square method, as shown in the 

figures.  

 

Fig.4.14. Comparison between threshold cracking energy and MVF for 6.14kg and 
12.91kg impactor masses. In the formulae x is the MVF and y is the threshold cracking 

energy. 
 
As is obvious from Figs 4.14, by increasing the metal volume fraction of the panels, the 

threshold cracking energy decreases parabolically. Moreover, for the same MVF value, 

the cracking energy increased as the impactor mass increased. However this was 

relatively negligible for the thinner panels, i.e. (2/1) and (3/2). By increasing the panel 

configuration, as shown in Fig. 4.15, the velocity required to meet the threshold cracking 



62 
 

 
 

energy condition increased parabolically for both impactor masses. The figure also 

suggests that under the same impact velocity, the threshold cracking energy increased by 

increasing the impactor mass. 

 

Fig.4.15. Comparison between threshold cracking energy and impact velocity for 6.14 kg 
(diamond) and 12.91 kg (triangle) impactor masses. In the formulae x is the impact 

velocity and y is the threshold cracking energy. 
 

Figure 4.16 depicts the comparison between the threshold cracking energy and the 

specimen thickness for both impactor masses. As is apparent, the threshold cracking 

energy increased parabolically as the thickness of the specimens increased. Furthermore, 

for a given panel thickness, the energy required to induce a crack in the bottom aluminum 

layer increased by increasing the impactor mass. This was relatively pronounced for the 

panels with thicknesses above 2 mm. 
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Fig.4.16. Comparison between threshold cracking energy and thickness of the cross-ply 
GLARE 5 FMLs. In the formulae x is the impact velocity and y is the threshold cracking 

energy. 
 
4.5. Post-impact damage assessment 

Tables 4.1 and 4.2 summarize experimental results of the impact-induced crack lengths 

measured on the impacted side (the top aluminum sheet) and the non-impacted side (the 

bottom aluminum sheet), respectively, along with the impact velocity and the post-impact 

permanent central deflection in the GLARE 5 composite materials with different 

thicknesses under two impactor masses and various impact energies. Figure 4.17 

illustrates the permanent central deflection of the GLARE 5 panels as functions of impact 

energy and impact velocity under two different impactor masses, i.e. 12.91 kg in solid 

lines and 6.14 kg in dotted lines. From this figure it is obvious that by reducing the mass 

of the impactor while maintaining the same impact energy, the permanent central 

deflection increased. This is because the impactor velocity for the lighter mass was higher 
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when compared to the heavier one under a given impact energy. In addition, the amount 

of pressure applied to the specimen is also functions of impactor velocity and mass.  

Table4.1. Crack lengths and permanent deflections of GLARE 5 with different 
thicknesses (impactor mass: 12.91 kg). 

 

GLARE 5 
Thickness 

(mm) 

Impact 

Energy 

(J) 

Crack Length in Outer 

Layer (mm) 
Permanent 

Deflection 

(mm) 

Impact 

Velocity

(m/s) 
Impacted 

Side 

Non-impacted 

Side 

(2/1) 
 

1.12 
 

10 0 0 3.28 1.24 
20 0 0 5.18 1.76 
30 11 19* 8.69 2.16 

(3/2) 1.93 
30 0 9 4.82 2.16 
40 8 17 6.42 2.49 

(4/3) 2.75 
40 0 0 3.83 2.49 
50 0 13.5 4.45 2.78 
60 7 22 5.26 3.05 

 
(5/4) 

 
3.56 

40 0 0 2.5 2.49 
60 0 0 3.67 3.05 
80 5 19 5.17 3.52 
100 9 27.5 6.62 3.94 

(6/5) 4.37 

60 0 0 3.2 3.05 

80 0 0 3.98 3.52 

100 9 15 4.85 3.94 

 *: Bi-directional crack. The major crack length was selected.     
 

Furthermore, for the lighter mass, the slope of the permanent central deflection versus 

impact energy was higher as compared to the heavier mass. This means that the panel 

under the test with lighter impactor mass reached the perforation limit faster than the 

heavier one. For example, for the GLARE 5 (2/1) specimen, the impactor with the lighter 

weight penetrated fully through the specimen even with an impact energy less than 30J, 
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whereas under the same impact energy but with the heavier impactor, the specimen still 

supported the impact load without any penetration of the impactor through the specimen 

(Tables 4.1 and 4.2).   

Table4.2. Crack lengths and permanent deflections of GLARE 5 with different 
thicknesses (impactor mass:  6.14 kg). 

 

GLARE 5  
Thickness 

(mm) 

Impact 

Energy 

(J) 

Crack Length in Outer 

Layer (mm) 
Permanent 

Deflection 

(mm) 

Impact 

Velocity 

(m/s) 
Impacted 

Side 

Non-impacted 

Side 

 (2/1) 1.12 

10 0 0 3.5 1.8 
20 0 0 5.7 2.55 
22 0 0 6.6 2.68 

23.5 8 10 7.2 2.77 
25 Through curved crack 8.3 2.85 
30 Penetration 3.13 

 (3/2) 1.93 

10 0 0 2.2 1.8 
20 0 0 3.65 2.55 
30 0 0 5 3.13 
40 9 18 6.75 3.61 

 (4/3) 2.75 
30 0 0 3.5 3.13 
40 0 7 4.1 3.61 
50 0 18 5 4.04 

 (5/4) 3.56 

40 0 0 2.7 3.61 
50 0 0 3.3 4.04 
60 0 0 4.1 4.42 
65 0 12 4.5 4.60 
70 5 20 5 4.78 

 (6/5) 4.37 

70 0 0 3.7 4.78 

85 0 10 4.5 5.26 

100 6 20 5.5 5.71 
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                                                                      (a) 
 

     
(b) 

 
Fig.4.17. Permanent central deflection of the GLARE 5 FMLs as functions of (a) impact 

energy and (b) impact velocity. 
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4.6. Effect of stacking sequence  

An impactor mass of 6.14 kg was considered to study the effect of stacking sequence. As 

a benchmark, twenty drop-weight tests were conducted on the square GLARE 5 (3/2) 

specimens with the cross-ply lay-up configuration to determine a proper impact energy 

for studying and comparing the impact responses and damage patterns of  GLARE 5 (3/2) 

of various stacking sequences later. Table 4.3 summarizes the crack lengths on the 

impacted and non-impacted sides as well as the permanent deflection of the square cross-

ply GLARE 5 (3/2) panels subject to 10, 20, 30 and 40J impact energies, respectively.  

 
Table4.3. Crack lengths and permanent deflections of the cross-ply GLARE 5 (3/2) 

FMLs under different impact energies. 
 

Impact Energy 

(J) 

Crack Length in Outer Layer 

(mm) 
Permanent Deflection 

(mm) 
Impacted Side Non-impacted Side

10 0 0 2.2 
20 0 0 3.65 
30 0 0 5 
40 9 18 6.75 

 

Figure 4.18 shows typical histories of the absorbed energy, central displacement, contact 

force, contact stiffness and strains. The coherence in contact stiffness during the loading 

phase, as shown in Fig. 4.18(d), implies that the force-deflection relation depends mainly 

on impact energy, as reported in [39]. Figures 4.19 and 4.20 depict the C-scan results and 

the back-side (non-impacted) views as well as the cross-sectional views of the impacted 

FMLs. 
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Fig.4.18. Impact responses of the cross-ply GLARE 5 (3/2) under various impact 
energies. 
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Fig.4.19. Back-side (non-impacted) view and corresponding C-scan view of the cross-ply 
GLARE 5 (3/2) FMLs under various impact energies. 
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Fig.4.20. Cross-sectional view of the cross-ply GLARE 5 (3/2) FMLs under various 
impact energies. 

 

For the cases of 10 and 20J impact energies, fairly smooth contact force history and 

contact stiffness curves were obtained (Figs. 4.18(c) and (d)). By referring to Figs. 4.19 

and 4.20 no major damage could be seen except a small indent, slightly bent of the 

specimen and almost invisible debonding between the lower aluminum layer and its 

adjacent S2-glass/epoxy laminate. There was no crack on both the impacted and non-

impacted sides (Table 4.3). As the impact energy further increased, oscillatory behavior 

could be seen in both contact-force and contact-stiffness curves. This behavior became 

very obvious under 40J impact energy, indicating more damage induced in the specimen 

and as confirmed in Table 4.3, Figs 4.19 and 4.20. For the 30J impact energy case, 
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damages induced were fiber breakage/splitting, delamination, matrix cracking, impact 

indent and permanent plastic deformation. At this impact energy, there was also no crack 

on either the impacted or the non-impacted side of the specimen. By increasing the 

impact energy to 40J, more pronounced damage could also be seen, including through-

specimen cracks and severe delamination (Figs. 4.19 and 4.20). These observations are 

similar to those reported in Ref. [21]. 

With increasing the impact energy, the resultant strains also increased (Fig 4.18(e)). This 

was because the central deflection of the panel increased (Table 4.3). As indicated by the 

initial portions of the strain histories in Fig. 4.18(e), i.e. the time interval between 0 and  

2 ms, the strain rate increased as the impact energy raised from 20 to 40J. Based on Fig. 

4.18(e), strain results in the ±45° directions were higher than those in the 0° and 90° 

direction. The reason for this is believed to be the influence of the fiber direction with 

regard to the strain gage locations. That is, since the top aluminum layer, where the strain 

gages were mounted, was very thin and had a very good bonding with the adjacent 

prepreg layer, therefore the strains were influenced by the fiber direction. For 

the cross-ply GLARE 5 (3/2) both 0° and 90° are fiber directions.  Due to the fact that 

fibers can resist more to stretching, the strains along these 0°/90° fiber directions were 

lower in comparison with those measured at ±45°.  

As shown in Figs. 4.19 and 4.20, the area of the entire damage zone and local indentation 

increased with increasing impact energy. The presence of a small dot in the C-scan 

results for the cases of 10 and 20J impact energies indicates the material at that spot did 

not separate. This was a direct result of the compression/compaction effect right 

underneath the impact site. 



72 
 

 
 

Because under 40J impact energy major type of damages, i.e. fiber breakage/splitting, 

through-specimen crack and significant delamination, could be detected for the GLARE 5 

(3/2) cross-ply panels; hence, 40J impact energy was chosen in this investigation to study 

the impact responses and damage patterns of the GLARE 5 (3/2) panels with different 

stacking sequences. 

4.6.1. GLARE 5 (3/2) square specimens with various lay-up configurations 

Figure 4.21 shows the histories of the absorbed energy, central displacement, contact 

force, contact stiffness and strains for the square GLARE 5 (3/2) specimens with cross-

ply, unidirectional, angle-ply and quasi-isotropic lay-up sequences. The associated C-

scan results, back-side (non-impacted) views and the cross-sectional views are shown in 

Figs. 4.22 and 4.23.  

The absorbed energy history revealed that under the same impact condition, the 

unidirectional panel released less energy whereas the quasi-isotropic released the most. 

The peak value of central deflection was the highest for the unidirectional panel while the 

lowest was for the quasi-isotropic. For the GLARE 5 (3/2) cross-ply and angle-ply, this 

peak was approximately the same. Hence, the quasi-isotropic panel offered more 

resistance to indentation than other types of lay-up configuration. The unidirectional 

panel was the worst panel to sustain the impact. By comparing the contact force histories, 

the unidirectional panel had the lowest peak contact force and the longest contact time 

duration. The quasi-isotropic panel offered the highest peak contact force among the 

other panel types. It is worth noting that although the contact-stiffness and the 

contact-force histories for the GLARE 5 (3/2) panels with cross-ply, angle-ply and 

quasi-isotropic lay-up configurations were similar (Fig. 4.21c and d), their corresponding 
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damage patterns were quite different (Figs. 4.22 and 4.23). From Fig. 4.21(d), it could be 

observed that contact stiffness curves started to deviate at 4.1 mm of the central 

deflection, which corresponding to contact time at 1.16 ms (Fig. 4.21(c)). Similar 

observation had also been reported by Liu et al. [24] when comparing the unidirectional 

GLARE 2 versus the cross-ply GLARE 3. 

C-scan and mechanical-sectioning results revealed that the major types of damage for the 

GLARE 5 (3/2) cross-ply panels were through-specimen crack, fiber breakage/splitting 

and delamination (Figs. 4.22 and 4.23). The major delamination occurred between the 

non-impacted side aluminum layer and the adjacent glass-epoxy layer. Some smaller 

regional delamination around the middle aluminum layer was also found. An elliptical-

shaped damage zone was induced with the major diagonal perpendicular to the 0° fiber 

direction. For the unidirectional panel, long visible through-the-thickness cracks extended 

almost to the clamped edge were generated (Fig. 4.22). There was not much delamination 

besides fracture of aluminum layers and the splitting of the glass-epoxy layers for the 

unidirectional panel (Fig. 4.23). Since there was no bending stiffness mismatch in a 

unidirectional prepreg layer, no delamination was expected in the interface of the 

unidirectional prepreg layer. The fracture of aluminum in the non-impacted side resulted 

from bending while the stress concentration induced the crack in the impacted face. Its 

damage zone observed from C-scan (Fig. 4.22) looked like a lip-shaped rhombus with the 

major axis aligning along the fiber direction.  

 



74 
 

 
 

 
 

Fig.4.21. Impact responses of the GLARE 5 (3/2) square specimens with various stacking 
sequences under 40J impact energy. 
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Fig.4.22. Back-side (non-impacted) view and corresponding C-scan view of the   
GLARE 5 (3/2) square specimens with various stacking sequences under 40J impact 

energy. 
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Fig.4.23. Cross-sectional view of the GLARE 5 (3/2) square specimens with various 
stacking sequences under 40J impact energy. The symbol     means that the fiber direction 

is out of the plane. 
 

The damage pattern for the angle-ply panel was very close to the cross-ply panel except 

for the orientation of the damage contour (Fig. 4.22). In short, the major and minor axes 

of the elliptical-shaped damage zone coincided with the fiber directions. Furthermore, the 

major diagonal, i.e. perpendicular to the 0° fiber direction, within the elliptical-shaped 

damage contour was relatively shorter for the angle-ply panels compared to the cross-ply 

panels (Fig. 4.22). It should be noted that by circumferentially clamping a square 

specimen inside the specimen fixture, the total clamping area on each face of the 
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specimen, i.e. bottom and top, is equal to 8.93 in2 (57.62 cm2).  Due to the stacking 

sequence of the angle-ply specimens, i.e. [±45°]s, with respect to the specimen geometry, 

there would be more fibers that were clamped compared to the cross-ply square 

specimens. It is believed that mainly because of this reason, the angle-ply specimens 

offered slightly more resistance to impact compared to the cross-ply specimens. For the 

quasi-isotropic panels, major types of damage, as shown in Figs. 4.22 and 4.23, were 

crack in the non-impacted side aluminum, damage in the bottom [0°/±45°/90°] 

quasi-isotropic prepreg layer as well as significant delamination between the −45° and 

90° layers (due to mismatch in bending stiffness). A near circular damage zone was 

detected by ultrasonic C-scan for the quasi-isotropic panel. It is worth noting that at 40J 

impact energy, a visible crack appeared in all specimens on the non-impacted side. The 

crack was straight for the cross-ply, unidirectional and angle-ply GLARE 5 (3/2) 

specimens whereas it became curvy for the quasi-isotropic specimen (Fig. 4.22). 

As is apparent from Fig. 4.21(e), the radial strain along the 0° fiber direction for the 

unidirectional panel exhibited a peak value followed by a sudden drop. The reason for 

this is due to the fact that the unidirectional panel experienced the most central deflection 

compared to other types of the panels (Fig. 4.21(b)) and hence the strain value increased 

dramatically. It also cracked sooner (at around 3 ms) than other panel types. The sudden 

drop was the ensuring result of the panel fracture. This crack passed underneath the 

location where the strain gage was mounted, causing the strain to release suddenly. 

Figure 4.21(e) shows that the strain results in the ±45° directions were higher than 0° and 

90° directions. Again, as mentioned earlier, the reason is due to the influence of the fiber 

direction with respect to the strain gage locations.  



78 
 

 
 

Based on the discussion above, GLARE 5 (3/2) of unidirectional lay-up offered the worst 

impact resistance, followed by cross-ply and angle-ply configurations, while the 

quasi-isotropic stacking sequence showed the best resistance to the impact. The reason 

for this is that the specimen stiffness decreased as the lay-up configuration changed from 

the quasi-isotropic to the unidirectional stacking sequence.  This conclusion is also 

reported in Refs. [34,37,38]. 

4.6.2. GLARE 5 (3/2) circular vs. square specimens with various lay-up 
configurations               

       
Figure 4.24 shows the histories of the absorbed energy, central displacement, contact 

force, contact stiffness and strains for the circular GLARE 5 (3/2) specimens with    

cross-ply, unidirectional, angle-ply and quasi-isotropic lay-up sequences. Figures 4.25 

through 4.28 compare the impact responses between the square and circular GLARE 5 

(3/2) specimens with unidirectional, cross-ply, angle-ply and quasi-isotropic lay-up 

sequences under 40J impact energy. Figures 4.29 and 4.30 depict the corresponding       

C-scan results, back-side (non-impacted) and cross-sectional views of the specimens with 

the unidirectional, cross-ply, angle-ply and quasi-isotropic lay-up sequences. Table 4.4 

summarizes experimental results of the impact-induced crack lengths measured on the 

impacted side (the top aluminum sheet) and the non-impacted side (the bottom aluminum 

sheet), respectively, along with the post-impact permanent central deflection in the 

GLARE 5 (3/2) composite materials with different stacking sequences and geometries  

subjected to 40J impact energy. Comparing these results to those of the square 

specimens, the following remarks can be found.  

The energy history curves had a pattern very close to those of the square specimens. The 

central deflection curves for the circular unidirectional specimens increased noticeably in 
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comparison with the corresponding panels of square specimens. This enhancement was 

almost negligible for the cross-ply, angle-ply and quasi-isotropic panels. The peak force 

for the unidirectional circular specimen was lower than that of the corresponding square 

specimen. However, for the cross-ply, angle-ply and quasi-isotropic specimens, the 

difference in the peak force values was insignificant. The contact time was also raised 

when changing the geometry from square to circular. This difference was quite noticeable 

for the unidirectional panel; but it was relatively negligible for the cross-ply, angle-ply 

and quasi-isotropic panels. The contact stiffness decreased by changing the geometry 

from square to circular. There was no significant difference in the strain results by 

changing the geometry. This was very apparent for the cross-ply and quasi-isotropic 

specimens (Figs. 4.26 and 4.28). The effect of the above mentioned differences could be 

revealed by comparing the C-scan, back side and cross sectional views of the specimens 

with the ones for the square specimens. For the unidirectional panels of the two 

geometries, both C-scanned damage images were almost the same with the exception that 

for the circular specimen, the length of the damage along the 0° fiber direction was longer 

(Table 4.4, Figs. 4.22 and 4.29). In fact, the induced crack in the unidirectional circular 

specimens passed the grip area of the specimen. The C-scan results revealed that the 

damage size decreased for the cross-ply and angle-ply circular specimens. It is apparent 

from Figs. 4.22 and 4.29 that damage area was bigger for the quasi-isotropic circular 

specimen compared to its square counterpart. In addition, the circular damage shape 

became more rounded for the circular specimen. Based on Table 4.4, quasi-isotropic 

panels offered the minimum crack lengths in the outer layers, i.e. impacted and non-
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impacted sides, as well as the least permanent deflection in their own geometrical 

categories. 

The cross sectional views suggested that for the circular unidirectional specimen, the 

induced damage pattern was different from its square counterpart. Prepreg damages 

among the aluminum layers were noticeably increased. Also unlike the unidirectional 

square specimens, in which the prepreg close to the non-impacted side were broken into 

several pieces by through-the-thickness cracks, it did not happen for the circular 

specimen.  Comparing the cross-sectional views of the two different geometries for the 

cross-ply specimen, the overall damage patterns were similar except in circular geometry 

there was no debonding between the non-impacted aluminum and the adjacent prepreg 

layer. For the circular angle-ply specimen, the overall damage pattern was almost similar 

to the angle-ply square specimen. By evaluating the cross-sectional views for the quasi-

isotropic square and circular specimens, some change in the induced damages could be 

seen. The bottom aluminum layer failed in a step-like mode for the square specimen, 

whereas there was a smooth transition for the circular specimen. Moreover, further 

prepreg damage was exhibited by the circular specimen. That is, by transition from 

square to circular geometry, the damage in the bottom prepreg composite layer, i.e. 

farther from the impacted face, was noticeably enhanced and extended. In addition, based 

on this transition, localized damage in the prepreg layers underneath the impactor was 

induced. 
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Fig.4.24. Impact responses of the GLARE 5 (3/2) circular specimens with various 
stacking sequences under 40J impact energy. 
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Fig.4.25. Comparison of the Impact responses between the square and circular 
unidirectional GLARE 5 (3/2) specimen under 40J impact energy.  
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Fig.4.26. Comparison of the Impact responses between the square and circular cross-ply 
GLARE 5 (3/2) specimen under 40J impact energy.  
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Fig.4.27. Comparison of the Impact responses between the square and circular angle-ply 
GLARE 5 (3/2) specimen under 40J impact energy.  
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Fig.4.28. Comparison of the Impact responses between the square and circular quasi-
isotropic GLARE 5 (3/2) specimen under 40J impact energy.  
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Fig.4.29. Back side (non-impacted) view and corresponding C-scan view of the    
GLARE 5 (3/2) circular specimens with various stacking sequences under 40J impact 

energy. 
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Fig.4.30. Cross-sectional view of the GLARE 5 (3/2) circular specimens with various 
stacking sequences under 40J impact energy. The symbol     means that the fiber direction 

is out of the plane. 
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Table4.4. Crack lengths and permanent deflections of the GLARE 5 (3/2) FMLs with 
various stacking sequences under 40J impact energy. 

 

Stacking Sequence Geometry

Crack Length in Outer 

Layer (mm) Permanent Deflection 

(mm) Impacted 

Side 

Non-impacted 

Side 

Unidirectional 
[0°4] 

Square 69 75 7.65 

Cross-ply 
[0°/90°]s 

Square 9 18 6.75 

Angle-ply 
[±45°]s 

Square 7 16 6.65 

Quasi-isotropic 
[0°/±45°/90°] 

Square 0 12 5.3 

Unidirectional 
[0°4] 

Circular 83 83 7.7 

Cross-ply 
[0°/90°]s 

Circular 8.5 16 6.8 

Angle-ply 
[±45°]s 

Circular 8.5 16 6.8 

Quasi-isotropic 
[0°/±45°/90°] 

Circular 0 12 6.1 

 

Based on the discussion above, by introducing circular, rather than square, geometry as 

the outer perimeter of the specimens, some differences were induced in the damage 

patterns as well as impact behaviors. These were due to the geometry and the relative 

anisotropy of the specimen with respect to the specimen clamping.  
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4.7. Conclusions  

This study presented an experimental investigation on the impact response of the  

GLARE 5 composite materials considering the effects of thickness, impactor mass, 

stacking sequence and geometry using a drop weight impact tester. The following 

remarks can be concluded from this study. 

• Failure modes changed by increasing the panel thickness. Both fiber critical and 

aluminum critical behaviors were seen depending on the thickness of the panel. 

For the thinner GLARE 5 specimens, i.e. with the (3/2) configuration, the major 

failure type was debonding in the non-impacted side followed by fiber breakage 

and splitting, as well as the aluminum layers fracture; whereas for GLARE 5 (2/1) 

after debonding, aluminum failure occurred. For the thicker GLARE 5 specimens, 

i.e. with (5/4) and (6/5) configurations, delaminations occurred near the impacted 

side at relatively lower impact energies. More severe damage including failure in 

the bottom aluminum layers as well as fiber breakage/splitting in the prepreg 

composite lamina were induced on the non-impacted side when higher impact 

energies were applied. Also due to localized stress concentrations under the 

higher impact energies, cracks were created on the impacted face.  

• The area of the entire damage contour increased with increasing impact energies. 

Typically under the same impact energy as the specimen became thicker the area 

of the entire damage contour increased. By thickening the panel, its capability of 

absorbing impact energy enhanced while the maximum central deflection abated. 

In addition, the peak contact force as well as the force rate increased while the 
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duration of contact shortened. Under the same impact energy, by reducing the 

impactor mass, the contact force escalated and also the initial slope of the force 

deflection stiffened. For the same panel with the same thickness, the damage 

pattern would be different under the same impact energy but with different 

impactor mass. 

• Only the profile of entire damage zone could be detected through ultrasonic C-

scan. The cross sectioning technique can provide the details of damage inside of  

the GLARE 5 composite materials. Under the same impactor shape, impact 

energy cannot be used as the sole parameter to scale damage. Impactor mass or 

velocity also has to be taken into account. 

• Threshold cracking energy varied parabolically with respect to the impact velocity, 

MVF and the specimen thickness.  

• By increasing the metal volume fraction of the panels, the threshold cracking 

energy decreased parabolically. Furthermore, for the same MVF value, the 

cracking energy increased as the impactor mass increased. However this was 

relatively negligible for the thinner panels, i.e. (2/1) and (3/2). 

• By increasing the panel configuration, the velocity required to meet the threshold 

cracking energy condition increased parabolically for both impactor masses. In 

addition, under the same impact velocity, the threshold cracking energy increased 

by increasing the impactor mass. 

• The threshold cracking energy increased as the thickness of the specimen 

increased. Moreover, for a given panel thickness, the energy required to induce a 
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crack in the bottom aluminum layer increased by increasing the impactor mass. 

This was relatively pronounced for the panels with thicknesses above 2 mm. 

• By reducing the mass of the impactor, but maintaining the same impact energy, 

the permanent central deflection increased. This means that the panel with lighter 

impactor mass will reach the perforation limit faster than the heavier one. 

• GLARE 5 made of unidirectional fibers had the worst impact resistance; followed 

by cross-ply and angle-ply configurations, while the quasi-isotropic lay-up 

showed the best resistance to impact. 

• The damage patterns and impact behaviors were almost invariant to the change in 

the specimen geometry. However, when conducting a drop-weight test using the 

conventional specimen geometry of a square outer perimeter and a circular inner 

clamp, the result will be affected by the fiber orientation of the specimen due to 

the relative material anisotropy with respect to the clamp fixture of the drop-

weight apparatus. It is recommended that composite specimens with a circular 

outer perimeter and a circular inner clamp should be used instead to avoid the 

problem. 
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CHAPTER 5: MEASUREMENT OF PROJECTILE VELOCITIES IN A 
HIGH-SPEED GAS GUN 

 
The ballistic impact tests were conducted using a high-speed gas gun (Fig. 3.5). Helium 

and compressed air were used as the propellants. Target inside the specimen container 

was placed at two different positions away from the gun muzzle (Fig. 3.6). As described 

in Chapter 3, three different techniques, namely: diode-laser/amplified-photodiode, 

chronograph and high-speed camera, were used for measuring the projectile velocities. 

5.1. Effect of target position from the gun muzzle 

In order to study the effect of target position from the gun muzzle on velocity 

measurement, two different target positions were chosen: 50.8 cm (20″) and 93.98 cm 

(37″) away from the gun muzzle (Fig. 3.6).  

Figure 5.1 shows the comparison of the incident speeds of the bullet measured using the 

optoelectronic technique versus the high-speed camera method for both setup 

configurations.  As the test results suggested, they were best fitted with linear regression 

lines (Fig. 5.1). As is obvious from the figure, the bullet speed obtained from the high-

speed camera was relatively higher than the one measured by the optoelectronic 

technique near the end of the gun barrel for both configurations. In other words, it could 

be stated that as the bullet emerged from the gun barrel, it was further accelerated along 

its trajectory before hitting the target. This phenomenon could be explained by 

intermediate ballistics, which is the study of the transition from internal to external 

ballistics occurred in the vicinity of the gun muzzle [58].  



93 
 

 
 

 
Fig.5.1. Comparison of the incident projectile speed measured at the optoelectronic paths 
near the gun muzzle vs. the high-speed camera for: (a) setup configuration #1, (b) setup 

configuration #2. In the equations, x and y stand for the high-speed camera and laser 
beams near the gun muzzle velocity, respectively. 
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Figure 5.2 depicts the superimposed experimental-results obtained from the two setup 

configurations. As is apparent, the experimental trends of both configurations coincided 

with each other with negligible differences despite the fact that different propellants and 

target distances were used. This implies that the amount by which the projectile was 

accelerated was invariant with respect to changes in target distance and propellant gas.  

 
 

Fig.5.2. Superposed experimental-results of the incident projectile speed measured at the 
optoelectronic paths near the gun muzzle vs. the high-speed camera for both setup 

configurations. 
 

Figure 5.3 shows the comparison between the projectile speed measured from the 

chronograph #1 and the high-speed camera before hitting the target. In the figure, the 

resultant trend line implies that the bullet strike speed determined by the chronograph 

was higher than that obtained from the high-speed camera. Furthermore, most of the test 

data were along the bisection line, i.e. y=x, implying that both high-speed camera and 
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chronograph techniques yielded in approximately close values in measuring the bullet 

speed. However, scattering of the results obtained from the chronography suggests that 

chronography may not be always trustable. As mentioned before, a set of chronograph 

was not used for the setup configuration #2 due to the lack of space between the muzzle 

and the target. 

 
 

Fig.5.3. Comparison of the projectile-speed measurements using the chronograph #1 vs. 
the high-speed camera (setup configuration #1). In the equation, x stands for the high-

speed camera velocity while y stands for the chronograph #1 velocity. 
 

The bullet residual velocity was determined by the high-speed camera and the 

chronograph which was located after the target for both configurations (Fig.3.11). The 

chronograph #2 in the setup configuration #1 failed to measure the speed of the bullet in 

90% of the tests conducted in this study. The remaining 10% are not plotted here. The 

failure was mainly due to the pre-mature triggering of the chronograph caused by the 

disturbance of some suspensions, e.g. dust. Figure 5.4 depicts the comparison of the 
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residual speed of the bullet measured from the chronograph versus the high-speed camera 

for the setup configuration #2.  

 

Fig.5.4. Projectile-residual-velocity measurements using the chronograph and high-speed 
camera (setup configuration #2). In the equation, x stands for the high-speed camera 

velocity while y stands for the chronograph velocity. 
 

The correlation between the chronograph and high-speed camera data is quite scatter, 

indicating that the chronograph might be triggered by an object other than the bullet. In 

addition, the bullet may show different motions after impacting the target. This would 

cause some errors in measuring the velocity of a projectile as discussed in Section 5.3 

later. For instance, as shown in Fig. 5.6, the chronograph was triggered by an ejected plug 

from the target despite the fact that the projectile did not perforate the target. It can be 

concluded that chronographs do not always yield in reliable results for determining the 

velocity of a projectile, especially for obtaining the residual velocities.  
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5.2. Intermediate ballistics 

It was experimentally shown above that as the bullet emerged from the gun barrel, it was 

further accelerated along its trajectory before hitting the target. This phenomenon can be 

explained by intermediate ballistics which is the study of the transition from internal to 

external ballistics occurred in the vicinity of the gun muzzle [58].  

Figure 5.5 illustrates shock wave formation before and after projectile exit. As the 

projectile accelerated along the bore, it pushed ahead of it a column of air augmented by 

any leakage of propellant gases past the projectile. A shock wave formed just ahead of 

the projectile, traveled along the bore, and was released as a near-spherical precursor 

blast shock at the muzzle, as shown in Fig. 5.5(a). Once the outflowing air velocity was 

sufficient, a small bottle shock would form about the muzzle. The projectile would then 

emerge, and once the projectile gas seal had passed the muzzle, the high pressure 

propellant gases would be released into the atmosphere generating a powerful blast 

shock, which was initially highly non-spherical due to the presence of the projectile and 

the high velocity flow of the propellant gases. The propellant gases rapidly expanded, 

accelerating to velocities much greater than that of the projectile, so that shock waves 

formed around the base of the projectile, rather as though the projectile was moving 

backwards (Fig. 5.5(b)). This apparent reverse gas flow provided slight additional 

acceleration of the projectile for several calibers distance beyond the muzzle.  

 



98 
 

 
 

 
 

Fig.5.5. (a) Shock wave formation before projectile exit, (b) the initial formation of shock 
waves shortly after projectile exit. 

 



99 
 

 
 

5.3. Possible errors in measuring the projectile velocity 

As mentioned before, it is necessary to observe the bullet motion along its ballistic 

trajectory before and after hitting the target in order to determine the strike and residual 

velocities accurately. Depending on the projectile incident velocity, there are two cases 

that were observed, namely: (a) partial penetration and (b) full penetration. In the case of 

partial penetration, the bullet either rebounded off the target or got stuck in it. If the bullet 

got stuck in the target it is apparent that its residual speed was zero. In the case of bullet 

rebounding off the target, chronograph would fail in measuring the speed of the bullet 

since it was already triggered by measuring the incident speed of the bullet. On the other 

hand, if it had the capability of triggering, the results obtained would not be always 

reliable.  There are three reasons for this. First, if the bullet rebounding speed was not 

enough, then the bullet could not traverse the chronograph infrared optical screens and 

hence the chronograph would not trigger. Secondly, a particle rather than the bullet might 

cause the triggering of the chronograph. Thirdly, the rebounding motion of the bullet was 

not always along a straight line, e.g. it could be tilted, tumbled, dropped steeply, moved 

along a curved path due to the gravity, etc. For instance, Fig. 5.6 shows a typical example 

of the projectile rebounding off the target in a tumbling motion. As is apparent, the 

necessity of recording the projectile motion is obvious in accurate determination of a 

projectile rebound velocity. 
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Fig.5.6. A typical example of the projectile rebounding off the target in a tumbling 
motion. 

 

Figures 5.7 through 5.10 illustrate some different bullet positions in which it might take 

after perforating a target. An example of a bullet exiting a target along a straight line, i.e. 

the angle of yaw≈0, is given in Fig. 5.7. Figures 5.8 and 5.9 depict the bullet emerging 

the target with two different yaw angles, i.e. 2.73° and 15.20°, respectively. It is evident 

from the figures that as the angle of yaw increases, the magnitude of the Vx component of 

the velocity vector V decreases. As a consequence the magnitude of the Vy component 

increases. It should be mentioned that by relying only on chronographs for the 

determination of projectile velocities, the obtained values would not be accurate for the 

cases in which the projectile perforated the target. Since chronographs would trigger 

based on the first object passed through its infrared screens regardless of what the type of 
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the object was. In other words, the obtained values are insensitive to the projectile states, 

e.g. yaw angle, tumbling, etc.  

 
 

Fig.5.7. An example of the bullet exiting a target along a straight line. 
 

In addition, by considering the values obtained from chronographs, the ballistic limit 

velocities, kinetic energies, etc. would not be estimated correctly. For instance, in the 

study by Goldsmith et al. [93], they reported that the ballistic limit increased with 

increasing yaw angle. Figure 5.10 depicts the bullet departing the target in a tumbling 

motion.  
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Fig.5.8. An example of the bullet emerging the target with a smaller yaw-angle of 2.73°. 
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Fig.5.9. An example of the bullet exiting the target with a larger yaw-angle of 15.20°. 
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Fig.5.10. An example of the bullet departing the target in a tumbling motion. 
 

Based on Figs. 5.7 through 5.10, the significance of using the high-speed camera can be 

revealed in the determination of the residual velocities and subsequently accurately 

obtaining the residual kinetic energy. Moreover, the degree of complexity in the 

determination of velocity of a projectile would increase for non-normal impact studies, 

e.g. oblique impact studies, due to the increase in the sophistication of the projectile 

motion. Therefore, monitoring the projectile motion becomes very important. As a 

consequence, high-speed camera would be very helpful in such situations.  

5.4. Determination of the ballistic limit velocity (V50) 

After determining the speeds of the bullet before and after impact, the incident projectile 

velocity (before impact) was plotted versus the residual velocity (after impact) for each 
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type of the specimen according to Table 3.1 (refer to Chapter 6 for more ditails). The 

experimental data could then be fitted by least-square regression according to the 

classical Lambert-Jonas’ equation [94] for the positive residual velocity values: 

 

  ோܸ
௉ ൌ ሺܣ ூܸ

௉ െ ହܸ଴
௉ ሻ ൌ ܣ · ூܸ

௉ െ  (5.1)                                                                                ܤ

 

where A and B are two regression coefficients and P is a power. VR and VI are residual 

and incident velocity of the projectile, while V50  is the ballistic limit velocity, which is 

defined as the velocity required for a projectle to perforated a piece of armor 50% of the 

time. Equation (5.1) is the generlized form of an equation obtained from the work-energy 

principle for the ballistic impact of a rigid projectile and the equivalent mass of the ejecta. 

It should be noted that when P = 2, Eq. (5.1) is known as the Recht-Ipson's equation [95]. 

In the study by Ben-Dor et al. [96], they showed that the accuracies of both Lambert-

Jonas and Recht-Ipson's model were approximetly the same. 

For each specimen type (Table 3.1), several P values were chosen according to its VI~VR 

experimental trend. Subsequently, the ballistic limit velocity (V50) was determined based 

on the specimen experimental trend and classical Lambert–Jonas’ equation, Eq. (5.1).  

These issues are addressed in Chapter 6. 

5.5. Conclusions 

This study presented an experimental investigation on different techniques for measuring 

the velocity of a projectile. The effects of the target position, propellant gases and 

possible errors in velocity measurements of a projectile were discussed. The following 

remarks can be concluded from this study.  
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• It was found that the projectile was further accelerated along the ballistic trajectory 

after emerging from the gun barrel. The amount of the acceleration was negligible by 

changing the target position from the gun muzzle and the type of propellants (helium 

or compressed air). Without considering the further acceleration of the projectile 

along the projectile trajectory, the projectile speed and in general ballistic limit 

velocities would be underestimated.  

• In general, chronography did not give consistent and reliable results for measuring the 

speed of a projectile. This was due to the triggering of the chronograph caused by 

some suspensions, e.g. dust, other than the bullet itself. On the other hand, in the case 

of triggering the chronograph by the projectile, the velocity measurements obtained 

would not be reliable due to the possibility of different projectile orientations after 

hitting the specimen. Hence, monitoring the projectile motion became very important 

in the calculation of residual kinetic energy.  

• Based on this study, the high-speed camera technique yielded the most reliable and 

accurate results in measuring the projectile speed. On the contrary, chronographs 

failed most of the time to accurately measure the projectile speed; while the 

laser-based optical technique gave lower estimates of impact velocity.  

• The classical Lambert-Jonas’ equation was very useful in obtaining the ballistic limit 

velocities, especially for the cases where obtaining lower incident velocity 

experimentally was difficult. 
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CHAPTER 6: BALLISTIC IMPACT TESTS ON GLARE 5 FMLS 
 

High-velocity impact is dominated by inertial forces, wave propagation and changes in 

material stiffness, strength and fracture energy due to high strain rate [97]. Figure 6.1 

shows three distinct types of impact regimes for monolithic panels. In low-velocity 

impact, the panel span (shown with radius a) and boundary conditions affect the amount 

of energy that is absorbed before perforation (Fig. 6.1(a)). In high-velocity impact, the 

panel span and boundary conditions are irrelevant in the impact analysis because 

perforation occurs during wave propagation and before stress waves can reach the panel 

boundaries.  

 
 

Fig.6.1. Classification of impact regimes: a) low-velocity, b) high-velocity and c) 
ballistic impact [97]. 

 
As indicated in Fig. 6.1(b), the panel deformation is localized to a region (radius ξ) 

determined by the propagation speed of waves C. Some of the initial kinetic energy of the 

projectile is consumed in panel deformation and fracture. The remaining initial kinetic 

energy of the projectile results in residual velocities of the projectile and debris after 

panel perforation. With increasing projectile speed, the extent of panel deformation ξ 

decreases because of panel perforation. If the impact velocity is very high, perforation of 

the panel may occur without any panel deformation. This situation is termed ballistic 

impact and as shown in Fig. 6.1(c), is dominated by the propagation of through-thickness 
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waves. The through-thickness wave speed Ct and plate thickness h are important 

parameters in ballistic impact studies [97]. 

In this study, the ballistic impact tests were conducted at room temperature using a high-

speed gas gun (Fig. 3.5). Helium and compressed air were used as the propellants. As 

described in Chapter 5, three different techniques were considered for measuring the 

projectile velocities at different locations. 

Ballistic impact tests were conducted on the GLARE 5 FMLs with two different 

geometrical shapes, namely: 254 mm by 25.4 mm (10″×1″) beam and 152.4 mm by  

101.6 mm (6″×4″) plate. The specimens with various thicknesses and stacking sequences 

(Table 3.1) were impacted by a 0.22 caliber copper bullet at the center. The plate 

specimens were secured by clamping 25.4 mm (1″) of each end (Fig 3.7(a)), while the 

beam specimens clamped over a length of 50.8 mm (2″) from each side (Fig. 3.7(b)). It 

should be noted that the specimen fixture was extra supported by four C-clamps inside 

the specimen container (Fig.3.6). This would provide a fixed-fixed boundary condition at 

both ends of the clamped specimen. Two strain gages, marked as SG-1 (strain gage #1) 

and SG-2 (strain gage #2) were mounted on the impact side of the beam specimen. The 

strain gages were located at 25.4 mm (1″) and 38.1 mm (1.5″) away from the center (Fig. 

6.2). Once an experiment was completed, only the plate specimens were ultrasonically C-

scanned. The optical pictures of impacted specimens were taken. Finally, the specimens 

were cut transversely along the center to reveal the internal damage.   
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Fig.6.2. A typical composite beam specimen mounted with two strain gages on the 
ballistic impact side. 

 
6.1. Ballistic impact tests on GLARE 5 FML beams 

In this section, the impact response of the GLARE 5 FML beams was studied. The 

effects of specimen thickness and stacking sequence were considered. These effects are 

discussed in the following subsections.  

6.1.1. Effect of specimen thickness 

The cross-ply GLARE 5 panels with different thicknesses were cut into 254 mm by 25.4 

mm (10″×1″) beam specimens to assess the thickness effect. The range of thickness is 

from 1.117 mm (0.044″) of GLARE 5 (2/1) up to 4.368 mm (0.172″) of GLARE 5 (6/5).  

After determining the speeds of the bullet before and after impact, the incident projectile 

velocity (before impact) was plotted versus the residual velocity (after impact) for each 

specimen type according to Table 3.1. The experimental data was then fitted by least-

square regression according to the classical Lambert-Jonas’ equation (Eq. 5.1) for the 

positive residual velocity values. Figures 6.3 through 6.7 depict variation of residual 

velocity versus incident velocity for the GLARE 5 FML beams with (2/1), (3/2), (4/3), 

(5/4) and (6/5) configurations, respectively. In the figures, experimental data are specified 

by a solid diamond symbol and the Lambert-Jonas’ curves with different P values are 

shown by dashed lines. The intersection of the Lambert-Jonas’ curve with the incident-
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velocity axis was considered as V50 for a given P value. Then, the average V50 value and 

its variations were calculated.  As is apparent from the figures, by increasing the 

specimen thickness, V50 also increased. The resultant V50 for each specimen 

configuration is shown in Fig. 6.8, which depicts variation of ballistic limit with respect 

to the panel thickness for the cross-ply GLARE 5 beam specimens. In the plot, the 

average ballistic limit and its variation range are denoted by a solid diamond and  

deviation bar for each panel thickness, respectively. It is apparent that by increasing the 

panel thickness, the ballistic limit also increased with a parabolic trend. This was 

different from the findings in Refs. [72,73] that the ballistic limit varied linearly with 

panel thickness. However, within the velocity range tested in this study, the curvy 

parabolic trends do not deviate too much from a linear line. Metal volume fraction versus 

ballistic limit for the cross-ply GLARE 5 specimens with different thicknesses is given in 

Fig. 6.9. It is worth noting that as the number of prepreg laminated layers increased, the 

ballistic limit also escalated.   
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Fig.6.3. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (2/1) beam specimen. 

 

 
 

Fig.6.4. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (3/2) beam specimen. 
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Fig.6.5. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (4/3) beam specimen. 

 

 

Fig.6.6. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (5/4) beam specimen. 
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Fig.6.7. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (6/5) beam specimen. 

 

 
 

Fig.6.8. Variation of ballistic limit with thickness for the cross-ply GLARE 5 beam 
specimens. In the equation x stands for thickness and y for V50. 
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Fig.6.9. Variation of ballistic limit with metal volume fraction for the cross-ply    
GLARE 5 beam specimens with different thicknesses. In the equation x stands for MVF 

and y for V50. 
 

Figure 6.10 exhibits the impacted, non-impacted and side views of the GLARE 5 FML 

beams with various configurations impacted ballistically at various incident velocities. 

The cross-sectional views of these specimens are shown in Fig. 6.11. The typical damage 

induced in polymer-based composite materials, i.e. matrix cracking, fiber 

breakage/splitting/pullout and delamination, can also be observed in the GLARE 5 FMLs 

(Figs. 6.10 and 6.11). The fibers could break under shear, e.g. Fig.6.11(d), and tension, 

e.g. Fig. 6.10(b) with the (6/5) configuration. One major aspect that makes FMLs so 

unique compared to the traditional composite materials is that they contain additional 

metal layers. Therefore, besides the damage created in the prepreg layers (which is 

similar to the damage in the traditional composites), two extra failure mechanisms were 

also introduced in FMLs: (1) damage in the aluminum layers and (2) interfacial fracture 

between the aluminum and the prepreg layer. As Figs. 6.10 and 6.11 suggest, the 
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aluminum layers failed through bulging, petalling and plugging (caused mainly by shear). 

Plastic hinging as well as localized thinning around the impact point occurred in the 

aluminum layers. The localized thinning of aluminum layers around the impact point is 

believed as results of their stretching and yielding, which was also reported in Ref. [16]. 

The creation of plastic hinges in the aluminum layers was another mechanism to absorb 

energy. The interfacial failure between two dissimilar materials, also known as 

debonding, was observed in the specimens. Debonding and delamination are important 

factors in keeping the structural integrity. They were also part of the mechanisms in 

dissipating energy. As shown in Figs. 6.10 and 6.11, specimens with different 

configurations dissipated the kinetic energy of the bullet-specimen system also by the 

progression of debonding/delamination in different locations. For instance, Fig. 6.11(h) 

reveals that the bottom aluminum layer located at the non-impacted side of the panel, 

peeled off as a result of debonding growth between the aluminum and the adjacent 

prepreg layer. This will be confirmed later using the high-speed-camera footage. The 

specimen local/global bending deformations (Figs. 6.10 and 6.11) are considered to be 

important parameters in dissipating energy. The aluminum layers embedded in the FMLs 

increased the amount of energy absorbed by the specimens through their bending and 

stretching (e.g. Fig. 6.10(a) with the (6/5) configuration). It should be mentioned that, in 

general, non-FML based composite materials do not deform plastically. Hence, this type 

of energy-absorption mechanism does not contribute any significant effect on their 

energy dissipation. Based on the above-mentioned experimental observations of the 

induced impact damage in the FMLs, the uniqueness of this type of laminated specimens 

in dissipating impact energy was evident. That is to say, they developed damage similar 
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to both monolithic aluminum alloy and  polymer composite laminate. The internal impact 

damage created in the GLARE 5 specimens was mostly confined to a relatively small 

area surrounding the point of impact and its size was always smaller than a visible, 

plastically deformed dent on the non-impacted side of the specimens. The same behavior 

for the GLARE FMLs is also reported in Ref. [8].  Moreover, it is believed that the 

interfacial debonding as well as the aluminum layers bending and stretching are the most 

important factors in dissipating the impact energy in the GLARE 5 FML beams.  

 

  

  
 

Fig.6.10. Damage induced in the GLARE 5 FML beams with various thicknesses 
impacted at different incident velocities. Impacted-side (top), non-impacted-side 

(middle), and side (bottom) views. 
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Fig.6.10. (Continued) 
 

Figures 6.12 and 6.13 exhibit damage progression on the non-impacted side of GLARE 5 

(2/1) and (6/5) FML beams impacted at 269 m/s and 340 m/s, respectively. These 

pictures were obtained using a high-speed camera. For both specimens, bulging initiated 

during the first 12.6 µs of contact time. As is obvious from Fig. 6.12, during the first 

approximately 25 µs, a diamond-shaped damage contour was created and enlarged 
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towards the edges of the beam specimen. This was followed by the piercing and 

perforating of the target by the bullet within the time interval of 25-100 µs. The specimen 

bending started after 38 µs after the contact established. The petalling in the bottom 

aluminum layer as well as the visible-plastically-deformed zone were quite obvious. A 

circular-shaped damage contour was taken place on the non-impacted side of the (6/5) 

specimen. It propagated toward the edges of the specimen in the form of an elliptical-

shaped damage contour. Between the time interval of 37.90 µs and 50.53 µs the damage 

contour reached the specimen edges along the width. The initial crack on the bottom 

aluminum layer was created at around 37.90 µs and progressed along the aluminum 

transverse direction, causing the aluminum layer to split into two parts at 113.70 µs. As 

time passed by, some broken fibers and debris were expelled out of the specimen and 

bullet. The two tear-off pieces of the aluminum layer continued to deflect due to their 

residual kinetic energy. They reached their temporary stationary position at about 1.30 ms 

of the contact time. Some part of their initial kinetic energy was mainly absorbed by 

further progression of debonding between the aluminum layer and the adjacent prepreg 

layer. The remaining energy was dissipated by means of vibration. It is also clear from 

the figure that the damage induced in the prepreg layers was relatively small and 

localized compared to the plastic indent created in the aluminum layer.  The same 

phenomenon was also reported by other researchers for the GLARE laminates, e.g. 

[8,21]. 
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Fig.6.11. Cross-sectional views of the GLARE 5 FML beams with various thicknesses 
impacted at different incident velocities. 
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Fig.6.12. High-speed camera footage of the GLARE 5 (2/1) FML beam impacted at 
 269 m/s. 

 
Experimental observations implied that bullet residual length was affected by the 

specimen thickness under a given impact velocity. In other words, for a given impact 

velocity, the bullet length was shortened after impact as the specimen thickness 

increased. This was due to an increase in contact resistance as a function of specimen 

thickness.   
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Fig.6.13. High-speed camera footage of the GLARE 5 (6/5) FML beam impacted at  
340 m/s. 
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6.1.2. Effect of specimen stacking sequence 

The effect of stacking sequence was studied on the GLARE 5 (3/2) beam specimens with 

unidirectional [0°4], unidirectional [90°4], cross-ply [0°/90°]s and quasi-isotropic 

[0°/±45°/90°] lay-up orientations. 

Figures 6.14 through 6.17 depict variation of residual velocity versus incident velocity for 

the GLARE 5 (3/2) FML beams with unidirectional [0°4], unidirectional [90°4], cross-ply 

[0°/90°]s and quasi-isotropic [0°/±45°/90°] stacking sequences, respectively. In the 

figures, experimental data are specified by a solid diamond symbol and the Lambert-

Jonas’ curves with different P values are shown by dashed lines. Figure 6.18 depicts 

variations of the ballistic limit velocity as a function of specimen stacking sequence. For 

each individual specimen type, the variation range in its V50 is denoted by a deviation 

bar. It is apparent from Fig. 6.18 that the unidirectional [90°4] specimen offered the least 

resistance to the projectile perforation. In addition, the quasi-isotropic specimen showed 

slightly higher ballistic limit velocity compared to the unidirectional [0°4] and cross-ply 

[0°/90°]s specimens. Except for the unidirectional [90°4] specimen, the ballistic limit was 

almost invariant with respect to change in stacking sequence. 
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Fig.6.14. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the unidirectional [0°4] GLARE 5 (3/2) beam 

specimen. 
 

 
 

Fig.6.15. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the unidirectional [90°4] GLARE 5 (3/2) beam 

specimen. 
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Fig.6.16. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the cross-ply [0°/90°]s GLARE 5 (3/2) beam 

specimen. 
 

 
 

Fig.6.17. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the quasi-isotropic [0°/±45°/90°] GLARE 5 (3/2) 

beam specimen. 
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Fig.6.18. Variations of ballistic limit velocity as a function of stacking sequence for the 
GLARE 5 (3/2) FML beams. 

 
Figure 6.19 shows damage induced in the GLARE 5 (3/2) FML beams with 

unidirectional [0°4], unidirectional [90°4], cross-ply [0°/90°]s and quasi-isotropic 

[0°/±45°/90°] stacking sequences impacted at  274.5 m/s, 215 m/s, 254 m/s and 234 m/s, 

respectively. As the figure implies, the aluminum layers failed through petalling and 

plugging. Plastic hinging as well as localized thinning around the impact point occurred 

in the aluminum layers. As mentioned before, the localized thinning of aluminum layers 

around the impact point is believed resulting from their stretching and yielding. The 

creation of plastic hinges in the aluminum layers was another mechanism to absorb 

energy. In general, matrix cracking, fiber breakage/splitting/pullout, delamination in 

prepreg layers and debonding between aluminum and adjacent prepreg layers were 
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observed. The specimen local/global bending deformations were considered to be 

important parameters in dissipating energy (Fig. 6.19). The aluminum layers implanted in 

the FMLs increased the amount of energy absorbed by the specimens through their 

bending and stretching. As mentioned earlier, in general, non-FML based composite 

materials do not deform plastically. Hence, this type of energy-absorption mechanism 

does not contribute any significant effect on their energy dissipation. A visible crack 

occurred along the 0° fiber direction for both unidirectional specimens (Fig. 6.19). For 

the [90°4] specimen a through-the-thickness crack took place. The initiation and 

progression of the crack towards the specimen edges caused the specimen to split into 

two halves.  This was not seen in the [0°4] specimen, which could be explained by the 

orientation of the fibers with respect to the specimen geometry. There was not much 

delamination for the unidirectional panels (Fig. 6.19(d)). This was expected in the 

interface of the unidirectional prepreg layers since there was no bending stiffness 

mismatch in a unidirectional prepreg layer. Severe debonding was observed in both 

unidirectional specimens. However, this was more pronounced in the [90°4] specimen. 

For the cross-ply and quasi-isotropic specimen debonding/delamination was obvious. 

Fiber breakage took place in both unidirectional specimens mainly under tension (Fig. 

6.19(c) and (d)). However, this was under shear and tension for the cross-ply and quasi-

isotropic specimens (Fig. 6.19(d)).  
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Fig.6.19. Damage induced in the GLARE 5 (3/2) FML beams with various stacking 
sequences impacted at different incident velocities. (a) impacted-side view, (b) side view, 

(c) non-impacted-side view and (d) cross-sectional view. 
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Fig.6.20. High-speed camera footage of the GLARE 5 (3/2)-[90°4] FML beam impacted 
at 258 m/s. 

 
Based on the aforementioned experimental remarks of the induced impact damage in the 

FMLs, the uniqueness of this type of laminated specimens in dissipating impact energy 

was evident. That is to say, they developed damage similar to both monolithic aluminum 

alloy and polymer composite laminate. Moreover, it is believed that the interfacial 

debonding, which was influenced by the prepreg stacking sequence, as well as the 
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aluminum layers bending and stretching are the most important factors in dissipating the 

impact energy in the GLARE 5 (3/2) FML beams.  

 
 

Fig.6.21. High-speed camera footage of the GLARE 5 (3/2)-[0°/90°]s FML beam 
impacted at 256 m/s. 

 
Figures 6.20 and 6.21 display damage progression on the non-impacted side of the 

GLARE 5 (3/2) FML beams with unidirectional [90°4] and cross-ply stacking sequences 

impacted at 258 m/s and 256 m/s, respectively. These pictures were acquired using a 

high-speed camera. For both specimens, bulging initiated during the first 12.63 µs of 

contact time. As is obvious from Fig. 6.20, during the first approximately 50.53 µs, a 

lip-shaped damage contour was created and propagated along the 0° fiber direction 
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towards the specimen edges. This was followed by the piercing and perforating of the 

target by the bullet. The damage development in the unidirectional [904°] FMLs caused 

the specimens to split into two halves (Fig. 6.20). The induced damage on the non-

impacted side of the cross-ply specimen propagated in the form of a diamond-shaped 

damage zone (Fig. 6.21).  The transition from partial to full penetration occurred during 

the time interval of 50.53-75.79 µs. The petalling in the bottom aluminum layer as well 

as the visible-plastically-deformed zone were quite obvious.  

6.2. Ballistic impact tests on GLARE 5 FML plates 

In this section, the impact response of the GLARE 5 FML plates was considered. The 

effects of specimen thickness and stacking sequence were examined. These effects are 

investigated in the following subsections.  

6.2.1. Effect of specimen thickness 

The cross-ply GLARE 5 panels with various thicknesses were cut into152.4 mm by 101.6 

mm (6″×4″) plate specimens to evaluate the thickness effect. The range of thickness is 

from 1.117 mm (0.044″) of GLARE 5 (2/1) up to 4.368 mm (0.172″) of GLARE 5 (6/5).  

As mentioned before, after determining the speeds of the bullet before and after impact, 

the incident projectile velocity (before impact) was plotted versus the residual velocity 

(after impact) for each type of the specimen (Table 3.1). The experimental data could 

then be fitted by least-square regression according to the classical Lambert-Jonas’ 

equation (Eq. 5.1) for the positive residual velocity values. Figures 6.22 through 6.26 

depict variation of residual velocity versus incident velocity for the GLARE 5 FML 

plates with (2/1), (3/2), (4/3), (5/4) and (6/5) configurations, respectively. In the figures, 

experimental data are specified by a solid diamond symbol and the Lambert-Jonas’ 
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curves with different P values are shown by dashed lines. The intersection of the 

Lambert-Jonas’ curve with the incident-velocity axis was considered as V50 for a given P 

value. Then, the average V50 value and its variations were calculated.  As is apparent 

from the figures, by increasing the specimen thickness, V50 also increased. The resultant 

V50 for each specimen configuration is shown in Fig. 6.27, which depicts variation of 

ballistic limit with respect to the panel thickness for the cross-ply GLARE 5 FML plates. 

In the plot, the average ballistic limit and its variation range are denoted by a solid 

diamond and deviation bar for each panel thickness, respectively. It is apparent that by 

increasing the panel thickness, the ballistic limit also increased with a parabolic trend. 

Metal volume fraction versus ballistic limit for the cross-ply GLARE 5 specimens with 

different thicknesses is given in Fig. 6.28. It is worth noting that as the number of prepreg 

laminated layers increased, the ballistic limit also increased.   

 
 

Fig.6.22. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (2/1) plate specimen. 
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Fig.6.23. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (3/2) plate specimen. 

 

 
 

Fig.6.24. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (4/3) plate specimen. 
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Fig.6.25. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (5/4) plate specimen. 

 

 
 

Fig.6.26. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the GLARE 5 (6/5) plate specimen. 
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Fig.6.27. Variation of ballistic limit with thickness for the cross-ply GLARE 5 plate 
specimens. In the equation x stands for thickness and y for V50. 

 

 
 

Fig.6.28. Variation of ballistic limit with metal volume fraction for the cross-ply  
GLARE 5 plate specimens with different thicknesses. In the equation x stands for MVF 

and y for V50. 
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Figures 6.29 and 6.30 illustrate front/back side and C-scan views of the GLARE 5 FML 

plates with various configurations impacted ballistically at different incident velocities, 

respectively. The cross-sectional views and some examples of the side views of the 

specimens impacted at various incident velocities are shown in Fig. 6.31. Similar damage 

pattern that was seen for the FML beams was also observed for the FML plates. That is, 

matrix cracking, fiber breakage/splitting/pullout, delamination, damage in the aluminum 

layers and interfacial fracture between the aluminum and the prepreg layer (Figs. 6.29 

and 6.31). The aluminum layers failed through bulging, petalling and plugging (Figs. 

6.29 and 6.31). Plastic hinging as well as localized thinning around the impact point 

occurred in the aluminum layers. As was mentioned earlier, the localized thinning of 

aluminum layers around the impact point is believed as results of their stretching and 

yielding. The creation of plastic hinges in the aluminum layers as well as the progression 

of debonding/delamination in different locations within the specimens were additional 

mechanisms to absorb energy. As was shown in Fig. 6.13, the debonding/delamination 

growth reached the specimen edges causing the aluminum layer separated from the 

adjacent prepreg layer. This type of damage mode is not expected in the 6″x4″ specimen. 

This is because the ratio of the bullet diameter to the 10″x1″ specimen width is much 

higher compared to the ratio with respect to the 6″x4″ specimen. Moreover, the 6″x4″ 

specimen has higher bending stiffness. As a result, the permanent global bending 

deformation in the plate specimens was less pronounced when impacted ballistically 

compared to the beam specimens (Fig. 6.31(c)). 
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Fig.6.29. Front and back side views of the GLARE 5 FML plates with various 
thicknesses impacted at different incident velocities.  
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Figure 6.29 suggests that for a given impact velocity range, the visible plastically 

deformed dent appeared on the non-impacted side of the specimen increased by 

increasing the specimen thickness. This was also confirmed by referring to Fig. 6.30, 

which illustrates that by increasing the panel thickness for a given impact velocity range, 

the damage contour also increased.  

 

Fig.6.30. Ultrasonic C-scan images of the GLARE 5 FML plates with various  
thicknesses impacted at different incident velocities. 
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(a) Zoomed-out 

 

 
(b) Zoomed-in 

 
Fig.6.31. Cross-sectional (a,b) and side (c) views of the GLARE 5 FML plates with 

various thicknesses impacted at different incident velocities. 
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(c) 

 
Fig.6.31. (Continued) 

 
The reason for this can be explain by a similar concept as in Ref. [2]. As the specimen 

became thicker, their relative bending deformation reduced compared to a thinner 

specimen. Due to the high, localized contact stresses, for the thicker specimen the 

damage initiated from top and progress toward the bottom of the specimens in a pine tree 

form (Fig. 6.31(a)). By referring to Fig. 6.30 it is evident that, in general, the damage 

contour increased as the impact velocity reached its V50 value for a given specimen 

configuration and then it slightly decreased for impact velocity above the V50 value. 

Based on the above-mentioned experimental observations, the FML plates developed 

damage similar to both monolithic aluminum alloy and  polymer composite laminate. It is 

believed that the interfacial debonding as well as the aluminum layers bending and 
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stretching are the most important factors in dissipating the impact energy in the GLARE 

5 FML plates.  

6.2.2. Effect of specimen stacking sequence 

The effect of stacking sequence was investigated on the GLARE 5 (3/2) plate specimens 

with unidirectional [0°4], cross-ply [0°/90°]s, angle-ply [±45°]s and quasi-isotropic 

[0°/±45°/90°] lay-up orientations. 

Figures 6.32 through 6.35 illustrate variation of residual velocity versus incident velocity 

for the GLARE 5 (3/2) FML plates with unidirectional [0°4], cross-ply [0°/90°]s, angle-

ply [±45°]s and quasi-isotropic [0°/±45°/90°] stacking sequences, respectively. Once 

again, in the figures, experimental data are specified by a solid diamond symbol and the 

Lambert-Jonas’ curves with different P values are shown by dashed lines. Figure 6.36 

represents variations of the ballistic limit velocity as a function of specimen stacking 

sequence for the GLARE 5 (3/2) FML plates. For each individual specimen type, the 

variation range in its V50 is denoted by a deviation bar.  
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Fig.6.32. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the unidirectional [0°4] GLARE 5 (3/2) plate 

specimen. 
 

 
 

Fig.6.33. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the cross-ply [0°/90°]s GLARE 5 (3/2) plate 

specimen. 
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Fig.6.34. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the angle-ply [±45°]s GLARE 5 (3/2) plate 

specimen. 
 

 
 

Fig.6.35. Experimental residual velocity vs. incident velocity fitted with Lambert-Jonas’ 
equation using different P values for the quasi-isotropic [0°/±45°/90°] GLARE 5 (3/2) 

plate specimen. 
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Fig.6.36. Variations of ballistic limit velocity vs. stacking sequence for the GLARE 5 
(3/2) FML plates. 

 
Among these panel types, the quasi-isotropic specimen offered more resistant to impact, 

while the ballistic limit was almost the same for the other three types of stacking 

sequences (Fig. 6.36). Figures 6.37 and 6.38 show front/back side and C-scan views of 

the GLARE 5 FML plates with various lay-up orientations impacted ballistically at 

different incident velocities, respectively. The cross-sectional views and some examples 

of the specimen side views impacted at different incident velocities are given in Fig. 6.39.  
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Fig.6.37. Front and back side views of the GLARE 5 FML plates with various stacking 
sequences impacted at different incident velocities. 

 

 
 

Fig.6.38. Ultrasonic C-scan images of the GLARE 5 FML plates with various  stacking 
sequences impacted at different incident velocities. 
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(a) Zoomed-out 

 
(b) Zoomed-in  

 
Fig.6.39. Cross-sectional (a,b) and side (c) views of the GLARE 5 FML plates with 

various stacking sequences impacted at different incident velocities.  
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(c) 

 
Fig.6.39. (Continued).  

 
Based on Figs. 6.37 and 6.39, the aluminum layers failed through petalling and plugging. 

Plastic hinging, as well as localized thinning around the impact point occurred in the 

aluminum layers. In general, matrix cracking, fiber breakage/splitting/pullout, 

delamination in prepreg layers and debonding between aluminum and adjacent prepreg 

layers were observed. Subjected to ballistic impact, the specimen permanent global 

bending deformations were less pronounced compared to their counterpart beam 

specimens (Fig. 6.39(c)). Figure 6.38 reveals that an elliptical damage zone occurred for 

both of unidirectional and quasi-isotropic specimens. On the other hand, the damage zone 

was in the form of  a diamond shape for the cross-ply specimen. The damage pattern for 

the angle-ply panel was very close to the cross-ply panel except for the orientation of the 

damage contour. Different damage orientations were expected to take place in the 

specimens due to the existence of different lay-up orientations. There was not much 

delamination for the unidirectional specimen (Fig. 6.39(a,b)). This was expected in the 

interface of the unidirectional prepreg layers since there was no bending stiffness 
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mismatch in a unidirectional prepreg layer. The occurrence of debonding/delamination 

was obvious for cross-ply, angle-ply and quasi-isotropic specimens (Fig. 6.39(a,b)).  

6.3. Effect of geometry on ballistic impact tests on GLARE 5 FMLs  

Figure 6.40 compares the ballistic limit velocities between the cross-ply GLARE 5 plate 

and beam specimens with different configurations. Both plate and beam specimens had 

similar V50-thickness trends. As is evident, by transferring from a plate to a beam 

geometry, the ballistic limit increased slightly. In other words, the ballistic limit velocity 

was relatively insensitive with respect to change in specimen geometry. 

The effect of variation in MVF on ballistic limit for the cross-ply GLARE 5 plate and 

beam specimen is given in Fig. 6.41. The V50-MVF trends for both geometries were 

almost similar. Based on the results, for a given number of prepreg laminated layers, 

there was a slight increase in the ballistic limit velocity as specimen geometry changed 

from a plate- to a beam-type. It should be mentioned that the representative polynomial 

equations for Figs. 6.40 and 6.41 were given in Figs. 6.8, 6.9, 6.27 and 6.28. 

Figure 6.42 compares the ballistic limit velocities of GLARE 5 (3/2) with various 

stacking sequences between plate and beam specimens. As is clear from the figure, 

unidirectional and cross-ply beam specimens offered more resistance to the projectile 

perforation compared to their plate counterparts. On the other hand,  quasi-isotropic plate 

and beam specimens showed practically the same ballistic limit.  



148 
 

 
 

Fig.6.40. Comparison of ballistic limit velocity vs. thickness between cross-ply    
GLARE 5 plate and beam specimens. 

 

 
 

Fig.6.41. Comparison of ballistic limit velocity vs. metal volume fraction between cross-
ply GLARE 5 plate and beam specimens. 
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Fig.6.42. Comparison of ballistic limit velocity vs. stacking sequence between GLARE 5 
(3/2) plate and beam specimens. 

 
It should be mentioned that there are always some uncertainties  involved in experimental 

techniques which would influence the results. In this study, since high velocity is 

involved, these parameters mainly are related to ballistic impact, namely: picture 

resolutions obtained from the  high-speed camera  for determining bullet velocities, data 

acquisition rate for measuring strains, etc. 

6.4. Conclusions 

This study presented an experimental investigation on ballistic impact behaviors of the 

GLARE 5 FML beams and plates of various thicknesses and stacking sequences. The 

following remarks can be concluded from this study. 

• GLARE 5 beam and plate specimens developed damage similar to both monolithic 

aluminum alloy and  polymer composite laminate. The induced internal impact 
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damage was mostly confined to a relatively small area surrounding the point of 

impact and its size was smaller than a visible plastically deformed dent on the non-

impacted side of the specimens. Moreover, the interfacial debonding as well as the 

aluminum layers bending and stretching were considered to be the major aspects in 

dissipating the impact energy in the specimens. However, the permanent global 

bending deformation of the FML plates was less pronounced compared to the FML 

beams.  

• The classical Lambert-Jonas’ equation was very useful in obtaining the ballistic limit 

velocities, especially for the cases where obtaining lower incident velocity was 

experimentally difficult.  

• For both unidirectional beam specimens, i.e. [0°4] and [90°4], a lip-shaped damage 

contour was induced; whereas it had a diamond shape for the cross-ply specimen. For 

the quasi-isotropic specimen, the damage zone on the non-impacted side of the 

specimen was a mixture of the damages introduced in the unidirectional and cross-ply 

specimens.  

• For the FML beams, the unidirectional [90°4] specimen offered the least resistance to 

the projectile perforation. In addition, the quasi-isotropic specimen offered slightly 

higher V50 compared to the unidirectional [0°4] and cross-ply [0°/90°]s specimens. 

Except for the unidirectional [90°4] specimen, ballistic limit was almost invariant 

with respect to change in stacking sequence.  

• The optical images from the non-impacted side of the FML plates revealed that the 

plastically deformed damage zone appeared on the non-impacted side of the  

specimens increased by increasing the specimen thickness for a given velocity range.  
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• The ultrasonic C-scan results of the plate specimens suggested that the damage 

contour increased as the impact velocity reached its V50 value for a given specimen 

thickness and then it slightly decreased above its V50 value. On the other hand, by 

increasing the panel thickness for a given impact velocity range, the damage contour 

also increased.  

• For the FML plates, an elliptical damage zone occurred for both unidirectional and 

quasi-isotropic specimens. On the other hand, the damage zone was in the form of  a 

diamond shape for the cross-ply specimen. The damage pattern for the angle-ply 

panel was similar to the cross-ply panel except for the orientation of the damage 

contour.  

• For the FML plates, the quasi-isotropic specimen offered relatively more resistant to 

ballistic impact compared to other type of stacking sequences. Also based on the 

results, the ballistic limit was almost insensitive with stacking sequence variation for 

the (3/2) configuration.  

• For both plate and beam specimens, the ballistic limit velocity increased parabolically 

as the thickness increased and decreased as the metal volume fraction increased. 

• By changing from the plate to the beam geometry, the ballistic limit increased 

slightly. For a given number of prepreg laminated layers, there was a slight increase 

in the ballistic limit velocity as specimen geometry switched from the plate to the 

beam. 

• The unidirectional and cross-ply beam specimens offered more resistance to the 

projectile perforation compared to their plate counterparts. On the other hand, 

quasi-isotropic plate and beam specimens had almost the same ballistic limit.  
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CHAPTER 7: FINITE ELEMENT ANALYSIS 
In this chapter, the ballistic impact on the GLARE 5 FMLs with various thicknesses, 

stacking sequences and geometries was modeled and analyzed using the finite element 

(FE) software, LS-DYNA. To validate the reliability of the model, the FE results were 

compared to those obtained experimentally. These results include the incident projectile 

impact velocity versus the residual velocity (VI~VR), damage patterns, and bullet residual 

length. The validated FE model was then used to extract some useful information in 

which experimental results were not available.  

7.1. Material models 

 (a) MAT_SIMPLIFIED_JOHNSON_COOK (MAT_98) 

 Johnson and Cook express the flow stress as (MAT_15) [98]: 

௬ߪ ൌ ቀܣ ൅ ௣೙ߝܤ
ቁ ሺ1 ൅ ܥ ln ሻ൫1כሶߝ െ ೘൯כܶ             (7.1)                         

where  

A, B, C, n and m are user-defined input constants, and: 

 ௣ effective (equivalent) plastic strainߝ

כሶߝ ൌ
ҧߝ
଴ሶߝ

ሶ
 dimensionless plastic strain rate for ε଴ሶ ൌ 1 sିଵ      

כܶ ൌ
ܶ െ ௥ܶ௢௢௠

௠ܶ௘௟௧ െ ௥ܶ௢௢௠
  homologous temperature 

The strain at fracture is given by: 

௙ߝ ൌ ሾܦଵ ൅ ଶܦ exp ሿሾ1כߪଷܦ ൅ ସ lnܦ ሿሾ1כߝ ൅  ሿ                                                           ሺ7.2ሻכܶ ହܦ

where Di, i=1,...,5 are input constants and σ* is the ratio of pressure (mean stress) divided 

by effective (Von-Mises) stress:  
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where Sij is the deviatoric stress tensor.  

Fracture occurs when the damage parameter (D) given in Eq. (7.4) reaches the value 1.  

ܦ ൌ ෍
ҧ௉ߝ∆

௙ߝ                                                                                                                                  ሺ7.4ሻ 

 For the simplified Johnson-Cook material model (Mat_98), Eq. (7.1) reduces to:                                      

௬ߪ ൌ ቀܣ ൅ ௣೙ߝܤ
ቁ ሺ1 ൅ ܥ ln                          ሻ                                                                                     (7.5)כሶߝ

In the simplified model, thermal effects and damage are ignored [98].  

(b) MAT_COMPOSITE_DAMAGE (MAT_22) 

 It is also called the Chang-Chang composite damage model [99,100]. This model is a 

linear-orthotropic material model with brittle failure. For this model, five material 

parameters are used: 

S1= Longitudinal tensile strength 

S2= Transverse tensile strength 

S12= Shear strength 

C2= Transverse compressive strength 

α= Nonlinear shear stress parameter 

S1, S2, S12, and C2 are obtained from material strength measurements and α is defined by 

a material shear stress-strain measurements. In this model three failure criteria are 

possible, namely: matrix cracking, compression and fiber breakage failures. These 

criteria are described below [101]. 
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(1) Matrix cracking failure: the matrix cracking failure criterion is determined from  

ە
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ସ

                                                                                                                ሺ7.6ሻ 

here σ2 is the tensile stress in the transverse direction whereas τ12 is the in-plane shear 

stress between fibers and matrix. Failure is assumed whenever Fmatrix >1. Once Fmatrix >1, 

then the material constants E2 (Young’s modulus in the transverse direction), G12 (in- 

plane shear modulus in the 1-2 plane), ν12 and ν21 (generalized Poisson’s ratios in the 1-2 

plane) are set to zero. 

(2) Compression failure: the compression failure criterion is given as 

௖௢௠௣ܨ ൌ ൬
ଶߪ

2 ଵܵଶ
൰

ଶ
൅ ቈ൬

ଶܥ

2 ଵܵଶ
൰

ଶ

െ 1቉
ଶߪ

ଶܥ
൅ ߬ҧ                                                                             ሺ7.7ሻ 

Failure is assumed when Fcomp >1. When this type of failure occurs, the material constants 

E2, ν12 and ν21 are all set to zero.  

(3) Fiber breakage failure: the fiber breakage failure criterion is defined as 

௙௜௕௘௥ܨ ൌ ൬
ଵߪ

ଵܵ
൰

ଶ
൅ ߬ҧ                                                                                                                      ሺ7.8ሻ 

where σ1 is the tensile stress in the longitudinal direction. Failure is assumed whenever 

Ffiber >1. If Ffiber >1, then the constants E1 (Young’s modulus in the longitudinal direction), 

E2, G12, ν12 and ν21 are set to zero.  

(c) MAT_ADD_EROSION (MAT_00) 

Many of the constitutive models in LS-DYNA do not allow failure and erosion. Hence, 

MAT_ADD_EROSION failure criteria were adapted to all the materials used here. In this 
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study a strain-based failure criterion was used for element erosion; that is, when 

ε ≥ εerosion, the element was eroded and removed from the calculations.  

The aluminum layers as well as the 0.22 caliber copper bullet were modeled using the 

simplified Johnson-Cook material model. Their material parameters are given in Table 

7.1 [102,103]. The Chang-Chang damage model was employed for the prepreg layers. 

The mechanical properties of unidirectional S2-glass/epoxy composite are described in 

Table 7.2 (some data were provided by the Structural Laminates Company). The shear 

modulus, i.e. G23, was assumed to be the same as the other two shear moduli, G12 and 

G31, as suggested in Ref. [104]. 

Table7.1. Material model parameters used for the 2024-T3 aluminum-alloy layers and 
0.22 copper bullet. 

 

Parameter Notation
2024-T3  

Aluminum-Alloy 
[102]

0.22 Copper Bullet
[103] 

 
Density [kg/m3] 

 
ρ 

 
2770 

 
− 

Poisson’s ratio ν 0.33 0.33 
Young’s modulus [GPa] E 73.084 117.21 

Static yield limit [MPa] A 369 4.36 

Strain hardening  modulus B 684 457.81 

Strain hardening  exponent n 0.73 0.37575 

Strain rate coefficient C 0.0083 0 

 
 
Vlot et al. [105] attributed the increase in energy absorption of GLARE to the significant 

increase of tensile strength of glass fibers at very high-strain rate. It was reported by 

Armenakas et al. [106] that the stiffness of unidirectional glass/epoxy laminates increased 

by about 50% when loaded to strain rates of about 500 s−1.  One of the drawbacks of the 



 

 

156

Chang-Chang damage model is that there is no strain rate effect involved in it. Hence, in 

order to capture the rate effect in the prepreg layers, Young's moduli and longitudinal 

tensile strength, i.e. along the fiber direction, were varied up to a factor of 1.5 of their 

static values. These modifications were only made for the (6/5) configuration under 

higher impact velocities.  

Table7.2. Material model parameters used for the unidirectional S2-glass/epoxy prepreg 
layers. 

 
Parameter Notation UD S2-Glass/Epoxy Prepreg

Density [kg/m3] ρ 2000 

Poisson’s ratio 
PRBA(ν21)

0.0575 

PRCA(ν31)
0.0575 

PRCB(ν32)
0.33 

Young’s modulus [GPa] 
EA( E1) 54 
EB(E2) 9.4 

EC(E3) 9.4 

Shear modulus [GPa] 
GAB(G12) 5.6 

GBC(G23) 5.6 

GCA(G31) 5.6 

Shear strength [MPa] SC(S12)  76 

Longitudinal tensile strength [MPa] XT(S1) 1900 

Transverse tensile strength [MPa] YT(S2) 57 
Transverse compressive strength [MPa] YC(C2) 285 

Nonlinear shear stress parameter α − 
 
 
7.2. Contact and delamination/debonding model 

The contact between adjacent layers in the FML was defined using the option, 

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK. This contact 
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definition was particularly chosen to allow delamination/debonding between adjacent 

layers. Furthermore, it was assumed that delamination/debonding between the layers 

were governed by the criterion [98]: 

ቂ
σ୬

NFLSቃ
ଶ

൅ ቂ
 σୱ

SFLSቃ
ଶ

൒ 1                                                                                                             ሺ7.9ሻ 

where σn and σs are normal and shear stresses acting on the layer interface, respectively; 

while NFLS and SFLS are normal and shear strengths of interface, respectively. It was 

also assumed that delamination/debonding occurred mainly by shear failure. Hence, 

NFLS was set to a very large number and therefore delamination/debonding in the model 

was governed by SFLS. Since SFLS was not obtained experimentally, it was varied in 

order to fit experimental results.  

ERODING_SURFACE_TO_SURFACE contact model was defined between the 

projectile and FML. This model allows elements to be eroded from both projectile and 

target when certain failure criteria are met.  

7.3. FE modeling of ballistic impact tests on GLARE 5 FML beams 
 
Figure 7.1 exhibits perspective views of the composite beam and bullet. Several attempts 

were made to optimize the FE model based on the number of elements and mesh size 

using the available computational power. The results indicated that by refining the mesh 

size, smoother results were obtained. In order to ensure that by further decreasing the 

mesh size the result would not change, an additional mesh with very fine elements was 

created using a super-power computer and compared to the one shown in Fig. 7.1. The 

results suggested that the FE obtained VI~VR data were invariant with respect to the 

change in mesh size. As a result, the mesh shown in Fig. 7.1 was considered in this study. 

To reduce computational time, finer mesh was used around the impact area, which is the 
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critical location; while coarser mesh was considered as moving away from the impact 

center. In order to further decrease computational time, only a quarter-symmetric model 

was considered in this study due to the double symmetry of the specimen-projectile 

system. Two elements were used in the through-thickness direction for each aluminum 

layer; whereas 1 element was considered for each ply in the prepreg composite layer. 

That is, a total of 4 elements was used to simulate the assembly of each [0°/90°]s lamina 

in its through-thickness direction.  

 

(a) 

 

(b) 

Fig.7.1. Perspective views of the finite element simulation model: (a) far-off view, (b) 
close-up view. 

 
For instance, the GLARE 5 (2/1) was model with 8 elements in the thickness direction. 

The quarter of the projectile was modeled using 1,125 solid elements. The mesh density 

for the projectile was chosen in such a way that good contact between the specimen and 

projectile was maintained during impact (Fig. 7.1). The GLARE 5 (2/1) quarter-

symmetric specimen model consisted of 8,880 one-point-integration 8-node solid brick 

elements. It should be mentioned that the prepreg in-plane material directions, i.e. 1 

x

y 

z 
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(corresponds to the 0° fiber direction) and 2 (corresponds to the 90° fiber direction), were 

aligned with the global x and y axes, and the through-thickness material direction 3 was 

aligned with the global z axis, respectively. In addition, a fixed-fixed boundary condition 

was used in this study. 

7.3.1. Model validation of GLARE 5 FML beams: thickness effect 

Figures 7.2 through 7.6 compare the FE predictions with experimental VI~VR data for the 

cross-ply GLARE 5 FML beams with various configurations. The FE results are shown 

by a circular symbol. As is apparent, the FE predictions are in excellent agreement with 

the experimental results. The comparison between experimental and FE results of 

ballistic limit as a function of specimen thickness is illustrated in Fig. 7.7. The variations 

in the results are demonstrated by deviation bars. The FE prediction is in good agreement 

with its experimental counterpart.  

Next, post-impact damage prediction from the FE analysis was compared to its 

experimental counterpart. The results are shown in Figs. 7.8 through 7.12 for various 

specimen thicknesses impacted at different speeds. There is good agreement in damage 

pattern between the FE models and experiments. Moreover, it should be noted that the 

broken/split fibers, which appeared around the impact area of the specimens, were not 

seen that much in the FE predictions. This was due to the strain-based-element-erosion 

criterion used in the FE models. The failed elements were eroded and removed from the 

FE calculations. Therefore, they are not presented in the comparisons. Another factor, 

which was considered to validate the FE models, was the bullet residual length. This is 

depicted in Fig. 7.13. It is evident that the bullet residual length obtained from the 

experiments and FE is also in good agreement.  
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Fig.7.2. Comparison between experimental and FEM residual-incident velocity trend for 
the GLARE 5 (2/1) beam specimen. 

 

 
 

Fig.7.3. Comparison between experimental and FEM residual-incident velocity trend for 
the GLARE 5 (3/2) beam specimen. 
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Fig.7.4. Comparison between experimental and FEM residual-incident velocity trend for 
the GLARE 5 (4/3) beam specimen. 

 

 
 
Fig.7.5. Comparison between experimental and FEM residual-incident velocity trend for 

the GLARE 5 (5/4) beam specimen. 
 



 

 

162

 

Fig.7.6. Comparison between experimental and FEM residual-incident velocity trend for 
the GLARE 5 (6/5) beam specimen. 

 

 
 

Fig.7.7. Comparisons between experimental and FE results of ballistic limit velocity 
(V50) as a function of beam-specimen thickness. In the equations x stands for thickness 

and y for V50. 
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Fig.7.8. Comparisons of post-impact damage patterns for the GLARE 5 (2/1) beam 
specimen impacted at 171.5 m/s. 

 

 
 

Fig.7.9. Comparisons of post-impact damage patterns for the GLARE 5 (3/2) beam 
specimen impacted at 254 m/s. 

 

 
(a) 

 
Fig.7.10. Comparisons of post-impact damage patterns for the GLARE 5 (4/3) beam 

specimen impacted at: (a) 130 m/s and (b) 234 m/s. 
 



 

 

164

 
(b) 

 
Fig.7.10. (Continued). 

 

 
(a) 

 
Fig.7.11. Comparisons of post-impact damage patterns for the GLARE 5 (5/4) beam 

specimen impacted at: (a) 168.5 m/s and (b) 321.5 m/s. 
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(b) 

 
Fig.7.11. (Continued). 

 

 
 

Fig.7.12. Comparisons of post-impact damage patterns for the GLARE 5 (6/5) beam 
specimen impacted at 347 m/s. 
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Fig.7.13. Experiment and FE comparisons of bullet residual length of the GLARE 5 
beam specimens with various thicknesses at different incident velocities. 

 
7.3.1.1. Numerical prediction: thickness effect 

After validating the FE model based on the abovementioned criteria, namely: the VI~VR 

relation, damage patterns and bullet residual length, it is now reasonable to extract some 

useful information, e.g. penetration resistance force, in which experimental results were 

not available. All results presented in this study were based on a full material model, i.e. 

not a quarter model. 

The force histories could not be captured during experiments. However, the FE model 

provided the force histories of the ballistic tests. As an example, two different incident 

velocities, i.e. 50 m/s and 350 m/s, were chosen in such a way that both partial and full 

penetrations occurred for all the specimens with different configurations. Figure 7.14 

compares the FE predicted contact force as a function of time for the GLARE 5 FML 

beams with various thicknesses under 50 m/s and 350 m/s impact velocities. In both 
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cases, the maximum contact force was the highest for the (6/5) configuration; whereas it 

was the lowest for the (2/1). In other words, for a given incident velocity, the thicker the 

specimen became the higher the maximum contact force was.  

(a)                                                         (b) 

Fig.7.14. FE predictions of contact history for the cross-ply GLARE 5 FML beams with 
various thicknesses impacted at: (a) 50 m/s, and (b) 350 m/s. 

 

 
 

Fig.7.15. FE predictions of contact history for the cross-ply GLARE 5 FML beams with 
various thicknesses near their ballistic limit velocities. 
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The FE predictions of contact history for the same specimens near their ballistic limit 

velocities are shown in Fig 7.15. As Figs. 7.14 and 7.15 suggest, the maximum contact 

force is a function of the projectile incident velocity. Furthermore, for a given specimen 

configuration, by increasing the projectile incident velocity up to near its V50, the 

maximum contact force increased. By further increasing the projectile speed above its 

ballistic limit velocity, the maximum contact force was relatively insensitive with respect 

to an increase in the projectile speed. The reason for this could be explained by different 

damage mechanism in the specimen when impacted ballistically below and above the 

ballistic limit velocity, V50. Since the ballistic limit velocity was a constant value for a 

given specimen thickness, it implied that the penetration resistant energy should be 

constant. As the projectile was penetrating the target, it pushed the material ahead of it, 

which counteracted with resistance to the projectile motion until the projectile arrested. 

This would provide some extra time for further damage to develop. The penetration 

resistance force increased up to a point where the projectile pierced the target. In other 

words, the specimen integrity would be optimized for the condition where the residual 

exit velocity of the projectile was zero. Hence, for a given specimen configuration, the 

contact resistance force would increase up to its ballistic limit velocity, i.e. VI/V50 ≤ 1. 

In the case where VI/V50 >1, the damage mechanism was different. Since there would be 

not enough time for the damage to progress in the specimen and thus the induced damage 

would be much more localized compared to the case of VI/V50 ≤ 1. In addition, at 

velocities above V50 due to the higher stresses created at the point of impact, the material 

around the perimeter of the projectile was sheared and pushed inward causing a 

cavity/plug to be created. The cavity size in the specimen, which was influenced by the 
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incident projectile velocity, would increase as the projectile penetrated through the target. 

Hence, the penetration resistance force would be reduced as compared to the condition 

where VI/V50 ≤ 1. 

Figure 7.16 compares the variation of FE predicted contact force versus the projectile 

displacement for the GLARE 5 specimens with various thicknesses impacted at 350 m/s. 

As expected, the initial slopes of the contact force-displacement, known as contact 

stiffness, were almost the same for all the specimens until the point where damage 

initiated in the specimens (Fig. 7.16(b)). 

 
(a)                                                            (b) 

 
Fig.7.16. FE predictions of contact force as a function of projectile displacement for the 

cross-ply GLARE 5 FML beams with various thicknesses impacted at 350 m/s:  
(a) zoomed-out, (b) zoomed-in. 

 
It would be more illustrative to compare damage progression as a function of contact 

force history. Such comparison is depicted in Fig. 7.17 for the (6/5) FML beam given in 

Fig. 7.12. It is apparent that specimen bulging occurred around 6 μs; whereas full 

penetration took place at around 140 μs. There was an increase in contact force between 

time intervals 106 and 124 μs after contact force dropped to zero. The reason for this 
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could be explained by the frictional resistance force that existed between the projectile 

and specimen. 

 
 
Fig.7.17. Comparison of the FE predicted force-history and damage progression for the 

cross-ply GLARE 5 (6/5) FML beam impacted at 347 m/s. 
 
In addition, Fig. 7.18 exhibits the developments of in-plane axial (εx= ε1) and transverse 

(εy= ε2) strain waves along with the through-thickness strain wave (εz= ε3) as a function 

of time for the same specimen given in Fig. 7.17. Once the contact between the projectile 

and FML beam initiated at time t=0.99 μs, a 3D strain/stress wave front developed and 

propagated from the impact site. A tensile strain wave propagated in the x-direction, 

whereas a compressive wave propagated in the y-axis as well as the through-thickness 

direction. It should be noted that the amplitude of strains in all directions is ±0.001 and 

hence the maximum axial stress corresponding to the maximum strain in the prepreg is, 
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54 GPa × ±0.001= ±54 MPa. In the same way, the maximum transverse/through-

thickness stress in the prepreg is, 9.4 GPa × ±0.001= ±9.4 MPa. 

 
 

Fig.7.18. Strain contours of the GLARE 5 (6/5) FML beam impacted at 347 m/s. 

 
Figure 7.19 illustrates the transient dynamic strain histories obtained from the 

experiments and FE analyses for (2/1) and (6/5) configurations impacted at 177 m/s and 

347 m/s, respectively. It should be noted that no filter was applied to acquire the strain 

results. The only purpose of this figure was to show that the general trend of the transient 

strain histories obtained from the FE models were in agreement with the corresponding 

experimental results. 

 



 

 

172

 
 

(a)  
 

 
(b)  

 
Fig.7.19. Comparisons of transient dynamic strain histories between the experiment and 

FE prediction for: (a) GLARE 5 (2/1) impacted at 177 m/s, and (b) GLARE 5 (6/5) 
impacted at 347 m/s. 

 
Just before impact, entire energy was in the form of kinetic energy of the projectile. Upon 

impact, this energy was dissipated in various ways: (1) different damage mechanisms in 

the target, (2) projectile deformation and (3) kinetic energy of the ejecta. As the projectile 

penetrated the target, its kinetic energy reduced while the internal energy of the system 

increased causing the target energy to rise. As an example, Fig. 7.20 depicts the system 

kinetic, internal, total, hourglass and frictional sliding energy histories of the GLARE 5 

(4/3) FML beam impacted at 150 m/s. The system total energy which is the summation of 

its kinetic, internal, hourglass and sliding energies remained constant. As the bullet 
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stopped by the target, the kinetic energy of the system reduced to zero and once the bullet 

rebounded off the target it increased again (Fig. 7.20). Moreover, it should be noted that 

the internal energy of the system increased and reached its maximum around 0.7 ms of 

contact time which was when the system became temporarily stationary. By further 

advancing in contact time, the internal energy decreased. This was because some of the 

stored internal energy in the system was released causing the bullet and target to bounce 

back. Sliding and hourglass energies were quite low compared to the other energies.  

 
Fig.7.20. Energy history of the GLARE 5 (4/3) FML beam impacted at 150 m/s. 

 
7.3.2. Model validation of GLARE 5 FML beams: stacking sequence effect 

Figures 7.21 through 7.24 illustrate the FE predictions with experimental VI~VR data for 

the GLARE 5 (3/2) FML beams with various stacking sequences. The FE results are 

displayed by a circular symbol. As is apparent, the FE predictions are in excellent 

agreement with the experimental results. The comparison between experimental and FE 

results of ballistic limit as a function of specimen lay-up orientation is depicted in       
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Fig. 7.25. The variations in the results are demonstrated by deviation bars. The FE 

prediction is in good agreement with its experimental counterpart.  

Figures 7.26 through 7.29 show the post-impact damage prediction obtained from FE 

analysis and experimental results for various specimen stacking sequences impacted at 

different speeds. There is good agreement in damage pattern between the FE models and 

experiments. The broken/split fibers, which appeared around the impact area of the 

specimens, were not seen that much in the FE predictions. This was due to the strain-

based-element-erosion criterion used in the FE models. The bullet residual length was 

also considered to verify the FE models. As is evident from Fig. 7.30, the bullet residual 

length obtained from the experiments and FE is also in good agreement.  

 

Fig.7.21. Comparison between experimental and FEM residual-incident velocity trend for 
the unidirectional [0°4] GLARE 5 (3/2) beam specimen. 
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Fig.7.22. Comparison between experimental and FEM residual-incident velocity trend for 
the unidirectional [90°4] GLARE 5 (3/2) beam specimen. 

 

 

Fig.7.23. Comparison between experimental and FEM residual-incident velocity trend for 
the cross-ply [0°/90°]s GLARE 5 (3/2) beam specimen. 
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Fig.7.24. Comparison between experimental and FEM residual-incident velocity trend for 
the quasi-isotropic [0°/±45°/90°] GLARE 5 (3/2) beam specimen. 

 

 
Fig.7.25. Comparisons between experimental and FE results of ballistic limit velocity 

(V50) as a function of beam-specimen stacking sequence. 
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Fig.7.26. Comparisons of post-impact damage patterns for the unidirectional [0°4] 
GLARE 5 (3/2) beam specimen impacted at 274.5 m/s. 

 

 

Fig.7.27. Comparisons of post-impact damage patterns for the unidirectional [90°4] 
GLARE 5 (3/2) beam specimen impacted at 215 m/s. 
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Fig.7.28. Comparisons of post-impact damage patterns for the cross-ply [0°/90°]s 
GLARE 5 (3/2) beam specimen impacted at 254 m/s. 

 

 

Fig.7.29. Comparisons of post-impact damage patterns for the quasi-isotropic 
[0°/±45°/90°] GLARE 5 (3/2) beam specimen impacted at 234 m/s. 
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Fig.7.30. Experiment and FE comparisons of bullet residual length of the GLARE 5 (3/2) 
beam specimens with various stacking sequences at different incident velocities. 

 
7.3.2.1. Numerical prediction: stacking sequence effect 

Two examples were regarded here to study the contact resistance force. They are namely: 

(1) non-perforated case with an impact velocity of 100 m/s, and (2) perforated case with 

an impact velocity of 250 m/s. These examples are depicted in Figs. 7.31 and 7.32, 

respectively. The figures exhibit the FE predicted contact force as functions of time and 

projectile displacement for the unidirectional [0°4], unidirectional [90°4], cross-ply 

[0°/90°]s and quasi-isotropic [0°/±45°/90°] lay-up orientation. As shown in Figs. 7.31 and 

7.32, the cross-ply specimen offered the highest contact resistance force while the 

unidirectional [90°4] specimen showed the lowest. The maximum contact forces for the 

unidirectional [0°4] and quasi-isotropic FML beams were almost the same. For a given 

impact velocity, the initial slope of contact force-displacement, known as contact 

stiffness, was the same for all the stacking sequence types.  
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 (a)                                                       (b) 

Fig.7.31. FE prediction of contact force as a function of time (a), and projectile 
displacement (b), for the GLARE 5 (3/2) FML beams with various stacking sequences 

impacted at 100 m/s. 
 

(a)                                                       (b) 

Fig.7.32. FE prediction of contact force as a function of time (a), and projectile 
displacement (b), for the GLARE 5 (3/2) FML beams with various stacking sequences 

impacted at 250 m/s. 
 
The contact resistance force would directly influence the residual length of a deformable 

projectile. Hence, it was expected that the more the contact force was the least the bullet 

residual length would be. This statement is validated in Fig. 7.33 which compares bullet 

residual length as a function of specimen stacking sequence under incident speeds of 100 

m/s and 250 m/s. For a given velocity, the bullet residual length was the smallest for the 
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cross-ply lay-up orientation; whereas, it was the largest for the unidirectional [90°4] 

specimen. The bullet residual length for quasi-isotropic and unidirectional [0°4] FML 

beams was in between the cross-ply and unidirectional [90°4] lay-up orientation results.  

 

Fig.7.33. FE predicted bullet residual length versus specimen stacking sequence impacted 
at 100 m/s and 250 m/s. 

 
Furthermore, since the variation in the bullet residual length for a given impact velocity 

was relatively invariant with respect to change in stacking sequence (Fig. 7.33); thus, it 

was reasonable to assume that the energy required to deform the bullet was the same for 

all the specimen types under a given impact velocity. As a result, it was useful to 

compare the total transferred energy to the specimens. This is shown in Fig. 7.34, which 

represents the FE predicted projectile kinetic energy history of the GLARE 5 (3/2) FML 

beams with various stacking sequences impacted at 250 m/s. The total transferred energy 

was the highest for the cross-ply specimen and the lowest for the unidirectional [90°4] 
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stacking sequence. Moreover, the dissipated energy was reduced by changing the 

stacking sequence in the following order: cross-ply [0°/90°]s, unidirectional [0°4], quasi-

isotropic [0°/±45°/90°] and unidirectional [90°4], respectively. 

 
Fig.7.34. FE predicted projectile kinetic energy as a function of time for the GLARE 5 

(3/2) FML beams with various stacking sequences impacted at 250 m/s. 
 

Figure 7.35 illustrates the transient dynamic strain histories obtained from the 

experiments and FE analyses for the cross-ply lay-up orientation FML beam impacted at 

179 m/s. It should be noted that no filter was applied to acquire the strain results. The 

only purpose of this figure was to show that the general trend of the transient strain 

histories obtained from the FE model was in agreement with the corresponding 

experimental results. 
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(a)                                                                  (b) 

 
Fig.7.35. Comparisons of the transient dynamic strain histories between the experiment 
and FE prediction result for the GLARE 5 (3/2)-[0°/90°]s impacted at 179 m/s: (a) strain 

gage #1, (b) strain gage #2. 
 

7.4. FE modeling of ballistic impact tests on GLARE 5 FML plates 
 
Figure 7.36 illustrates perspective views of the composite plate and bullet. Several 

attempts were made to optimize the FE model based on the number of elements and mesh 

size using the available computational power. The results showed that by refining the 

mesh size, smoother results were achieved. In order to ensure by further reducing the 

mesh size the result would not change, an additional mesh with very fine elements was 

created using a super-power computer and compared to the one shown in Fig. 7.36. The 

results revealed that the FE obtained VI~VR data were invariant with respect to the 

change in mesh size. As a result, the mesh shown in Fig. 7.36 was considered. To reduce 

computational time, finer mesh was used around the impact area, which is the critical 

location; while coarser mesh was considered as moving away from the impact center. In 

order to further decrease computational time, only a quarter-symmetric model was 

considered in this study due to the double symmetry of the specimen-projectile system. 

Two elements were used in the through-thickness direction for each aluminum layer; 
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whereas 1 element was considered for each ply in the prepreg composite layer. That is, a 

total of 4 elements was used to simulate the assembly of each [0°/90°]s lamina in its 

through-thickness direction.  

 

(a) 

 

(b) 

Fig.7.36. Perspective views of the finite element simulation model: (a) far-off view, (b) 
close-up view. 

 
For instance, the GLARE 5 (2/1) was model with 8 elements in the thickness direction. 

The quarter of the projectile was modeled using 1,125 solid elements. The mesh density 

for the projectile was chosen in such a way that good contact between the specimen and 

projectile was maintained during impact (Fig. 7.36). The GLARE 5 (2/1) quarter-

symmetric specimen model consisted of 5,720 one-point-integration 8-node solid brick 

x

y 

z 
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elements. It should be mentioned that the prepreg in-plane material directions, i.e. 1 

(corresponds to the 0° fiber direction) and 2 (corresponds to the 90° fiber direction), were 

aligned with the global x and y axes, and the through-thickness material direction 3 was 

aligned with the global z axis, respectively. Moreover, a fixed-fixed boundary condition 

was used in this study. 

7.4.1. Model validation of GLARE 5 FML plates: thickness effect 

Figures 7.37 through 7.41 compare the FE predictions with experimental VI~VR  data for 

the cross-ply GLARE 5 FML plates with various configurations. The FE results are 

illustrated by a circular symbol. As is apparent, the FE predictions are in excellent 

agreement with the experimental results. The comparison between experimental and FE 

results of ballistic limit as a function of specimen thickness is shown in Fig. 7.42. The 

variations in the results are represented by deviation bars. The FE prediction is in good 

agreement with its experimental counterpart.  

Next, post-impact damage prediction from the FE analysis was compared to its 

experimental counterpart. The results are given in Figs. 7.43 through 7.47 for various 

specimen thicknesses impacted at different speeds. There is good agreement in damage 

pattern between the FE models and experiments. Furthermore, as was mentioned earlier, 

the broken/split fibers were not seen that much in the FE predictions due to the strain-

based-element-erosion criterion used in the FE models. The failed elements were eroded 

and removed from the FE calculations. Therefore, they are not presented in the 

comparisons.  
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Fig.7.37. Comparison between experimental and FEM residual-incident velocity trend for 
the GLARE 5 (2/1) plate specimen. 

 

 
 

Fig.7.38. Comparison between experimental and FEM residual-incident velocity trend for 
the GLARE 5 (3/2) plate specimen. 
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Fig.7.39. Comparison between experimental and FEM residual-incident velocity trend for 
the GLARE 5 (4/3) plate specimen. 

 

 
 

Fig.7.40. Comparison between experimental and FEM residual-incident velocity trend for 
the GLARE 5 (5/4) plate specimen. 
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Fig.7.41. Comparison between experimental and FEM residual-incident velocity trend for 
the GLARE 5 (6/5) plate specimen. 

 

 

Fig.7.42. Comparisons between experimental and FE results of ballistic limit velocity 
(V50) as a function of plate-specimen thickness. In the equations x stands for thickness 

and y for V50. 
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Fig.7.43. Comparisons of post-impact damage patterns for the GLARE 5 (2/1) plate 
specimen impacted at 153 m/s. 

 

 

Fig.7.44. Comparisons of post-impact damage patterns for the GLARE 5 (3/2) plate 
specimen impacted at 201.5 m/s. 
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(a) 

 

 
(b) 

 
Fig.7.45. Comparisons of post-impact damage patterns for the GLARE 5 (4/3) plate 

specimen impacted at: (a) 153 m/s and (b) 327 m/s. 
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(a) 

 

 
(b) 

 
Fig.7.46. Comparisons of post-impact damage patterns for the GLARE 5 (5/4) plate 

specimen impacted at: (a) 141 m/s and (b) 368 m/s. 
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(a) 

 

 
(b) 

 
Fig.7.47. Comparisons of post-impact damage patterns for the GLARE 5 (6/5) plate 

specimen impacted at: (a) 194 m/s and (b) 366.5 m/s. 
 

Another factor, which was considered to validate the FE models, was the bullet residual 

length. This is shown in Fig. 7.48. It is obvious that the bullet residual length obtained 

from the experiments and FE is also in good agreement.  
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Fig.7.48. Experiment and FE comparisons of bullet residual length of the GLARE 5 plate 
specimens with various thicknesses at different incident velocities. 
 
7.4.1.1. Numerical prediction: thickness effect 

Two different incident velocities, i.e. 50 m/s and 350 m/s, were chosen in such a way that 

both partial and full penetrations occurred for all the specimens with different 

configurations. Figure 7.49 compares the FE predicted contact force as a function of time 

for the GLARE 5 FML plates with various thicknesses under 50 m/s and 350 m/s impact 

velocities. In both cases, the maximum contact force was the highest for the thickest 

specimen, i.e. the (6/5) configuration; whereas it was the lowest for the thinnest 

specimen, i.e. the (2/1) configuration. The FE predictions of contact history for the same 

specimens near their ballistic limit velocities are illustrated in Fig 7.50. As Figs. 7.49 and 

7.50 reveal, for a given specimen configuration, by increasing the projectile incident 

velocity up to near its V50, the maximum contact force increased. By further increasing 
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the projectile speed above its ballistic limit velocity, the maximum contact force was 

relatively insensitive with respect to an increase in the projectile speed. The reason for 

this was mentioned earlier in Section 7.3.1.1.  

 
                                     (a)                                                                   (b) 

 
Fig.7.49. FE predictions of contact history for the cross-ply GLARE 5 FML plates with 

various thicknesses impacted at: (a) 50 m/s, and (b) 350 m/s. 

 
 

Fig.7.50. FE predictions of contact history for the cross-ply GLARE 5 FML plates with 
various thicknesses near their ballistic limit velocities. 



 

 

195

Furthermore, by comparing the force histories of the cross-ply beam and plate specimen, 

it was observed that the force histories were nearly insensitive with respect to change in 

specimen geometry. 

7.4.2. Model validation of GLARE 5 FML plates: stacking sequence effect 

Figures 7.51 through 7.54  demonstrate the FE predictions with experimental VI~VR data 

for the GLARE 5 (3/2) FML plates with various stacking sequences. The FE results are 

shown by a circular symbol. As is obvious, the FE predictions are in excellent agreement 

with the experimental results. The comparison between experimental and FE results of 

ballistic limit as a function of specimen lay-up orientation is illustrated in Fig. 7.55. The 

variations in the results are represented by deviation bars. The FE prediction is in good 

agreement with its experimental counterpart.  

Figures 7.56 through 7.59 depict the post-impact damage prediction obtained from FE 

analysis and experimental results for various specimen stacking sequences impacted at 

different speeds. There is good agreement in damage pattern between the FE models and 

experiments. Once again, as mentioned before, the broken/split fibers, which appeared 

around the impact area of the specimens, were not seen that much in the FE predictions 

due to the strain-based-element-erosion criterion used in the FE models. The bullet 

residual length was also considered to verify the FE models. This is shown in Fig. 7.60. 

The bullet residual length obtained from the experiments and FE is also in good 

agreement.  
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Fig.7.51. Comparison between experimental and FEM residual-incident velocity trend for 
the unidirectional [0°4] GLARE 5 (3/2) plate specimen. 

 

 

Fig.7.52. Comparison between experimental and FEM residual-incident velocity trend for 
the cross-ply [0°/90°]s GLARE 5 (3/2) plate specimen. 



 

 

197

 

Fig.7.53. Comparison between experimental and FEM residual-incident velocity trend for 
the angle-ply [±45°]s GLARE 5 (3/2) plate specimen. 

 

 

Fig.7.54. Comparison between experimental and FEM residual-incident velocity trend for 
the quasi-isotropic [0°/±45°/90°] GLARE 5 (3/2) plate specimen. 
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Fig.7.55. Comparisons between experimental and FE results of ballistic limit velocity 
(V50) as a function of plate-specimen stacking sequence. 

 

 

Fig.7.56. Comparisons of post-impact damage patterns for the unidirectional [0°4] 
GLARE 5 (3/2) plate specimen impacted at 290.5 m/s. 
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Fig.7.57. Comparisons of post-impact damage patterns for the cross-ply [0°/90°]s 
GLARE 5 (3/2) plate specimen impacted at 201.5 m/s. 

 
 

 

Fig.7.58. Comparisons of post-impact damage patterns for the angle-ply [±45°]s   
GLARE 5 (3/2) plate specimen impacted at 227 m/s. 
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Fig.7.59. Comparisons of post-impact damage patterns for the quasi-isotropic 
[0°/±45°/90°] GLARE 5 (3/2) plate specimen impacted at 178 m/s. 

 

 

Fig.7.60. Experiment and FE comparisons of bullet residual length of the GLARE 5 (3/2) 
plate specimens with various stacking sequences at different incident velocities. 

 
7.4.2.1. Numerical prediction: stacking sequence effect 

In this section, two examples were considered to study the contact resistance force. They 

are namely: (1) non-perforated case with an impact velocity of 50 m/s, and (2) perforated 

case with an impact velocity of 350 m/s. These examples are shown in Fig. 7.61, which 

displays the FE predicted contact force as a function of time for the unidirectional [0°4], 
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cross-ply [0°/90°]s, angle-ply [+45°/−45°]s and quasi-isotropic [0°/±45°/90°] lay-up 

orientation. As is apparent from the figure, the contact force histories had the same trend 

for all the lay-up orientations. The FE predictions of contact history for the same 

specimens near their ballistic limit velocities are depicted in Fig 7.62.  

 

 
                                    (a)                                                                      (b) 

 
Fig.7.61. FE prediction of contact force as a function of time for the GLARE 5 (3/2) 

FML plates with various stacking sequences impacted at: (a) 50 m/s, (b) 350 m/s. 
 

As Figs. 7.61 and 7.62 suggest, for a given specimen lay-up orientation, by increasing the 

projectile incident velocity up to near its V50, the maximum contact force increased. By 

further increasing the projectile speed above its ballistic limit velocity, the maximum 

contact force was relatively insensitive with respect to an increase in the projectile speed. 

The reason for this was explained before in Section 7.3.1.1.  
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Fig.7.62. FE predictions of contact history for the GLARE 5 (3/2) FML plates with 
various stacking sequences near their ballistic limit velocities. 

 

7.5. Conclusions 

This study presented a numerical investigation on ballistic impact behaviors of the 

GLARE 5 FML beam and plate specimens of various thicknesses and stacking 

sequences. The following remarks can be concluded from this study. 

• The FE model incorporated with MAT_22 (Chang-Chang material model) and 

MAT_98 (Simplified Johnson-Cook material model) was successfully used to 

simulate the ballistic impact tests on GLARE 5 FMLs. 

• Good agreement between FE and experimental results namely: the VI~VR relation, 

damage patterns and bullet residual length was obtained for both beam and plate 

FMLs of various thicknesses and lay-up orientations, and hence the model was 

validated. 
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• For both beam and plate FMLs, the FE predicted V50-thickness trend was in good 

agreement with the experimental results. Moreover, the FE predicted V50 as a 

function of specimen lay-up orientation was also in good agreement with the 

experimental results. 

• For the cross-ply beam and plate specimens, the maximum contact force was the 

highest for the thickest specimen, i.e. the (6/5) configuration; whereas it was the 

lowest for the thinnest one, i.e. the (2/1) configuration. It was found that for a 

given specimen configuration, by increasing the projectile incident velocity up to 

near its V50, the maximum contact force increased. By further increasing the 

projectile speed above its ballistic limit velocity, the maximum contact force was 

almost insensitive with respect to an increase in the projectile incident impact 

velocity. Similar conclusion was also achieved for the beam and plate specimens 

with various lay-up orientations. 

• The force histories of the cross-ply beam and plate specimens revealed that the 

force histories were almost insensitive with respect to change in specimen 

geometry. 

• Among the (3/2) FML beams, the cross-ply specimen offered the highest contact 

resistance while the unidirectional [90°4] specimen offered the lowest. The 

maximum contact force for the unidirectional [0°4] and quasi-isotropic panels 

were almost the same. Subjected to a ballistic impact, the GLARE 5 (3/2) FML 

beams with the cross-ply stacking sequence could dissipate more energy 

compared to other FML beams with different lay-up orientations. 
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CHAPTER 8: CONCLUSIONS AND PROPOSED FUTURE WORK 

8.1. Summary 

In this dissertation, the low-velocity and ballistic impact responses of the GLARE 5 

FMLs of various thicknesses, stacking sequences and geometries were investigated. The 

range of thickness was from 1.117 mm (0.044″) of GLARE 5 (2/1) up to 4.368 mm 

(0.172″) of GLARE 5 (6/5). The effect of stacking sequence was studied on the GLARE 

5 (3/2) specimens with unidirectional [0°4], unidirectional [90°4], cross-ply [0°/90°]s, 

angle-ply [−45°/+45°]s and quasi-isotropic [0°/±45°/90°] lay-up orientations. The low-

velocity impact tests were focused on both square- and circular-shaped specimens; 

whereas beam and plate geometries were used for ballistic impact tests. Both destructive 

cross-sectional micrographs and nondestructive ultrasonic techniques were applied to 

evaluate the damage induced by impact. In addition, a high-speed camera was employed 

to assess damage evolution in the FMLs. Results showed that only the contour of the 

entire damage area was obtained using ultrasonic C-scan, whereas more details of the 

damage were provided through the mechanical cross-sectioning technique.  

In the low-velocity-impact section, it was found that thicker GLARE 5 FMLs offered 

higher impact resistance. The failure mode changed with varying thickness and impactor 

mass. By reducing the mass of the impactor, but maintaining the same impact energy, the 

permanent central deflection increased. This implied that the panel with lighter impactor 

mass reached the perforation limit faster than the heavier one. The threshold cracking 

energy varied parabolically with respect to the impact velocity, MVF and the specimen 

thickness. The impact properties of the FMLs were also affected by laminate stacking 

sequence. The GLARE 5 FMLs made of unidirectional fibers had the least impact 
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resistance; followed by cross-ply and angle-ply configurations; while the quasi-isotropic 

lay-up showed the best in resistance to impact. It was shown that the damage patterns and 

impact behaviors were almost invariant to the change in the specimen geometry. on the 

other hand, it was recommended that composite specimens with a circular outer perimeter 

and inner clamp should be used instead of using a square outer perimeter and a circular 

inner clamp. 

In the ballistic-impact part, three different techniques, namely: laser-beam 

optoelectronics, chronograph and high-speed photography were utilized to measure 

projectile velocities along the ballistic trajectory. It was found that the bullet speed 

obtained from the high-speed camera was relatively higher than the one measured by the 

optoelectronic technique near the end of the gun barrel. In other words, as the bullet 

emerged from the gun barrel, it was further accelerated along its trajectory before hitting 

the target. This phenomenon was explained by intermediate ballistics. The results 

suggested that the amount of the acceleration was negligible by changing the target 

position from the gun muzzle and the type of propellants. The classical Lambert-Jonas’ 

equation was very helpful in obtaining the ballistic limit velocities, especially for the 

cases when obtaining lower incident velocity was difficult experimentally. The ballistic 

limit velocity was determined based on the specimen-experimental-velocity trend and 

classical Lambert–Jonas’ equation. It was found that by changing the geometry from a 

plate to a beam, the ballistic limit velocity increased. The results showed that V50 varied 

in a parabolic trend with respect to the MVF and the specimen thickness for both 

geometries. On the other hand, changing the stacking sequence had a less pronounced 

effect on V50 for both geometries. GLARE 5 beam and plate specimens developed 
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damage similar to both monolithic aluminum alloy and polymer composite laminate. The 

interfacial debonding as well as the aluminum layers bending and stretching were 

considered to be the major aspects in dissipating the impact energy in the specimens. 

However, the permanent global bending deformation of the FML plates was less 

pronounced compared to the FML beams. The optical images from the non-impacted side 

of the FML plates revealed that the plastically deformed damage zone appeared on the 

non-impacted side of the specimens increased by increasing the specimen thickness for a 

given velocity range.  

Finally, the LS-DYNA FE code was used to perform numerical simulations of ballistic 

impact on the GLARE 5 FMLs of diverse thicknesses, stacking sequences and 

geometries. The FE models were validated based on the VI~VR relation, damage patterns 

and bullet residual lengths. Good agreement between FE and experimental results was 

obtained. The FE predicted V50 as functions of thickness and stacking sequence was also 

in good agreement with the experimental results. The validated FE results exhibited that 

for the cross-ply beam and plate specimens, the maximum contact force was the highest 

for the thickest specimen; whereas it was the lowest for the thinnest one. On the other 

hand, for a given specimen configuration, by increasing the projectile incident velocity up 

to near its V50, the maximum contact force increased. By further increasing the projectile 

speed above its ballistic limit velocity, the maximum contact force was almost insensitive 

with respect to an increase in the projectile incident impact velocity. Similar conclusion 

was also achieved for beam and plate specimens with different lay-up orientations. 

Moreover, the force histories of the cross-ply beam and plate specimens revealed that the 

force histories were almost insensitive with respect to change in specimen geometry. 



207 
 

8.2. Contributions 

The following subjects were extensively studied in this dissertation.  

a) Low-velocity impact response of the GLARE 5 FMLs: 

 The effects of thickness, impactor mass, stacking sequence and geometry.  

 The estimation of the threshold level of cracking energy of the cross-ply    

GLARE 5 specimens. 

b) Ballistic impact response of the GLARE 5 FMLs: 

 The projectile speed along its ballistic trajectory using different techniques, 

namely: laser-beam optoelectronics, chronograph and high-speed photography.  

 The effects of target position from the gun muzzle and propellants. 

 The effects of stacking sequence, thickness and geometry. 

c) FE analyses of the GLARE 5 FMLs under ballistic impact: 

  Developing an FE model. 

 Validating the developed FE model based on experimentally obtained results and, 

subsequently, extracting some useful information in which experimental results 

were not available. 

8.3. Proposed future work 

For the experimental part: 

• Study the strain rate effect on dynamic mechanical properties using split Hopkinson 

bar technique. 

• Study the temperature effect under ballistic impact. 

• Develop a better technique to capture damage progression in the specimen using a 

high-speed camera and X-ray radiography. 
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•  Study the amount of heat generation and dissipation during ballistic impact. 

For the FE part: 

• One of the drawbacks of the Chang-Chang damage model is that there is no strain 

rate effect involved in it. Hence, a better material model that can incorporate this 

factor will be helpful. 

• A better debonding/delamination growth criterion to improve the FE predicted 

damage pattern. 

• Consider the heat generation and dissipation during ballistic impact in the FE model. 
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