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Abstract 

The crashworthiness of a vehicle is defined as the capability of protecting the 

passengers from injuries due to high decelerations occurring in case of crash. This 

is achieved including specific structures (called crash boxes or crash absorbers) in 

the body-in-white with the aim of absorbing the kinetic energy of the vehicle by 

deforming in a controlled way. While these structures are today manufactured 

mainly with ductile metals, composite materials are progressively substituting 

them in high performance structures for crashworthiness applications thanks to the 

high Specific Energy Absorption (SEA), that allows for a significant reduction of 

the weight of the vehicle. Some composite structures show very high SEA, in 

many cases higher than metals, but their diffusion in crashworthiness applications 

is slowed down by their complex behavior during crash failure.  

From many researches carried out in last decades it is known that different 

structures made of the same material can show, in a crash test, very different 

failure modes and levels of energy absorption. This is due to the complexity of 

failure mechanisms occurring during crash, that involve delamination, fiber 

fracturing and interface debonding.  

In this work, the development of an innovative testing procedure to assess the 

crashworthiness of composite materials is reported. The test is based on the use of 

flat specimens to characterize the crash behavior of the material applying an in-

plane load using a drop tower testing machine. The design and development of a 

clamping device to avoid the buckling of the specimen is presented together with 

many experimental results that prove the effectiveness of the testing procedure. 

Results are then compared to those obtained with specimens made of the same 

material but with different geometries to investigate the effect on the failure mode 

and the level of energy absorption of the material. 

The testing procedure has two main objectives: first, have a standard method to 

measure the SEA and other properties of the material with the aim of material 

screening and properties comparison; second, to have useful experimental results 

to feed the material cards of finite element software with the aim of predicting the 

behavior of complex components by simulation. For this reason, part of the work 
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involved the use of finite element models to investigate in depth the behavior of 

the material and to test the predictive capabilities of material cards optimized with 

the results of the crashworthiness test on flat coupons. 

The outcome of this work is a testing procedure able to evaluate the SEA of 

composite flat coupons in splaying or tearing failure mode. The results obtained 

with the tearing failure mode are higher than those obtained with the splaying 

failure mode, but lower than those obtained on self-supporting sinusoidal 

specimens with small curvature radii; this means that a different failure 

mechanism is taking place, but even more effective failures can happen in 

different structure geometries, thus signifying that both the splaying and tearing 

test can give a conventional result useful for materials comparison and material 

card optimization but not representing the maximum or minimum SEA achieved 

by the material.  

The predictive capabilities of the finite element models after the calibration of 

parameters based on the experimental results are not satisfactory and require 

deeper investigation to obtain good predictions on the behavior of complex 

components. This is due to the high complexity of the failure mechanisms that 

have been observed experimentally and strongly influence the energy absorption 

level of the material. Further work will be aimed at finding more complex 

material models and more advanced techniques for material parameters 

identification able to reproduce the experimental observations more accurately. 
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Chapter 1 

Introduction 

The CMH-17 Composites Material Handbook defines the crashworthiness as the 

capability of a vehicle to eliminate injuries and fatalities in relatively mild 

impacts, and to minimize them in all severe collisions [1]. This aim can be 

achieved by means of active methods (e.g., automatic braking in case of risk of 

impact) or by means of passive methods. This second way requires a proper 

design of the body in white (BIW) of the vehicle to achieve four goals: 

➢ maintaining a survival volume for the passenger avoiding the intrusion 

of external bodies 

➢ providing adequate occupant restraint 

➢ including some structural elements (known as crash boxes or crash 

absorbers) with the aim of dissipating the kinetical energy of the 

vehicle by deforming in a controlled manner in case of impact. 

➢ allowing for a safe post-crash egress from the craft [1]. 

The crash box is then a sacrificial element that must provide a controlled 

deceleration of the vehicle avoiding excessive peaks that could cause injuries to 

passengers. International standards define the testing conditions and the 

requirements in terms of maximum deceleration allowed. The crash box should 

then provide a controlled force and deceleration during its deformation and a 

certain length of deformation to dissipate a proper level of kinetic energy of the 

vehicle. A typical solution consists of the introduction, in specific areas of the 

vehicle, of metallic structure with approximately tubular shape like the two crash 

boxes in Figure 1. 
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Figure 1: Typical aluminum frontal automotive structure made of a bumper and two 

crash boxes [2]. 

 

If ductile metals are employed, the structure typically deforms folding 

progressively, and the ductile deformation of the material grants the absorption of 

the impact energy (Figure 2). Following the automotive trends that aim at 

lightweighting and reduction of the emissions of vehicles, an improvement that is 

taking place during last years is the substitution of metals with composite 

materials to reduce the overall weight of the vehicle. However, composite 

materials for crashworthiness applications have some peculiar behaviors that 

require a more complex design process and that will be described in section 2.1. 

 

 

Figure 2: Aluminum specimen for impact energy absorption evaluation and 

deformed shape after compression test. 
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The perspectives in terms of lightweighting and metal substitution are 

excellent for next future, also thanks to new composites that are under 

development to improve recyclability (thermoplastic matrixes and fibers, chopped 

recycled fibers) and to decrease their carbon footprint (natural origin fibers). A 

case study in 2012 quantified in 19% the possible decrease of the weight of a 

vehicle substituting metals in critical areas and 23% the possible total weight of 

composites in a car [3]. These percentages are continuously increasing and today 

the massive application of composites to standard automotive production is taking 

place. On the other end, the complex behavior of composites during crash failure, 

the necessity to build complex numerical models with fine tuning of the material 

cards, and the absence of a standard method to evaluate the energy absorption of 

the material are slowing down this trend. 

Between the numerous testing standards available for the mechanical 

characterization of composites, the standard compression test (ASTM D3410 [4]) 

allows to evaluate the compression resistance of the material, but not its energy 

absorption during progressive failure. Similarly, existing standards for impact 

tests like the puncture test (ASTM D3763 [5], ASTM D5628 [6], ISO 6603 [7, 8]) 

and the Compression After Impact test (ASTM D7136 [9] and D7137 [10]) 

provide information on the damage tolerance and residual resistance after damage 

of the material, but are not adequate to evaluate the energy absorption during 

crash. Several discussions on the creation of a standard test to assess the 

crashworthiness of composites took place in last years, but due to the complexity 

of the matter still there is no sufficient agreement to get to an international 

standard [11, 12]. 

The objective of the present work is to develop a testing procedure to assess 

the crashworthiness of composite materials using composite samples. The first 

part of the work consisted of the design of a testing fixture to perform in-plane 

compression tests on composite samples, considering all the peculiar aspects of 

this test. From the test it is possible to evaluate the level of energy absorption of 

the material. The fixture was used to fully characterize a carbon/epoxy material, 

considering the effect of the different failure modes and testing conditions 

(loading rate and testing temperature). Comparative tests were carried out using 

specimens with different geometries and on a full-scale component, both made of 

the same material. The results of crashworthiness tests were then used to tune the 

material card in LS-Dyna and to test the predictive capabilities of the FEM 

simulation of a component. 
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Chapter 2 

Literature review 

 

2.1 Crashworthiness of composite materials 

Polymer matrix composite materials can be very effective for crashworthiness 

applications thanks to the combination of high energy absorption and low density. 

Considering the indicator of the Specific Energy Absorption (SEA, see section 

2.1.1 for details), that corresponds to the ratio between energy absorbed during the 

failure and mass of the failed material, many composite structures have been 

observed to be more effective than metallic ones [13, 14]. This is clearly visible in 

Figure 3, that summarizes the results of many researches available in the 

literature. Another important aspect that comes out from Figure 3 is the absence of 

a general trend in the results of the different composite materials as a function of 

the fiber type or of the fiber volume fraction. This is true also for other 

characteristics of the composite, like the matrix type, the production process, the 

presence of defects, the layup sequence, the geometry of the crash box.  
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Figure 3: Specific Energy Absorption of some composite structures compared to 

typical values of metallic structures [14]. 

 

Due to the absence of a standard test method to evaluate the crashworthiness 

of composite materials and the extremely high number of parameters involved, it 

is difficult to make a comparison between researches carried out following 

different methods [11]. Given the increasing interest on vehicle lightweighting 

and the consequent necessity of understanding the effect of the various parameters 

on the energy absorption capability of the material, the agreement on a standard 

test method is today more and more necessary. 

An important difference between the behavior of a metallic crash box and of 

a composite crash box is the failure mode. While ductile metals absorb energy 

mainly through plastic deformation, composite materials usually show a brittle 

behavior, with consequently low energy absorption in tensile condition. Things 

are different in compression conditions, when composites can have several failure 

modes depending on several conditions like the geometry, the matrix and fibers 

used, the production process, the load conditions. Farley and Jones [15] and Hull 

[16] carried out the first research on the failure of composite materials in crash 

conditions, identifying the following failure modes: 

➢ Tearing or transverse shearing 

➢ Splaying or lamina bending  



6   

 

 

➢ Fragmentation or fracturing  

➢ Local buckling or folding. 

In these studies, a strong dependence of the SEA from the failure mode was 

found, with tearing and fragmentation failure modes resulting as the most efficient 

energy absorbing mechanisms, while splaying and local buckling resulted less 

efficient. A deeper description of these failure modes is reported in section 2.1.2. 

On the same material, different failure modes can take place depending on the 

constraint and loading conditions, and the same material can show different value 

of SEA depending on the failure mode. The failure mode and the corresponding 

level of energy absorption are something difficult to predict before performing a 

test, even with the help of a finite element model. A successful FEM simulation 

needs extensive parameter tuning of the material card of the composite to match 

the experimental data, and the predictive capabilities of these models are still 

under question. 

All these considerations support the necessity of a standard method to assess 

the crashworthiness of composites. Main goals of the proposed testing method 

are: 

➢ Have a measurement of the SEA of the material to compare different 

materials 

➢ Allow to account for the different failure modes that can happen on the 

same material during a crash test 

➢ Provide useful data to tune the material card parameters of explicit FEM 

codes, allowing the prediction of the behavior of complex structures 

during crash. 

 

2.1.1 Performance indicators for crashworthiness 

 Crashworthiness tests typically consist of compression tests on specimens, 

components, or complete structures. The load can be applied quasi-statically or 

dynamically using a high-speed compression machine or under impact conditions, 

i.e., by means of an impact against a mass having known initial speed. The typical 

result is a force-displacement curve (Figure 4), through which it is possible to 

calculate the SEA, that is the most used indicator of the crashworthiness of the 

material [14]. The curve is typically divided in three parts: 
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➢ The first part consists of an increase of the force value corresponding to 

the elastic initial loading of the specimen and finishes with a peak that 

corresponds to the initiation of the failure of the specimen. This peak can 

be smoothed and lowered in height, and the risk of a sudden failure 

avoided, creating a failure trigger in the specimen with a change in the 

geometry that locally weakens the structure and initiates the failure. 

➢ The central part consists of a stable value of the force that corresponds to 

the progressive failure of the specimen. 

➢ The final part usually consists of a decrease of the force at the end of the 

test.  

 

 
Figure 4: Example of a force-displacement curve acquired during a compression test 

on a specimen [14]. 

 

To compare the results of different tests, some performance indicators are 

used. A first indicator is the SEA, that corresponds to the ratio between energy 

absorbed and crushed mass: 

𝑆𝐸𝐴 =  
𝐸

𝜌𝐴𝛿
=

∫ 𝐹𝑑𝛿
𝛿

0

𝜌𝐴𝛿
=

𝐹𝑚𝑒𝑎𝑛

𝜌𝐴
, (1) 

where 𝐹 is the acquired force signal, 𝐸 is the energy absorbed during the 

test, 𝜌 is the material density, 𝐴 the cross section of the specimen, 𝛿 the final 

crash displacement and 𝐹 the crush force. It is also known as specific sustained 
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crush stress (SSCS). A higher SEA allows to obtain higher crash force and lower 

weight of the component. To get a result that is a real property of the material, it is 

important to evaluate SEA in a part of the force-displacement curve where the 

failure is stable (not changing in time) and not influenced by unwanted factors 

(e.g., the failure trigger that intentionally reduces the material strength). A simpler 

formula can be obtained through some simplifications as proposed by Cutting et 

al. [17]: 

𝑆𝐸𝐴 =
𝐹𝑚𝑒𝑎𝑛

𝜌𝐴
=

𝐹𝑚𝑒𝑎𝑛
𝑚𝑠
𝐴𝑙

𝐴
=

𝐹𝑚𝑒𝑎𝑛𝑙

𝑚𝑠
, (2) 

that simplifies the SEA calculation as it only requires the average crash 

force acquired during the test 𝐹𝑚𝑒𝑎𝑛, the total length of the specimen 𝑙, and the 

total mass of the specimen before the test 𝑚𝑠. Using Eq. (2), it is not necessary to 

measure the density of the material 𝜌 and the cross section of the specimen 𝐴, that 

can be difficult to measure in case of specimens with complex cross sections. As a 

drawback, the cross-section 𝐴 of the specimen must be constant. 

Another performance indicator is the crash force efficiency (CFE), that 

corresponds to the ratio between mean crash force and peak force and indicates 

the effectiveness of a structure in absorbing a high amount of energy maintaining 

low peak forces that can be dangerous for the passengers: 

𝐶𝐹𝐸 =  
𝐹𝑚𝑒𝑎𝑛

𝐹𝑝𝑒𝑎𝑘
. (3) 

Another performance indicator for the comparison of performance of 

different structures or materials is the sustained crush stress (SCS), that needs to 

be evaluated in the stable crash region of the force-displacement curve: 

𝑆𝐶𝑆 =  
𝐹𝑚𝑒𝑎𝑛

𝐴
. (4) 

These indicators can be used to describe the performance of specimens or 

structures, independently from the material. Typical values will vary depending 

on the structure and on the material. 

 

2.1.2 Failure modes 

Different failure modes can occur during a crash test on a composite material, due 

to the complex internal structure made of fibers and matrix that can behave in 

very different ways during the failure. The failure is the result of several 

phenomena: 
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➢ Interface debonding between matrix and fibers 

➢ Fibers failure under tensile or compression load, that can have brittle 

aspect (sudden failure typical of carbon and glass fibers) or ductile 

aspect (Kevlar or thermoplastic fibers) 

➢ Matrix failure under tensile, compression or shear load, that can have 

brittle aspect (with strong fragmentation, typical of thermosets) or 

ductile (plastic deformation, typical of thermoplastics) 

Farley and Jones [15] and Hull [16] carried out the first research on the 

failure of composite materials in crash conditions, identifying four failure modes: 

➢ Tearing or transverse shearing when the crack grows inside the fabric 

layers causing the rupture of both matrix and fibers (Figure 5a); the fibers 

failure results in high energy absorption. 

➢ Splaying or lamina bending when the laminate bends, causing 

delamination between the layers that consists of debonding and matrix 

breaking with the rupture of few or no fibers (Figure 5b). 

➢ Fragmentation or fracturing when the formation of several small 

fragments occurs, and both matrix and fibers are breaking (Figure 5c). 

➢ Local buckling or folding when there is local bending of the structure, a 

behavior similar to the plastic folding of ductile metals (Figure 5d). 

In these studies, a strong dependence of the SEA from the failure mode was 

found, with tearing and fragmentation failure modes resulting as the most efficient 

energy absorbing mechanisms, while splaying and local buckling resulted less 

efficient. Several parameters influence the failure mode of a crushed component 

or specimen. Splaying is the typical failure mode in flat or low-curvature 

geometries made with long fiber materials, while tearing and fragmentation are 

more typical of corner elements. Folding is instead typical of polymeric or natural 

fibers, that show a ductile behavior in compression conditions. 
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a) b) 

 

 

c) d) 

 

 
Figure 5: a) Transverse shearing failure mode as described by Farley and Jones [15]; 

b) Splaying failure mode as described by Hull [16]; c) Fragmentation failure mode as 

described by Hull [16]; d) Local buckling failure mode as described by Farley and Jones 

[15]. 

 

The proposed categorization is a simplification of the real failure 

phenomenon, that can be very complex and involve different coexisting failure 

mechanisms, and is probably one of the causes of the characteristic oscillation of 

the force-displacement curve acquired during crash tests [18]. Some changes in 

the failure mode in the same crash test are shown for example in Figure 6.  
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a) b) 

 
Figure 6: Different failure modes in different moments of the same test on glass fiber 

flat specimen a) First moments of the test b) Final moments of the test. The failure mode 

is a combination of splaying, fragmentation and local buckling [18]. 

 

 Different failure modes can be triggered by different structure geometries 

and have different effectiveness in terms of energy absorption, even for the same 

material. This results in the experimental evidence that structures with different 

level of curvature can cause different levels of SEA even if made of the same 

material [19]. For this reason, the failure mode is an important parameter to be 

considered in the proposed testing method. 

 

 

2.1.3 Material properties affecting the energy absorption  

Many researches have been focused on the investigation of the effect of 

several factors on the SEA, SCS or CFE of composite structures. Focusing on the 

SEA, which is the main parameter to assess the crashworthiness of the material, it 

can be influenced by factors related to the material itself or to the testing 

conditions. Furthermore, the interaction between different factors and the absence 

of a standard method that allows to compare different studies make the research 

on this subject quite difficult. The most influent parameters identified in the 

literature, that it is necessary to take into account to define a standard testing 

procedure, are described in this section.  
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Fibers are one of the elements that strongly influence the mechanical 

properties of a composite, and this regards the crashworthiness of the material as 

well. The most common fibers used for crash structures are carbon, glass and 

aramid, but new research trends are trying to introduce thermoplastic fibers to 

improve recyclability or natural fibers to reduce the carbon footprint of composite 

structures. Due to the actual state of the research, where there is no standard 

procedure to measure the SEA of composite materials, it is difficult to clearly 

state which fiber gives the best performance. The plot in Figure 3, taken from 

[14], reports the results of tests found in literature, carried out using different 

specimens and in several testing conditions. What is clear from the plot in Figure 

3 is that several composites showed a SEA higher than what was found in 

typically used metals (aluminum and steel), and this is mainly due to the lower 

density of composites. Some articles report tests where different fibers were 

compared in the same testing conditions, but also in this case the strong 

interaction with the other influent factors makes the choice of the most effective 

fiber for crashworthy design very difficult. Farley and Jones [15] carried out an 

extensive research on the effect of different fibers finding a correlation between 

fiber’s stiffness and SEA, but they found also a strong interaction with other 

parameters like the choice of the matrix or the layup angle of the fibers. Despite 

their better impact damage tolerance, aramid fibers usually have lower crush 

characteristics than carbon fibers [20]. Also hybrid aramid-carbon specimens 

showed lower specific energy absorption than fully carbon composites [21]. 

Reason of this can be the lower compressive resistance and the plastic behavior of 

the aramid fibers, that determines a progressive folding failure mode that causes 

the lower energy absorption [13]. Considering the failure mode, while carbon and 

glass fibers tend to give brittle failure of the material, with splaying or tearing, 

aramid fibers usually cause ductile deformation with folding of the structure [15, 

22]. Most of the researches available in the literature, are referred to long fibers, 

even if chopped fibers are suitable for automotive applications because of their 

lower price and possibility to be manufactured from recycled fibers [23, 24].  

Another important element influencing the crashworthiness of composites is 

the matrix, even if its effect is again something difficult to understand. This is 

mainly due to the several parameters that characterize the different plastics, to the 

interaction with other factors (e.g., different fibers will bond in different ways to 

the matrix). In general, it is possible to state that the dependence of the absorbed 

energy from the choice of the matrix is lower than from the choice of fiber’s 

architecture [25]. Good results are usually obtained with thermosetting resins, 
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between which the most used in high performance applications is epoxy, but other 

polymers like polyester or vinyl ester gave good results as well. The brittle 

behavior of many thermosets causes fragmentation of the matrix with good energy 

absorption during the stable crush of the material. Thermoplastic materials, 

instead, due to their more ductile behavior, do not show fragmentation, causing 

the folding of the structure and consequently lower energy absorption. An 

important exception are the carbon-PEEK composites, that showed the higher 

energy absorption found in literature [14]. This was explained because of the high 

toughness of the PEEK matrix [13], and, in general, polymeric matrixes with 

higher fracture toughness have shown better performances during crash [25]. 

Furthermore, as typical of composite materials, a good adhesion between the 

matrix and the fiber is necessary to get the best performance. The surface 

treatment of the fibers is then very important in order to assure a good bonding 

and get high specific energy absorption [26]. 

Regarding long fibers or oriented short fibers, another important parameter is 

the fiber architecture. Three main parameters describe the fiber architecture of a 

composite: fiber volume fraction, use of unidirectional fibers or fabric, direction 

of the fibers respect to the crash direction. In tests carried out on tubes, specimens 

made of woven fabric showed slightly better results than those analogously made 

of unidirectional layers [27]. The SEA of fabric tubes was found about 10% 

higher than in unidirectional tubes, and the reason of this behavior could be 

related to the more tridimensional orientation of the fibers. In [28] the tubes with 

an amount of circumferential fibers were found to have a SEA almost double than 

those having only axial fibers. An increased SEA can be obtained with a higher 

percentage of axial fibers up to a certain limit, followed by a drop for higher 

values. The behavior was found dependent on the crush speed, with an optimal 

condition to maximize the SEA around 80% in quasi-static conditions and 50% in 

dynamic conditions [16]. In another research, the winding angle of tubes made 

using the filament-winding technique showed an optimal behavior with an angle 

of 70° with respect to the axial direction, and a decrease for different angles [16]. 

Several other configurations and stacking sequences were tested by other 

researchers obtaining results that are sometimes difficult to compare. In another 

research, several layups were compared, and a layup consisting of a combination 

of 8 layers of axial fibers and 2 layers of fabric that demonstrated to have the 

higher SEA [21]. Regarding the proportion between fibers and matrix volume, an 

increase of SEA with the volume of fibers was found, even if its effect is 

influenced by many other parameters [14]. In some applications, a technique used 
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to increase the energy absorption is the design of sandwich structures including 

Kevlar honeycomb cores, as usually happens in motorsport [29]. 

A failure trigger is an element of a structure for crashworthiness necessary to 

start a stable failure avoiding excessive peak forces and sudden failures like 

buckling, typically causing low level of energy absorption. To achieve high levels 

of energy absorption the failure should start in a specific area of the structure and 

then propagate to the remaining part in a stable and progressive way, deforming or 

fragmenting the highest quantity of material possible. While in crash boxes the 

geometry itself is generally designed to trigger the failure in a specific area (e.g., a 

conical structure starts failing from its vertex, where the local stress is maximum), 

a specific trigger element is present on specimens for SEA evaluation. The 

simplest way to trigger the failure requires a chamfer to reduce the thickness of 

the laminate. With this trigger the crash force rapidly increases from zero (initial 

contact) up to a peak (corresponding to a displacement close to the chamfer 

depth), then stabilizes to a lower value when the stable crash condition is reached. 

The chamfer angle was found to be influent on the peak force [30]. The chamfer 

can be machined or the same effect can be obtained with a progressive reduction 

of the laminate thickness, reducing the number of layers [31]. Other trigger 

geometries presented in literature consist of cuts in the direction of the laminate, 

like V-shaped trigger [32–34], sawtooth trigger [35–37] or cuts with different 

geometries [38, 39]. Another possible approach is to force the material flow 

during failure in the desired direction in order to obtain the desired failure mode. 

To achieve this it is possible to use an external device that forces the flow of 

crashed material in the wanted direction [40, 41].  

 

2.1.4 Effect of the testing conditions on the energy absorption 

An important aspect to be taken into account when discussing about crash 

tests on polymer matrix composites is the impact velocity. It is widely known that 

the strain rate affects the behavior of polymers and consequently of polymer 

matrix composites [42, 43]. While the effect of impact velocity on impact tests 

has been deeply investigated [44, 45], only few papers deal with the effect of 

impact velocity on crashworthiness tests. Farley [20] found no effect of the 

crashing speed on carbon/epoxy tubes and an increase of the SEA in 

Kevlar/epoxy. Duong et al. found no effect of impact speed on the SEA of two 

carbon/epoxy laminates with different layups [46]. In the available literature, 
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many researches were carried out with quasi-static loading rates, and a deep 

investigation on the effect of loading rate in many different materials has not been 

developed yet.  

Another important parameter that affects the mechanical performance of 

polymers and polymer matrix composites is the temperature. This happens also in 

crashworthiness tests, where the SEA was found to be dependent on the testing 

temperature but also on the matrix type. In short carbon fiber samples, while 

epoxy showed a decrease of SEA both at high and low temperatures, ABS and 

PPS showed an increasing trend of SEA with the decrease of temperature [24]. 

Testing rate and temperature are then two important parameters to be 

considered when testing the crashworthiness of composites, and that need to be 

specified in a testing standard. Some experimental results on testing rate and 

temperature are presented in Section 4. 

 

 

 

2.2 Testing of composite materials in crash conditions 

Given the complex behavior of composites for crashworthiness applications, 

the testing phase is today critical in order to obtain a well-designed crash box. 

Crash tests can give useful information for the design of the component or for 

numerical model calibration. Tests can be carried out on components or material 

samples, in different conditions (strain rate, temperature etc.), or according to 

different techniques (high strain rate compression, quasi-static compression, drop 

tower impact, sled impact).  

Different kinds of results are obtained from crashworthiness tests. First, crash 

tests are used for validation of components or structures, verifying the level of 

energy absorption and that the crash force peak is low enough to avoid injuries to 

passengers. Secondly, tests on components or specimens are useful to characterize 

the material or the structure, giving results like SEA, SCS, CFE, average crash 

force or peak force (see Section 2.1.1). These results are useful to build material 

databases and to compare different composite laminates. Finally, the force-

displacement curves can be used to tune the material cards of finite element 

models by means of curve matching algorithms. 
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2.2.1 Building block approach 

The typical design process of a complex system like a vehicle follows the 

building block approach, usually represented by the pyramid in Figure 7, that asks 

for different tests to be performed at increasing levels of complexity.  

 

Figure 7: Schematic representation of the building block approach applied to the 

design of a vehicle [12]. 

 

 Moving from the base of the pyramid in Figure 7, the complexity of the 

design and the cost of testing increase.  

➢ The base of the pyramid consists of coupons and elements. Coupons 

are intended as samples to characterize the material by means of 

standard or custom tests to find the mechanical properties required for 

the design. The elements are again material samples but are 

characterized by shapes and production process more similar to that of 

the final component, then giving results more similar to those 

obtained during the component testing. Tests on coupons and 

elements are usually low-cost respect to those carried out on 

components, and the results are used for material screening or to build 

databases for numerical modeling. Both coupons and elements do not 

find place on the final product. 

➢ The second floor of the pyramid is populated by components and sub-

components, the simplest parts that find place on the final product. 
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The production and testing at prototype level of components is 

significantly more complex and expensive than at coupon level. 

➢ Sub-assemblies are simple structures made of more components, and 

their testing is usually very expensive. Sub-assemblies testing is 

performed close to the end of a project. 

➢ Test of a full-scale model is usually performed for the final validation 

of the design, as the production cost of a full prototype is very high (in 

particular if the testing requires the destruction of the prototype like in 

a crash test). If the results of the test are not good enough, 

modifications to the design causes very high cost and delays to the 

project. 

It is easy to understand how it is convenient to spend time and resources in 

tests performed at coupon and element level, where the cost of samples is low, 

and an extensive use of simulation can help to predict the behavior of 

components, assemblies or full-scale product. For this reason, a part of the work 

presented here is aimed at testing the predictive capabilities of numerical models 

built from the data acquired during coupon crash testing (Chapter 5). 

 

 

2.2.2 Coupons 

There is a wide literature on crashworthiness tests on composite materials, 

and due to the absence of a standard method, several different coupons have been 

used to measure SEA and other crashworthiness properties. 

The first tests were carried out on circular tubes to be loaded along their axis 

because they can stably lay on a plane during the test and are easy to be 

manufactured by filament winding, pultrusion or hand-layup using a mandrel. [15, 

16, 28]. For the same reasons, this specimen is today still very common, and non-

circular cross sections have been also used for material characterization [21–23, 

26, 27, 47]. The failure modes obtained with these tests depend on the material as 

shown by some examples in Figure 8. A mixed splaying/tearing failure mode is 

typically obtained with long fibers brittle materials, while progressive folding is 

obtained with more ductile materials.  
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a) b) c) 

   

Figure 8: Tubular specimens: a) glass fiber/epoxy tube showing brittle behavior, 

with a mixed tearing/splaying failure; b) carbon/epoxy specimen showing brittle behavior 

with a mixed tearing/splaying failure [22]; c) Kevlar/epoxy tube after compression 

showing plastic-like folding failure mode [22]. 

 

In some researches, tapered tubes have been also used [47–49]. The tapered 

geometry is more complex to be obtained due to the need of a conical mold and a 

more difficult layup process but it has the advantage of being more similar to real 

structures. It is not unusual, indeed, to find tapered impact attenuator structures to 

have the failure starting in the desired point (i.e., the smallest cross section, where 

the stress is maximum with same crash force). Another effect of the tapered shape 

is the increasing crash force due to the increasing cross section (Figure 9).  

a) b) 

 
 

Figure 9: a) Conical carbon/epoxy specimen before and after compression test [48]; b) 

Force-displacement curves obtained on different conical specimens with the characteristic 

increasing trend of the force due to the increasing cross section where failure takes place 

[48]. 
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This happens also in real structures having tapered shape like the side-impact 

attenuators in Formula 1 racing [32, 50]. Focusing on material characterization, a 

tapered shape means a variable cross section during the test, that needs to be taken 

into account to calculate the stress from the force signal or the volume for density 

and SEA calculation. For this reason, the material characterization using a tapered 

specimen is more complex. 

Another solution that can be found in the literature consists of open section 

specimens of various kind, some of which have been reported in Figure 10. The 

section is again constant, and the open section geometry allows to obtain these 

specimens through several production processes using a mold or simply cutting 

the desired shape from a larger tube [19]. An open section, compared to closed 

section, has the same self-supporting characteristics but gives the possibility of 

easily using another production process like compression molding, that allows to 

manufacture thermoplastic specimens very rapidly [24, 51]. 

 

a) b) 

 

 

c) d) 

  

Figure 10: a) Sinusoidal specimen proposed by Feraboli [52]; b) Angular and C-

shaped cross sections [19]; c) Omega section [53]; d) I-section specimens [39]. 
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Comparisons between different open section specimens is difficult because 

the cross section geometry has a strong effect, as pointed out by Feraboli on 

corner and C-shaped specimens [19] and on corrugated specimens with different 

curvatures [52]. Between the various open-section specimens available in the 

literature, the waved geometry was used by several authors [54], but it is worth 

considering also the Omega shape [53], the I shape [39], or the hat shape [55]. 

Finally, crashworthiness tests can be carried out using flat specimens. The 

first advantage of the flat geometry is the independence from the specimen shape. 

Neglecting the typical dispersion of crash tests on composites, all the plane 

specimens made of the same material should give the same result if tested under 

the same conditions (i.e., applying the same constraints). A flat specimen also 

overcomes several manufacturing complexities as it can be simply cut from a flat 

plate by milling or waterjet as it is normally done for specimens for standard 

characterization tests (tensile, compression etc.). This makes it also the less 

expensive available specimen type, as it simply requires a plane mold for curing 

several specimens with a single cure cycle thus minimizing wastes. On the other 

hand, testing the crashworthiness of composites using a flat specimen necessarily 

requires an anti-buckling fixture with a specific design in order to get acceptable 

results. More details on anti-buckling fixtures are given in the following. 

 

2.2.3 Anti-buckling fixtures for test of flat panels 

The first idea of a crash test of a composite laminates using a flat specimen was 

proposed by Lavoie and Morton working for NASA in 1993 [35]. This design 

consisted of four supporting columns (two for each side) with the task of 

maintaining the specimen in vertical position and avoiding its buckling (Figure 

11). The specimen has a rectangular shape with a steeple, or a saw-tooth trigger 

machined on one of the shorter edges to start the failure. The trigger is positioned 

on a flat surface, against which the failure happens, and a compression load is 

applied on the other edge by means of a flat plate that distributes uniformly the 

pressure on the full cross section.  
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a) b) 

 

 

Figure 11: a) Anti-buckling fixture for crashworthiness test proposed by Lavoie and 

Morton [35]; b) Plain specimens for crashworthiness tests [35]. 

 

 

A similar fixture was proposed by Dubey and Vizzini substituting the 

supporting columns with knives to reduce the friction and facilitate the debris 

flow during crash [56], and a similar fixture was also proposed by Daniel et al. 

[57].  

An improvement of the setup was suggested by Cauchy Savona and Hogg 

(2006, Queen Mary University of London, Figure 12) to accommodate specimens 

with different thicknesses allowing a translation of the knifes driven by screws 

[25, 58]. The torque imposed to the fastening screws should be limited to avoid 

excessive friction force during the test that causes overestimation of the energy 

absorption properties of the material. 
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Figure 12: Anti-buckling fixture for crashworthiness test of flat specimen proposed 

by Cauchy Savona and Hogg [58]. 

 

All these fixtures have in common two couples of supporting columns or 

knives that constraint the full height of the specimen. This imposes a constraint in 

the lower part of the specimen, where the failure takes place, that affects the 

energy absorption evaluation because it introduces tearing close to the supports, a 

failure mode that differs from what is obtained on the other areas (splaying) 

causing higher energy absorption. Furthermore, the supports act as a constraint to 

the debris flow thus causing an increase of the crash force. For these reasons, an 

overestimation of the SEA of the material is usually detected. 

To overcome these issues, a different approach was proposed by Jacobs et al. 

from University of Tennessee (Figure 13), with rolling supports instead of the 

anti-buckling columns to minimize the friction force and a crash area specifically 

designed to trigger a bending failure mode with an imposed bending radius [59, 

60]. Several different materials were characterized using this fixture between 

2003 and 2006 [23, 61, 62], but due to the limitation to the study of the bending 

failure mode, new testing fixtures were proposed during following years. 
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Figure 13: Anti-buckling fixture for crashworthiness test of flat specimen proposed 

by Jacob et al. [60]. 

 

An innovative modification to the NASA fixture was proposed by the 

company Engenuity, leaving a certain height of specimens unsupported in the 

failure area (Figure 14a) [63]. In this way, the lower constraint of the specimen 

avoids tearing and gives space for the debris flow, allowing the desired splaying 

of the material. The test is performed under a drop tower machine to have high 

strain rate and the force is applied to the specimen by means of a metallic plate 

that distributes the force on the upper edge of the specimen. Another innovative 

feature introduced by Engenuity is the use of pins in the lower part of the support 

specifically located to constrain the specimen in the failure area suppressing the 

splaying and triggering a tearing failure, allowing in this way the study of 

different failure mechanisms using the same specimen geometry (Figure 14b) [64, 

65]. Engenuity uses the results obtained from this fixture and from other tests to 

build material models that can be used in their CZone plugin in Abaqus [63]. 
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a) b) 

  

Figure 14: a) anti-buckling fixture for crashworthiness test designed by Engenuity 

[64]; b) specimen tested in tearing failure mode using the fixture of Engenuity [64]. 

 

A different improvement of the NASA fixture was proposed by Feraboli in 

2009 [36]. The new fixture (Figure 15a) has a screw-driven clamping mechanism 

to test specimens with different thicknesses, adjustable supporting knives to study 

the effect of the unsupported height on the SEA, and an upper plate guided by 

four columns to distribute the load from the testing machine to the upper edge of 

the specimen. The specimen has rectangular shape with saw-tooth or steeple edge 

to trigger the failure. Two materials were tested showing different behaviors at 

various unsupported heights, observing how the failure mode changes from mixed 

tearing/splaying (zero unsupported height, like in the NASA fixture) to splaying 

failure mode with lower SEA (unsupported height from 3 to 13 mm) and buckling 

with very low SEA (unsupported height higher than 13 mm). The test results 

obtained on flat specimens (Figure 15b) were compared to those obtained on C-

shaped, corner and sinusoidal specimens, confirming that the flat geometry is 

responsible of the lower SEA because of the splaying or buckling failure mode 

[19, 52]. 
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a) b) 

 

 

Figure 15: a) anti-buckling fixture for crashworthiness test on flat panel designed by 

Feraboli [36]; b) SEA of a carbon/epoxy flat specimen as a function of the unsupported 

height [36]. 

 

Many fixtures with similar characteristics were later designed by other 

authors. A fixture designed at University of Toulouse was used to study the 

delamination of composites with different triggers [66] and under impact loading 

conditions [46], pointing out some issues related to the peak force and how it 

depends on the failure trigger and on the impact condition. Results comparable to 

those obtained by Feraboli have been obtained also from a fixture designed at 

University of Tokyo [33, 67]. 

A later approach proposed by Feindler at TU Munich [68] overcomes the idea 

of having a specimen sliding between supports and requires clamping the 

specimen on three of its edges and loading on one of the shorter edges. In Figure 

16 it is possible to see how the specimens fails in a mixed mode, with splaying in 

the central part and tearing at the edges of the impactor.  
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Figure 16: Test setup for mixed splaying/tearing test proposed by Feindler [69]. 

 

The fixture was used for parameter identification of FEM models [69] and a 

procedure to identify the contribution of the two different fracture mechanisms 

has been proposed performing tests with different impactor widths (Figure 17) 

and finding good correlation with results obtained testing corner and C-shaped 

specimens [70–72]. 

 

a) b) 

 
 

Figure 17: a) Failure mode obtained with the fixture developed at TU Munich [72]; 

b) schematic representation of the procedure to identify the tearing and splaying 

components of the crash force [72]. 
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A different approach proposed by Bru et al. [34] and later used by Dalli et al. 

[32] consists of rigidly clamping the specimen leaving an unsupported height that 

reduces during the test due to the absence of sliding between the specimen and the 

testing fixture (Figure 18).  

 

 

Figure 18: Test setup with specimen clamping and non-constant unsupported height 

proposed by Bru et al. [34]. 

 

Since the unsupported height must be limited to avoid buckling of the 

specimen, the usable crashing distance is short and mostly influenced by the 

failure trigger, so the crash force is calculated on a very small distance (less than 

10 mm) compared to what is done using other testing fixtures (up to 40 mm as 

done by Feraboli [36]). Another drawback is that, having a non-constant 

unsupported height, the constraint condition inevitably changes during the test, 

causing variations in the failure mode and crash force. 

 

 

2.2.4 Towards a standard method for testing the crashworthiness 

of composites 

 

Despite all the efforts of many researchers during last decades, some of which 

have been presented in the previous pages, today there is no standard procedure or 
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norm available to assess the crashworthiness of composites [11]. This is because 

the crash failure of composites is a complicate matter, with the level of energy 

absorption influenced by several factors like the geometry, the physical 

constraints, and the failure mode. Several consortia have worked to get to a 

standard testing procedure, for example the Crashworthiness Working Group of 

the CMH-17 (Composite Materials Handbook) in parallel with ASTM Committee 

D-30 on Composite Materials [1] or the Energy Management Working Group of 

the Automotive Composites Consortium (ACC), as well as publicly financed 

projects like the report Crash Safety Assurance Strategies For Future Plastic and 

Composite Intensive Vehicles founded by US governmental departments [12], but 

due to the lack of agreement today there is still no standard procedure widely 

recognized. 

An acceptable standard method for coupons testing must then guarantee a number 

of features: 

➢ Define a coupon geometry 

➢ Define parameters that univocally describe the crashworthiness 

performance of the material to build properties databases 

➢ Take into account all the possible variables linked to the material 

(layups, thicknesses, production processes, matrixes and fibers…) 

➢ Obtain repeatable and reproducible results 

➢ Permit to reproduce different failure modes and evaluate their 

influence on the energy absorption 

➢ Allow for testing at different strain rates and temperatures 

➢ Provide useful data for the design and simulation of composite 

components. 

The core of the following work is to investigate all the cited features to 

propose a testing procedure that could be proposed as a standard testing method 

for the assessment of the crashworthiness of composites. 

 

2.3 Crash simulation of composite structures 

The structural FEM simulation of composites is a complex field due to many 

peculiar features like the presence of matrix and fibers, the anisotropy, the several 

fracture mechanisms. Focusing on crash, the progressive failure of composites is 
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very complex to be simulated due to the contemporary presence of more fracture 

mechanisms that require the use of complex algorithms, some of which today still 

under development, to be described. Explicit simulation can be conducted on 

several software between which the most used in industry and research are LS-

Dyna, Radioss, Abaqus and Pam-Crash.  

Due to the high cost of experimental studies on components for 

crashworthiness, and the excellent energy absorption properties of composites, 

their crash simulation is gaining today growing interest to get to a faster and 

cheapest development of these components [73]. The simulation can be of help in 

this process, but careful calibration of simulation parameters based on 

experimental results is necessary to get sufficiently accurate results. For this 

reason, and for the wide possibilities offered by FEM software in terms of 

available algorithms and parameters, a broad literature has been developed by 

several authors in last decades [74]. The main achievements and modeling 

strategies are described in the following pages with particular focus on the LS-

Dyna software, that was used for the simulation work described in Chapter 5. 

 

2.3.1 Modeling approaches 

Seen the complex behavior of the crash failure of composites, several are the 

possible approaches to the simulation of this problem. A first difference can be 

identified in the scale of the phenomenon investigated [75]: 

➢ Microscale when fibers and matrixes are modeled using solids 

elements; this approach is the most detailed because can consider the 

intralaminar interaction of fibers and matrix, but can be applied to a 

very small portion of material 

➢ Mesoscale when each ply is modeled, and several plies are bonded by 

cohesive, shell or solid elements; this approach is less detailed than the 

previous one, but more computationally efficient and allows to model 

components studying their intralaminar behavior. 

➢ Macroscale when a single shell or solid layer describes the full 

laminate; even if most software allows to set up the correct stacking 

sequence, the intralaminar behavior is lost, but in a good model the 

results related to load and energy are accurate and computational time 

is strongly reduced. 
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Microscale and mesoscale models are typically used in research to study the 

micro damages in the material, while macroscale models are more adequate to 

simulate the behavior of larger components and structures for the easier setup and 

lower calculation effort, and typically find place in industries. Once chosen the 

best approach regarding the scale of the investigated phenomenon, several 

possibilities are still available to set up the model, starting with the material 

model. 

Several material models are available in LS-Dyna to simulate the damage of 

composites [76]. While material model 22 (MAT_22) is not adequate for crash 

simulation because it does not implement a crashfront algorithm, one of the most 

used is MAT_54, based on the Chang-Chang failure criterion [77] and used by 

several authors with good results [29, 64, 78–84]. MAT_54 applies the so-called 

crashfront algorithm, that means that the element close to a failed element start 

reducing their strength according to a SOFT parameter, and this behavior is 

necessary to allow the progressive crashing of the laminate; the correct setup of 

the SOFT parameter is crucial to have an accurate result [85]. The model 

MAT_58 is based on the Hashin failure criterion [86] and uses a nonlinear stress-

strain curve. Even if less frequently used than MAT54 due to the higher number 

of parameters to be set up, with calibrated parameters the accuracy is good [80] 

and represents the failure mode better than MAT54 thanks to the nonlinear 

behavior [82]. Some material cards have been developed more recently to take in 

consideration the matrix failure even in a single shell or solid layer (MAT_161, 

MAT_162, MAT_261, MAT_262); due to the recent availability of these models, 

the high number of parameters required and the good results generally achieved 

with MAT_54 and MAT_58, a low number of researches on these models is 

available [80, 87]. 

A more diffused approach when the interlaminar behavior of the material and 

the energy absorbed by delamination is of interest consists of modeling the layup 

of the material using more shell or solid layers bonded by TIEBREAK contacts 

(i.e. bonded contacts where failure is modeled [64, 88]) or COHESIVE elements 

(i.e. elements with a fracture mechanics based behavior [89]). 

An influent parameter on structural simulations is the mesh size; a mesh 

sensitivity test is typically a good way to check the robustness of the modeling. A 

general trend, starting from a coarse mesh, sees the average crash force increasing 

and the peak force decreasing with finer meshes, up to a stabilization at constant 
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values (mesh convergence). The convergence is reached with mesh sizes that 

depend on the specific case study, and a compromise with calculation time needs 

to be reached. Another important choice is related to the element formulation, due 

to the several possible choices available in LS_Dyna; the element formulation can 

influence both the results and calculation time, and the fully integrated element 

formulation is often a good choice [78]. 

Boundary conditions and contacts need to be chosen to represent at best the 

situation under study. An AUTOMATIC_SINGLE_SURFACE with correct input 

parameters is usually the best choice to model the contact between all the parts 

that can get in contact during the simulation, including self-contact [90]. An 

important role is played by the realistic choice of the friction coefficient, as 

friction is responsible of a non-negligible portion of energy dissipation. A trigger 

needs to be included in some cases to act as failure initiator, and can replicate the 

real trigger geometry that can be found on the simulated component (e.g. a 

thickness reduction or a specific geometry) or have a different nature due to the 

possibilities given by the FEM software (deletion of some elements or change in 

the material properties).  

A long discussion would be necessary to describe the effect of the most 

important material card parameters on the simulation of the crash failure. 

Focusing only on the simpler models (MAT54 and MAT58), Feraboli et al. [78] 

and Boria [82] identified the compressive strength XC, the compressive strain-to-

failure DFAILC and the SOFT parameter related to the crashfront algorithm as the 

most influent on the failure process. Similar conclusions were drawn by 

Cherniaev et al. that used the optional parameter SLIMC1 (stress limit factor in 

longitudinal compression) finding it influent as well [80]. When delamination is 

modeled using TIEBREAK contacts or COHESIVE elements, the mode 1 fracture 

toughness is the main parameter controlling the energy absorbed by delamination. 

 

2.3.2 Optimization of material cards 

Because of the complex behavior of composites during their failure, after the 

initial setup of the model several runs are usually necessary to adjust the 

parameters and get a sufficiently accurate result. While this is the only way to deal 

with some non-physical parameters that cannot be directly obtained from 
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experimental data (e.g. SOFT or SLIMC1), in some cases it is necessary to 

modify some parameters that can be obtained from experiments (e.g. DFAILC, 

the compressive strain-to-failure) because of their strong influence on the energy 

absorption in the model. The simplest approach is to modify the input parameters 

observing their effect on the result looking for a good fit with available 

experimental data. This trial-and-error approach was effectively used by several 

authors [78–80, 82] and is useful to understand the effect of the parameters on the 

results, but is inevitably less robust and subjected to the perceptions and 

observations of the researcher. 

In modern software specific packages have been included to automatically run 

parameters tuning applying several possible optimization algorithms. 

Optimization strategy has been recently used by several authors for parameter 

identification or optimum design identification [84, 91–94]. Focusing on the 

optimization of material cards for crash simulation, the typical approach requires 

to compare the force-displacement curves acquired from experiments and 

numerical models. The parameters in the material card are automatically modified 

until the matching of the two curves is sufficiently good. This procedure is called 

curve matching and consists of the minimization of a function that can be the 

mean square error, the area between the two curves or any other function defined 

by the user. Parameters are modified using a Design of Experiment technique and 

results are extracted from each design point. A mathematical model representing 

the distribution of the results (metamodel) is built and the best combination of 

values is calculated choosing one between the several available algorithms. 

The LS-Opt software has been developed to run several kind of studies and 

optimizations based on LS-Dyna models and gives the possibility to set up a curve 

matching procedure applying Single Stage Optimization, Sequential Response 

Surface Method with domain reduction, or Efficient Global Optimization [95]. A 

high number of parameters can be set up to get to a robust and fast parameter 

identification, and no standard procedure to set up this calculation is today 

available. 

 

2.3.3 Predictive capabilities of FEM models 

The calibration of the material card requires the matching between the results of 

the FEM simulation and experimental results. After a good matching is obtained, 
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the capability of the tuned material card to predict the behavior of a different 

structure or load case is something that today is generally considered not accurate. 

A new tuning of the material card based on new experimental results obtained 

testing a prototype of the new structure is usually performed in the industrial field. 

The reason of this is the complex failure and post-failure behavior of composites, 

that is not accurately described by the available algorithms because of the several 

failure mechanisms occurring at microscopic level and influencing the 

macroscopic behavior of the material and its energy absorption. 

Few examples of prediction of the behavior of composites structure after 

calibration of the material cards are available in the literature. Good prediction of 

the crash test of some components of a Formula One car were obtained by Bisagni 

et al. after calibration of the material cards based on experimental crash tests on 

tubes [50]. Good results achieved with the C-Zone software implemented in 

Abaqus were described with few details by Lescheticky et al. [63]. Liu and Xia 

proposed a characterization procedure for a carbon fiber composite that allowed to 

build a material card that successfully predicted the axial crash of a waved 

specimen [81]. Dalli et al. proposed a set of crash tests on tubular and flat coupons 

from which a material card able to predict in Abaqus the crash of the side impact 

attenuator used in Formula One was obtained, even if several issues to be further 

investigated before getting to a procedure widely accepted in the industry were 

pointed out [32]. Despite the good results achieved so far, all the cited papers 

report different procedures based on different tests, confirming the lack of 

agreement and the absence of a standard procedure for this kind of predictions.   

 

 

2.4 Previous work carried out at Politecnico di Torino 

To further develop the idea of a standard crash test on composite specimens, a 

research group at Politecnico di Torino started working on the design of a new 

fixture for compression testing on flat composite plates and related testing 

procedure. This work moved the first steps from the research of the PhD students 

Iman Babaei and Ravin Garg, whose research achievement are summarized in this 

chapter. The research was carried out in the framework of the ICONIC project, 

which has received funding from the European Union’s Horizon 2020 research 

and innovation program under the Marie Skłodowska-Curie grant. The project 
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later found the interest and the collaboration of the CEAST division of the Instron 

company, that supported the design and prototyping of the testing fixture. The 

research of Iman Babaei was related to the design of a testing fixture and 

procedure to test the crashworthiness of composite materials [37, 96], while the 

work of Ravin Garg aimed at improving the FEM simulation strategies based on 

the experimental results [97, 98]. 

2.4.1 First design of an anti-buckling fixture 

The most promising way to get to a standard procedure for a crashworthiness 

testing procedure was identified as the use of flat specimens to avoid the issues 

linked to the curvature of the specimen and the lower cost of the sample, that can 

be easily cut from a larger cured plate like the specimens needed for standard 

characterization tests (tensile, compression, shear, flexural etc.). A flat plate needs 

an anti-buckling fixture to be tested in compression condition, and the starting 

point was identified in the Feraboli fixture to study the splaying failure mode [36]. 

The specimen (Figure 19) was defined as a rectangular shape with dimensions 150 

mm x 100 mm and saw tooth trigger as proposed in the literature [35–37]. The 

dimensions of the plate were chosen to be consistent with the CAI (Compression 

After Impact) standard test (ASTM D7136 [9] and D7137 [10]). 

 

a) b) 

 
 

Figure 19: a) geometry of the specimen and trigger proposed in [96]; b) a carbon 

fiber/epoxy flat specimen for crashworthiness assessment. 
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The following requirements were identified for the design: 

➢ Splaying failure mode avoiding buckling and tearing 

➢ Thickness of the specimen between 2 mm and 10 mm 

➢ Optimize the design for impact testing 

➢ Capability of withstand impacts up to 1800 J and 220 kN 

➢ Manual clamping through screw-driven mechanism 

➢ Automatic specimen centering 

The first design of the fixture is reported in Figure 20 with the description of 

the most important components. The design was optimized for testing in impact 

conditions in an Instron 9450 drop tower testing machine. The specimen is 

clamped between four anti-buckling steel columns (two for each side) whose 

dimension and position was optimized through FEM simulations [37]. The 

columns can be moved vertically to have different unsupported heights (from 0 

mm to 20 mm) and study the effect of this parameter on the crashing failure. The 

specimen is positioned with the saw-tooth trigger in the lower part, where a 

portion of it is left unsupported, in contact with a steel plate against which the 

failure happens. The clamping force necessary to assure the contact between the 

specimen and the anti-buckling columns is given through a screw-driven vise 

mechanism that assures the centering of the specimen respect to the base of the 

tower and the impactor. A steel plate, guided by four external columns in a 

configuration similar to the Feraboli fixture [36], distributes the load from the 

impactor, that has an hemispherical head with 20 mm diameter, on the full upper 

edge of the specimen. 
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Figure 20: first design of the anti-buckling fixture proposed by Politecnico di Torino 

and Instron [37]. 

The fixture was positioned in the testing chamber of a Instron 9450 drop 

tower, that can guarantee impact energies ranging from 0.59 J to 1800 J, and 

impact velocities from 0.77 m/s to 24 m/s [99]. The machine was equipped with a 

striker with strain-gauge load cell with maximum force of 222 kN, and the force 

was sampled at a frequency of 1 MHz. From the acquired force signal, given the 

initial condition of the impact (the impactor mass and velocity), it was possible to 

calculate the displacement of the dropped mass, that corresponds to the crashed 

length of the specimen [18]: 

𝛿(𝑡) = 𝛿0 + 𝑣0𝑡 +
𝑔𝑡2

2
− ∫ (∫

𝐹(𝑡)

𝑚

𝑡

0
𝑑𝑡) 𝑑𝑡

𝑡

0
, 

(5) 

where 𝐹(𝑡) is the acquired force, 𝛿0 and 𝑣0 are the initial displacement (null 

when the first contact with the sample is taken as reference) and velocity 

(imposed by the testing machine), 𝑡 is the time from the first contact with the 

sample, 𝑚 is the dropped mass (that comprises striker, weight carrier and 

additional weights) and 𝑔 the acceleration of gravity. The area under the force- 

displacement curve is then the energy acquired by the failure process of the 

specimen, and can be used for the calculation of the SEA according to Equation 1. 
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The tests were recorded using a Photron FASTCAM Mini AX 2 high-speed 

camera, having a resolution of 1024×1024 pixels at 6400 fps that can be reduced 

to achieve higher frame rates. The high-speed videos (Figure 21) are fundamental 

to understand the crashing process and have been useful to propose further 

improvements of the testing fixture. 

 

 

Figure 21: frame acquired through high-speed camera during a crash test on a glass 

fiber/epoxy specimen. 

 

A typical force-displacement curve is represented in Figure 22 with the 

indication of the main characteristics. The contact between the impactor and the 

upper plate causes an initial high peak due to the inertia of the upper plate. The 

force then falls to zero, corresponding to a loss of contact between the two 

components, and later grows again to a lower peak before finally stabilising 

oscillating around a constant value. The first part of the curve is neglected because 

of the influence of the impact between upper plate and impactor, that hides the 

real behaviour of the specimen under compression failure; the peak force is 

actually an inertial peak, and evaluating it as the peak of the crash force generated 

by the specimen is definitely not correct. To avoid the influence of the first 

contact, only the part of curve where the force is stable is considered for the 
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evaluation of the energy absorption and SEA. The very last part of the curve is 

again neglected to avoid possible effect due to the very low speed and kinetic 

energy available at the end of the stroke. It is possible to see how the displacement 

starts reducing when the force falls to zero, and this is due to the rebound of the 

impact mass due to the release of the elastic energy accumulated in the non-

crashed part of the specimen. 

 

Figure 22: typical force-displacement curve obtained from the newly developed anti-

buckling fixture [96]. 

 

2.4.2 Experimental results 

The fixture described in section was used as a part of a wider study devoted to the 

mechanical characterization of a typical composite material used for 

crashworthiness applications. The chosen material is a carbon fiber reinforced 

epoxy laminate built stacking several layers of the Microtex GG630T-37 prepreg 

[100]. The prepreg consists of carbon fiber 2x2 twill fabric having a weight of 630 

g/m2 coated with E3–150 high toughness epoxy resin with resin content 37% in 
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volume [101]. The layup direction was 0°/90° for all the layers, that were 

positioned on proper molds and cured in autoclave covered by vacuum bag. The 

layup preparation and autoclave cure of the material were always performed by 

the company Carbon Mind srl [102] following the same process to assure the 

comparability of results (curing process in Figure 23). 

 

a) b) 

 
 

Figure 23: Cure cycle the Microtex GG630T-37 prepreg, provided by Carbon Mind 

srl: a) pressure; b) temperature.  

 

The GG630T-37 material was characterized in three different steps, starting 

from the lower level of the building block approach: 

➢ Standard mechanical characterization of the laminate according to 

ASTM norms 

➢ Crashworthiness tests on flat samples 

➢ Crash test on a full component. 

The first characterization step was the measurement of the mechanical properties 

by means of standard quasi-static tests. The tests were carried out on a Instron 

8801 hydraulic testing machine in the laboratories of Politecnico di Torino, and 

the results are summarized in Table 1.  
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Table 1: Mechanical properties of GG630T-37 carbon/epoxy laminate [96] 

Property Value Standard 

Density 1.47 kg/dm3  

Tensile modulus 59.8 ± 2.2 GPa ASTM D3039 

Tensile strength 946 ± 37.5 MPa ASTM D3039 

Compressive modulus 57.8 ± 1.5 GPa ASTM D3410 

Compressive strength 325 ± 13.1 MPa ASTM D3410 

Shear modulus 3.7 ± 0.3 GPa ASTM D3518 

Shear strength 59 ± 0.4 MPa ASTM D3518 

Flexural modulus 70.0 ± 2.1 GPa ASTM D790 

Flexural strength 624 ± 48.1 MPa ASTM D790 

Poisson’s ratio 0.074 ± 0.006 ASTM D3039 

Yield strain 0.017 ± 0.001 ASTM D3039 

 

 

As a second step, compression tests were performed on flat samples using the 

fixture and the Instron 9450 drop tower in the Instron CEAST laboratory as 

described in section 2.4.1. The effect of the impact mass and velocity was studied 

finding a SEA of about 45 kJ/kg and no dependence on the investigated factors in 

the chosen ranges. The failure mode (Figure 24) was splaying for all the 

specimens, with small variations from one specimen to another.  
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Figure 24: Splaying failure mode found on GG630T-37 carbon/epoxy specimens 

after crashworthiness test [96]. 

 

The results are summarized in the two plots in Figure 25, that shows the 

force-displacement curves as a function of the impact mass and velocity, and in 

Table 2, that shows how the variation of the SEA in the explored testing 

conditions is negligible.  

 

a) b) 

  

Figure 25: a) force-displacement curves at same impact velocities of 4.69 m/s and 

different impact masses and energies [37]; b) force-displacement curves at same impact 

mass of 50 kg and different impact velocities and energies [37]. 
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Table 2: Summary of crashworthiness tests carried out on the carbon/epoxy 

laminate in [96]. 

Material 
Impact 

energy (J) 

Impact mass 

(kg) 

Impact velocity 

(m/s) 

SEA 

(kJ/kg) 

GG630T-37 

carbon fiber 

epoxy 

374 34 4.69 45.5 

550 50 4.69 46.2 

770 70 4.69 45.9 

700 50 5.29 45.4 

850 50 5.83 45.0 

 

 

Similar results were obtained on a glass fiber fabric/epoxy resin laminate with 

thickness of 3 mm, commercially available under the name NEMA FR4 [103].  

Specimens were cut by milling from larger plates. The main mechanical 

properties are given in Table 3. 

 

Table 3: Mechanical properties of NEMA FR4 carbon/epoxy laminate. The 

density was measured by the authors, while the other properties are given by the 

supplier of the material [104]. 

Property Value Standard 

Density 2.07 kg/dm3  

Tensile modulus 24 GPa ISO 178 

Tensile strength 300 MPa ISO 527 

Flexural strength 500 MPa ISO 178 

Compressive strength 500 MPa ISO 604 
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The results of crashworthiness tests in Table 4, with SEA showing again small 

variations depending on the testing condition. An important difference with the 

GG630 carbon fibrer/epoxy is the higher SEA of the glass fiber composite. 

 

Table 4: Summary of crashworthiness tests carried out on the glass fiber/epoxy 

laminate in [96]. 

Material 
Impact mass 

(kg) 

Impact velocity 

(m/s) 

SEA 

(kJ/kg) 

NEMA FR4  

glass fiber/epoxy 

34 4.69 50.9 

50 4.69 48.9 

70 4.69 50.7 

70 3.96 51.3 

70 5.34 49.7 

 

 

Another investigation performed using the NEMA FR4 glass/epoxy samples 

is related to the unsupported hight in the range 5 mm to 35 mm. As previously 

noticed by Feraboli [36], the results show a plateau of the SEA as a function of 

the unsupported height due to the splaying failure mode, and a reduction of the 

SEA and increase of scattering for high values of unsupported height, as described 

in Figure 26. This behavior is due to the introduction of new failure mechanisms 

like a longer crack due to the lower constraint that appears with unsupported 

height of 20 mm and bending, that stars occurring when the unsupported height 

grows up to 35 mm because of the longer unsupported part of the specimen. 
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a) b) 

 

 

Figure 26: a) Effect of the unsupported height on the failure mode on 3 mm-thick 

glass/epoxy specimens. While the splaying failure is similar with unsupported height 

equal to 5 mm and 10 mm, a longer crack is visible with unsupported height 20 mm, and 

bending appears with unsupported height 35 mm [37]; b) trend of SEA as a function of 

the unsupported height. 

 

Moving to the component level of the building block approach, an impact 

attenuator designed for a Formula SAE car was built using the same GG630T-37 

carbon/epoxy material and tested to study the behavior of the material on a real 

component, where the constraints are different, there are curvature radii and 

inclined surfaces and the failure is triggered by the geometry itself. The attenuator 

has a tapered structure with the lower section oriented toward the front of the 

vehicle. The stacking sequence is always 0°/90° and the thickness increases from 

two plies in the frontal area to three plies in the central part and four plies in the 

rear part, as explained in Figure 27a; this solution, together with the tapered 

structure, triggers the failure mode of Figure 27b, making sure that the failure 

starts in the frontal part and the force increase is sufficiently smooth to avoid high 

peaks that could cause injuries to the passenger. 
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a) b) 

 
 

Figure 27: a) Impact attenuator for a Formula SAE car made of GG630T-37 

carbon/epoxy material [98]; b) impact attenuator after impact with mass 300 kg and 

velocity 7.7 m/s [96]. 

 

The attenuators were tested in quasi static compression conditions (10 

mm/min) and under a 300 kg falling weight load at impact speeds ranging from 

7.1 to 8 m/s, obtaining the force-displacement curves in Figure 28. 

 

 

Figure 28: Force-displacement curves acquired during quasi-static and drop weight 

compression tests on the carbon fiber impact attenuators [96]. 
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The SEA of the material calculated considering the total energy absorbed 

during the test and the mass of the crashed material (27.8 kJ/kg in quasi-static 

conditions and 23.7 kJ/kg under impact load) results significantly lower than in 

coupon testing (45 kJ/kg.). This is an effect of the crashing process of the 

demonstrator, that involved not only splaying but also tearing, fragmentation, 

bending and buckling. In particular, buckling in the flat walls due to the sloped 

geometry left large parts of material unfractured, causing a lower energy 

absorption. 

 

 

2.4.3 Prediction of the behavior of a complex structure based on 

coupon level experimental results  

The results obtained from the tests presented in the previous pages were used by 

Ravin Garg to simulate the behavior of the material by means of an explicit FEM 

simulation [97, 98]. The material properties of the GG630T-37 of the 

carbon/epoxy laminate obtained through standard ASTM tests in Table 1 were 

used to set up a material card to simulate the crashworthiness test on flat plates. 

Some of the parameters required by the material card are not measurable by 

experiments and needed to be found by means of a parameter identification 

procedure based on a curve matching algorithm. After a good correspondence 

between the experimental force-displacement curve and the simulated one was 

obtained, the tuned material card was used to simulate the behavior of the impact 

attenuator without modifying any parameter and showing good results. Several 

modeling strategies were adopted on the Radioss FEM software to find the most 

effective, and the results are summarized in the following. 

The first modeling approach was aimed at building the simplest model 

possible to reduce the calculation time (macro scale model). The specimen was 

modeled as a single shell layer and the same solution was adopted for the upper 

and lower plates of the fixture; the anti-buckling columns were instead modeled as 

solid. The CRASURV formulation of material law 25 in Radioss was used to 

model the composite specimen, and property type 11 was used to define the layup 

of the CFRP laminate allowing for modelling the element type, thickness, layer 

position and orthotropic direction of each ply. The specimen was modeled using 4 
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nodes quadrilateral shells adopting a 4 mm mesh size as it was considered the best 

trade-off between accuracy and calculation efficiency. Fully integrated Batoz shell 

element formulation was used. The Johnson–Cook elastoplastic material model 

was used for the steel parts. Contact modelling was defined using the node-to-

element (Type 7) and surface-to-surface (Type 24) contacts as described in Figure 

29.  

 

Figure 29: Single shell FEM model of the crashworthiness test on flat specimens 

[98]. 

 

A different model (meso scale model) was built modeling the flat specimen as 

four layers of shell elements bonded by three layers of cohesive elements (Law 59 

Connect) to model the delamination behavior, that cannot be represented by a 

single shell element model. A strain-based failure criterion was preferred to an 

energy-based approach, because an energy-based criterion requires data from 

double cantilever beam (DCB) and end-notched flexure (ENF) tests, which were 

not available. The number of elements and the calculation time increased 

substantially using this modeling technique.  

The HyperStudy optimization software was used for the identification of the 

non-available parameters of the material card. An automatic identification 

procedure was chosen as it is a more robust and repeatable approach compared to 

trial-and-error approaches adopted in several previous publications [78, 80, 82]. 

The optimization setup requires to set the unknown variables and their boundaries, 

in this case: 
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➢ Wp_max: Global maximum damaging work per unit volume  

➢ Wpmax_c1: Compressive maximum damaging work per unit volume in 1 

direction  

➢ σres_c1: Compressive residual stress in 1 direction  

➢ Wpmax_c2: Compressive maximum damaging work per unit volume in 2 

direction  

➢ σres_c2: Compressive residual stress in 2 direction  

➢ Wpmax_t12: Shear maximum plastic damaging per unit volume in 12 

direction  

➢ τres_t12: Shear residual stress in 12 direction. 

The damage work is the parameter controlling the failure of the element, 

while the residual stress is required to define the softening behavior. Given that 

the studied material is a fabric, the same material properties are considered in 1 

and 2 directions, then Wpmax_c1 = Wpmax_c2 and σres_c1 = σres_c2. The failure criterion 

controls the element deletion depending on the minimum of the global and 

directional damaging work values; therefore, it was necessary to optimize only 

Wp_max. The number of parameters to be optimized reduced then to three: Wp_max, 

σres and τres_t12. 

Of the two optimization algorithms tested, Global Response Search Method 

(GRSM) and Adaptive Response Search Method (ARSM), the first resulted to be 

more robust when a global optimum is searched, while the second resulted to be 

more efficient. Regarding the curve matching setup, two response functions were 

tested: the integral of absolute difference between the experimental and the 

simulation values of the force-displacement curve and the integral of squared 

difference between the experimental and the simulation values of force-

displacement curve, with the first one giving the lower difference the between 

simulated and the experimental curve. 

The optimization led to good results with both modeling approaches as shown 

in Figure 30, with a difference between the simulated and experimental final 

displacement in both cases lower than 5%.  
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Figure 30: Experimental and numerical force-displacement curves from the 

crashworthiness test on flat sample after optimization for shells only and shells and 

cohesive elements models [98]. 

 

The model with cohesive elements also showed a damage visualization very 

similar to the one observed during experiments, with two layers bending on one 

side, one layer bending on the other side, and one layer being crashed as shown in 

Figure 31. 

 

 

Figure 31: Failure mode from experiment and simulation of the coupon crash test 

with cohesive elements [98]. 



50   

 

 

Using the optimized material card without any modification, a model of the 

crash test carried out on the impact attenuator in Figure 27 was built using the 

same modeling approaches previously described (same mesh size of 4 mm, 

element formulation and material and contact properties). The two failure modes 

of the macro-scale and meso-scale models are very different, with the first 

showing an unrealistic brittle behavior and the second more similar to the 

experimental failure, and able to predict the buckling failure of the flat walls 

(Figure 32).  

 

Figure 32: Failure mode of the crash test on the impact attenuator: (a) macro-scale 

single shell elements simulation, (b) experimental test, (c) meso-scale simulation with 

cohesive elements [98]. 

 

The difference in the final displacement of the impact mass around 5% 

considering the effect of some features of the experimental setup that were not 

taken into account in simulations [98]. The average crushing force for the three 

sections was predicted with good accuracy by the model without cohesive 

elements, while the model with cohesive elements overestimated the crash force 

of about 10% due to some non-realistic aspects of the failure process. Peaks are 

visible at the transition between parts having lower thickness and parts having 

higher thickness due to the sudden transition to a thicker part of the laminate 

(Figure 33).  
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Figure 33: Force-displacement curves acquired during experimental crash tests and 

predicted through FEM modeling using the shells approach and the shells with cohesive 

elements approach [98]. 

 

Given the reasonably good results obtained with both modeling approaches 

and a runtime was 60 times higher for the meso-scale model, a macro-scale 

modeling approach can be sufficient for industrial purposes even if the accuracy 

in the prediction of the failure is lower. 
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Chapter 3 

Design of a fixture for 

crashworthiness tests on flat 

samples 

3.1 Problems related to the test of flat specimens 

 

The core of the work presented here is the design of the testing fixture to perform 

in-plane crashworthiness tests on flat composite coupons. The first design of the 

fixture was mainly inspired by the previous fixtures presented in the literature, as 

described in section 2.4.1. The first experimental results pointed out several 

features of the fixture that could be improved, like the comfort of use, the 

repeatability of the results, the quality of the acquired signal. The main 

improvements developed during this project are described in this chapter. 

The first step when starting the design of a new project is to write down a list 

of requirements based on the experience, on the customer’s needs, on the 

literature or the state-of-the-art of the technology, on existing norms and 

standards. The main requirements for the developed testing fixture came from the 

review of the literature, from past experience of the research group on the 

crashworthiness of composites, and from some interviews performed to 
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international experts and potential users of the final product. The main 

requirements are listed below: 

➢ Capability to perform crashworthiness tests avoiding buckling of the 

specimen and reducing to a minimum the probability of discarding the 

results due to wrong failure mode 

➢ Flat specimens to minimize shape-related complexities and specimen 

cost 

➢ Friction caused by sliding of the specimen against the anti-buckling 

device lower than 5% of the crash force 

➢ Specimen thickness between 2 mm and 10 mm 

➢ Capability to withstand forces up to 222 kN 

➢ Low weight to be easily moved by hand 

➢ Guarantee the visibility of the test and the failure mode from lateral 

and frontal view 

➢ Fast and simple extraction of the tested specimen and positioning of 

the new specimen 

➢ Avoid possible mistakes by the user in specimen positioning  

➢ Simple cleaning and debris removal after test 

➢ Testing temperatures between -70 °C and +150 °C 

The testing fixture was designed as an accessory for the Instron 9450 drop 

tower family and have specific dimensions and features to be easily mounted in 

the testing chamber of the machine. To implement the requirements described 

here, some issues were found during the design and testing processes, that brought 

to the investigation and development of specific features described in this chapter. 

 

3.1.1 Dynamics of the system 

The first improvement of the testing fixture designed by Babaei and Garg [37, 96] 

and described in section 2.4.1 was aimed at improving the quality of the acquired 

force in order to have a more realistic force-displacement curve and a longer 

usable stroke to calculate the SEA. In the first design of the fixture, that was 

reproposing a concept published by Feraboli [36], the transmission of the load 

from the falling mass to the specimen happened through a steel plate having a 

weight of 3 kg guided by four columns (here called crashing plate), with the aim 
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of distributing the load from the impactor’s head (a standard hemispherical head 

with diameter of 20 mm) to the specimen, minimizing the stress on the upper part 

of the specimen where it was supported by the anti-buckling columns to prevent 

any failure in that region.  

This concept was not affecting the experimental force acquired by Feraboli 

but caused an extremely high level of vibration of the force signal when adopted 

by Babaei and Garg in impact tests, which was unwanted because due to the 

testing equipment and not to the real behavior of the material. After a first initial 

peak (Figure 34, blue dash-dot curve), the force rapidly fell to 0 N, thus indicating 

a loss of contact between the impact mass and the upper plate, then grows again to 

a lower peak and finally oscillates around a constant value reaching the condition 

of progressive crash of the material. The level of oscillations is still very high due 

to the bending deformation of the upper plate. Even if the acquired force curve 

was effective in giving some results in terms of average force and SEA 

(neglecting the parts most influenced by the first impact on the crashing plate), the 

peak force, CFE and level of oscillations were totally unrealistic.  

 

Figure 34: Force-displacement curves acquired during experimental crash tests with 

two different versions of the fixture. NEMA FR4 glass fiber/epoxy, thickness 3 mm, 

impact energy 600 J, impact mass 60.2 kg, impact velocity 4.46 m/s [18]. 
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For this reason, the upper crashing plate was removed and the head of the 

impactor was substituted by a larger flat head with diameter of 50 mm, covering 

in this way 50% of the available upper area of the specimen [18]. The difference 

in the testing setup is shown in Figure 35 with the description of the main features 

of the two testing setups. 

 

 

Figure 35: a) First version of the fixture for in-plane crashworthiness tests on flat 

composite specimens; b) new version of the fixture without upper crashing plate and 

striker with crashing flat insert [18]. 

 

The novel testing setup strongly reduced the vibrations in the signal and 

eliminated completely the inertial peak followed by loss of contact due to the 

impact against the upper crashing plate. Despite some low-amplitude oscillations 

that can still be due to vibrations in the testing equipment acquired by the load 

cell, the real trend of the force imposed by the specimen failure is now more clear 

(red continuous line in Figure 34), and the first 5 mm of the force-displacement 

curve show a linear increase of the force value caused by the progressive increase 
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of the cross section due the failure of the saw-tooth trigger geometry (Figure 19). 

The force trend is not perfectly constant, and this is due to the usual variability of 

the mechanical properties of the material, that can be seen similarly in quasi-static 

tests (Figure 35). With the new testing setup, oscillations of the force curve are 

partially due to some vibrations in the testing equipment, but strongly due to 

changes in the failure mode happening during the test as well, and then visible in 

quasi-static tests (Figure 36). 

 

Figure 36: Comparison between a quasi-static (blue dashed line) and an impact (solid 

red line) crashworthiness test on a NEMA FR4 glass fiber/epoxy flat specimen with 

thickness 3 mm. 

 

Some tests carried out on NEMA FR4 glass fiber/epoxy flat specimens with 

thickness 3 mm showed that the failure mode and energy absorption level of the 

material is not influenced by the new testing conditions [18]. The tests revealed 

the importance of the testing configuration when the peak force needs to be 

evaluated, and of the choice of a proper method to identify the part of the force-

displacement curve for the calculation of SEA where progressive crash happens 

(i.e. the failure mode is constant) and the force level is not affected by external 

elements like the trigger (Figure 37).  
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a) b) 

  

Figure 37: a) Peak force in the two testing configurations [18]; b) SEA in the two 

testing configurations with decreasing trend due to the choice of the part of the curve for 

SEA calculation (from 40% to 90% of the curve length), that with low impact energy is 

influenced by higher force because the crash failure is not completely developed [18]. 

 

In Figure 38, some frames acquired using a High-Speed Camera (HSC) 

during an in-plane crashworthiness test illustrate the different failure mode 

happening in different moments. This behavior, together with the effect of the 

failure mode on the energy absorption level [15], can explain the typical 

oscillations of force curves in quasi-static or dynamic crash tests. 

 

 

Figure 38: Changes in the failure mode of the same test on a glass fiber/epoxy 

specimen in the high-speed video: a) initial part of the test, b) final part of the test [18]. 
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3.1.2 Cutting effect and buckling of the specimen 

The new fixture setup described at previous pages, that requires the direct impact 

of the dropped mass on the top of the specimen (Figure 39a), provided significant 

improvements in the quality of the acquired data, but a new problem regarding 

some unwanted failures on the top of the specimens raised. The testing procedure 

was designed to provide the measurement of a crash force when the failure is 

splaying (Figure 39b) and remains constant for a certain time. 

 

a) b) 

  

Figure 39: a) Detail of the contact area in the upper part of the specimen; b) typical 

splaying failure mode of a NEMA FR4 glass fiber/epoxy specimen after in-plane 

crashworthiness test. 

 

Due to the reduction of the contact area between the insert on the striker and 

the upper part of the specimen, in the new version of the fixture the stress grows 

to a level close to the compression resistance of the material causing in some tests 

local or complete failure like in the specimen (Figure 40). This kind of failure is 

generally considered not acceptable as consists of a mixed failure mode (splaying 

in the center, tearing at the edges of the impactor), even if some authors have 

proposed a method to separate the effect of tearing and splaying in terms of 

absorbed energy [70, 72]. 
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Figure 40: Undesired failure on the top of a NEMA FR4 glass fiber/epoxy specimen 

due to excessive stress in the upper area after in-plane crashworthiness test. 

 

The collapse in the upper part of the specimen usually starts with a damage close 

to the edges of the impactor due to a stress concentration (Figure 41a) and later 

propagates until the complete failure (Figure 41b, Figure 40).  

 

a)  
b) 

  

Figure 41: a) Initial damage caused by stress concentration at the edges of the flat 

disk impactor on a NEMA FR4 glass fiber/epoxy, where delamination is easily visible 

thank to the change in color from green to white; b) unwanted failure on the top of a 

carbon fiber/epoxy specimen.  
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The stress concentration was investigated by means of a static FEM 

simulation in Ansys (Figure 42), that pointed out that, at the peak force measured 

during crashworthiness tests, the stress reaches critical values higher than the 

compression resistance of the material as indicated by the Inverse Reverse Factor 

IRF (defined in Ansys as the ratio between maximum stress and resistance of the 

material) higher than 1 in some elements. 

a)  b) 

  

Figure 42: a) Static FEM model for the evaluation of the stress distribution in the 

contact area; b) Distribution of the IRF, defined as the ratio between the maximum stress 

and the resistance of the material (if higher than 1 the material is damaged).  

 

 

To reduce the average and peak stress in the contact area, a larger flat insert 

with diameter increased from 50 mm to 70 mm was employed. To allow this 

improvement the fixture needed to be modified to avoid interference with the anti-

buckling columns that were moved towards the lateral edges of the fixture. If this 

reduced the frequency of failures in the contact area, the columns were no longer 

in the optimal position to avoid the buckling of the specimen, as was predicted 

during the first design of the fixture [96]. For this reason, a central column 

(shorter to avoid interference with the impactor) was added. 
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This solution was useful to reduce the average stress on the upper part of the 

specimen (and partially the peaks as well), but the flat geometry of the impactor 

was always responsible for a stress concentration at its two edges caused by the 

cutting effect due to the sudden passage from an area loaded by high compression 

stresses to another unloaded one. To reduce this effect, some FEM simulations 

showed that the stress peaks are reduced if the surface of the impactor is not flat 

but has a slight curvature (Figure 43, Figure 44). What is interesting from Figure 

43 and Figure 44 is that an optimum condition with a curvature radius of about 5 

m (for NEMA FR4 3 mm specimens) was found; for higher values the failure 

happens for cutting due to stress concentration at the edges of the impactor, while 

for lower values the failure happens in the middle because of the lower contact 

area. 

 

a)  b) 

  
c) d) 

  

Figure 43: Damage (IRF) distribution in the contact area with impactors having 

different curvature radii: a) 20 m, b) 5 m, c) 2 m, d) 1 m for a NEMA FR4 glass/epoxy 

specimen with thickness of 3 mm. 
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Figure 44: IRF and contact area trends in various simulations of the contact between 

impactors having different curvature radii for a NEMA FR4 glass/epoxy specimen with 

thickness of 3 mm; the lower damage index is found with a radius of 5 m. 

 

This behavior was deeply investigated from a numerical and experimental 

point of view by the MS student Riccardo Destefanis in his thesis [105]. A 

detailed model of the failure was built and verified in some experiments, then the 

optimal radius was found for different materials, that need different optimal radii 

for stress concentration reduction depending on the thickness and the elastic 

properties of the material. After having found the optimal values for a wide range 

of materials, the radius capable of minimizing the stress on the wider range of 

materials was chosen and implemented on the testing fixture. 

Another issue strictly connected to the necessity of having a stable splaying 

failure mode is the buckling of the specimen. As described in previous page, after 

a first version with two anti-buckling columns located on each side of the 

specimen, a third column was added to prevent buckling when the distance 

between the columns was increased to have a larger impactor. During DIC 

(Digital Image Correlation) observations carried out in [105] to validate the 

numerical model, some buckling failure were observed in the area not constrained 

by the central column (Figure 45).  
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a)  b) 

 

 

Figure 45: a) Area of the specimen where the 3D DIC was used to detect buckling 

[105]; b) out-of-plane displacement detected using DIC during a compression test 

showing buckling of the specimen in the central area, where the support of the anti-

buckling columns is missing [105].  

 

Several trials showed that the unwanted failures are more typical of some 

materials than others; in particular, being due to buckling in some parts of the 

composite plate, the unwanted failures typically happened on specimens with low 

thickness and elastic modulus. For this reason, a stiffness index was defined as 

𝑆 =  𝐸𝑡, (5) 

where E is the elastic modulus and t the thickness of the laminate. The 

performed tests indicated that specimens with a stiffness index lower than 100 

were critical for the first versions of the testing fixture and could cause unwanted 

failures on the top of the specimens, sometimes only in few cases, sometimes in 

all the tested samples. 
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The observation of the buckling in the upper part of the specimen pointed out 

the necessity of adding a support in the part of the specimen remained 

unsupported, with the problem of interference with the impactor during the 

progression of the test. The only way to overcome the problem was to add a 

support able to move away when touched by the impactor; an effective solution 

was to design a central column with same height of the specimen that slides down 

with it when pushed by the impactor and that maintains the ability to prevent 

lateral deflections of the specimen (Figure 46a). 

After the good results obtained with the sliding column, a last improvement 

was the reduction of the specimen width from 100 mm to 50 mm to completely 

cover the width of the specimen and avoid any problems related to stress 

concentrations in the upper part of the specimen, as now 100% of the upper 

surface of the specimen is in contact with the flat impactor (Figure 46b). 

 

a)  b) 

  
 

Figure 46: a) Fixture with central sliding column and specimen with original 

dimensions (150 mm x 100 mm); b) specimen with central sliding column and smaller 

specimen (150 mm x 50 mm). 
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With the smaller specimen a single column proved effective to sustain the 

specimen in the upper part and avoid buckling. The two long lateral columns that 

were supporting the full height of the specimen in previous versions were 

shortened and sustained only the lower part of the specimen, while the 

effectiveness of the central sliding column was improved choosing a squared 

section providing more adhesion with the specimen and stability. 

The effectiveness of this testing setup, that has been implemented in the final 

prototype of the fixture, have been proven by testing several material samples 

with low thickness including glass and carbon fibers and both thermoset and 

thermoplastic laminates. The material with the lowest successfully tested stiffness 

index (S=24) was a NEMA FR4 glass/epoxy laminate with thickness of 1 mm, 

reaching a value which is half of the desired requirement (minimum thickness of 2 

mm). 

 

3.1.3 Clamping system and friction force 

The experience gained during the tests of the first versions of the fixture 

pointed out the importance of the supporting structure not only to avoid the 

buckling of the specimen, but also to obtain a stable and repeatable failure mode, 

necessary to get consistent results. After some modifications not reported here for 

conciseness, the final design consisted of a stiff structure surrounding the 

specimen and connected to the base of the drop tower testing machine, and the 

specimen clamped between two plates with a controlled clamping force. One of 

the two plates is fixed in position, while the second one slides to clamp the 

specimen allowing to accommodate laminates with different thicknesses without 

changing any component of the fixture. The position of the full structure can be 

moved to maintain the centering respect to the falling mass and avoid non-

completely axial loads on the striker that could cause errors in the acquired force 

or damages to the load cell. 

One of the main themes of discussion on crashworthiness tests on flat 

specimens requiring an anti-buckling fixture is the friction due to the sliding 

between the specimen and the supporting columns. This friction is responsible of 

a part of the energy absorption that needs to be minimized to avoid a non-realistic 

overestimation of the energy absorption characteristics of the material. The two 
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possibilities to address this issue are reducing the clamping force to the minimum 

able to avoid the buckling of the specimen and reducing the friction coefficient to 

the lowest value possible. While some authors [36, 57] have decided to reduce the 

friction using knifes instead of circular columns (Paragraph 2.2.3), for this fixture 

the chosen strategy was to use circular columns made of different materials to find 

the most effective. Some results of these studies have been published in some 

publications summarized in the following. 

The first study to evaluate the effect of friction in the test was performed with 

crash tests on a laminate made of four layers of Microtex GG630 carbon fiber 

fabric coated with E3-150 epoxy resin with content 37% in volume, whose 

mechanical characteristics have been previously tested (Table 1). Crash tests were 

performed with clamping forces equal to 0.8 kN, 4 kN and 8 kN, imposed by 

screws fastened with controlled torque. The testing setup was involving the 

impactor with flat disk with diameter of 70 mm and three stainless steel columns 

supporting each side of the specimen (with the central one having lower lenght to 

avoid interference with the impactor). The results showed a non-negligible 

increase in the SEA (1 kJ/kg for every additional kN of clamping force); on the 

other hand, the good results obtained with a clamping force of 0.8 kN indicate the 

possibility of testing with minimal clamping forces reducing the overestimation of 

the SEA to less than 1 kJ/kg [106]. 

After this first result, a new testing configuration to directly measure the 

contribution of the sliding friction has been developed and used to compare the 

effect of different materials by means of sliding tests. The specimen is moved 

upwards and clamped with imposed clamping force, and the impact on its top 

makes it slide downwards without any failure (Figure 47a). In this way, only the 

friction force due to clamping is acquired by the load cell on the striker (Figure 

47b). Tests were performed on a NEMA FR4 glass fiber/epoxy in dynamic 

conditions (impact velocity 1 m/s, impact energy 13 J, impact mass 26 kg, 8 kN 

clamping force, 90 kN load cell on the striker, sampling at 1 MHz). The average 

sliding force is calculated in the range of the force-displacement curve between 5 

mm and 10 mm to neglect the oscillations due to the first contact with the 

specimen and the final force increase due to the transition to static friction when 

the velocity tends to zero. 
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a)  b) 

  

Figure 47: a) crashworthiness fixture with setup modified for slide tests for friction 

force evaluation [107]; b) filtered force-displacement curves acquired during slide tests of 

a NEMA FR4 glass/epoxy specimens and columns with three different tribological 

conditions (stainless steel surface, columns lubricated with the deposition of spray PTFE, 

both columns and specimens lubricated by PTFE) [107]. 

 

Friction tests reported in [107] compared three tribological conditions: 

➢ stainless steel AISI 303 dry columns, 

➢ application of a PTFE (Polytetrafluoroethylene, commercially known 

as Teflon) solid spray lubricant (CRC dry PTFE lube) on columns, 

➢ application of a PTFE solid spray lubricant (CRC dry PTFE lube) on 

both columns and specimen. 

Later some additional tests were performed to study the friction in other 

tribological conditions: 

➢ PTFE industrial coating on steel columns, 

➢ Nichel-PTFE industrial coating on steel columns, 

➢ Dry CuSn12 bronze columns. 

Considering the final results (Figure 48), the best result was obtained with the 

PTFE coating with an average friction force of 481 N, but after 50 tests the 

coating was visibly eroded, and an increase of the friction force was detected. 
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Given that the substitution of 6 supporting coated columns is a non-negligible cost 

that would be sustained by the final user of the fixture, this solution was 

discarded. Very similar slide forces were obtained with the application of spray 

PTFE on columns and specimen (502 N) and on columns only (583 N), but the 

observation that the lubricant layer is eroded after 4-5 cycles, and that the spray to 

be newly applied requires about 5-10 minutes drying before performing a new test 

make this solution adequate only in very critical cases (e.g. when the crash force 

of the specimen is very low and would be too influenced by friction). The best 

compromise was identified in the dry bronze columns solution, that is not 

subjected to erosion and causes a limited amount of friction (655 N in average).  

 

Figure 48: Results of slide friction tests in several tribological conditions. 
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From the acquired sliding force it is possible to calculate the friction 

coefficients in Table 5 following the approach proposed in literature [108]: 

𝜇 =
𝐹𝑠

2𝐹𝑐
         (6) 

Where 𝐹𝑠 is the slide force acquired, 𝐹𝑐 is the clamping force and the 

multiplying factor 2 is necessary to consider that the clamping force acts on both 

sides of the specimen.  

 

Table 5: Results of slide tests for friction measurement 

 Average sliding 

force 𝐹𝑠 (N) 

Friction 

coefficient 𝜇 

Stainless steel columns 956.6 0.060 

Ni-PTFE coated columns 940.9 0.059 

Bronze columns 655.5 0.041 

PTFE spray columns 583.0 0.036 

PTFE coated columns 480.8 0.030 

PTFE spray columns and specimen 502.0 0.031 

 

 

Based on the experimental investigations reported in this paragraph, an 

innovative solution was implemented in the final design of the testing fixture. The 

anti-buckling columns were manufactured by bronze including the upper sliding 

column with squared section to avoid the need of consumable parts substitution 

and of application of lubricants. The clamping force was controlled including a 

handle able to limit the torque of the screw-driven mechanism that moves the 

clamping plate and applies the clamping force. The imposed clamping force was 

limited to 1 kN.  

A final verification of the friction force was performed on the final fixture 

with same testing conditions described at previous pages and using the same 
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NEMA FR4 reinforced epoxy, giving an average force of 298 N. This value needs 

to be compared with the crash force measured during the test to estimate the 

overestimation caused by the sliding contact with the anti-buckling supports. 

Considering NEMA FR4 specimens, the average crash force measured is 14.1 kN, 

if the laminate has a thickness of 3 mm and 5.4 kN with thickness of 1 mm. The 

friction force corresponds then to 2.1% (thickness 3 mm) and 5.5% (thickness 1 

mm) of the crash force, thus confirming that the friction becomes influent with 

low force values. Even if the friction force has been reduced as much as possible, 

in case of very low crash force a PTFE lubricant can be applied to further reduce 

the friction coefficient and a slide test can be performed to measure the friction 

force and subtract it from the crash force to have a more realistic crash force 

estimation. 

 

 

3.1.4 Failure trigger 

As anticipated in paragraph 2.1.3, the geometry of a crash box is designed to have 

a weaker part where failure starts and later propagates to the rest of the structure; 

several approaches have been proposed in the literature to get the same effect on 

material samples for crashworthiness tests. To find the optimal condition for the 

testing procedure described here, six different trigger geometries have been 

manufactured on GG630 carbon/epoxy laminates to find the most adequate for 

material characterization. Main goal of the trigger is promoting a stable splaying 

failure mode involving a small portion of the specimen to waste the lowest test 

stroke (and then useful data) possible. In the following pages the results published 

in [109] will be summarized. The six trigger geometries chosen for this study were 

called for simplicity using letters A to F: 

➢ Trigger A (Figure 49a): machined saw-tooth trigger with depth 2.5 

mm 

➢ Trigger B (Figure 49b): machined saw-tooth trigger with depth 5 mm 

➢ Trigger C (Figure 49c): machined saw-tooth trigger with depth 10 mm 

➢ Trigger D (Figure 49d): two large triangles (with width of 50 mm) 

machined with depth 10 mm. 

➢ Trigger E (Figure 49e): a 5 mm deep delamination in the mid plane of 

the laminate was created including a thin Polytetrafluoroethylene 
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(PTFE) layer during the layup process, that prevents the bonding 

between the second and the third layer. 

➢ Trigger F (Figure 49f): the thickness of the laminate was reduced from 

four to two layers for a depth of 5 mm. In the trigger area, the first and 

fourth layers were removed to preserve the symmetry respect to the 

mid plane of the laminate. 

Even if often used in the literature, steeples (chamfers) or other kinds of 

asymmetric triggers were not taken in consideration in the testing campaign 

because they could cause asymmetric splaying or bending instead of a splaying 

failure mode. 

 

 

Figure 49: Failure trigger tested in [109]: a) triangular saw-tooth with depth of 2.5 

mm; b) triangular saw- tooth with depth of 5 mm; c) triangular saw- tooth with depth of 

10 mm; d) two large triangles with depth of 10 mm; e) internal notch created positioning 

a thin PTFE layer in the mid plane of the laminate for a depth of 5 mm; f) reduction of the 

thickness of the laminate from four to two layers for a depth of 5 mm. 

 

The specimens in Figure 49 were all tested in quasi-static conditions (2 

repeated tests) with an Instron 8801 hydraulic universal testing machine at 

Politecnico di Torino. The tests were run at constant speed (10 mm/min) acquiring 

the load by means of a load cell with maximum load of 100 kN, and the 
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displacement of the impactor by means of an LVDT sensor. To run these tests the 

fixture needed to be modified with some additional components that were 

clamped in the hydraulic grips of the testing machine. In addition, three repeated 

tests were performed in impact conditions with an impact energy of 800 J, an 

impact velocity of 7 m/s and a mass of 32.9 kg. The unsupported height was set to 

5 mm in all the tests. Some examples of the acquired force-displacement curves in 

quasi-static conditions are plotted in Figure 50.  

 

Figure 50: Typical filtered force-displacement curves acquired during quasi-static 

compression tests [109]. 

 

As a result, the general behavior is similar for all the trigger geometries. The 

first 10 mm of quasi-static force-displacement curves are strongly characterized 

by the trigger geometry and show the main effect of the triggers, that causes 

different trends in the rising of the force value from zero to a peak that 

corresponds to the transition from the trigger to the full cross-section of the 

specimens, and then to the initiation of the desired splaying failure. From about 10 

mm to 20 mm the force reduces due to the development of the crash front to a 

failure mode that remains constants after 20 mm. Curves acquired during the 

impact tests are instead plotted in Figure 51. 
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Figure 51: Typical filtered force-displacement curves acquired during impact 

compression tests [109]. 

 

Dynamic curves are similar to quasi-static ones in the first 10 mm, then tend 

to stabilize more rapidly around the steady state force value, probably because the 

crash front formation is facilitated by high strain rate and vibrations induced by 

the impact. After 10 mm, the steady crash condition is achieved, and the curve 

progresses horizontally until the impact energy is completely absorbed. 

Observing Figure 50 and Figure 51 it is possible to get the result that the 

failure trigger affects only the first 10 mm of the curves, while for higher 

displacements the crash force and failure mode are well comparable. In details: 

➢ Specimens having saw-tooth machined trigger (A, B, C) showed a 

linear increase of the force value up to the peak that corresponds to 

the initiation of the failure on the full cross section. The slope is 

inversely proportional to the depth of the trigger.  

➢ Specimen D had a behavior very similar to C because consists of 

larger triangles with same depth.  

➢ Trigger E consists of an artificially created internal delamination that 

causes the initial splaying of the laminate; since 100% of the cross 

section of the specimen is loaded at the first contact with the 

impactor, this causes a high peak of force that instantaneously drops 
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when the two half parts of the specimen bend in opposite directions 

due to the artificial internal delamination. After the two laminae are 

completely bended, the typical splaying failure starts, and the crash 

force is at the same level as the other tests. 

➢ Trigger F presents a two-steps curve, with the first step ranging from 

0 mm to 5 mm where the 2-layers part of the laminate is crashing, and 

the second step corresponding to the initiation of the failure on the 4-

layers part and progresses constantly up to the end of the curve. 

The observation of the peak force and SEA measured during the tests showed 

a strong effect of the testing condition on the peak force, with higher values 

measured in impact tests because of the high frequency vibrations generated 

during the impact that sum to the crash force originated by the material (Figure 

52a). This effect is amplified by the trigger geometries E and F, that do not 

present a smooth increase of the cross section like in saw-tooth triggers: this 

causes a taller initial peak and more oscillation in dynamic force curves. The 

higher depth of the saw-tooth trigger reduces the force peak, but a longer part of 

the crash curve needs to be discarded for steady crash analysis. 

 

a) b) 

  

Figure 52: a) Peak force measured during quasi-static and impact crashworthiness tests on 

flat specimens with different failure triggers [109]; b) SEA measured during quasi-static 

and impact crashworthiness tests on flat specimens with different failure triggers [109]. 
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The SEA was calculated in an interval of the force-displacement curve 

comprised between 20 mm and 40 mm to focus on the steady crash and neglect 

the first part inevitably affected by the trigger. This is necessary because the 

objective of the test is to provide a characterization of the crash behavior of the 

material, and then must not be influenced by the trigger geometry. Even if the 

displacement corresponding to the failure of the trigger is neglected, an influence 

of the trigger geometry on the failure development and on the energy absorbing 

characteristics during the progressive splaying crash cannot be excluded a priori, 

and this consideration led to the activity presented in this section. As plotted in 

Figure 52b, it is necessary to distinguish between the quasi-static and impact 

(dynamic) tests: in dynamic tests the SEA is comparable in all the specimens 

except trigger E, that causes a lower energy-absorbing failure mode probably due 

to the artificial internal delamination that causes a failure mode where energy is 

mainly absorbed by the delamination in the middle of the laminate and the 

external layer results less fractured. Results of quasi-static tests are more 

influenced by scattering and by the low number of repeated tests (only 2 

repetitions were performed). Triggers A, B, C and E gave similar SEA in quasi 

static tests, that resulted lower than respective dynamic tests. Lower SEA was 

obtained with trigger D in quasi static conditions, with a strong difference from 

the dynamic condition that gave very high SEA. Trigger F showed instead high 

SEA both in quasi static and dynamic conditions. These differences are not easily 

explained and will be probably clearer if investigated with a higher number of 

tests. 

In conclusion, test results showed that, the smoother is the transition from the 

first contact with the impactor to the failure of the full cross section of the 

specimen, the lower is the peak force. This means that the triangular triggers with 

depth 10 mm (C and D) are probably the most suited for crashworthiness tests 

because the lower initial peak reduces the probability of obtaining an unwanted 

failure on the top of the specimen caused by an excessive force on the upper part 

of the specimen (see paragraph 3.1.2.). Furthermore, a lower peak force causes 

also lower vibration on the force data during impact tests. On the other end, a 10 

mm-deep trigger means that at least 10 mm of the force-displacement curves need 

to be neglected for the calculation of SEA, and this is a lot considering that the 

maximum usable stroke of the test allowed by the fixture in its final design is 40 

mm and can be even lower in case of low-energy impacts. For this reason, a better 

compromise between the lower peak force and the longest usable stroke is the 
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saw-tooth trigger with depth of 5 mm, that was chosen for the following tests. A 

saw-tooth machined trigger is also cheaper and simpler to be manufactured, as the 

specimen only requires to be cut by water-jet or milling from a larger plate 

without the inclusion of an additional internal layer (trigger F) or producing a 

thickness reduction (trigger G). The final detailed geometry of the flat specimen is 

in Figure 53.  

 

Figure 53: Drawing of the geometry of the flat specimen for in-plane crashworthiness 

characterization of composites developed in this work.  
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3.1.5 Failure modes 

In chapter 2, the main studies carried out on the failure modes of composites in 

crash conditions have been summarized. As a general rule, fibers cracking absorbs 

more energy than matrix failure, and more fragments are produced more energy is 

absorbed by the failure. Several failure modes can take place in the same material 

depending on the constraint conditions, yielding the general conclusion that the 

geometry of the structure influences the level of energy absorption achieved in the 

crash test. Given the importance of the failure mode on the energy absorption of 

composites, the failure mode is an important parameter to be studied through a 

standard testing procedure.  

The first step was to include in the design a window to allow the observation 

of the failure from a lateral view of the specimen using a camera. This allows to 

observe the evolution of the failure in time during the test, e.g. as shown in Figure 

54, that represent a typical situation observed in carbon/epoxy samples. Most of 

the tested samples showed this kind of behavior, but some exceptions can be 

found if defects are present in the material or in some non-standard testing 

conditions. Several failures have been observed during various tests, allowing to 

identify the connection between failure mode and force signal.  

 

Figure 54: Filtered force-displacement curve and failure mode observed during the crash 

test on a 4-layers GG630 carbon-epoxy laminate (impact energy 800 J, impact velocity 7 

m/s, mass 32.9 kg) [107]. 
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In the test shown in Figure 55 the crash force reaches the typical value of a GG630 

carbon/epoxy laminates in the first 20 mm of the curve, then it reduces because of 

the formation of a crack in the mid-plane that induces bending of the foils with 

lower fragmentation and consequently lower energy absorption. As a final step, 

the force reduces further due to the crack growth. This behavior could be due to 

the presence of defects in the internal areas of the material, and the results may be 

discarded because the average force used to calculate the SEA is reduced due to 

the change in the failure mode. 

 

 

Figure 55: Filtered force-displacement curve and failure mode observed during the crash 

test on a 2-layers GG630 carbon/epoxy with unusual changes in the failure mode; a long 

crack with elastic bending of the foils caused a strong decrease of the crash force. 

 

Similar behavior can be observed in Figure 56 where a lower level of crash 

force is measured when a delamination grows in the mid plane of the laminate. 

The lower energy absorption is due to the lower fragmentation of the two foils 

when they bend with a large curvature radius. 
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Figure 56: Filtered force-displacement curve and failure mode observed during the crash 

test on a 4-layers GG630 carbon/epoxy with unusual change in the failure mode; initially 

the mid-plane crack is small and the force is higher, for displacement higher than 25 mm 

the mid-plane crack is longer and the force is lower. 

 

The way the specimen is constrained is another factor that can cause changes 

in the failure mode. In Figure 57, the 4-layers Microtex VV770 glass twill E9-150 

epoxy specimen bended on one side due to the low thickness (2.4 mm) combined 

with an unsupported height of 20 mm; therefore, the force lowered from 13.8 kN 

to 4 kN. 
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Figure 57: Filtered force-displacement curve and failure mode observed during the 

crash test on a 4 layers VV770 glass-epoxy specimen that bended laterally because of the 

low thickness and tall unsupported height. 

 

These results show how the testing setup can tolerate different failure modes 

and acquire the respective consequences on the measured force and SEA. These 

differences can be caused by the material itself or induced by the constraints 

applied to the specimens. The first versions of the fixture allowed to change the 

unsupported height from zero to 20 mm to study its effect on failure mode and 

SEA.  
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Table 6: Mechanical properties of Microtex VV770T-32 carbon/epoxy laminate 

from datasheet supplied by the producer (only the density was measured by the 

author) 

Property Value Standard 

Density 1.83 kg/dm3 Measured by the 

author 

Tensile modulus 23.0 GPa ISO 527:1997 

Tensile strength 450.1 MPa ISO 527:1997 

Compressive modulus 25.1 GPa ASTM D6441:14 

Compressive strength 473.9 MPa ASTM D6441:14 

Shear modulus 3.5 GPa ISO 6031:2015 

Shear strength 99.5 MPa ISO 6031:2015 

Poisson’s ratio 0.13 ISO 527:1997 

 

 

Some experimental tests carried out on GG630 carbon/epoxy and VV770 

glass/epoxy specimens (mechanical properties in Table 6) with different 

thicknesses indicate that better results are obtained with unsupported height 

between 5 mm and 10 mm, where there are not important changes in the failure 

modes or in the SEA as reported in Figure 58.  A lower height causes instead an 

over-constraining of the specimen, that can cause tearing if the laminate is very 

thick because of the difficult flow of the crashed material under the columns. 

 

  



82   

 

 

a) 
b) 

  

Figure 58: a) SEA of GG630 carbon/epoxy laminates with different thicknesses as a 

function of the unsupported height; b) SEA of VV770 glass/epoxy laminates with 

different thicknesses as a function of the unsupported height. 

 

With 20 mm unsupported height some specimens tended to bend, but this 

does not happen in all the specimens; the scatter of results then tends to increase. 

These observations, together with the negligible differences found changing the 

unsupported height between 5 mm and 10 mm led to fix this value to 7.5 mm in 

the final version of the fixture. This value can be changed in specific studies, if 

needed, building some special columns able to guarantee the desired unsupported 

height. 

As anticipated in paragraph 2.1.2, in the literature the macroscopic categories 

in which the failure modes are divided are splaying, tearing, fragmentation and 

buckling. While buckling is something generally unwanted on a crash box 

because of the low level of energy absorption, and fragmentation is something 

happening during the crash of many materials and difficult to isolate from the 

other failure modes, splaying and tearing are the easiest to be found and identified 

in crash tests. The fixture described here was mainly designed to test the splaying 

failure mode, but the possibility to obtain a tearing failure mode was implemented 

with a solution proposed by the company Engenuity [64]. Reducing to zero the 

unsupported height of some columns means adding some obstacles to the flow of 
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the crashed material, that results forced in specific directions. In this way, the 

presence of the obstacles can cause tearing of the laminate in some points.  

Some trials with different constraint conditions have been performed on 

NEMA FR4 specimens with thickness 3 mm and the results are schematized in 

Figure 59. All the tests were performed with an impact energy of 800 J, a mass of 

60.4 kg and an impact velocity of 5.2 m/s. The constraint conditions a) consist of 

5 supporting columns on each side of the specimens all leaving an unsupported 

height of 10 mm. The other constraint conditions are the same, with the difference 

that the anti-buckling columns are moved down to 0 mm (i.e. do not allow the 

flow of crashed material under them) where it is indicated by the red circles. 

Figure 59 clearly shows how the SEA increases from 51 kJ/kg in the splaying 

mode a) to 60 kJ/kg in the configuration b), which constrains the laminate to bend 

in right direction, and c) and d), which cause some tearing. Even higher SEA is 

achieved with setup e), while the maximum has been achieved in configuration f) 

the causes 5 tears in the laminate and a SEA of 65 kJ/kg, an increase of 30% 

respect to the SEA in splaying mode.  

Thanks to the interesting results obtained from these tests, the final version of 

the testing fixture allows to use some special columns with 0 mm unsupported 

height to test the tearing failure mode. The results obtained are compared in 

Chapter 4 to those obtained testing the same material with different coupon 

geometries to observe the change of the SEA. 
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Figure 59: Effect of the constraint conditions on the SEA of a NEMA FR4 laminate; the 

red circles indicate the presence of a column with unsupported height equal to 0 mm. 

 

3.1.6 Specific Energy Absorption calculation 

A critical aspect of a standard procedure to calculate the SEA of the composite is 

to use a unique and shared approach to calculate this result. This is not immediate 

because several aspects need to be defined: 

➢ The part of the force-displacement curve for the calculation of the 

average force needs to be identified, neglecting the initial part where 

the material is weakened by the failure trigger and the last part where 

the failure tends to stop because of the deceleration of the impact mass 

➢ The dimensions of the specimens are not regular, so the procedure for 

measuring the specimen before the test needs to be decided (how 

many repeated measurements, with what instrument?) 

➢ The mass of the specimen needs to be measured to calculate the 

density of the material 
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➢ Is it enough to measure some samples from a batch of specimens or is 

it necessary to measure and weight every single specimen before the 

test? 

These aspects were investigated by the student Enio Colonna in his Ms’ thesis 

[110], and the main achievement are summarized in the following. A preliminary 

review of the available literature on crashworthiness tests for material 

characterization pointed out that details on the approach followed to identify the 

part of the force-displacement curve to be considered for SEA calculation are 

usually not given. The simplest approach would be to divide the total absorbed 

energy (i.e. the area of the force-displacement curve) by the mass of crush 

material, but this does not allow to neglect the trigger area (where the material is 

intentionally weakened) and the final part where the failure is stopping because 

the kinetic energy of the mass is almost completely consumed. The typical 

approach consists of fixing a displacement range where the average force is 

calculated [17], but this could not be adequate if curves of different length are 

compared (e.g. if two materials with different SEA are tested with same impact 

energy); furthermore, an objective reason to choose the extremes of the range 

should be found. Another approach consists of deciding the extremes observing 

the impact curve to neglect the non-acceptable parts but it is obviously non-robust 

because different operators would choose different values based on their 

experience. A different approach to analyze curves with different lengths can 

neglect the initial and final parts defined as a percentage of the total time of the 

test, as required for example for the calculation of the fracture energy in the 

wedge peel impact test standard ISO 11343 [111]. A similar approach was applied 

considering a percentage of the total displacement of the test, with some 

drawbacks reported in [18]: if the percentages are not chosen correctly, some 

portions that should be neglected were instead considered in some curves.  

In [110], these different approaches were applied to a set of eleven tests on a 

NEMA FR4 glass/epoxy laminate with thickness 3 mm. The specimens were all 

tested under the same impact conditions (energy 800 J, mass 60.39 kg, velocity 

5.15 m/s), and should ideally give the same SEA result, despite some scattering 

due to the intrinsic variability of the material properties or other uncontrolled 

external factors. For this reason, the algorithm that minimizes the scatter of results 

on this set of tests can be considered the best for a testing standard. Some Matlab 

scripts were prepared to calculate the SEA in the desired range of the force-

displacement curve according to the following algorithms: 
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a) Starting and final point set in each test by the user 

b) Full curve considered 

c) Fixed starting and final point applied to the whole set of curves 

d) Starting and final points defined as a percentage of the total 

displacement of the test 

e) Variable displacements algorithm as described below. 

The variable displacements algorithm e) was originally developed after 

studying the previous methods, trying to combine the advantages of each of them. 

The result is a complex algorithm that looks for the stable crash of the material 

trying to minimize the part of curve to be neglected applying the following steps, 

also represented in a sample curve in Figure 60: 

1. Filtering of the curve by applying a bandstop filter from 1 kHz to 40 

kHz to hide the natural frequencies of the load cell of the striker and 

700 points smoothing to have a regular signal (suited for a sampling 

frequency of 1 MHz) 

2. Identification of the peak force and its position in the curve 

3. Identification of the initial point of the curve starting from the peak 

position and decreasing the time until the force becomes zero 

4. Identification of the final point of the curve starting from the peak 

position and increasing the time until the force becomes zero 

5. Calculation of the variable force limit as 50% of the force value in the 

midpoint of the curve. 

6. Identification of the starting point for SEA calculation with an 

iteration that starts from a displacement equal to the trigger depth and 

terminates when the force limit is reached, plus a margin of 1.5 mm to 

neglect the typical reduction of crash force after the peak caused by 

the end of the trigger and start of the failure on the full cross section of 

the specimen. 

7. Identification of the final point as the point after which the force falls 

under the force limit, further reduced of a margin of 1.5 mm 

8. If some points of the curve obtained in this way have force lower than 

the force limit, some unwanted phenomena could have happened at the 

end of the test, so the final point is further reduced until the force 

grows again over the force limit. 

9. If the final point obtained in this way is higher than 40 mm, the final 

point is automatically set to 40 mm because after this point some 
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decelerators positioned on the fixture start to operate to slow down the 

impact mass and avoid damages to the fixture. 

 

Figure 60: Critical points of the curve identified by the variable displacement 

algorithm. 

 

This algorithm was applied to the cited set of curves, and the same was done 

with the other algorithms called with letters b) to d), while a) was considered not 

acceptable for a standard because the interval is subjectively decided by the 

operator. The results are summarized in Table 7, where it is possible to see that 

considering the full curve gives a lower SEA because it is affected by the portion 

of material weakened by the trigger, that needs to be neglected. The other 

calculation procedures are consistent in terms of average SEA result, with the 

variable displacement algorithm showing the lower scattering, and thus resulting 

the most effective for the calculation of SEA under the hypothesis that the 

calculation method should reduce as much as possible its contribution to the 

scattering of the results. The calculation method d), based on a percentage portion 

of the curve length, presents a low standard deviation, slightly higher than the 
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variable displacements algorithm, and could then be another good candidate for a 

standard because of the simpler implementation. 

 

Table 7: Calculation of the average SEA on a set of specimens applying 

different methods. 

 Average SEA 

(kJ/kg) 

Standard 

deviation of 

SEA (kJ/kg) 

b) Full curve 48.29 3.94 

c) Fixed starting and final points 51.70 3.54 

d) Fixed percentage of the curve length 51.33 3.29 

e) Variable displacement algorithm 51.28 3.26 

 

A second theme that needs to be discussed for the definition of a standard is 

on the method for the measurement of the specimens. In this work the typical 

approach followed required to measure for each tested specimen: 

➢ the length of the specimen in two points 

➢ the width of the specimen in two points 

➢ the thickness of the specimen in four points 

➢ the mass of the specimen 

Four measurements of the thickness are required because it is the most 

influent dimension for the calculation of the density. The dimensions are taken 

using a digital caliper with resolution of 0.01 mm, which is significantly lower 

than the irregularities of the surfaces of composite specimens, and a scale with 

resolution of 0.001 g. From these results it is possible to calculate the cross 

section A and the density of the material ρ required for the calculation of SEA 

with Equation 1, considering the reduction of volume caused by the saw-tooth 

trigger (10 triangles having base of 10 mm and height of 5 mm). The experience 

gained during this work pointed out the necessity of measuring each specimen, 

because the actual dimensions can be very different from the nominal ones due to 

the typically large tolerance that can be achieved during composite curing and 

machining. To answer the question if it is necessary to measure each single 
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specimen, or the average dimensions of some specimens extracted from the batch 

is enough to have a good result, both the methods have been applied to the tests 

described in this paragraph [110]. The SEA has been calculated in each specimen 

considering its actual dimensions and the average dimensions of the full set; 70% 

of the curves showed a difference between the two results lower than 1%, and just 

one curve showed a difference higher than 2%. For this reason, the error 

committed using the average dimensions measured on the set can be considered 

acceptable for large sets of samples that would need a lot of time for specimen 

measurement, even if the results are obviously more accurate by considering the 

actual dimensions of each specimen. 

 

 

3.2 Final version of the testing fixture 

The final paragraph of this chapter presents the final design of the testing fixture 

for crashworthiness tests on composite flat laminates, that comes out from all the 

studies described in the previous pages. The dimensions of the specimens have 

been reported in Figure 53, with the thickness that can range from 2 mm to 10 

mm, which was considered sufficient to cover the range of thicknesses used for 

crashworthiness applications. To maintain a perfect centering respect to the axle 

of the falling mass, the upper part of the fixture can be moved horizontally to 

compensate the displacement of the midplane of the specimen when the thickness 

changes; some reference marks were added for this reason. The design consists of 

a shell structure with a door on the left (Figure 61) to easily insert and remove the 

specimen that acts also as one of the clamping plates, and another clamping plate 

on the right (not visible because inside the shell) that slides from right to left to 

clamp the specimen with a clamping force limited to 1 kN by the controlled-

torque handle on the right to avoid excessive friction force. An experimental 

investigation performed on this version of the testing fixture with the same 

method described in paragraph 3.1.3 estimated 300 N average friction force for a 

NEMA FR4 glass/epoxy specimen sliding after being clamped in the fixture, 

which can be considered sufficiently low.  

The experience gained through the tests described in chapter 3.1.5 allowed to 

design the device to make it able to test the composite laminate in several 
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conditions. Substituting some of the supporting columns with similar ones 

properly modified it is possible to trigger different failure modes like tearing, 

bending or local buckling. Special attention is dedicated to the tearing test (see 

test results in 4.1.2), as it showed to give a good representation of the increase of 

SEA that can be achieved when moving from a splaying failure mode to a tearing 

failure mode. 

 

 

Figure 61: Final version of the fixture for crashworthiness tests on composites. 

 

The procedure for the substitution of the tested specimen with a new one is 

simple, as described in Figure 62. Rotating the handle on the right side the 

specimen is unclamped and the upper sliding columns automatically return in the 

correct position for testing; then it is possible to rotate the handle on the left side 

and open the door to remove the specimen. After the debris and powders are 
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removed to get again a clean crash surface, the specimen can be positioned and 

the door closed, carefully fastening the handle on the left. Then the specimen can 

be clamped rotating the handle with limited torque on the right side; now the setup 

is ready for the test. 

 

 

Figure 62: Procedure for removing a tested specimen and clamping a new one: a) fixture 

after the end of the test; b) unclamping the specimen rotating the handle on the right; c) 

opening the door on the left side; d) extraction of the specimen; e) removal of the debris 

and powders; f) positioning a new specimen and door closing; g) fastening the door using 

the handle on the left side; h) clamping the specimen using the torque-limited handle on 

the right side. 
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The specimen is supported by three bronze columns on each side, with the 

lateral ones shorter to avoid interference with the impactor falling from the top 

and the central one divided in a fixed part at the bottom and a sliding part on the 

top that can be pushed down by the impactor. A flat insert with minimum 

diameter of 60 mm should be used to assure the full covering of the upper part of 

the specimen, that is positioned with the trigger in the lower part, where failure 

takes place. Three of the six fixed anti-buckling columns can be substituted with 

longer ones to test in tearing configuration generating two tears in the laminate. A 

window on one side of the specimen allows a good visual and lightning of the 

failure process during the test (Figure 63).  

 

 

Figure 63: Failure of a 4-layers GG630 carbon/epoxy laminate observed with a Photron 

FASTCAM Mini AX 200 high-speed camera during a crashworthiness test. 

 

The observation of the failure mode is a fundamental part of the testing 

procedure, as it allows to observe and identify the failure mechanisms obtaining 

important information on the crash behavior of the material. The failure mode can 

be correlated to the force-displacement curve and the SEA values measured as 

described through some examples in Paragraph 3.1.5. 
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Chapter 4 

Experimental results 

4.1 Use of the fixture in the mechanical characterization 

of a material 

The testing procedure described in Chapter 3 is intended as a part of the process 

of mechanical characterization of a composite material. The SEA or SCS of the 

material can be included in a material database useful for material selection. What 

cannot be neglected is the influence of the geometry and of the failure mode on 

the energy absorption level, as described in Chapter 2. This is one of the main 

reasons why a standard test to assess the crashworthiness of composites is today 

not available and cannot be neglected in the present work. The fixture has been 

designed to apply two different constraint conditions to the specimen, performing 

a tearing test or a splaying test, and the results have been compared to those 

obtained on a self-supporting specimen proposed by Feraboli [52]. A Microtex 

GG630T-37 carbon fiber-epoxy prepreg (manufacturing process described in 

Section 2.4.2) was used to manufacture specimens for standard characterization, 

flat specimens for crashworthiness tests and waved specimens to represent the 

element level of the building block approach. A component was also 

manufactured and tested as described in Section 2.4.2. In this chapter, the results 

obtained on the different coupon tests are outlined for the selected material. The 

results obtained with different materials and the influence of other parameters like 

the impact velocity and testing temperatures are also presented in Paragraph 4.2.  
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4.1.1 Standard material characterization 

The first step to build a mechanical properties database for the GG630T-37 

carbon/epoxy material was to perform tensile, compression, shear and flexural 

tests following the international ASTM standards as described in Paragraph 2.4.2. 

The obtained properties (Table 1) are useful for the design of a new crash box and 

should be used to build the material card in an FEM software. Given the known 

effect of the strain rate on the mechanical properties of polymers [42] and 

composites [43], future work could be aimed at investigating the possibility to 

report the results of mechanical tests at higher strain rate, to get closer to the 

conditions achieved during real crashes. After the static mechanical properties of 

the material were found, a specific crashworthiness test was performed to evaluate 

the energy absorption capability of the material during compression failure. 

 

 

4.1.2 Crashworthiness tests on flat specimens 

The crashworthiness of the selected material was tested using flat specimens and 

the final version of the fixture described in this work (Paragraph 3.2). The 

laminate, made of four layers having all orientation 0°, was cut in specimens 

having the dimensions reported in Figure 53. Impact compression tests were 

carried out on a Instron 9450 drop tower equipped with a striker with strain-gauge 

load cell with maximum force of 90 kN, and the force was sampled at a frequency 

of 1 MHz. Equation 5 was used to calculate the displacement of the dropped mass, 

that corresponds to the crashed length of the specimen. The SEA was calculated 

according to the Equation 2, and the part of the curve where the average force is 

calculated was identified using the variable displacement algorithm described in 

Paragraph 3.1.6. The tests were performed with an impact energy of 400 J, a mass 

of 15.75 kg and an impact velocity of 7.1 m/s. The failure modes obtained with 

the splaying test and the tearing test are reported in Figure 64, where it is possible 

to see that delamination is the main failure mechanism in splaying tests and fibers 

failure with laminate cutting is the main failure mechanism in tearing tests.  
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a) b) 

  

Figure 64: a) Failure mode obtained from a splaying test on a carbon/epoxy specimen, 

consisting of two large foils; b) Failure mode obtained from a tearing test on a 

carbon/epoxy specimen, consisting of three foils (one on the left, two on the right) 

generated by the additional constraints. 

 

The acquired force signal (blue curve in Figure 65) is subjected to high noise 

due to the impact against the specimen and the sliding columns, that excites the 

axial modes of vibration of the load cell, that has natural frequencies below 40 

kHz. To avoid this effect and obtain a filtered curve, a band stop filter between 1 

kHz and 40 kHz was applied to the force signal together with 700 smoothing 

points, that clean the force signal obtaining the red curve in Figure 65 [110]. Even 

if the SEA was always calculated on the raw force, it has been verified that the 

results like SEA, SCS or average force do not change if the filtered curve is used 

instead of the unfiltered one. This is inevitably not true for peak force and CFE, as 

the peak force is directly modified depending on the choice of the filter. These 

values are not realistic even in the case of the unfiltered curve because the peak 

force is overestimated because of the oscillating component of the signal. A more 

realistic value of the peak force given by the material would be obtained from a 

quasi-static test, neglecting the effect of the higher strain rate achieved during 

impact tests. 
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Figure 65: Force-displacement curve (blue) acquired during a splaying test, with high 

noise caused by the contact with the sliding columns on the fixture. The effect can be 

reduced applying a filter obtaining the red curve. 

 

The filtered force-displacement curves obtained during the splaying tests can 

be observed in Figure 66. It should be noted that the realistic values of the curve 

are those comprised between 0 mm and 40 mm, as after 40 mm of test the drop 

tower bumpers start operating to decelerate the dropped mass absorbing a part of 

the kinetic energy; this means that, even if the force values are still realistic 

because the brakes act on the mass carrier and not on the load cell, the actual force 

applied to the dropped mass is higher and consequently the displacement values 

are no more accurate. The force peak visible in curves B and E is due to the 

impact of the impactor’s head on the rubber bumpers positioned on the support, 

that act as final brakes for the dropped mass. Before calculating the SEA of the 

material, two observations can be done looking at the curves in Figure 66. 
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Figure 66: Filtered force-displacement curves obtained from the splaying tests on 

GG630T carbon/epoxy samples. 

 

The first observation is that all the curves present a decreasing trend in the 

force value with the increase of the displacement, in some curves more 

pronounced than in other. The reason of this behavior can be explained observing 

the high-speed videos recorded during the test, that can be correlated to the force 

trend. Figure 67 shows as an example test D in various instants, with a long crack 

that grows vertically in the midplane of the specimen during the test. The presence 

of a crack reduces the crash force because the two laminae tend to bend with a 

large radius and a lower level of fragmentation than what is usually achieved with 

a small curvature. The reason of the growth of the crack could be related to the 

formation of a debris wedge as reported in the literature [16, 66, 112]. The debris 

wedge is made of pulverized material that remains constrained between the two 

foils and facilitates the delamination in the midplane of the specimen. The 

accumulation of debris grows during the test, and this could explain the 

progressive growth of the crack in Figure 67. 
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Figure 67: Growth of a crack during the splaying test on carbon/epoxy specimen D, 

from left to right. 

 

A second observation is related to the scattering of the curves, which is not 

negligible and appears increasing with the test stroke. Some scattering in the 

results is usual when testing composites due to the complex structure and the 

several defects that can be present, and this effect is even more evident in 

crashworthiness tests because of the different (sometimes even coexisting) failure 

modes. The scattering of force-displacement curves can be correlated to the shape 

of the crashed specimen in Figure 68, as previously found on the same material 

[106]. The shape of the crashed specimen can change in different tests, showing 

higher or lower level of fragmentation of the two foils or a wider or narrower 

opening angle. The reason of this variability is still under investigation, even 

though the most probable explanation is that it could be due to internal defects of 

the material. This hypothesis should be confirmed in the future by performing 

some tests after having employed nondestructive techniques to assess the possible 

presence of defects in the material or using special specimens with artificially 

created defects with known position and extension, which is out of the scopes of 

the present work.  
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Figure 68: Splaying failure mode found on carbon/epoxy flat specimen after 

crashworthiness test. 

 

In the specimens used for this work, some macrographs (Figure 69) only 

showed the presence of some superficial porosity, probably not able to influence 

the crash failure of the specimen.  

 

Figure 69: High resolution picture taken to observe the superficial porosity which is 

probably not influent on the test results and the thickness where internal defects are not 

visible; some black stripes in some specimens are burrs due to the cutting process. 
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Some small internal delamination was visible observing the thickness using a 

microscope (Figure 70), but it was not possible to understand if that defects 

extend internally or are superficial defects generated by the cutting process. 

 

 

Figure 70: Thickness side of a GG630T carbon/epoxy four layers specimen observed 

using a microscope. 

 

 

Another reason of the scattering and oscillations in the force curve is the 

complex failure mechanism taking place in a relatively simple test as a splaying 

test. If from the macroscopic point of view the splaying failure can be described 

as a delamination in the mid plane of the laminate with formation of two fronds, 

when the failed material is observed using a microscope (Figure 71) the failure 

appears a complex mixture of delamination, fibers breaking and pull-out, matrix 

debonding and fragmentation. All this failure mechanisms alternate in the failed 

material and during the test, probably causing the characteristic oscillations of the 

acquired force. 
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a) b) 

  

Figure 71: a) Failure mode obtained from a splaying test on a carbon/epoxy specimen, 

consisting of two large foils; b) Failure mode obtained from a tearing test on a 

carbon/epoxy specimen, consisting of three foils (one on the left, two on the right) 

generated by the additional constraints. 

 

Results of tearing tests (Figure 72) are very different because of the different 

failure mode, that causes higher energy absorption as expected, with average 

forces of about 12.6 kN, significantly higher than in splaying tests (8.4 kN). 

Therefore, the curves are shorter because the same initial kinetic energy is 

dissipated in a lower displacement due to the higher crash force. From Figure 72 it 

is possible to see that the scattering of curves is lower, and the decreasing trend of 

splaying tests is not present.  
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Figure 72: Filtered force-displacement curves obtained from the tearing tests on 

GG630T carbon/epoxy samples. 

 

These effects are explained by the different kinds of tests that impose some 

constraints in the failure area forcing a different failure mode to take place (Figure 

73). Forcing the material to fail always in the same way reduces the scattering of 

the force signal, and the constraint prevent the formation of the mid-plane 

delamination seen in the splaying tests and the formation of the debris wedge; for 

this reason, no decreasing trend of the force-displacement curve is visible. 
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Figure 73: GG630T carbon/epoxy specimen after tearing test seen from bottom, with 

two foils on the left and one foil on the right. 

 

The failure is then characterized by two tears and by the bending of the 

obtained three foils (Figure 73). Inside the foils, delamination and fragmentation 

can take place as showed in Figure 74, representing then a complex fracture mode 

close to typical failures of real structures. The failure mode is similar in all the 

tests as reported in Figure 75.  

 

 

Figure 74: lateral view of a GG630T carbon/epoxy specimen after tearing test. 
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Figure 75: Tearing failures found on carbon/epoxy specimens after tearing test, all having 

similar aspect. 

The tearing test causes higher crash force than the splaying test because the 

fiber breaking failure mechanism becomes predominant in the two areas where 

tearing takes place. This test can then give a quantitative information on the 

increment of energy absorption that can be achieved when the laminate tears 

instead of bending or splaying. This result is not enough to describe all the 

possible failures that can be obtained during the crash test on a real component but 

it is an useful result for material characterization as it describes the energy 

absorption level of another failure mode. The effect on the SEA and SCS is 

described in Paragraph 4.2.3 to compare the result with a waved specimen that 

simulates the element level of the building block approach. Furthermore, the 

tearing test is a good benchmark for validating or optimizing a numerical model, 

as described for example in Chapter 5. 

 

4.1.3 Crashworthiness tests on waved specimens 

The half-circle specimen proposed by Feraboli in [52] was chosen to represent the 

element level of the building block approach for its curvature, that makes it 

similar to crash box elements or subfloor structures employed in aerospace for 
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impact energy absorption [15]. Another advantage is that it can be tested standing 

alone without the use of a testing fixture and that its manufacturing process is 

simpler than closed section specimens. On the other hand, the flat specimen 

remains the cheapest and simpler specimen to be manufactured. 

Specimens with the cross section in Figure 76 were produced using the same 

layup and process used for the flat specimens described in Section 2.4.2: four 

layers oriented with 0° respect to the testing direction positioned on a half mold 

covered by a vacuum bag before the autoclave curing. The mold was designed to 

produce specimens having a cross section with midplane corresponding to the 

geometry proposed by Feraboli in [52]. The thickness grew instead from 2 mm to 

2.5 mm due to the different material used. A possible trigger mechanism for this 

specimen would be a chamfer trigger, but a saw-tooth trigger was preferred to 

have the same triggering mechanism as in the flat specimen. Given the waved 

geometry of the specimen that makes an automatic cut difficult, the saw tooth was 

cut manually.  

 

Figure 76: Geometry of the waved specimens used for crashworthiness tests, adapted 

from [52] to have a nominal thickness of 2.5 mm that corresponds to four layers of the 

Microtex GG630T prepreg. 
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A fixture was designed to clamp the waved specimen, keep it centered respect 

to the axis of the falling mass and avoid its possible movements during the impact 

test. The specimen lays with the lower surface on a horizontal plate and is 

clamped in its lower part, leaving 62 mm of unclamped height for crash, as visible 

in Figure 77, taken after the test.  

 

 

Figure 77: Carbon fiber/epoxy waved specimen clamped on the testing fixture in the 

drop tower testing chamber after crashworthiness test. 

 

The impactor gets directly in contact with the upper part of the specimen, 

where failure takes place (Figure 78). The force was acquired using the same 

instruments used for the tests on flat specimens and the SEA was calculated 

adopting the same approach, using Equation 2 instead of Equation 1 to avoid the 

measurement of the cross section of the waved specimens, that is a difficult 

process potentially capable to generate non-negligible errors.  
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Figure 78: Frame from the high-speed video recorded during the crashworthiness 

tests on carbon/epoxy waved specimens. 

 

The filtered force-displacement curves acquired are plotted in Figure 79, 

where it is possible to observe the smooth increase of the force value up to a 

displacement of about 5 mm, corresponding to the depth of the failure trigger. The 

force than stabilizes around a constant value that allows to calculate the SEA. It 

can be noticed that given the ability of the specimen to stand and crush correctly 

without the need of an anti-buckling fixture, this structure can be considered a 

good representation of an element in the building block approach and a valid 

geometry to be used to build a crash absorber with good effectiveness thanks to 

the low peak forces. 
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Figure 79: Filtered force-displacement curves acquired during crashworthiness tests 

on waved specimens. 

 

The failure mode is the same in all the specimens, as shown in Figure 80. It 

consists of a mixture of delamination, fibers fracturing and fragmentation. The 

fibers fracturing is mainly concentrated in the half-circles areas, where the 

curvature triggers their failure, while from the lateral side of the specimen it is 

possible to understand how in the mid plane of the specimen splaying always 

tends to happen (Figure 78). The high level of fragmentation and fibers breaking 

is the probable explanation of the crash forces recorded, that range between 20 kN 

and 24 kN, and SEA as described in the following. 
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Figure 80: Failure mode of waved carbon/epoxy specimens after crashworthiness 

tests. 

 

The test results can be compared to those obtained with the other two tests 

carried out on flat specimens (splaying and tearing tests). Given that the material, 

the stacking sequence and the production process were the same for both flat and 

waved specimens, and that the tests were all carried out in the same impact 

conditions (impact velocity 7.1 m/s, impact mass 15.75 kg, impact energy 400 J), 

it is possible to state that the results are only influenced by the testing condition 

(i.e. splaying test, tearing test or waved specimen test). The SEA values measured 

in the splaying and tearing tests on flat specimens and on the waved specimens 

have been plotted in Figure 81, where the splaying test gives the lower SEA 

because mainly consists of delamination and matrix fragmentation, in agreement 

with the literature that classifies the splaying failure mode as less efficient than 

tearing [15]. The other extreme is represented by the waved specimens proposed 

by Feraboli, that showed very high SEA thanks to the failure mechanism 

involving a lot of fiber fracturing. The SEA obtained from tearing tests falls in the 

middle, and this is due to the constraints that cause more fiber tearing than in the 

splaying tests, but not enough to reach the values obtained from waved specimens. 
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Figure 81: SEA calculated from crashworthiness tests on carbon/epoxy specimens 

from the splaying and tearing tests carried out on flat specimens and on the waved 

specimens. 

 

The interpretation of these results within the framework of the 

characterization of the four layers GG630T-37 carbon/epoxy laminate is 

something not easy as it cannot immediately be extended to the design of a new 

crash box. The real product will probably have a geometry that differs from the 

tested samples, and the well-known effect of the geometry on the failure mode 

and consequently on the energy absorption will probably cause the crash box to 

have an SEA that differs from that of the tested coupons. The only way to obtain a 

prediction of the energy absorption level of a newly designed crash absorber 

requires the use of FEM modeling: if some models using the same material cards 

and modeling approaches can give a good prediction of the behavior of the 

material in the three tests, that require high flexibility in reproducing the different 

failure modes, that would be probably a model able to predict the behavior of a 

new complex structure like a newly designed crash box. Some investigation on 

this topic have been performed using the LS-Dyna explicit code and the results 

are presented in Chapter 5. 

Another possible interpretation of the SEA results in the different tests would 

be to consider the splaying tests and the waved specimens tests as two extremes of 

a linear behavior where the SEA depends on the performed test and the tearing 
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test falling in the middle of the two behaviors. However, what can be drawn both 

from the literature and the experience gained during this work is that the two tests 

are not respectively the minimum and maximum level of energy absorption 

provided by the material: buckling is usually a failure mode that absorbs less 

energy than splaying [15], and the waved geometry proposed by Feraboli is totally 

conventional, and a change in its shape or curvature radius can cause changes in 

the SEA [52]. Same conclusion can be drawn for the tearing test; changing the 

position of the constraints, a different number of tears of the laminate can be 

generated, with consequent variation in the energy absorption level. 

In conclusion, while the three presented tests appear to be useful to describe 

different behaviors of the material, a numerical approach based on the use of the 

test results to calibrate the non-physical coefficients of the material card is 

probably the best way to deal with the prediction of the behavior of a new 

product. 

Another information obtained from the plot in Figure 81 is the higher 

scattering of splaying test results compared to the tearing test and the waved 

specimen test. This effect is probably due to the higher sensitivity of the splaying 

test to the internal defects of the matrix, that results reduced in tearing and waved 

specimen tests where the main responsible of the energy absorption is the fiber 

failure. If this conclusion will be confirmed in future by dedicated experimental 

investigations, the splaying test could be a good candidate to easily assess the 

presence of internal defects in the laminate. 

 

 

4.1.4 Crashworthiness tests on a full-scale component 

The SEA values obtained testing coupons and elements presented in the previous 

sections can be compared to those obtained on the impact attenuator described in 

Section 2.4.2. The attenuator showed a lower level of energy absorption than all 

the other results obtained on flat and waved specimens (Figure 82).  
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Figure 82: SEA calculated from crashworthiness tests on carbon/epoxy specimens 

and components. 

 

This is easily explained by the observation of the failed component, that 

shows a complex coexistence of different failure modes as shown in Figure 83, 

with wide undamaged areas due to the presence of flat walls that tended to buckle 

instead of splay. This effect is also amplified by the tapered geometry of the walls. 

The described behavior results in a low level of energy absorbed for most of the 

component, that causes the low global SEA. 

 

 

Figure 83: Failure of a full-scale carbon/epoxy impact attenuator after 

crashworthiness test, with several coexisting failure modes. 
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Tearing and fragmentation, generally known as the most efficient failure 

modes of composites, mainly occur at the four corners, where the curvature causes 

fibers rupture. The attenuator could then be further optimized changing its 

geometry to achieve better efficiency and lower weight or higher energy 

absorption. The final results of the investigation are reported in Table 8. 

 

Table 8: Summary of crashworthiness tests on GG630T-37 carbon/epoxy. 

 Average SEA 

(kJ/kg) 

Standard 

deviation of 

SEA (kJ/kg) 

Coefficient of 

variation 

Impact attenuator 23.8 1.0 4.3% 

Splaying test 42.7 9.6 22.6% 

Tearing test 64.2 2.6 4.0% 

Waved specimen 81.0 2.5 3.1% 

 

Table 8 shows the low scatter of the SEA measured on the impact attenuator, 

with low values of coefficient of variation (i.e. the ratio between standard 

deviation and average) comparable to those measured in waved specimen tests 

and tearing tests. This result indicates a good uniformity in the behavior of the 

four impact attenuators tested under impact load. The splaying test is the only one 

showing a coefficient of variation higher than 5% (i.e. 23%), confirming the 

necessity of further investigation to understand if this behavior could be due to 

internal defects. 

 

4.2 Effect of the testing conditions on the crashworthiness 

of composites 

The presented testing procedure aims not only at characterizing the material, but 

also to study its behavior under various conditions like different laminate 

thicknesses, testing temperatures or impact velocities. The effects of these factors 

have been studied on various materials and some results are summarized in the 
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following pages. All the studies were carried out on the GG630T-37 carbon-epoxy 

prepreg to complete the characterization of this material, while some tests with 

different laminate thicknesses were carried out on a VV770 glass/epoxy prepreg 

and NEMA FR4 carbon/epoxy plates.  

Some of the tests presented in this section were carried out in different 

moments during the development of the project, and some changes in the testing 

setup are highlighted. Anyway, all the results appear to be consistent, and this 

proves that the various modifications implemented on the fixture have not 

influenced the test results. 

 

4.2.1 Effect of laminate thickness 

Several laminates made of GG630T-37 carbon-epoxy twill prepreg oriented 0° 

were manufactured and tested in splaying configuration in two different phases 

with two different versions of the fixture: some 3-layers, 4-layers and 8-layers 

thick laminates were tested with the older version of the fixture that requires 100 

mm-wide specimens, while 2-layers and 4 layers laminates were tested with the 

last version of the fixture that requires 50 mm wide specimens. From the box plot 

in Figure 84 no significant difference appears in the average values and scatter, 

thus suggesting that the thickness of the laminate is not influent on the SEA. The 

comparison between the 4-layers tests with 50 mm and 100 mm wide specimens 

confirms the absence of unwanted effects on the testing results due to the different 

width of the specimens or to the different testing fixture. 

 

Figure 84: SEA of carbon/epoxy laminates having different thicknesses and widths. 
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The result is consistent with the failure modes observed after the test, as 

shown in Figure 85. All the specimens splayed in a similar way independently 

from their width or the fixture used, with various levels of fragmentation of the 

foils that contribute to the scatter of SEA values, regardless of the thickness. The 

two-layers laminate showed, due to the low thickness, sometimes asymmetrical 

splaying with one foil more fragmented than the other (Figure 85a), while the 

three-layers laminate showed two asymmetric foils due to the central layers that 

flows on one side (Figure 85a). The specimens having four and eight layers 

showed instead symmetric foils. 

 

 

Figure 85: splaying failure modes of carbon/epoxy laminates with different 

thicknesses: a) 2 layers; b) 3 layers; c) 4 layers; d) 8 layers. 
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A similar investigation was carried out on NEMA FR4 glass/epoxy laminates 

of different thicknesses ranging from 1 mm to 10 mm. Tests were performed on 

the old and new versions of the testing fixture and on 50 mm and 100 mm wide 

specimens. Some differences in the SEA values were detected, but no trend 

appears clear from the plot in Figure 86. Given the nature of the material, that is 

commercially available in ready-to-cut plates, the variation of SEA is probably 

due to batch-to-batch variability, that during preliminary studies, not reported 

here, was found even on batches of plates with same thickness bought in different 

periods. 

 

 

Figure 86: SEA of NEMA FR4 laminates having different thicknesses. 

 

The old and the new fixtures can be compared with the tests of laminates with 

thickness of 1 mm and 3 mm. The results on 3 mm-thick specimens are well 

comparable, while slightly higher difference is visible on 1 mm thickness, even if 

the results still fall in the same range.  

The failure mode of all NEMA FR4 carbon/epoxy specimens consists of the 

formation of two foils and in some cases a delamination growing vertically close 

to the midplane of the laminate (Figure 87). 
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Figure 87: Failure mode of NEMA FR4 laminates having different thicknesses: a) 1 mm, 

b) 3 mm, c) 5 mm, d) 10 mm. 

 

Similar tests were carried out on a Microtex VV770T-32 glass/epoxy prepreg 

in laminates consisting of 3 layers, 4 layers and 8 layers (mechanical properties in 

Table 6). SEA increased with the laminate thickness, probably due to the higher 

stiffness of the thicker specimens compared to the thinner ones. This effect is 

typical of this material, as similar result was not obtained on GG630 carbon/epoxy 

or NEMA FR4 glass/epoxy materials. The increase of SEA is visible in Figure 88 

and confirmed by a linear regression returning a p-value of 0.2%, even if the 

scatter is quite wide (R2 value 0.34).  
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Figure 88: SEA of VV770 glass/epoxy specimens as a function of the number of 

layers of the laminate. 

 

The splaying failure mode (Figure 89) found after test is similar to those 

obtained with the carbon/epoxy specimens. 

 

 

Figure 89: Failure mode of VV770 glass/epoxy specimens after splaying test: a) 3 

layers specimen, b) 4 layers specimen, c) 8 layers specimen. 
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The possibility to test different laminate thicknesses using the same setup 

allows then to identify different trends in different materials. This information is 

useful during the design of a crash box because different parts of the structure can 

have different thickness. 

 

4.2.2 Effect of impact velocity 

Strain rate is one of the most interesting parameters when dealing with impact 

testing, and this is particularly true when polymers are involved like in 

composites. In this work the effect of the strain rate was studied by means of tests 

at different impact velocities, and impact tests compared to quasi-static tests 

performed with a modified fixture using an Instron 8801 hydraulic universal 

machine in the laboratories of Politecnico di Torino (Figure 90).  

 

 

Figure 90: Test setup modified for quasi-static tests. 
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Two different testing campaigns were carried out using flat specimens made 

of GG630T carbon/epoxy prepreg. The first campaign was published in [106] and 

consisted of impact tests carried out at 5 m/s, 7 m/s and 10 m/s in splaying 

conditions. No effect of the impact velocity on the SEA was detected during those 

tests, as visible in Figure 91a.  

A second testing campaign focused on the effect of the failure trigger on the 

SEA [109] found analogue SEA results in impact conditions with 7 m/s impact 

velocity (47 kJ/kg in average, which is not far from the 44 kJ/kg calculated in the 

previous investigation on another batch of material [106]), and lower SEA (41 

kJ/kg) in quasi-static compression tests carried out at a constant speed of 100 

mm/min. Both quasi-static and impact tests were affected by high SEA scatter, but 

an analysis of variance test showed a significant effect of the testing condition (p-

value 0.6%, test results summarized in Figure 91b).  

 

 

Figure 91: a) SEA of carbon/epoxy specimens as a function of the impact velocity 

obtained from impact tests [106]; b) SEA of carbon/epoxy specimens in quasi-static and 

impact crashworthiness tests [109]. 
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To study the effect of the impact speed on a different material and geometry, 

some tubular specimens were tested in quasi-static conditions at a constant speed 

of 100 mm/min and in impact conditions at a velocity of 5 m/s and 9 m/s. The 

tubular specimens were cut from longer tubes made of glass 0°/90° fabric in 

epoxy resin known with the commercial name of NEMA G10. The material is 

similar to NEMA FR4 and is used for similar applications, even if FR4 is 

commercially available in flat plates while G10 is available in tubes. The tubes 

had an external diameter of 30 mm, a wall thickness of 1 mm and a height of 150 

mm to be clamped in the same fixture used for tests on flat specimens. A chamfer 

lathed on one of the sides acted as failure trigger. The specimens showed a mixed 

failure mode as reported in Figure 92a, consisting of splaying with some material 

flowing inside the tube and some material flowing externally, with tearing in 

some points. The tests showed a decreasing trend of the SEA with higher impact 

velocity, as highlighted in Figure 92b. 

 

a) b) 

 
 

Figure 92: Failure mode of SEA of G10 glass/epoxy specimens and SEA as a 

function of the test velocity. 
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The two materials (carbon/epoxy flat specimens and glass/epoxy tubular 

specimens) showed two different trends of the SEA as a function of the test 

velocity. Explaining this effect is not easy and requires deeper investigation in 

future works on different materials. A similar increase of SEA at higher test 

velocity has been obtained by Thornton et al. on glass/epoxy and carbon/epoxy 

tubes [113] and more recently by Barnett et al. on short fiber carbon/epoxy [24]. It 

can be due to an increase in the strength of the matrix, as it is found 

experimentally in epoxies [42]. The decrease observed on the glass/epoxy tubes is 

something more difficult to explain, probably due to the complex fracture 

behavior of composites which is influenced by the different specimen geometry as 

well. Decreasing trends with increased testing velocity were found on Polyester 

composites [113]. The observed trends certainly require further deeper studies but 

confirm the usefulness of the proposed testing procedure to observe strain-rate 

dependent behaviors. 

 

 

4.2.3 Effect of the testing temperature 

The characterization of the GG630T-37 carbon/epoxy laminate was completed 

with tests at high and low temperature to assess the effect of the environmental 

conditions on the crash process and material properties. Tests were carried out in 

the thermostatic chamber of an Instron 9450 drop tower at room temperature (23 

°C), -40 °C and 80 °C, that are typical testing temperature adopted in the 

automotive field to represent the possible conditions found by the material during 

operation. Flat specimens were tested in splaying and tearing failure mode, and 

the same tests were carried out on waved specimens as well. The impact energy in 

all the tests was 400 J, the dropped mass 15.75 kg, and the impact velocity 7 m/s.  

The SEA plotted in Figure 93 indicates mild effects of the testing temperature 

on test results. No trend is visible in tearing tests (blue box plots), while a 

decrease of the SEA of waved specimens was found at high temperature (green 

box plots). Flat specimens (red box plots) tested at room temperature showed high 

scatter, that was lower at high temperature (with similar average SEA) and at low 

temperature, where a decrease of the average SEA was found.  
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Figure 93: SEA of GG630 carbon/epoxy at different testing temperature: flat 

specimens in splaying and tearing conditions and tests on waved specimens. 

 

The failure modes (Figure 94, Figure 95 and Figure 96) look similar 

regardless of the testing temperature, with some exceptions described in the 

following. 

 

 

Figure 94: Failure modes of flat carbon/epoxy specimens during and after splaying 

test at different temperatures. 
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The decrease of the SEA at low temperature in splaying tests is probably 

explained by the embrittlement of the matrix, that causes a different failure mode 

as shown in Figure 94. The lower SEA of waved specimens at high temperature 

could be due instead to a softening behavior because the temperature gets close to 

the glass transition temperature of the matrix (135 °C) or to changes in the 

interaction between matrix and fibers triggered by the high temperature. 

 

 

 

Figure 95: Failure modes of flat carbon/epoxy specimens during and after tearing 

test at different temperatures. 

 

 

These hypotheses require necessarily further investigations to be confirmed 

because the failure mode does not show visible changes at different temperatures 

(Figure 96) and this effect seems to be only typical of waved specimens, while 

matrix-related or interface-related behaviors would be expected to give some 

effects in the splaying test, that mainly involves delamination. 
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Figure 96: Failure modes of flat carbon/epoxy specimens during and after splaying 

test at different temperatures. 

 

Similar trends showing the best performances at room temperature and a 

decrease of SEA at higher or lower temperature in epoxy-based composites can be 

found in the literature [24, 113]. Interesting work for the future will be the study 

of the behavior of other materials, both thermosets and thermoplastics, at different 

temperatures, or tests performed at temperatures higher than the glass transition 

temperature. 
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Chapter 5 

Numerical modeling 

5.1 Modeling approach 

Last step in this research project is the evaluation of the usefulness of the 

experimental results to tune the material cards of FEM codes and evaluate their 

predictive capabilities, that would strongly reduce the cost and time of 

development of new crash box composite structures. Between the available 

explicit FEM codes able to simulate crashes and composites, LS-Dyna was chosen 

because of the high number of material models and algorithms available, that is 

witnessed by a wide literature [74]. The LS-Opt optimizer was employed to work 

with LS-Dyna keyword files and run sensitivity analyses on the material models, 

Design of Experiment (DOE) analyses, and curve matching optimizations. The 

steps of the research path can be summarized as follows: 

➢ realization of a model reproducing the splaying test carried out on the 

developed fixture and use it for the identification of the unknown 

parameters of the material card related to the delamination failure 

dominated by the matrix, 

➢ realization of a model reproducing the tearing test carried out on the 

developed fixture and use it for the identification of the unknown 

parameters of the material card related to fiber failure, 
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➢ verification of the validity of the identified parameters by using them to 

predict the failure of the waved specimen, characterized by a more 

complex geometry and different SEA. 

Crash simulation of composites are generally recognized as a complex matter 

to deal with, and this was confirmed by this work that gave only preliminary 

results that deserve to be further investigated in future works. Due to the high 

number of parameters available in LS-Dyna, only the most important steps of the 

research are summarized in the following, together with the final setup of the 

model. Due to the simultaneous development of the experimental setup and the 

numerical models, the latter does not reproduce the final version of the fixture, but 

the previous one designed for 100 mm-wide specimens and impactor for direct 

contact with the specimen (Section 3.1.1). The material under investigation is the 

same GG630T-37 carbon/epoxy laminate characterized by experiments in Section 

4. 

 

5.2 Simulation of the crashworthiness test on flat 

specimens 

The planned research required to optimize the simulation parameters based on the 

results of experimental tests on flat coupons. The first model built for this work 

reproduced the splaying test, by modeling the specimen with a single layer of 

shell elements. Several investigations on mesh, element formulations, contact 

parameters and material parameters were carried out on this model and are 

reported in Section 5.2.1. While capable to reproduce the experimental force-

displacement curve, the single shell layer model was not able to reproduce the 

delamination that happens during the splaying test, and showed wrong behavior in 

tearing tests without the increase of the SEA found during the experiments; for 

this reason, a new model consisting of two shell element layers bonded by 

cohesive elements was prepared (Section 5.2.2). 

Then some studies on the parameter identification in LS-Opt were performed 

to find the most effective way to set up the optimization for a material with 

unknown properties as described in Section 5.2.3. Finally, the predictive 

capabilities of the model were tested in Section 5.3. 
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Two experimental tests (a splaying test and a tearing test) on a four layers 

GG630T laminate were taken as reference to build the numerical models. Both 

tests were conducted on 100 mm-wide flat specimens with an impact energy of 

800 J, an impact velocity of 7 m/s and a dropped mass of about 33 kg. Both 

specimens had a 5 mm-deep saw tooth trigger that needs to be taken in account in 

the numerical model to correctly reproduce the initial force peak. The curves were 

filtered as described in section 3.1.6 to simplify the operation of the curve 

matching algorithms and are reported in Figure 97. 

 

Figure 97: Experimental curves used as target for the realization of the FEM models. 

 

5.2.1 Single shell element model 

The first approach adopted to simulate the splaying test on the carbon/epoxy 

laminate was to model a single layer of shell elements. The PART_COMPOSITE 

card in LS-Dyna allowed to model the laminate as four layers (0.625 mm 

thickness each, total thickness 2.5 mm), and for each one the software uses an 

integration point. As the laminate was made of four 0° layers, the model was set 

accordingly. Element formulation 16 (fully integrated shell element) and 8 

(Belytschko-Leviathan shell) were used in the first trials as explained in the 

following. 
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The impactor was modeled as a single layer of shell elements made of steel 

with a thickness of 2 mm, fully integrated formulation and elastic material model 

MAT001. The material properties of steel were attributed to the part. This solution 

was required to have an effective contact with the specimen and avoid non-

realistic failures in the upper part of the specimen that were not happening during 

experiments. The impact dropped mass was modeled as a concentrated mass in 

the central node of the impactor. The anti-buckling columns were modeled using 

rigid material (MAT020), while the lower crash plate (the surface against which 

the specimen fails) was modeled as a rigid wall with a friction coefficient of 0.06. 

A CONTACT_AUTOMATIC_SINGLE_SURFACE was set to reproduce 

contacts between specimen, anti-buckling columns and impactor. The dynamic 

friction coefficient was set to 0.06 as found during the experiments (Section 3.1.3, 

stainless steel columns), and the static friction coefficient was estimated as the 

double of the static one and set to 0.12. The simulation setup is shown in Figure 

98. 

 

 

Figure 98: Single shell layer model setup. 
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Between the several material cards available to simulate the failure of composites, 

MAT54 was chosen because is the most used in the literature for these 

applications and the simplest to be set up thanks to the lower number of 

parameters and experimental data required. The material parameters used to build 

the model are reported in Table 9. Some parameters were available from material 

standard characterization tests whose results are summarized in Table 1, other 

parameters required calibration comparing the simulation results to experimental 

data. The comparison mainly involved the two force-displacement curves, the 

energy absorption level during the test and the visual aspect of the failure. 

 

Table 9: MAT45 material card used to simulate the crashworthiness test. 

Parameter Value Comments 

RO 1.729e-6 Material density, measured 

EA 58.8 

Elastic modulus, 0° direction, average of 

tensile and compression test results from  

Table 1 

EB 58.8 

Elastic modulus, 0° direction, average of 

tensile and compression test results from  

Table 1 

PRBA 0.074 
Poisson modulus, from  

Table 1 

GAB, GBC, GCA 3.7 
Tangential moduli, from  

Table 1 

2WAY 1 Considers 2-way fiber behavior 

DFAILM - 

Unused when 2WAY=1, that means 

DFAILC and DFAILT are used in both 0° 

and 90° directions 

DFAILS Tuned Maximum shear strain 

TFAIL 1e-6 Initially calibrated by trial-and-error 

ALPH 0 Not influent on crash results 

SOFT Tuned 
Critical parameter of the crashfront 

algorithm 

FBRT 0 Not influent on crash results 
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YCFAC 2 Default value 

DFAILT Tuned Maximum tensile strain 

DFAILC Tuned Maximum compressive strain 

EFS 0 
Set to zero to control element deletion with 

DFAILT, DFAILC and DFAILS 

XC 0.334 
Compression strength in 0° direction, from 

Table 1 

XT 0.911 
Tensile strength in 0° direction, from Table 

1 

YC 0.334 
Compression strength in 90° direction, 

from Table 1 

XT 0.911 
Tensile strength in 90° direction, from 

Table 1 

SC 0.065 Shear strength, from Table 1 

BETA 0 Not influent on crash results 

PEL 100 Default value 

SLIMC1 Tuned 
Factor to determine the minimum stress 

limit after stress maximum 

Other Default - 

 

Some preliminary investigations were performed with a tentative material 

card to set up properly the model before parameters identification trials. Several 

details of the model were found to be influent on the test results, pointing out the 

importance of minimizing the number of modifications between different models 

whose results need to be compared. 

Different mesh architectures were tested to understand their effect on the 

simulation results. A structured mesh made of perfectly squared elements 

provided an irregular force signal due to the progressive deletion of rows of 

elements covering the full width of the specimen; the result is a force signal that 

bounces between zero (contact loss when a row of elements is deleted) and a 

maximum. These force oscillations can be filtered to better visualize the force 

curve, but caused in some cases unrealistic failures on the upper part of the 

specimen due to peak force higher than in experiments. To avoid these unwanted 
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effects, a waved mesh was employed obtaining a self-filtered signal and a lower 

probability of unrealistic failures. Two types of waves here called small wave 

(with a period of two elements, still affected by failures on the top of the 

specimen) and large wave (period of four elements) were tested finding better 

results with the latter. An interesting result of this investigation on structured 

mesh is that the average force calculated using the different types of mesh 

changed significantly, and another different result was obtained with a random 

mesh generated with the Auto Mesher command in LS-Prepost (Figure 99). This 

result pointed out the necessity of further investigation on the mesh effect on the 

results, that was assessed with a convergence analysis on the different meshes. 

The mesh architecture and size were found to be influent on the results as 

plotted in Figure 99, and a convergent trend is not clearly visible. Focusing on the 

mesh that gives the best results (large wave mesh), its average crash force 

oscillates around a value of about 9.5 kN with an amplitude of 1.5 kN, while the 

solution time increases exponentially for smaller elements. Given the necessity of 

using the same mesh to run long optimization runs and to simulate larger 

components, a mesh size of 1.5 mm was chosen to limit the calculation time 

without getting too far from the average value of 9.5 kN. 

 

 

Figure 99: Effect of the mesh size on the average crash force in a single shell layer 

models with different meshes. 
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Several element formulations are available in LS-Dyna and can be suited for 

different applications. Different element formulations were tested to understand 

their effect on results and calculation time, finding non negligible differences. The 

fully integrated shell formulation (Formulation 16 fast or -16 accurate) were 

found to be more expensive and less sensitive to material card parameters than 

formulation 8 (Belytschko-Leviathan shell), that was then used in most of the 

work carried out. Another parameter influencing the crash curve was the number 

of integration points on the thickness, whose increment strongly also increases the 

calculation time. A number of integration points equal to the number of layers was 

adopted according to the LS-Dyna defaults. 

Several strategies were tried to better simulate the trigger, which is necessary 

to start the failure in the lower part of the specimen. Reproducing the exact 

triangular geometry of the specimen was not effective because excessively 

reduced the resistance in the trigger area. A better approach to simulate the 

reduction of the cross section interested by the failure was the reduction of the 

thickness of the lower three rows of elements respectively from four layers to 

three, two and a single layer (Figure 98). 

 

5.2.2 Double shell element model with cohesive elements 

A more complex and realistic representation of the crashworthiness test was 

realized with a different model consisting of two layers of shell elements bonded 

by cohesive elements. This model can reproduce delamination, which is the main 

failure mechanism of the splaying test and allows to differentiate between intra-

laminar behavior (shell elements) and inter-laminar behavior (cohesive elements), 

getting a more accurate representation of crash phenomenon as represented in 

Figure 100.  

 

 

 

 



134   

 

 

a)  b) 

  

Figure 100: Different failure modes obtained using the model with cohesive 

elements: a) splaying test, b) tearing test. 

 

Element formulation 8 and MAT54 were used in the shell elements and MAT138 

for the cohesive elements, while the other aspects of the model remained 

unchanged respect to the single shell element model. The parameters of the 

MAT138 card are reported in Table 10: MAT138 material card used to simulate 

the intra-laminar behavior of the composite laminate.Table 10.  

 

Table 10: MAT138 material card used to simulate the intra-laminar behavior 

of the composite laminate. 

Parameter Value Comments 

EN 3.2 Normal stiffness, from [98] 

ET 2 Tangential stiffness, from [98] 

GIC Tuned Energy release rate for mode I 

GIIC 0.0015 Energy release rate for mode II 

T Tuned 

Peak tensile stress in normal direction, 

initially set to 0.075 as indicated in [98], 

then further calibrated 
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S 0.0375 Estimated as T/2  

UND Tuned 
Ultimate displacement in the normal 

direction 

UTD 0.2 

Ultimate displacement in the tangential 

direction, initially calibrated by trial and 

error 

 

 

Due to the higher number of elements the solution time increased significantly 

compared to the single shell element model. 

 

5.2.3 Material parameters identification 

After a working model is built with tentative parameters, to get good agreement 

with the experimental data it is necessary to tune some material card parameters 

that are not representing the physical properties obtained from standard material 

tests, but are necessary to describe the crash failure through the so-called 

crashfront algorithm. In MAT54, these parameters are [76]:  

➢ the strain failure values (DFAILT, DFAILC, DFAILS, DFAILM and EFS, 

see Table 9), that cause the element deletion and are then directly related 

to the energy absorption of the material; 

➢ SOFT, an essential parameter of the crashfront algorithm to transmit the 

load from a failed element to its neighbor element; 

➢ TFAIL is another parameter controlling the deletion of elements based on 

their time step; 

➢ SLIMC1 allows to reduce the compression strength of the element after 

the peak strength, obtaining a force plateau until the element strain reaches 

the value set using DFAILC; similar values are available for the tensile 

and shear behaviors but are not considered here because they showed very 

low influence on the crash behavior. 

To reduce the number of parameters to the most influent on the result and 

simplify the work of the optimizer, TFAIL was initially calibrated by trial and 
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error, EFS was set to zero to control the element deletion with specific values in 

the tensile, compression and shear direction, and DFAILM was not used because 

using the 2WAY flag the algorithm works with same properties in both fiber and 

matrix directions (option used to simulate fabrics as in the case of GG630T 

prepreg). In a first sensitivity analysis, DFAILT and DFAILS showed very low 

influence on the results because the elements failed under compression load, the 

optimization was then set to optimize only DFAILC, SLIMC1 and SOFT. 

A first optimization run was performed using the Sequential optimization with 

Domain Reduction (SRSM) in LS-Opt, considering only the splaying test and 

obtaining a good matching with the experimental curve. A schematic 

representation of the optimization setup is given in Figure 101. The parameters 

found were not able to predict the different results obtained with the tearing tests. 

 

 

Figure 101: Optimization setup based on the splaying test in LS-Opt. 

 

For this reason, a new optimization was set up combining both splaying and 

tearing tests in the same objective function, that was then the sum of the mean 

square difference between the simulated and experimental splaying test and the 

mean squared difference between the simulated and experimental tearing test 

(Figure 102). The new set of parameters obtained in this way should be able to 

reproduce both the splaying and tearing behaviors of the material. 
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Figure 102: Optimization setup based on splaying and tearing test in LS-Opt. 

 

The combined optimization based on splaying and tearing test was also 

performed using the model with cohesive elements; the optimized parameters in 

this case were again DFAILC, SLIMC1 and SOFT with the addition of DFAILT 

to describe the tensile behavior of the material and T, UND and GIC that describe 

the peel behavior of the adhesive layer (Errore. L'origine riferimento non è 

stata trovata.).  

 

5.2.4 Model of the test of the waved specimen 

To verify the effectiveness of the numerical model to predict the behavior of a 

different structure after the calibration of the material parameters based on the 

crashworthiness test on flat specimens, a new model was built to reproduce the 

crash test on the waved specimen described in Paragraph 4.2.3. The model (Figure 

103) is as similar as possible to the previously described models (same mesh 

architecture, testing conditions, contact and material parameters, two versions 

with and without cohesive layer), and reproduces the waved specimen test (no 

anti-buckling system, trigger in the upper part, fixed constraint on the bottom).  
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Figure 103: Setup of the waved specimen crash test simulation. 

 

In the single shell layer model the trigger is simulated imposing reduced 

thickness in the upper elements raw (half thickness), while in the model with 

cohesive elements the first row of shell elements of one layer is deleted. 

 

5.3 Simulation results 

This chapter presents the results obtained from the simulations described in the 

previous pages. Between the several outputs of the numerical models, the 

attention was mainly focused on the force-displacement curves, that well 

characterize the phenomenon and provide an immediate comparison with the 

experimental curves. The SEA calculated from the simulated curves was used to 

have a quantitative evaluation of the similitude of the simulated curve with the 

experimental one.  

The simulated force-displacement curve was obtained as the combination of 

the displacement of the impactor (vertical displacement of the node where the 

impactor mass is applied, from the nodal output NODOUT database) and the 
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contact force between the specimen and the impactor (using a 

FORCE_TRANSDUCER_PENALTY card). The experimental force signal was 

filtered as described in Paragraph 3.1.6, while a Butterworth filter with cutting 

frequency of 300 kHz was used to filter the simulated force signal. 

 

5.3.1 Parameters identification 

A preliminary parameter identification was performed considering only the 

splaying test. The simplest model built with a single layer of shell elements was 

able to reproduce quite accurately the experimental force-displacement curve 

(Figure 104), with an initial force peak followed by a plateau. The optimal curve 

obtained from the model with cohesive elements is also shown in Figure 104. 

Both curves overlap the force plateau with good accuracy. However, they do not 

overlap the experimental curve in its initial part, meaning that the trigger could be 

modeled in a more realistic way. The single shell model shows higher oscillations 

of the force signal, that are reduced by the model with cohesive elements. The 

failure mode consists of simple deletion of elements in the single shell model, and 

becomes more realistic with delamination and formation of small circular fronds 

in the model with cohesive elements (Figure 105). 

 

Figure 104: Results of the optimization of the model using MAT54 based on the splaying 

experimental test. 
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a) b) c) 

   

Figure 105: Failure modes of the model using MAT54 optimized based on the splaying 

experimental test compared with the real failure mode: a) single shell simulation, b) 

simulation with cohesive elements, c) failure mode observed during experiments. 

 

 

The results of some trials to reproduce the tearing test using the single shell layer 

strategy are not reported here because the behavior of the material was very 

similar to the splaying test, i.e. the elements failed under compression load and no 

tearing happens, causing the force plateau to remain at the same level. Because of 

the better results achieved using cohesive elements, that can differentiate between 

inter-laminar and intra-laminar behavior, the combined optimization based on 

both splaying and tearing test was performed only on this model. The result 

(Figure 106) is a material card able to reproduce quite well the splaying test but 

not the tearing test. Figure 106 clearly shows that the force increase found 

experimentally is not reproduced in the simulation, where the tearing test shows 

lower force than the splaying test.  
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Figure 106: Results of the simulation of the splaying and tearing tests after combined 

optimization based on the experimental results of the two tests. 

 

The result is probably explained by the fact that the tearing failure 

mechanism, that causes fibers failure and force increase in the tearing test, is not 

reproduced by the material formulation, that causes the element to fail under 

compression load.  

 

5.3.2 Prediction of the crash behavior of a sinusoidal specimen 

To test the effectiveness of the developed material cards to simulate different 

structures with complex geometry predicting their crash behavior and SEA, the 

test carried out on the waved carbon/epoxy specimens was modeled following the 

same approaches used for the flat specimen described in Paragraph 5.2. The 

results are summarized by the force-displacement curves plotted in Figure 107, 

that shows significantly lower force than the experiments. The evaluation of the 

SEA in the range between 10 mm and 20 mm gives then a lower result of 43.6 

kJ/kg for the model with single shell layer and 33.5 kJ/kg for the model with 

cohesive elements.  
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Figure 107: Results of the simulation of the crash test on waved specimens with 

parameters tuned based on the test of flat specimens. 

 

The failure mode is similar to those shown by the tearing tests presented in 

Paragraph 5.3.1 (Figure 108), with elements deletion due to compressive failure 

without formation of fronds or evident tears in the failed material.  

 

a) b) 

  

Figure 108: Failure modes of the simulation of the crash test on waved specimen: a) 

model with single shell layer, b) model with two shell layers bonded by cohesive 

elements. 
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Table 11 reports a summary of the obtained results with the percentage error 

respect to the experimental results. 

 

Table 11: Summary of SEA results obtained from experiments and 

simulations. 

 Splaying test Tearing test Waved specimen 

 
SEA 

(kJ/kg) 
Error 

SEA 

(kJ/kg) 
Error 

SEA 

(kJ/kg) 
Error 

Experimental 48.1 - 69.3 - 79.1 - 

Single shell 

layer 
44.6 -7% - - 43.6 -45% 

Cohesive 

elements 
52.5 9% 42.1 -39% 33.5 -58% 

 

 

The results reported in this chapter clearly point out the difficulties that the 

material model exhibits when it must reproduce different failure modes with 

different effectiveness of energy absorption. The careful observation of the failure 

process in the simulations and the several studies carried out by changing various 

parameters in the model have not given a clear explanation of the presented 

results.  

From the results described in this paragraph, some conclusions can be drawn: 

➢ Optimization can give a set of material card parameters that simulates 

with good accuracy a crash test used as target by the curve matching 

algorithm. 

➢ Trying to find a set of parameters able to reproduce more failure 

conditions using the same material card is a difficult task for the 

optimizer; more work will be necessary in future to find faster and 

more accurate parameters identification strategies. 

➢ The predictive capabilities of the material cards for very different tests 

than the one used for parameter identification showed to be very 
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inaccurate; more work and probably more complex material models 

are necessary to obtain good predictive capabilities. 

 

5.3.3 Use of the material model MAT262 

The last step of this chapter is the evaluation of the capabilities of a more 

recent and complete material model to reproduce the different failure modes, that 

according to the results presented in the past pages seems to be the main issue 

with MAT54. 

The most complete and lately developed material model in LS-Dyna is 

MAT262, based on the fracture mechanics formulation proposed by Maimì, 

Camanho et al. [114, 115]. This model requires several parameters that can be 

obtained from fracture mechanics tests [116] that were not available for the 

GG630 carbon/epoxy laminate, and needed to be found through parameters 

identification like the non-physical parameters of MAT54. 

Six parameters of the material model (GXC, GXC0, GXT, GXT0, GYC, 

GYC0) were initially set as indicated in [116] for another carbon/epoxy material 

and later adjusted with a combined optimization based on the splaying and on the 

tearing test, similarly to the one represented in Figure 102. 

This model showed that the simulated force curve increases of about 30% 

when moving from the splaying to the tearing test, in agreement with the 

experimental observation. This trend is visible from the two dashed curves in 

Figure 109. The same figure shows also that more efforts are needed to find 

values to match with more accuracy the experimental curves (initial peaks and 

average force in the sustained crash region), but the capacity of MAT262 to give a 

force increase when the failure mode becomes tearing seems to indicate a good 

potential for the prediction of the crash behavior of complex structures.  
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Figure 109: Results of the simulation using MAT262 of the splaying and tearing tests 

after combined optimization based on the experimental results of the two tests. 

 

The failure mode (Figure 110) is similar to the experimental observations in 

the tearing test, with material flowing in the gaps between the columns and tearing 

because of the constraints (Figure 110b), while the element deletion for 

compression failure in the splaying test (Figure 110a) indicates a non-perfect 

balance between the failure of cohesive and shell elements, that needs to be 

optimized. 

a) b) 

  

Figure 110: Failure modes of simulations using MAT262: a) splaying test, b) tearing test. 
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The results presented in this chapter leave several open points that will be 

assessed in future research. The crash simulation of composites is a complex field 

and deserves deeper investigations than what is reported in this work. What 

clearly comes out form these results is the importance of studying different failure 

modes in order to obtain really predictive capabilities from a model using a 

specific material card. For this reason, running tests obtaining different failure 

modes is extremely important, and the results show that the splaying and tearing 

tests on flat specimens and the crash test of the waved specimen are all good 

targets for material card parameters identification or validation. 
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Chapter 6 

Conclusions and further research 

 

This work has demonstrated how the assessment of the crashworthiness of 

composites is a complex and actual theme. The first part of the work aimed at 

identifying the issues that are slowing down the diffusion of composites for 

crashworthiness, identifying the absence of standard testing procedures and 

properties databases, the high development costs, the uncertainty on the failure 

process and the low predictive capabilities of FEM codes as the most critical 

aspects.  

To address these issues, an innovative testing procedure has been developed 

to measure the SEA of material samples and study their failure process. The tests 

performed using the original testing setup to characterize a carbon/epoxy laminate 

have shown the influence of several factors on the energy absorption level of the 

same material. Summarizing, the higher the level of fragmentation of the material 

or the number of tears forcing fibers failure, the higher is the energy absorbed. 

The different kinds of failure can be triggered by external constrains, like those 

imposed by the developed testing fixture, or by the specimen geometry itself, as it 

is witnessed by the tests of waved specimens or of a full-scale component that 

were carried out. The failure mode has proven to be the main parameter 

influencing the SEA, while other parameters like the impact velocity and the 



148   

 

 

testing temperature showed a less dramatic influence, but need to be always 

considered. 

The testing procedure has been developed to get the best compromise between 

research and industrial needs. The choice of using a flat specimen makes easier 

and cheaper the specimen production process, and the imposition of specific 

constraints allows to study different failure modes to have the most complete 

understanding of the behavior of the material. This choice and the decision to 

develop the fixture as an accessory of a drop tower testing machine found good 

interest both in the research and industrial fields, and the collaboration with other 

companies, universities and research institutions allowed to get new ideas that 

have been implemented in the last version of the device. Now it is ready to be 

used by anyone for future studies on new materials, or on the effect of the 

manufacturing process, layups, presence of defects or new testing conditions. 

The study of the material models for composites in LS-Dyna is the part of this 

work that has encountered more difficulties, and this was mainly due to the good 

comprehension of the material behavior gained with experiments, that was hard to 

simulate numerically. While a procedure to easily and automatically identify the 

material parameters to simulate a specific test has been developed, the objective 

of getting a unique material card that could reproduce all the effects met during 

experiments was not reached. The experimental framework proved to be a good 

benchmark for building material models able to stress the capacities of the model; 

a material card able to reproduce all the different behaviors explained in this work 

will certainly be a good candidate for the prediction of the crash behavior of more 

complex structures. 
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