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ABSTRACT 
Lower-cost manufacturing methods have increased the anticipation for economical mass 

production of vehicles manufactured from composite materials. One of the potential 
applications of composite materials in vehicles is in energy-absorbing components such as 
hollow shells and struts (these components may be in the form of circular cylindrical shells, 
square and rectangular tubes, conical shells, and frusta). However, constructions which 
result in brittle fracture of the composite tubes in the form of circumferential or longitudinal 
corner crack propagation may lead to unstable collapse failure mode and concomitant very 
low energy absorption. As a result, metal-composite hollow tubes have been developed that 
combine the benefits of stable ductile collapse of the metal (which can absorb crushing 
energy in a controlled manner) and the high strength-to-weight ratio of the composites. The 
relative and absolute thicknesses of metal or FRP section has a substantial effect on energy 
absorption of the hybrid tubes. In particular, likelihood of delamination occurrence raises 
with increase in FRP thickness. This can reduce the energy absorption capability of the 
metal-FRP hybrid tubes. Additionally, adding a very thick FRP section may result in a global 
buckling failure mode (rather than local folding). Until now, there are no studies specifically 
addressing the effect of FRP thickness on energy absorption of hybrid tubes. In this study, 
the effects of fiber orientation and FRP thickness (the number of layers) on the energy 
absorption of S2-glass/epoxy-304 stainless steel square tubes were experimentally 
investigated. In addition, a new geometrical trigger was demonstrated which has positive 
effects on the collapse modes, delamination in the FRP, and the crush load efficiency of the 
hybrid tube. 

To complete this study, a new methodology including the combination of experimental 
results, numerical modeling, and a multi-objective optimization process was introduced to 
obtain the best combination of design variables for hybrid metal-composite tubes for 
crashworthiness applications.  The experimental results for the S2 glass/epoxy-304 stainless 
steel square tubes with different configurations tested under quasi-static compression 
loading were used to validate numerical models implemented in LS-DYNA software. The 
models were able to capture progressive failure mechanisms of the hybrid tubes. In addition, 
the effects of the design variables on the energy absorption and failure modes of the hybrid 
tubes were explained. Subsequently, the results from the numerical models were used to 
obtain optimum crashworthiness functions. The load efficiency factor (the ratio of mean 
crushing load to maximum load) and ratio between the difference of mean crushing load of 
hybrid and metal tube and thickness of the FRP section were introduced as objective 
functions.  To connect the variables and the functions, back-propagation artificial neural 
networks (ANN) were used. The Non-dominated Sorting Genetic Algorithm–II (NSGAII) was 
applied to the constructed ANNs to obtain optimal results. The results were presented in the 
form of Pareto frontiers to help designers choose optimized configurations based on their 
manufacturing limitations. Such restrictions may include, but are not limited to, cost (related 
to the number of layers), laminate architecture (fiber orientation and stacking sequence) 
which can be constrained by the manufacturing techniques (i.e. filament winding) and 
thickness (as an example of physical constraints).  
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GENERAL AUDIENCE ABSTRACT 
In a car accident, the incident energy must be absorbed by elements of the vehicles to 

prevent it from being transferred to the occupants. (Indeed, a vehicle that is not damaged in 
a crash may lead to significant injury to occupants.) Typical energy absorbing elements in a 
vehicle include hollow shells and struts in the crumple zone, bumpers, and airbags. The focus 
of this study is on hollow thin-walled tubes in the form of hybrid metal-composite square 
tubes which have the potential to provide cost-effective structures for energy absorption 
applications. The behavior of these elements is complicated, requiring computationally 
intensive and time-consuming computer simulations to analyze their failure and to improve 
their design. The time required for these simulations may lead to long times before new 
elements are introduced into the marketplace. Consequently, the objective of this study is to 
provide an efficient and fast methodology to obtain the best hybrid structures for 
crashworthiness applications. To support the computational modeling, experimental results 
obtained from the samples with different configurations tested under quasi-static 
compression loading were used to validate the models. The effect of fiber orientation, 
stacking sequence, and thickness of the composite on energy absorption and failure modes 
were predicted using the models. To reduce the time associated with computational 
modeling, artificial neural networks (ANNs) were employed to fit the response at selected 
training points and to generate a pool of responses at other points. These responses may 
then be used by a designer to choose the best solution for a set of competing design 
constraints.  
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Chapter 1  

 

1. Introduction 

1.1. Background 

Advances in the transportation industry have continuously increased the number of 

vehicles in addition to their speed. As a result, injuries and costs resulting from car accidents 

[1] have also increased. In fact, 95% of all transportation deaths were motorway related. The 

statistics provided by NHTSA (National Highway Traffic Safety Administration) in 2015 

show that automotive fatalities increased by 8% to one death every 89 million miles. In fact, 

more young Americans die from vehicular crashes than diseases [1]. In another report, the 

Australian Transport Safety Bureau calculated $15 billion (in AUD) annual economic loss in 

1996 because of structural and environmental damage or injuries to people caused by road 

crashes. The injuries include those resulting from high deceleration and crushing of occupant 

compartment. Hence, passive energy dissipating structures have been developed over time 

to reduce the likelihood of injuries.  

Consequently, crashworthiness and energy absorption are among the most important 

parameters in vehicle design. Crashworthiness is the quality of response of a vehicle 

involved in an accident [1]. Controlled failure modes ensure a stable energy absorption 

mechanism which leads into better crashworthiness [2]. In general, energy absorption 

structures should have (1) irreversible energy conversion, (2) restricted and constant 

reactive load (ideally a rectangular load-displacement response to avoid a high rate of 

retardation), (3) enough length (to have the ability to absorb more energy), (4) stable and 

repeatable deformation modes, (5) high specific energy absorption (for better fuel 

consumption and less pollution), and (6) low cost and easy installation/removal (when 

replacement is necessary) [1]. In a car accident, the deformation of the elements should 
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hinder transferring the accident energy to passengers and work to provide a sufficient and 

safe space for them. Typical energy absorbing systems in a vehicle include: hollow shells and 

struts (cylindrical, square and rectangular tubes, conical shells, and frusta), bumpers, 

crumple zones, and the passenger compartment [3]. In this study, the focus is on hollow thin-

walled tubes in a car frame such as longitudinal body rails with circular, square, or tapered 

cross sections (Fig. 1-1a) and front chassis legs (Fig. 1-1b). They resemble the same elements 

mounted in the area between motor and passenger space and loaded by vehicle bumper or 

guards [4]. The design of these energy absorbing devices should be combined with the 

complex knowledge of the accident loads, i.e. the deceleration rates endurable by the human 

body and the distribution of loads in the vehicle structure [5].  

 

(a) 

 

(b) 

Fig. 1-1. The structure of a vehicle [1] 
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The axial crush performance of metal, composite, and hybrid thin-walled structures has 

been studied under quasi-static and dynamic loading since the 1970s. This axial crushing 

process begins with elastic compression and bending of the element. As a result, load 

increases up to a peak value, 𝑃𝑚𝑎𝑥 ,  drops sharply because of local buckling, and continues 

with oscillations around a mean value, 𝑃𝑚𝑒𝑎𝑛 (Fig. 1-3). The details of the deformation 

process depend on the tube geometry, material characteristics (composite material 

constituents and laminate design), collapse modes, and loading conditions [3]. The load–

displacement curve is used to represent the Specific Energy Absorption (SEA) and load 

efficiency factor (representative of energy absorption capabilities of crashworthiness 

performance of energy absorption elements) in the crushing process as follows: 

SEA =
Absorbed Energy

Mass of the tube
 

Pmean =
Area under load − displacement curve

crushing distance
 

η =
Pmean

Pmax
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Fig. 1-2. Typical load-displacement curve for hollow square tubes including the ideal load 

profile (blue area) 

The load efficiency factor should be close to unity in order to minimize the presence of 

rapid changes in the load profile as a result of undesirable collapse modes (i.e. catastrophic 

failure which causes injuries such as brain trauma to passengers [6, 7]).  

To eliminate the effects of inertia and strain rate, energy absorption of hollow thin-walled 

tubes is usually first studied under quasi-static loading. Previous work has shown that this 

loading condition produces the same crushing modes as dynamic loading [3].  

The application of fiber-reinforced plastics (FRPs) in high performance sports cars [8, 9] 

and railway vehicles [10] has increased over time because the FRPs can offer weight and cost 

savings over traditional materials. For instance, the Lamborghini Murcielago presents an 

entire carbon-fiber/epoxy body including bumpers, fenders, hood, etc. (Fig. 1-3) [11]. FRPs 

are able to also contribute favorably to crashworthiness. One of the potential applications of 

composite materials in vehicles is in energy-absorbing components such as hollow shells and 

struts [3]. In fact, composite materials offer potential design flexibility over traditional 

materials as there are a large number of design variables that can affect energy absorption 
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of hybrid and composite tubes, including the stacking sequence or weave pattern of the 

layers of the composites [12-14], geometry of the tube [12, 15-18], the manufacturing 

parameters [19], the bonding between the metal and composite sections [20], and 

environmental conditions including temperature and humidity [19]. However, (1) the cost 

of carbon fibers ($7.88/kg) compared with steel ($0.37/kg) and aluminum ($1.68/kg) and 

(2) labor costs for different production methods [21] have historically hindered the use of 

composite materials in many industrial sectors. However, low-cost manufacturing methods 

have increased the anticipation for economical mass production of vehicles from composite 

materials [22]. For instance, the vacuum assisted resin transfer molding (VARTM) method 

offers 60% reduction in the manufacturing costs compared to other curing processes using 

an autoclave [23]. 

 

Fig. 1-3. The entire carbon epoxy body of Lamborghini Murcielago made of composite 

materials over its steel frame [11] 

Modern experimental methods coupled with numerical simulations and analytical tools 

are able to improve the design of thin-walled composite and hybrid structures. In the section 

that follows, the failure modes of composite hollow and hybrid structures as result of 

compressive and impact loading are reviewed. Subsequently, different methods for 
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predicting the resulted failure modes and most relevant material properties in 

crashworthiness functions such as energy absorption and load efficiency factor are 

discussed. Finally, different suggested analytical models to predict the crashworthiness 

functions are presented.  

 

1.2. Experimental studies  

1.2.1. Composite structures 

As understanding of the failure modes and energy absorption mechanisms of composite 

materials under different loading conditions (tensile, compressive and bending) in the 

crushing process can aid designers and manufacturers in producing better hybrid (metal-

composite) structures. As a result, the response of composite structures under different 

loading conditions are categorized in the section.  

Fiber breakage, matrix cracking (less energy absorption of thermosetting matrices 

compared with metal matrices because of their brittle nature), inter-ply delamination (as a 

result of high shear stresses at the tip of propagating crack which runs between the layers 

and result in excessive energy absorption), fiber-matrix separation in the form of debonding 

or pull out (significant contribution of weak interface strength on energy absorption) [3], 

fiber micro-buckling and kinking, and friction are the most important energy absorption 

mechanisms in composite materials [24]. The failure modes of a unidirectional laminate 

under tensile loading include (1) brittle failure with and without fiber pull-out (2) interface 

shear failure, and (3) delamination. Fibers transverse to loading direction perform as stress 

concentration points and result in matrix tensile loading, debonding and fiber splitting. 

Micro-buckling of the unidirectional fibers under compression loading is due to ductile 

matrices with low stiffness or even weak bonding of fiber and matrix (which cause 

transverse splitting). When the matrix remains stiff enough to prevent the fibers from 

buckling, the fibers fail in a shearing mode. Transverse compressive loading of unidirectional 

composite leads to shear failure of matrix and inter-ply debonding. Finally a laminate under 

bending loading conditions becomes subjected to the compressive (delamination, matrix 
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failure, and fiber/matrix interface failure) and tensile failure modes (pullout fiber, 

unidirectional fiber breakage, matrix cracking, delamination, and interface failure) [3]. 

 Failure modes of hollow composite tubes 

In a series of papers, Mamalis et al. [8, 25-27] and Hull et al. [28, 29] studied and 

categorized the main failure modes of composite hollow structures as follows:  

I. Progressive failure mode (Mode I) because of splaying or fragmentation modes which 

is formed by internal and external fronds. As a result, a debris wedge penetrates in 

the middle of the fronds including crushed fibers and resin that facilities opening of 

the main crack. The main energy absorption mechanism for this mode include the 

main crack propagation (mode I delamination), multiple propagation of axial cracks 

in the fronds to accommodate flattening, transverse cracking at the roots of fronds, 

formation of fronds (Mode II delamination between layers), and finally a large 

frictional energy absorption between (1) the debris wedge and internal/external 

fronds, (2) moving platen and internal/external fronds, and (3) sliding adjacent 

delaminated layers (Fig. 1-4) [26]. 

II. Brittle fracture failure mode of the energy absorption element in the form of 

circumferential or longitudinal corner (in the case of square cross section because of 

local stress concentrations) crack propagation (Mode II or sliding mode). The failure 

mode in the shell in addition to mid-length unstable collapse mode result in 

catastrophic separation of the shell into irregular shapes.  

III. Progressive folding and hinging of composite tubes which is the same as plastic 

folding formation in thin-walled metal and plastic tubes. 

In general, Mode I has the highest energy absorption because of the different identified 

absorption mechanisms. Frictional energy dissipation has the most significant contribution 

to the energy absorption. The unstable collapse, Mode III, results in the least energy 

absorption. Energy absorption associated with crack propagation is estimated to be only 5-

20% of total absorbed energy [30-32]. Usually, crushing of different elements leads to one 

or combination of the crushing failure modes based on different parameters affecting the 
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response (such as geometry, fiber orientation, and material properties of the matrix and 

fibers).  

 

 

Fig. 1-4. Splaying (Mode I) and sliding (Mode II) in axial crushing [33] 

 Effect of different parameters on energy absorption 

There is a large number of parameters that can affect the energy absorption of hybrid and 

composite tubes, including the constituents (the fiber and matrix materials), stacking 

sequence or weave pattern of the layers of the composite [12-14], the geometry of the tube 

[12, 15-18], the manufacturing parameters [19], and the environmental conditions including 

temperature and humidity [19]. 

 FRP constituents  

The effect of fiber and matrix strain-to-failure on the energy absorption ability of graphite 

fibers reinforced composite tubes was investigated by Farley [34]. T300/934, T300/5245, 

AS-4/934 and AS-4/5245 in the form of prepreg sheets were used to make different samples. 

Composites made from AS-4 carbon fibers exhibited a 20% greater strain-to-failure 

compared than those made from T300 carbon fibers. Farley found that a matrix with higher 



 

 
 
 

9 

strain-to-failure resulted in greater energy absorption by reducing the interlaminar cracking 

between plies. He also observed the crushing pattern of the tubes depends on the strain-to-

failure of both matrix and fiber. In addition, he suggested less brittle fibers such as Kevlar 

can also change the folding pattern of composite tubes from the splitting mode to a 

progressive failure mode [35]. Moreover, he found that fiber orientation can also have a 

significant influence. Fibers with higher strain-to-failure are more effective in absorbing 

energy when oriented circumferentially (90° with respect to the tube axis). In another study, 

carbon fiber/epoxy and carbon fiber/polyether ether ketone (PEEK) unidirectional 

composite tubes were tested under axial compressive loading [36]. The PEEK composites 

were better able to resist crack growth parallel to the fibers than the epoxy composites. 

Furthermore, the interlaminar Mode I fracture toughness parallel to fibers for PEEK matrix 

is over 10 times greater than epoxy matrix. Hence, for a 0° orientation, the carbon/PEEK 

tubes were able to absorb greater energy than the carbon/epoxy tubes.  

Overall, epoxy matrix materials absorb greater energy compared to vinyl ester and 

polyester matrices. However, epoxy is five times more expensive than polyesters. Vinyl ester 

resins have better energy absorption, adhesion, and fatigue properties than polyester while 

costing less than half as much [37]. 

In general, combinations of carbon/glass fiber and epoxy are the most studied form of 

composite materials under axial compressive loading (quasi-static and dynamic) [10, 23, 

27]. Ochelski et al. [23] showed 20% lower Specific Energy Absorption (SEA) for glass/epoxy 

compared with carbon/epoxy. Kevlar/epoxy showed a lower energy absorption compared 

than carbon and carbon/Kevlar epoxy for circular composite tubes [10] because of the 

ductility of Kevlar fibers compared with carbon fibers. This ductility leads to buckling or 

ductile progressive failure similar to metal tubes [5]. Silk/epoxy [38], PVC [39], and 

aramid/epoxy [27] square tubes also showed a ductile progressive crushing mode without 

debris formation which is specific to brittle materials.   
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 Stacking sequence and fiber orientation  

Changes in stacking sequence of a composite laminate are able to affect the flexural 

stiffness, delamination occurrence, and the behavior of a material (transitioning from being 

brittle to ductile) [27]. Hull [40] showed a nonlinear trend between energy absorption and 

fiber orientation of the layers of glass/polyester tubes. Varying the fiber orientation from 

[±35°] to [±65°] changed the failure mode from the splaying to the fragmentation crushing 

mode. In another study [41], unidirectional carbon/PEEK composite tubes with 0° ≤ 𝜃 ≤

±25° were crushed and showed the progressive splaying mode. However, the 𝜃 = ±30° 

combination catastrophically failed by compressive shear fracture. Ramakrishna [41] 

showed increasing 𝜃 more than 𝜃 = 15° in the [±𝜃] stacking sequence reduced the mode II 

fracture toughness and specific energy absorption.  

Woven fabrics (Fig. 1-5) were regularly used on hand lay-up manufacturing methods 

because of easy handling process. They are also able to interrupt crack propagation and 

improve impact strength because of their waviness [24]. The progressive modes in woven 

fabrics are different from UD fabrics based on warp to weft ratios (axial to hoop tube 

directions). Berry and Hull [42] investigated the fragmentation or splaying failure modes of 

woven fabrics which depended on the warp/weft ratio.  
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Fig. 1-5. some of weave pattern styles of woven fabrics [43] 

 

 Geometry 

It was also found that increasing the wall thickness of composite may increase energy 

absorption [12]. On the other hand, FRPs were found to be particularly effective for dynamic 

specific energy absorption for slender tubes [17]. The effect of the ratio of FRP thickness to 

outer tube diameter on the energy absorption and the deformation modes of carbon 

fiber/PEEK composite tubes was investigated in [34, 44, 45] and the non-linear variation of 

energy absorption with respect to the FRP-thickness/tube diameter ratio was demonstrated 

by Farley [46]. A reduction in the ratio can lead to an increase in energy absorption, at least 

for thermoset-based composite tubes. Palanivelu et al. [18] investigated progressive axial 

crush performance of different geometrical shapes (Fig. 1-6) of composite tubes 

manufactured by hand lay-up method from unidirectional E-glass fabrics and polyester resin 

under quasi-static loading. Square and hexagonal cross sections showed a change from 
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catastrophic failure to progressive failure as the ratio varied from 0.045 to 0.083. In addition, 

special geometrical shapes (e.g. the conical circular shape) provided more specific energy 

than the others. Mamalis et al. [47] studied the effect of tube wall slenderness on energy 

absorption which showed an increase with increasing the ratio of t/D. In addition, composite 

tubes having circular cross-sections were found to be more effective than the square and 

rectangular cross sections in energy absorption [36, 48].  

 

Fig. 1-6. The effect of different geometries for composite tubes on crashworthiness parameters 

[18] 

Specific energy absorption capability depends on the absolute value of t, rather than the 

t/D ratio, and it increases with increasing t up to a certain value [49]. In addition, increasing 

the number of layers in FRP improves energy absorption because of its direct effect on [𝐷] 

matrix [21]. However, this will increase the material and manufacturing costs. The effect of 

thickness on crashworthiness parameters and the collapse mode of conical CFRP tubes was 

investigated by Mamalis et al. [26]. Thin tubes were buckled as a result of Mode II failures 

and thick tubes failed by progressive Mode I or catastrophic Mode III [26]. In addition, 

increasing the semi-apical angle of frusta and half angle of cone vertex decreased the SEA 

[23, 50]. 
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Geometrical reinforcement of circular tubes with radial GFRP webs [2] using radial-

corrugated composite tubes [51] was able to increase the SEA and stabilize the loading 

profile. 

 Strain rate 

The rate-dependent response of matrix materials has been shown to affect the energy 

absorption differently for different materials. For example, increasing the strain rate 

increased the energy absorption for polyester matrices; for vinylester the change could be 

either positive or negative [52]. Vinylester resin absorbed significantly more energy than 

polyester resin in quasi-static tests but not in dynamic tests. A comparison between carbon 

woven fabric/epoxy composite tubes under quasi-static and dynamic loadings showed 

higher peak load, multiple local peaks, and more absorbed energy for dynamic loading [53].  

Farley et al. [54] investigated the effect of crushing speed ranging from 0.01 to 12 m/s on 

circular composite tubes with [0/±θ]2 and  [±θ]2 stacking sequences in which θ was chosen 

to be 15, 45, 75 degrees. The crushing modes and interlaminar crushing behavior were 

affected by changing crushing speed for Gr-E (Thornel 300-Fiberite 934) and K-E (Kevlar 49-

Fiberite 934). When the fiber orientation changed from 45 to 75, the effect of crushing speed 

was increased, the mechanical response was matrix dominated, and as result effect of 

interlaminar crack growth on energy absorption was increased.  

 

 Triggering Mechanisms 

A triggering mechanism is employed to begin the crushing process. In the absence of an 

effective triggering mechanism, high maximum loads during accidents resulting in lumbar 

spine injuries of passengers was reported by Laananen et al. [55]. Therefore, in an ideal 

energy absorber, the ratio of mean crushing load to maximum load upon sudden crash 

should approach unity because of safety concerns. As a result, triggers are introduced to 

achieve progressive failure and acceptable deceleration, control the collapse modes, and 

avoid catastrophic failure, particularly in composite tubes [56]. The effect of triggers on 

energy absorption was the focus of several previous studies. Examples include the use of 
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edge chamfering (Fig. 1-7a) [41], steeple or tulip (Fig 1-7b) patterns [57] (resulting in 

circumferential and axial cracks, respectively) for square [57, 58] and circular [18] tubes, 

and external triggering mechanisms such as crush cups and plug initiators (outward and 

inward) (Fig. 8) [59, 60]. Triggers used for metal tubes include edge chamfering, hole 

discontinuities [61, 62], sinusoidal relief patterns [63] to control the wavelength of 

progressive buckle development , and triggering dents [64].  

 

Fig. 1-7. Two different triggering mechanisms (a) chamfered (b) tulip [18] 

Hou et al. [65] showed a strong nonlinear negative relation between radius of plug 

initiator and load uniformity factor. A combination of chamfered and inward plug crush cup 

was introduced [60] to obtain the highest SEA and lowest initial peak load.   
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Fig. 1-8. Major failure mechanisms involved in axial crushing of braided composite tubes 

tested (a,b) with and (c,d) without an external plug initiator [22]. 

 Processing parameters 

The effects of resin properties and resin processing factors like mold temperature, post-

cure time, and resin composition on crush behavior of thermoset composite produced by 

resin transfer molding were also investigated [66]. The effect of higher concentrations of 

voids produced by VARTM (with the advantage of cost reduction) compared with autoclave 

cure (2.52% versus 0.17%) was studied on SEA [21]. It was reported the relatively high void 

formation did not affect SEA. 

 Effect of material properties on energy absorption 

In the process of crushing, different parameters have significant effects on different 

regions of the load-displacement profile. The initial crushing phase is dominated by the 
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flexural rigidity of the FRP which is related to constituent materials, stacking sequence, and 

number of layers [27]. The slope of the initial phase was higher for carbon/epoxy fiber 

reinforced composites (CRFP) compared with glass/acrylic resin and aramid epoxy 

composites (with the same thickness and stacking sequence) because of higher bending 

stiffness [23]. In addition, a higher fiber volume fraction cause greater stiffness and flexural 

rigidity [27]. Increasing the number of layers (higher thickness) created higher slope. After 

the initial maximum load, the load dropped significantly because of the first delamination 

formation but increased with lower slope as a result of lower flexural stiffness of 

delaminated FRP. During the crushing process, the loading oscillated around a mean 

crushing load as a result of flexural and frictional resistance. The effect of different stacking 

sequences such as [±45]𝑛𝑠, [±90]𝑛𝑠, and [±0]𝑛𝑠 were also studied on the crushing of CFRP 

rectangular sections. Tensile and compressive strain to failure for [±45]𝑛𝑠 was reported to 

be much higher than [±90]𝑛𝑠 and [±0]𝑛𝑠 laminates with lower modulus of elasticity. Hence,  

[±45]𝑛𝑠 composites showed a ductile behavior (considering the brittle nature of CFRP 

laminates) under crushing process and fracture of the fiber was not observed. (The same 

behavior for was seen for aramid FRPs because of the ductile nature of aramid fibers) [27].  

Daniel et al. showed that SEA is associated with interlaminar shear strength [67]. The 

relation between Mode I and II fracture toughness and SEA was also proved by Ghaseminejad 

[32] and Hadavinia [68] for CFRPs and GFRPs. There are linear correlations between energy 

absorption parameters (maximum and mean crushing loadings and SEA) and compressive 

strength and shear modulus [10]. Farley et al. [34, 69] found an inverse relationship between 

energy absorption of carbon/epoxy composite tubes with carbon fiber stiffness. Warrior et 

al. [37, 70] observed SEA increases with increasing the Mode I fracture toughness of the 

matrix. The positive effect of stitching on GIc and SEA was also shown [70, 71]. 

1.2.2. Metal-composite hybrid structures 

Combinations of different materials such as composite tubes with different fibers [69, 72], 

metal-composite hybrid tubes, foam-filled composite tubes, carbon nanotube or zinc 

oxide/carbon fiber epoxy composites hybrid tubes, etc. having the same geometry are able 

to produce different failure modes and energy absorption mechanisms. Over the past decade, 
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there has been considerable interest in reinforcing steel structures used in aeronautical and 

civil structures with FRPs. FRPs are often used in the form of hybrid metal-composite tubes 

in vehicle structures. 

When used as energy absorbing elements in vehicle construction, steel-composite hybrid 

tubes have the benefits of the stable, ductile collapse of the steel (which can absorb crush 

energy in a controlled manner and solves the unstable interlaminar and interlayer crack 

propagation of composite tubes) and the high strength-to-weight ratio of the composites. As 

a result, they have the potential to enable better fuel consumption and reduced emission in 

vehicles [13]. They are also used as web girders in ships [56], sacrificial cladding for 

protecting civil structures against blast attacks [18] and for retrofitting [19] or rehabilitation 

[20] of metallic structures to increase their strength and their ability to face industrial or 

marine environmental conditions that can deteriorate the base material. 

There are competing effects in regard to the composite and metal thickness and their 

effects on energy absorption in metal-composite hybrid tubes. When more layers are used, 

delamination is more likely to occur [17], reducing energy absorption. Bambach [73] 

concluded that strength-weight and energy-weight ratios decreased with the slenderness of 

the metal. Additionally, adding a very thick composite section may result in a global buckling 

mode of failure (rather than local folding) but there are no studies we are aware of 

specifically addressing the effect of composite thickness on energy absorption of hybrid 

tubes. Hence, there is a need to investigate the effects of fiber orientation and FRP thickness 

(the number of layers) on the energy absorption of hybrid steel-FRP tubes. 

Testing of metal-composite hybrid tubes under quasi-static and dynamic loadings showed 

that the collapse modes were progressive and identical for steel SHS and steel-CFRP SHS 

with only one composite layer. However, steel-CFRP SHS with two composite layers 

exhibited delamination failures only under dynamic loading; however, these delaminations 

did not significantly affect the mean crushing load [17]. To relate the quasi-static loading to 

dynamic crushing load in the modeling process, the strain rate effect was added to yield 

stress of steel section using Cowper-Symonds expression. 
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The adhesion between the metal and the composite is also of importance in terms of the 

mode of failure exhibited [74]. The adhesive, in addition to being strong and stiff, should be 

compatible with steel and composite and durable in harsh environmental conditions. Heat 

and humidity are able to affect the adhesion behavior. In fact, the most important factor in 

the long term behavior of unprotected adhesively bonded metal joints is the presence of high 

humidity and liquid water [74]. Surface preparation (such as removal of surface 

contamination or chemically surface activation and modification) is able to produce an 

interface resistant to hydration. Abrasion or grit blasting are among the methods which have 

regularly been used to prepare metal surface. Adhesives such as methacrylate show the best 

combination of strength, stiffness, vibration damping, and sealing behavior compared with 

epoxy polyurethane and epoxies [11]. Boucht et al. [75] used different surface treatment 

methods before bonding the composite to aluminum tubes including degreasing (which 

removes the contaminants inhibiting chemical bond formation [74]), chromic-sulfuric 

etching, anodizing, and sulfuric etching. However, they were not able to find a clear relation 

between better adhesion and specific energy absorption. 
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Fig. 1-9. Failure modes observed for cylindrical metal-composite hybrid tubes in the 

experiments are (a) compound diamond, (b) compound fragmentation, (c) delamination, and 

(d) catastrophic failure [12] 

The effect of stacking sequence and fiber orientation on energy absorption of metal-

composite hybrid tubes were studied by Kim et al [76] in which [0/90]𝑛 (n=1, 2, …) showed 

better crashworthiness parameters in comparison to a [90]2𝑛 stacking sequence. The [90]2𝑛 

sequence hindered the plastic deformation of metal tubes as a result of carbon fiber stiffness 

in the in hoop direction. However, the reinforcement was not sufficient, leading to failure at 

the corners when the first crushing lobe was formed, resulting in low energy absorption. In 

the case of [0/90]𝑛 specimens, high stiffness and bending resistance of the FRP in the axial 

direction and the reinforcement of the axial fibers by the transverse fibers decreased the 

debonding and delamination failure modes (which happened for [0]2𝑛 stacking sequence). 

Using a [45/−45]𝑛 stacking sequence led to ductile behavior and scissoring effects in which2 
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peak loads were observed. This changed the crushing mode and increased the initial peak 

load compared with two other stacking sequences.  

 

Fig. 1-10. Vacuum bag for making the Al/CFRP hybrid SHS beam [76] 

1.3. Numerical studies 

There are obviously a large number of design variables which have the potential to affect 

energy absorption. Because a full experimental study of these design variables is impractical, 

numerical studies must play a major role in identifying the best combination of design 

variables. However, in contrast to composite-only tubes, there are only a limited number of 

previous studies in numerical modeling of metal-composite hybrid tubes.  

In general, to model failure, after the failure surface is reached, the elastic properties are 

degraded based on one of two different degradation methods: progressive and continuum 

damage mechanics (CDM). Progressive failure models use a ply discount method (ply-by-ply 

failure) which depends on the loading conditions. CDM models utilize a continuing 

deterioration of the elastic properties. These CDM models employ a number of damage 

variables (estimated through sensitivity studies) which change continuously from 0 (no 

damage) to 1 (complete failure) but often cannot be experimentally obtained. Because of the 
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anisotropic and heterogeneous nature of composite materials, the relationship between the 

microstructure and macroscopic strain-stress responses is very complicated. Therefore, 

CDM models are presently the only ones that have the ability to find the relationship between 

microstructure details such as voids and microcracks and mechanical properties using 

internal state variables [77]. Composite tubular structures such as braided (plug-initiated 

and un-initiated) [22, 78] and woven fabric [24, 79] have been modeled with continuum 

damage mechanics (CDM) based models, introduced by Matzenmiller, Lubliner, and Taylor 

(MLT), using LS-DYNA. The MLT approach was used [80] and modified to consider a linear 

elastic loading and unloading which has helped to model energy absorption in composite 

tubes. Another continuum damage mechanics based model (user defined) named CODAM 

(COMposite DAMage) was developed for composite materials in university of British 

Colombia [22, 78, 81] with promising results in damage evolution/propagation and 

simulations of splaying failure mode (plugged and unplugged initiated [78]). The model 

considers a pre-defined debris wedge and simulate the delamination between all plies by tie-

breaks elements. Compared to damage mechanics based models, the MAT54 ‘‘Enhanced 

Composite Damage’’ element in LS-DYNA needs fewer experimental input parameters [82] 

but it is sensitive to some non-physical parameters determined by try-and-error method and 

final experimental failure modes.  

Palanivelu et al. [83, 84] studied the effect of delamination, axial cracks, and initial 

geometric imperfections using shell elements  and Chang-Chang failure criterion for glass 

polyester circular and square tubes. (Shell elements were chosen because capturing the 

damage mechanism with solid elements is difficult and time-consuming [85]) They used two 

approaches: a single layer and two layered shell elements. Because of the absence of 

delamination in their model, the predicted crashworthiness parameters differed from the 

experimental results.  

The composite damage model MAT58 in LS-DYNA was also used to simulate axial 

crushing of braided composite tubes by multiple shell elements through the thickness to 

count for multi-layer laminate. The layers interacted by an interface strength based tiebreak 

elements to simulate the delamination failure modes. The interface strength was not directly 
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measured by experiments and but was tuned by linking it to interlaminar fracture toughness 

(Mode I and II) which was  measured experimentally using a double cantilever beam (DCB) 

test [70]. In addition, in the study, the unloading compressive path was corrected [81]. It was 

found that interlaminar fracture toughness can have a significant role on SEA because it 

affects the main central inter-wall crack propagation and subsequent frond bending. Jacob 

et al. [86] examined the effect of fiber orientation and stacking sequence on the interlaminar 

fracture toughness of composite crash boxes using Belytschko-Lin–Tsay quadrilateral shell 

elements. Another method to model the delamination failure mode is to use cohesive zone 

elements which can be implemented as user defined models (UMAT) in LS-DYNA [87]. 

However, beside the potential need to consider delamination in order to capture the correct 

failure mode in simulation of composite tubes, the energy absorption directly related to 

delamination was reported to be around 1-3% of the total SEA. The value small compared to 

material damage growth (65% for plug initiated and 80% un-initiated tubes) and frictional 

dissipation energy because of debris wedge, between the tube and the plug, and between the 

plies.  

El-Hage et al. [88] investigated aluminum-composite square hybrid tubes under quasi-

static loading using LS-DYNA software. They used a filament-wound E-glass fiber-reinforced 

composite. Because of filament winding limitations, they limited their study to fiber 

orientations between ±30° and 90° with respect to tube axis. To model the FRP and 

aluminum sections, Belytschko-Tsay quadrilateral shell elements were used. The aluminum 

section was modeled using piecewise linear isotropic plasticity (MAT24) (von Mises flow 

rule). To model FRP section, a composite damage model (MAT54) was used. MAT54 uses 

Chang-Chang failure criterion—a modified Hashin equation considering the non-linear shear 

stress-strain behavior. In the model, composite behaves linearly until failure and continues 

to non-linearity when damage happens based on ply-discount theory. Laminated shell 

theory was also activated to correct the assumption of uniform constant shear strain through 

the thickness. As a result of using single shell element, the out of plane fracture modes were 

not modeled. The comparison of their model with experiments was also limited: the results 

were compared with experiments for two composite architectures with symmetric crushing 
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modes only. The transverse fiber orientation was identified as the best stacking sequence for 

the FRP section with a non-linear behavior reported between the mean crushing load and 

fiber orientation. They also presented an empirical equation based on different parameters 

such as thickness and stacking sequence to predict the mean crushing load. Kalhor et al. [14] 

used the same numerical modeling approach together with experimental results from [88] 

to optimize stacking sequences of composite layers under dynamic loading. 

In order to reduce the computational cost of the numerical modeling, several groups 

constructed different functions (e.g. structural weight [89], load vs. displacement [90], 

energy absorption, mean and peak crushing load [91-94]) which were subsequently 

employed to optimize only the shape and geometry of the energy absorbers within the 

design limitations. Weighted surrogate-based approaches [95, 96], meta-modeling 

techniques [97], Kriging models [92], Artificial Neural Networks (ANN) [90, 91], and 

Response Surface (RS) [98-100] methods are among the important methods used in 

previous studies for optimization problems. 
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Chapter 2 

 

 

2. Metal-FRP square tubes under axial 

compressive loading 

In hybrid (metal-FRP) tubes, the relative and absolute thicknesses of each material has a 

substantial effect on energy absorption. In particular, delamination can reduce the energy 

absorption capability of the tube. Additionally, adding a very thick composite (FRP) section 

may result in a global buckling mode of failure (rather than local folding) but there are no 

studies we are aware of specifically addressing the effect of FRP thickness on energy 

absorption of hybrid tubes. In this study, we investigate the effects of fiber orientation, 

stacking sequence, and FRP thickness (the number of layers) on the energy absorption of 

hybrid steel-FRP tubes. In addition, we demonstrate a geometrical trigger which has positive 

effects on the collapse modes, delamination in the FRP, and the crush load efficiency of the 

hybrid tube. 

2.1. Sample construction and test procedure 

Square cross-section multipurpose 304 stainless steel tubes with 1.65 and 2.11 mm 

thicknesses, nominal length of 200 mm, and nominal width of 25.4 mm were wrapped with 

36 wt% S2-glass/HexPly® 8552 (S2GL/8552) prepreg sheets from Hexcel Corporation (Salt 

Lake City, UT) to make the hybrid samples. HexPly® 8552 is an amine cured mid-toughened 
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and high-strength epoxy resin. Its glass transition is approximately 200℃ and it is curable 

by vacuum bag and by autoclave. The curing cycle for the prepreg (Fig. 2-1) includes applying 

full vacuum pressure (1 bar), heating at 3℃/𝑚𝑖𝑛𝑢𝑡𝑒 up to 110℃, holding for 60 minutes, 

heating again up to 180℃, holding for 2 hours and finally cooling at 3℃/𝑚𝑖𝑛𝑢𝑡𝑒.  

 

Fig. 2-1. Curing cycle for S2GL/8552 prepreg 

To construct the hybrid tubes for the study, the surface of the steel tubes was roughened 

using 80 grit sandpaper and then degreased with acetone. In addition, one side of each steel 

tube was chamfered at an angle of ~45° to produce a trigger that lowers the maximum load 

during the initial crushing process. Four stainless steel samples (identified as ThinMCNTrig) 

were also cut at the start of third lobe formation after two successive symmetric (2 opposite 

lobes out and two opposite lobes in) folding formation to present a different triggering 

mechanism. Prepreg sheets consisting of 8, 16, 24, or 32 layers were cut for different samples 

and then overwrapped around the steel tube using the hand lay-up method with an overlap 

of half of a tube side width to reduce the likelihood of early fracture [17]. Each sample was 

then cured according to the schedule shown in Fig. 2-1.  

Table 2-1 shows different designed configurations to address the effects of thickness and 

stacking sequence of the FRP section. Each sample is titled based on thickness of the metal 

section (ThinM and ThickM), number of layers of the FRP section, and stacking sequence 

family of the layers. In each configuration, 90° layer was used to avoid the splitting mode for 
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the metal section, to help the energy absorption by axial crack of the layer around corners, 

and to have better bonding to stainless steel [13, 76]. In addition, ∓15°, ∓30°, and ∓45° layer 

coordination are used to vary the axial to transverse stiffness ratios (varying the resistance 

to the applied load and the confinement of the plastic deformation). A 0° layer was also 

combined with the other layers in the direction of loading to make the tube stiffer in lobe 

formation. ThinMC845, ThinMC2445, ThinMC3245 were designed with the same stacking 

sequence as ThinMC1645 to study effect of the FRP section thickness on energy absorption. 

ThinMCNTrig has the same stacking sequence and number of layers of ThinMC1645 samples 

but with the mentioned triggering mechanism. 

The hybrid samples were crushed between two hardened steel plates at displacement 

rates of 6 mm/min using an MTS 810 testing frame with 250 kN load cell (Fig. 2-2). To obtain 

the average crushing performance parameters, 4 samples for each configuration were tested. 

In each test, load-displacement data was collected at rate of 100 Hz.  

Table 2-1. Dimensions and stacking sequences of hybrid tubes 

Sample Name 

Metal 

thickness 

(mm) 

Composite 

Thickness 

(mm) 

Number of 

composite layers 

Stacking 

Sequence 

ThinM 1.65 - 0 - 

ThickM 2.11 - 0 - 

ThinMC1690 1.65 1.6 16 [90/0/0/90]2𝑠 

ThinMCNTrig 1.65 1.6 16 [90/∓45/0]2𝑠 

ThickMC1690 2.11 1.6 16 [90/0/0/90]2𝑠 

ThinMC3245 1.65 3.6 32 [90/∓45/0]4𝑠 

ThinMC2445 1.65 2.4 24 [90/∓45/0]3𝑠 

ThinMC1645 1.65 1.6 16 [90/∓45/0]2𝑠 

ThinMC845 1.65 0.8 8 [90/∓45/0]𝑠  

ThinMC830 1.65 0.8 8 [90/∓30/0]𝑠  

ThinMC815 1.65 0.8 8 [90/∓15/0]𝑠  
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Fig. 2-2. Hybrid samples crushed up to 150 mm under quasi-static loading by hydraulic MTS 

810 testing frame with 250 kN load cell 

2.2. Results and Discussion 

The crushing modes observed in the bare metal tubes (ThinM and ThickM) are shown in 

Fig. 2-2. These consist of (1) splitting mode (2) symmetric mode (2 collapse lobes in and 2 

out), and (3) mixed mode (a combination of 4 collapse lobes out with the symmetric mode). 

The maximum load for tubes which fail via the splitting mode is followed by very low energy 

absorption since the only mechanism to absorb energy is progressive axial crack on the 

corners.  
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(a) 

 

(b) (c) 

Fig. 2-3. 3 different modes for metal tubes (a) splitting mode (2) axisymmetric mode (3) mixed 

mode 

The crushing modes for thin metal tubes (ThinM) is mostly symmetric in which the load 

fluctuates based on the lobe formation after the first peak load. Since the four sides are 

straight at first, the load needed to buckle them is the highest. Subsequently, after each 

complete lobe formation, the two adjacent sides are bent, making the load lower. The smaller 

peaks in thin metal load-displacement data (Fig. 2-3) are related to the smaller lobes. Cases 

in which the lobes are of approximately equal size correspond to approximately the same 

size peak in the load-displacement plot. For thick tubes (ThickM), the mode transitions from 

four lobes outward at first is followed by the symmetric mode. The second sharp peak load 

is related to the four out lobe formation. 
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Fig. 2-4. Load-displacement changes for thin and thick metal tubes based on collapsing modes 

In general, the role of using FRP layers around metal tubes is inhibiting the metal tubes 

from global buckling [13]. However, based on experiments, the FRP layers provide other 

advantages as well: (1) preventing the splitting mode in metal tube that happened in 

approximately one fourth of bare thin metal (ThinM) specimens leading to very low energy 

absorption and (2) lowering the magnitude of the load oscillation around the maximum 

value. The overall energy absorption is a combination of metal plastic deformation as well as 

fracture of fiber and matrix associated with axial splitting around the corners, interlaminar 

crack propagation, inter-ply delamination, and friction between the layers for FRP section.  

Maximum load, mean crushing load at 125 mm, and the ratio between the specific 

absorbed energy (SAE) of hybrid and metal tubes for each configuration are summarized in 

Table 2-2 with standard deviation values in parentheses. Generally, Table 2-2 shows how 

adding a FRP section can increase the energy absorption of metal tube significantly but the 
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results also indicate that by changing the stacking sequence of the FRP section with respect 

to tube axis the mean crushing load and maximum load changes (based on ThinMC845, 

ThinMC830, ThinMC1690, and ThinMC1645 samples) and the mean crushing load and 

maximum load increase with increasing number of layers (based on ThinMC845, 

ThinMC1645, ThinMC2445). In addition, for the ThinMC8 family, it appears pretty clear that 

SAE decreases with the decrease in fiber angle. A significant observation is the decrease in 

energy absorption for samples consisting of thin tubes reinforced with eight FRP 

(composite) layers (ThinMC815, ThinMC830, and ThinMC845) that exhibit the symmetric 

crushing mode in comparison to bare thin metal samples that exhibit the same crushing 

mode (ThinM) (Fig. 2-5).  Besides the fact that adding the FRP section improved the energy 

absorption (with a linear fashion), the effect of using the FRP section on thinner tubes is 

more significant than on thicker tubes. The effect is because the thinner tubes have greater 

buckling deformations [17] resulting in an increase in crush load efficiency for ThinMC1690 

in comparison with the same parameter for thin metal (ThinM sample); contrary to thick 

metal values (ThickMC1690). In addition, the new triggering mechanism that leads the initial 

collapsing mode to be symmetric increased the load efficiency factor 12.85% with a small 

change in the 
SAEhybrid

SAEmetal
 ratio of 2.8% (because of the decreasing the initial peak). These results 

show the potential to optimize tube design parameters to obtain better energy absorption. 

This potential may be realized by developing numerical modeling limited to change of 

stacking sequence of the FRP section to predict the behavior, validating then through the 

experiments presented in this work (Indeed, this is the goal of an ongoing study.) 
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Fig. 2-5. Nonlinear changes of mean crushing load based on number of layers for FRP section 

of hybrid tubes 
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Table 2-2. Crush performance parameters of the metal and hybrid tubes 

Sample Name 
𝑃𝑚𝑎𝑥 − 𝑘𝑁 

(SD) 

𝑃𝑚𝑒𝑎𝑛@125𝑚𝑚 −

𝑘𝑁 (SD) 

𝑃𝑚𝑒𝑎𝑛

𝑃𝑚𝑎𝑥
∗ 100 

𝑃𝑚𝑒𝑎𝑛

𝑚𝑎𝑠𝑠
 (

𝑘𝑁

𝑘𝑔
) 

SEAℎ𝑦𝑏𝑟𝑖𝑑

SEA𝑚𝑒𝑡𝑎𝑙

1 Crushing mode 

ThinM2 106.4 (2.8) 53.4 (15.7) 50.2 128.4 1 
Symmetric and 

Splitting 

ThinM 107 (3.9) 62.4 (1.1) 58.4 170 1.32 Symmetric 

ThickM3 161 (1.8) 81.4 (24.6) 50.6 172.4 1 Mixed and Splitting 

ThickM 161 (1.6) 98.7 (1.6) 61.3 209 1.2 Mixed 

ThinMC1690 136 (3.3) 82.7 (1.1) 60.8 182 1 .42 Symmetric and Mixed 

ThinMCNTrig 114 (10.8) 75 (2.6) 65.6 165 1.3 Symmetric 

ThickMC1690 190 (8.3) 114 (5.1) 60.2 210 1.22 Symmetric and Mixed 

ThinMC3245 190 (6.4) 107.8 (5.3) 56.8 185.9 1.45 Symmetric 

ThinMC2445 156 (6.0) 91.4 (2.1) 58.6 178 1.4 Mixed 

ThinMC1645 133 (5) 77.1 (1.8) 58.1 169 1.32 Symmetric and Mixed 

ThinMC845 108 (5.3) 53.4 (1.3) 50.8 140 1.09 Symmetric 

ThinMC830 105 (2.9) 52.7 (1.3) 51.8 138 1.07 Symmetric 

ThinMC8154 107 52.35 49 134 1.04 Symmetric 

 

  Our experimental results indicate that early delamination decreases the energy 

absorption capability of the composite. One of the factors controlling the likelihood of 

delamination failure is fiber orientation. For example, Fig. 2-6 highlights the delamination 

that occurred between the 30° layers in two of four ThinMC830 samples. A general 

observation was that the amount of delamination became more visible when fiber 

orientation was closer to 0°. 

                                                           
1 The specific energy absorption of each configuration is divided by the specific energy absorption of general metal 
tube condition (including symmetric and splitting crushing modes) 
2 The results include the splitting mode of the metal tube. 
3 The results include the splitting mode of the metal tube 
4 The result of a single test is shown.  
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Fig. 2-6. One of samples with [90/∓30/0]𝑠 stacking sequence which has delamination in one 

side 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2-7. ThinMC1690 sample 1 shows crushed composite between the metal lobes and 

debonded composite form metal part (b and c) ThinMC1690 sample 2 shows axial crack 

propagation thorough tube corner and some metal failure 
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The most important observation in axial crush performance of hybrid tubes is the 

development of two different crushing modes: (1) the symmetric mode through the tube 

(Fig. 2-7 (a) and Fig. 2-9) (2) mixed mode formation in metal tube along with crushed 

composite between the lobes of metal tube (Fig. 2-8 and Fig. 2-9). The symmetric mode 

results in just one peak load followed by small load oscillations around mean crushing load 

as the crushing progresses. The mixed mode results in two large initial picks associated with 

two continuous formation of outside lobes followed by the symmetric mode.   

 

Fig. 2-8. Laod-displacement behavior for 2 different ThinMC1645 hybrid and thin metal 

samples 
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Fig. 2-9. Load-displacement behavior of 2 different ThickMC1690 hybrid and thin metal 

samples 

A number of previous studies discussed the ability of the FRP to increase the energy 

absorption of hybrid tubes [12, 16, 62, 101, 102]. However, this work demonstrates that this 

capability is a function of a number of factors including the number of FRP layers. In fact, for 

the hybrid tubes with 8 layers (Fig. 2-10), the lobes occur at smaller crushing displacement 

and the middle small peaks are lower than those for the bare metal tubes (ThinM samples) 

because the composite brittleness allows the lobes to form faster and does not allow as much 

plastic deformation of the metal. Furthermore, it does not allow the lobes to be equal at the 

end (in contrast to the metal tube). 
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Fig. 2-10. Load-displacement behavior of ThinM and ThinMC845 samples 

Because a crush load efficiency close to unity is very important to safety of passengers in 

an accident and avoiding the mixed collapse mode in the metal that is correlated to large 

peak loads following the initial peak load is desirable, a new triggering mechanism is 

presented here that is based on an initial plastic deformation (Fig. 2-11) in metal tube. 

Hybrid tubes constructed using these initially plastically deformed tubes exhibit increases 

in crush load efficiency up to 12.85% comparing to original tubes (ThinMC162 that have 45° 

angle trigger) with small sacrifice in SAE. Fig. 2-12 shows the load displacement results for 

both triggers and how the new trigger can control the collapse mode and initial load. In fact, 

the new trigger (1) decreased the peak load and increased the crush load efficiency by an 

initial weakening and (2) changed the collapse mode to symmetric with advantages of 

smaller oscillation of load around mean crushing force comparing the mixed mode. 
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(a) 

  

(b) 

Fig. 2-11. Triggering mechanisms (a) initial 45° tappered (b) initial applied deformed tube 

 

 

Fig. 2-12. Load displacement results for both triggers (ThinMC1645 and ThinMCNTrig 

samples) including initial 45° tappered and initial applied deformed tube 
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2.3. Conclusions 

In this study, the effects of different fiber orientation, stacking sequences and thicknesses 

of FRP section were investigated on collapse mode, crush load efficiency, and the specific 

absorbed energy of hybrid tubes in comparison with bare metal tubes. It was shown how 

overwrapping composite around stainless steel metal tube can (1) change its collapsing 

mode from splitting mode (with very low energy absorption) to symmetric or mixed mode 

(with much higher energy absorption) and (2) lower the oscillation around mean crushing 

load. It was also emphasized on the higher effect of strengthening slender metal tubes with 

FRPs. Based on experiments, it was shown that number of layers of the FRP section in the 

hybrid tubes has a significant effect the energy absorption. In some cases, the addition of 

composite to the metal tube may even decrease the energy absorption. A new triggering 

mechanism was proposed that changes the collapse mode to a symmetric mode and as a 

result improves the crush load efficiency in hybrid tubes. 

In general, the experimental results indicate that the thickness of the metal and FRP 

sections and the stacking sequence of the FRP layers in the hybrid tubes is so important that 

there is a need to model the response hybrid tubes. Such a model can help explain 

counterintuitive behavior (such as the reduced energy absorption exhibited by tubes with 8 

layers of FRP). 
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Chapter 3 

 

 

3. Numerical Modeling of the effects of FRP 

thickness and stacking sequence on energy 

absorption of metal-FRP square tubes 

Hybrid metal-composite tubes have the potential to provide cost-effective, energy-

absorbing structures for automotive applications. To provide guidance to enable the 

optimum design of these structures, square hybrid tubes consisting of S2 glass/epoxy 

composites and 304 stainless steel were modeled numerically. The models were validated 

with experimental results obtained from quasi-static crushing tests conducted on different 

combinations of two design variables: stacking sequence and thickness of the FRP section. 

The effects of the design variables on the energy absorption and failure modes of the hybrid 

tubes were explained using the models. Subsequently, the results from the numerical models 

were used to obtain optimum crashworthiness functions. The load efficiency factor (the ratio 

of mean crushing load to maximum load) and ratio between the difference of mean crushing 

load of hybrid and metal tube and thickness of the FRP section were introduced as the 

functions.  To connect the variables and the objective functions, back-propagation artificial 

neural networks (ANN) were used. The Non-dominated Sorting Genetic Algorithm–II 

(NSGAII) was applied to the constructed ANNs to obtain optimal results in the form of Pareto 

Frontier solutions. The result is an efficient methodology to obtain the best combination of 

design variables for hybrid metal-composite tubes for crashworthiness applications.  
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3.1. Experimental 

3.1.1. Materials and sample construction 

Prepreg consisting of 36 wt% S2-glass/HexPly® 8552 (S2GL/8552) from Hexcel 

Corporation (Salt Lake City, UT) was used to fabricate samples for obtaining material 

properties. HexPly® 8552 is an amine cured mid-toughened and high-strength epoxy resin 

with a glass transition of approximately 200℃. Samples were cured using the vacuum 

bagging technique. Stainless steel tubes and sheets (type 304) were obtained from the 

Phoenix Company (Bethlehem, PA). The curing cycle for the laminates included applying full 

vacuum pressure (1 bar), heating at 3℃/minute up to 110℃, holding for 60 minutes, heating 

again to 180℃, holding for 2 hours, and finally cooling at 3℃/minute. Hybrid square tubes 

were also constructed from S2 glass/epoxy composites and 304 stainless steel with different 

stacking sequences and thicknesses. The same curing cycle was employed as was used for 

the laminates. For the metal and hybrid samples, the ends of the metal tube were chamfered 

at an angle of ~45° to trigger progressive collapse.  

3.1.2. Mechanical testing 

Tensile properties of the stainless steel parts were determined in accordance with ASTM 

E8. Dog-bone shaped samples were cut from the sides of the 304 stainless steel tube as well 

as rolled sheets. Subsequent to the cutting process, the edges were ground to remove any 

stress concentrations. Tensile, compression, and shear properties of the composite parts 

were also obtained in accordance with ASTM D3039, D3410, and D3518. General purpose 

EA-06-125TM-120 strain gages from Vishay Precision Group (Micro-measurements, Raleigh, 

NC) were used to measure strains during the course of the tests (Fig. 3-1). For the 

compression tests, front and back gages were used to monitor the amount of bending which 

took place.  

Hybrid square tubes were also constructed from S2 glass/epoxy composites and 304 

stainless steel with different stacking sequences and thicknesses. The ends of the metal tube 

were chamfered at an angle of ~45° to trigger progressive collapse. The tubes were crushed 

at the rate of 6 mm/min using an MTS 810 testing frame with 250 kN load cell [103]. During 
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the test, the load and actuator displacement from the load frame were recorded using a 

custom LabView program. 

 

(a) 

 

(b) 
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Fig. 3-1. (a) Combined loading compression test (ASTM 3410) (b) In-Plane shear test (ASTM 

3518) (c) typical fracture modes for different mentioned samples 

Hybrid square tubes were also constructed from S2 glass/epoxy composites and 304 

stainless steel with different stacking sequences and thicknesses. The ends of the metal tube 

were chamfered at an angle of ~45° to trigger progressive collapse. The tubes were crushed 

at the rate of 6 mm/min using an MTS 810 testing frame with 250 kN load cell [104]. 

3.2. Experimental Results and Discussion 

Fig. 3-1 shows typical tensile stress-strain curves for the stainless steel specimens 

produced from the rolled plate as well as the tube sides. It shows piecewise linear plasticity 

response for the material with elasto-plastic behavior [105]. The steel tubes (austenitic 

steel) were initially in sheet form which were then bent into a tube shape and welded. 

Naturally, this fabrication process can introduce strain hardening into the material in the 

tubes (This strain hardening is reflected in the results of Fig. 3-2). Hence, some residual 

stresses or strain hardening could have been produced during rolling, bending, and welding 

(steep thermal gradient) such as general localized tensile residual stresses that can be equal 

or even greater than the yield strength of a material [106]. One of main objectives of this 

study is modeling the metal numerically and such residual properties complicate the 

modeling. It was observed in experiments that the elastic absorbed energy (related to the 

elastic region) was recovered in the crushing process after unloading the hybrid tube. 

Consequently, the elastic region does not have an effect on the energy absorption results 

reported in this study. Therefore, stress-strain data for the as-fabricated tubes after yielding 

extracted from the tensile test results are summarized on Table 3-1.  
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Fig. 3-2. Tensile stress-strain curves for the stainless steel specimens from the raw material in 

sheet form and a sample extracted from the tube side 

 

Table 3-1. Tensile properties of as-fabricated 304 stainless steel tubes after yielding (the 

plastic region) as well as Elastic Modulus 

Elastic 

Modulus (GPa) 

Plastic 

Strain (%) 
0 5 10 15 20 25 30 35 

190 

Stress 

(Standard 

Deviation) 

502.6 

(21.4) 

580.2 

(15.8) 

611 

(12.7) 

633.8 

(10) 

652.8 

(11.2) 

665.8 

(10.6) 

675.7 

(11.6) 

680.6 

(13.6) 
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To show the effect of welding on the experimental results, the strain in the x-direction was 

measured for a metal tube that exhibited the 4-lobes out folding formation (Fig. 3-3) in the 

middle of welded and unwelded sides using Digital Image Correlation (DIC). There is 

negligible difference between the measured strains for the sides. As a result, authors 

concluded the effect of welding and the associated heat affected zone on the load-

displacement data is insignificant. 
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Fig. 3-3. Strain in x-direction measured by Digital Image Correlation (DIC) in unwelded and 

welded sides 

The mechanical properties of S2-glass/HexPly® 8552 (S2GL/8552) composites obtained 

from the tests are summarized in Table 3-2. For each property, the average and the standard 

deviation values are presented based on results from at least 5 samples. For the numerical 

models, the average value of the compression and tensile moduli was used. The strain-at-
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failure values in the fiber and transverse directions are important parameters in the 

numerical studies. They were directly measured in this work unlike in previous studies [18, 

88] in which they were obtained numerically. The value of the out-of-plane shear modulus 

was obtained using the composite cylinder model because of the difficulty of obtaining such 

a value experimentally [107].  

Table 3-2. Mechanical properties of S2-glass/HexPly® 8552 (S2GL/8552) composite 

Property Description Average Value 

(Standard Deviation) 

𝜌𝑐  Density (𝑘𝑔/𝑚3) 1760 

𝐸𝑓𝑡 Young’s modulus in fiber direction under tensile 

loading (𝐺𝑃𝑎) 

46.5 (4.94) 

𝐸𝑚𝑡  Young’s modulus in transverse direction under tensile 

loading (𝐺𝑃𝑎) 

12.1 (0.73) 

𝐸𝑓𝑐 Young’s modulus in fiber direction under compression 

loading (𝐺𝑃𝑎) 

42.6 (0.33) 

𝐸𝑚𝑐 Young’s modulus in transverse direction under 

compression loading (𝐺𝑃𝑎) 

12.9 (0.67) 

𝐺12 In-plane shear modulus (𝐺𝑃𝑎) 4.47 (0. 58) 

𝜐21 Minor Poisson’s ratio 0.09354 

𝑋𝑡 Tensile strength in fiber direction (𝑀𝑃𝑎) 1480 (47.3) 

𝑋𝑐 Compressive strength in fiber direction (𝑀𝑃𝑎) 820 (59.6) 

𝑌𝑡 Tensile strength in transverse direction (𝑀𝑃𝑎) 40.2 (8.91) 

𝑌𝑐 Compressive strength in transverse direction (𝑀𝑃𝑎) 145 (5.73) 
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𝜀𝑓𝑡 Strain at failure in fiber direction under tensile 

loading (%) 

3.28 (0.68) 

𝜀𝑓𝑐 Strain at failure in fiber direction under compressive 

loading (%) 

1.84 (0.15) 

𝑆 In-plane shear strength (𝑀𝑃𝑎) 149 (5.67) 

 

Table 3-3 shows the dimensions, stacking sequences, and crushing modes of the hybrid 

tubes from reference [103] which are mentioned in this study.  

Table 3-3. Dimensions and stacking sequences of hybrid tubes 

Sample 

Name 

Metal 

thickness 

(mm) 

composite 

Thickness 

(mm) 

Stacking 

Sequence 
Crushing mode(s) 

ThinM 1.65 - - Symmetric 

ThickM 2.11 - - Mixed 

ThinMC3245 1.65 3.6 [90/∓45/0]4𝑠 Symmetric and Mixed 

ThinMC2445 1.65 2.4 [90/∓45/0]3𝑠 Mixed 

ThinMC1645 1.65 1.6 [90/∓45/0]2𝑠 Symmetric and Mixed 

 

3.3. Numerical modeling 

The numerical model includes the metal tube, the composite overwrap, and the loading 

plate (modeled as a rigid wall) (Fig. 3-4). One end of the tube is fully clamped. The other end 

is in contact with the rigid wall which moves at a constant speed of 100 mm/s and has 100 

kg mass. To reduce the time steps in quasi static loading, the mass of the models is scaled 
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1000 times as suggested in reference [88]. For each of the cases examined, the ratio of the 

total kinetic energy to the total internal energy is very low (less than 5%) over the crushing 

distance. Therefore, mass scaling does not introduce artificial loads due to inertia effects and 

the crushing load-displacement response is independent of the scaling. Two models were 

built and meshed by LS-DYNA PrePost and solved by LS-DYNA solver (one for the metal tube 

and one for the hybrid tube). The steel tube (with nominal length of 200 mm, nominal width 

of 25.4 mm, and nominal thickness of 1.65 mm for thin metal and hybrid tubes and 2.11 for 

thick tubes) was meshed using 1 mm × 1 mm 8-noded hexahedral solid elements (based on 

a mesh convergence study) using ELFORM=1 (in solid element formulation) with hourglass 

control to prevent zero-energy shapes. The composite in the hybrid tubes was meshed with 

1 mm × 1 mm reduced integration Belytschko-Tsay shell elements that can capture the 

response of each layer by an integration point. Lamination shell theory is also activated in 

the elements to simulate the shear stress through the thickness.   
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Fig. 3-4. Half sectioned meshed model including the metal tube, the composite overwrap, and 

the loading plate 

The material model used for the steel section is MAT 24 which is based on piecewise linear 

isotropic plasticity. In order to model the composite part, 

MAT_ENHANCED_COMPOSITE_DAMAGE (MAT 54) was employed. This material model is 

specifically designed for unidirectional laminates and is based on the Chang-Chang failure 

model which provides linear behavior until fracture followed by a post-failure degradation 

rule and a non-linear shear stress-strain. This model was chosen because the number of 

parameters in the material model is considerably fewer than the number of parameters in 

continuum mechanics based material models such as MAT59 and MAT162 [108]. However, 

there are still some parameters such as ALPH, BETA, FBRT, TFAIL, and SOFT that are 

required to model stable progressive failure and which cannot be measured experimentally. 

Detailed definitions of these parameters can be found in the study by Feraboli et al. [108]. 
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DFAILT (strain-at-failure under uniaxial tensile loading) and DFAILC (strain-at-failure under 

uniaxial tcompressive loading) are the strain at failure in the fiber direction under tensile 

and compression loading, respectively.  

The Contact_Eroding_Single_Surface card was used in order to prevent the 

interpenetration of both solid and shell elements in both the metal and the composite parts. 

To construct the hybrid tubes, the surfaces of the stainless steel tubes were roughened and 

the prepreg sheets were overwrapped around them [18]. Therefore, there was not a separate 

adhesive layer between the composite and metal sections. A Contact-Tiebreak-Nodes-Only 

card was used to model the contact which is able to simulate the frictional energy dissipation 

between the metal and FRP parts (based on cohesive crack concept [22]). The contact 

between the tube and the rigid wall was modeled with Contact_Eroding_Surface_To_Surface 

to avoid the penetration of elements through the wall.  

The numerical model was able to model the symmetric progressive and mixed crushing 

modes for the hybrid tube.  Table 4 shows the value of each parameter used in the model 

based on its definition. The other material properties are given in Table 2 in reference [109]. 

Some of the values were calibrated based on the crushing deformation of the tubes. The SOFT 

parameter was the only non-physical parameter in the material models able to change the 

load-displacement behavior of the tubes. This parameter is associated with the strength of 

elements just before crushing in which the values greater than 1 lead to parameter 

activation. Fig. 3-5 shows how different values of the SOFT parameter affected the load-

displacement curve and the progressive failure of the tube. The load-displacement curves 

are similar. However, for values of the SOFT parameter below 0.6, the composite part is too 

brittle, fracturing without bending with the metal part—a behavior which is inconsistent 

with the behavior observed in the experiments. For values of SOFT above 0.6, the load-

displacement results are not sensitive to the chosen parameter for the cases investigated. As 

a result, a value of SOFT = 0.75 was chosen. 
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Table 3-4. Definition and values chosen for untested parameters 

Variable Related to Card Short definition Value used 

TFAIL - element deletion time step 0.25 

ALPH - weighing factor of nonlinear shear 

stress 

0 

SOFT - crush front parameter 0.75 

FBRT - stress reduction term 1 

BETA - Weighing factor for shear stress 0 

FS All contact cards Static coefficient of friction 0.3 

FD All contact cards Dynamic coefficient of friction 0.3 

NFLF (N) Contact_Tiebrea

k_Nodes_Only 

Normal force related to debonding 50 

SFLS (N) Contact_Tiebrea

k_Nodes_Only 

Shear force related to debonding 50 
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Fig. 3-5. Load-displacement variation with respect to SOFT parameter 

3.4. Numerical results 

Table 3-5 shows the experimental results compared with simulated response in which the 

deformation was calculated based on the displacement of the upper rigid wall and the load 
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data was obtained from the contact card between the hybrid tube and the rigid wall. The 

quantitative comparison that the maximum load from the numerical results is systematically 

higher than the experimental results but is within ~13% of those values. For the mean 

crushing loads, the results are generally within ~10% of the experimental values—in some 

cases greater than the experiments; in other cases less than the experiments.  

Table 3-5. Quantitative comparison of numerical and experimental [103] results for different 

configurations 

Sample Name 
𝑃𝑚𝑎𝑥  (𝑘𝑁) 

(Exper.) 

𝑃𝑚𝑒𝑎𝑛@125𝑚𝑚 −

𝑘𝑁 (Exper.) 

𝑃𝑚𝑎𝑥  (𝑘𝑁) 

(Num.) 

𝑃𝑚𝑒𝑎𝑛@125𝑚𝑚 −

𝑘𝑁 (Num.) 

𝐸𝑟𝑟𝑜𝑟 𝑖𝑛 

 𝑃𝑚𝑎𝑥   (%)   

𝐸𝑟𝑟𝑜𝑟 𝑖𝑛 

 𝑃𝑚𝑒𝑎𝑛  (%) 

ThinM 107 (3.9) 62.4 (1.1) 121 55.7 13.1 -10.7 

ThickM 161 (1.6) 98.7 (1.6) 168 107 4.3 8.4 

ThinMC3245 190 (6.4) 107.8 (5.3) 194 99.3 2.1 -8 

ThinMC2445 156 (6.0) 91.4 (2.1) 177 82.1 13.5 -10.2 

ThinMC1645 133 (5) 77.1 (1.8) 145 69 9 -10.5 

 

In the experiments, thin and thick stainless steel tubes showed a combination of 

symmetric, mixed, and splitting progressive crushing modes. The developed model agreed 

well with the load-displacement data of thin and thick tubes (Fig. 3-6). The failure modes of 

thin tubes obtained from numerical modeling are comparable with the experimental results. 

Fig. 3-6 shows the failure pattern for thick tube which does not completely match the 

experiments. However, it is able to capture the starting and finishing lobe formations that 

are 4 lobes out and 2 lobes out/2 lobes in, respectively. The initial slope (which is related to 

flexural stiffness of the walls) and the subsequent lobe formation following peak load (which 

is the result of the bending of two opposite side and changes in the bending rigidity) are also 

in good agreement with the experimental results (both load-displacement response and 

crushing modes). One of the characteristics of the mixed failure mode (related to thick tubes) 
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is significant variation in the nature of load-displacement response which was modeled to a 

reasonable agreement. In fact, large variations in the crushing response of thick tubes were 

related to 4 lobes out and shorter peaks are related to 2 lobes out/2 lobes in the symmetric 

mode [18]. (The first lobe pattern from bottom of thin metal tube’s numerical modeling 

represents the 4 lobes out and the first pattern from its top exhibits the 2 lobes out/2 lobes 

in crushing mode.)   

 

Numerical modeling 
(Thin metal) 

 
Experimental pattern 

(Thin metal) 

 

Numerical modeling 
(Thick metal) 

 
Experimental pattern 

(Thick metal) 
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Fig. 3-6. Numerical modeling of thin and thick tubes in comparison with experimental results 

[103] 

Figs. 3-7 and 3-8 show the numerical models for the symmetric crushing mode of hybrid 

tubes with [90/∓45/0]2s and [90/∓45/0]4s, respectively, as examples of the predicted 

crushing behavior of the hybrid tubes in comparison with the experimental results [103]. 

Once again, there was good correlation between the observed and predicted load-

displacement data and the crushing mode of the tubes. For [90/∓45/0]2s stacking sequence, 

the numerical model followed the experimental folding pattern (symmetric failure mode); 

however, the magnitudes of the peaks do not agree. Fig. 3-7 includes the deformed shapes 

just before each peak.  In general, the composite section follows the folding pattern of the 

metal section in hybrid metal-composite tubes. Local variations in wall thickness (non-

uniformity) and material properties of the hybrid wall are able to change the results.  
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Fig. 3-7. Comparison between numerical modeling and experimental results for hybrid tubes 

with [90/∓45/0]2𝑠 stacking sequence 
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Fig. 3-9 shows the resulting Von-Mises stress of [90/∓45/0]2s stacking sequence (which 

was experimentally evaluated) for the first two folding for metal during the course of axial 

compressive loading. Because the stacking sequence is quasi-isotropic, the resulted stress 

for the metal part is symmetric (Fig. 7). Fig. 3-10 also shows the damage parameter of Chang-

Chang failure criterion for the composite section [45]. However, LS-DYNA is also able to show 

the fiber and matrix failure in tensile and compressive directions for each layer (integration 

point) in each stage by activating NEIPS and MAXINT variables in 

DATABASE_EXTENT_BINARY card. 

 

Fig. 3-8. Comparison between numerical modeling and experimental results for hybrid tubes 

with [90/∓45/0]4𝑠 stacking sequence 
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Displacement: 1 cm 

 

Displacement: 5 cm 

 

Displacement: 10 cm 

 

Displacement: 15 cm 

 

Displacement: 20 cm 

 

Displacement: 25 cm 
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Displacement: 30 cm 

 

Displacement: 35 cm 

 

Displacement: 40 cm 

Fig. 3-9. Von-Mises stress for metal section for the two first folding 
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Displacement: 15 cm 

 

Displacement: 20 cm 

 

Displacement: 25 cm 

 

Displacement: 30 cm 

 

Displacement: 35 cm 

 

Displacement: 40 cm 

Fig. 3- 10. Damage parameter for the composite section for the two first folding. The blue and 

red colors show the elements are intact or damaged, respectively. 
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It is apparent that the energy absorption depends on design variables such as adhesive 

failure and changes in crushing behavior of the metal tube by thickness and stacking 

sequence (the latter has a big impact) of the composite section. Hence, additional numerical 

tests were conducted to examine the changes in the load-displacement results under the 

influence of different stacking sequences qualitatively (the deformed shapes shown in Fig. 

3-11) and quantitatively (Table 3-6). Fig. 3-11 shows that folding behavior (especially in the 

first and second completed lobes) can be changed with stacking sequences (the images in 

the right side of the figure shows how the folding behavior of metal section changes as the 

result of stacking sequences). Based on the results, incorrect combinations of thickness [103] 

and stacking sequence of the composite section can result in less energy absorption 

compared to the metal tube.  

Table 3-6. Crashworthiness functions as a result of changing stacking sequence and thickness 

of the composite section of metal-composite square hybrid tubes 

Design variables 16 layers 24 layers 32 layers 

Stacking 

sequence 
𝑃𝑚𝑒𝑎𝑛(𝑘𝑁) 𝑃𝑚𝑎𝑥  (𝑘𝑁) 𝑃𝑀𝑇𝐶 𝑃𝑚𝑒𝑎𝑛(𝑘𝑁) 𝑃𝑚𝑎𝑥  (𝑘𝑁) 𝑃𝑀𝑇𝐶 𝑃𝑚𝑒𝑎𝑛(𝑘𝑁) 𝑃𝑚𝑎𝑥  (𝑘𝑁) 𝑃𝑀𝑇𝐶 

[90/−15/15/0] 68.9 158.8 4.0625 86 174.5 9.8 91 185 8.9 

[90/−30/30/0] 70.7 162.3 5.1875 82.2 169 8.3 93.1 194.7 9.6  

[90/−45/45/0] 68.9 144.8 4.0625 82.1 177 8.2 99.3 194 11.5 

[90/−60/60/0] 66.4 135.3 2.5 80.1 163.6 7.4 86 205.9 7.4 

[90/−75/75/0] 65.5 124.54 1.9375 76 167.6 5.7 82.4 226.2 6.3 

[90/0/45/0] 70.8 156 5.25 85 161.5 9.4 95.4 189 10.3 

[90/0/90/0] 67.4 138.8 3.125 85.5 162 9.6 92.3 210.6 9.3 
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[90/45/90/0] 67 133.7 2.875 80.2 147.6 7.4 84.6 212.1 6.9 

[90/60/0/0] 69.5 157.4 4.4375 88.3 183 10.8 96 193.8 10.5 

 

 

 

Fig. 3-11. Numerical modeling of hybrid tubes with [90/45/90/0]3𝑠, [90/−15/15/0]3𝑠, and 

[90/75/−75/0]3𝑠 stacking sequences and their effects on metal folding behavior 
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To demonstrate the importance of different thickness and stacking sequence of the 

composite section of the hybrid tubes on crashworthiness functions, a different set of design 

variables and their resulting simulated response are presented in Table 6 in which 

PMTC =
Pm of hybrid tube −  Pm of metal tube

Thickness of the composite section
 

The crashworthiness function PMTC was chosen to study the increase in mean crushing 

load of the hybrid tube compared with the metal tube with respect to the increase in the 

thickness of the composite section. The basis for choosing the thickness of the composite 

section is because of its relationship to both cost and mass of the hybrid tubes (considering 

relatively negligible cost for material and manufacturing of the metal tubes). The results 

(Table 3-6 and Fig. 3-11) show that thickness and stacking sequence of the composite section 

are both effective in changing the crashworthiness functions. In addition, there are highly 

non-linear relations between the crashworthiness functions and the design variables. For all 

of the configurations, the [90/−75/75/0]𝑛𝑠 stacking sequence has the lowest mean crushing 

load. In addition, Fig. 3-12 shows the trend of changes in mean crushing load for 

[90/θ1/θ2/0]𝑛𝑠 which is the same for n=2, 3, and 4 except for two conditions:  

[90/−15/15/0]𝑛𝑠 and [90/−60/60/0]𝑛𝑠. However, the rate of increasing of mean crushing 

load is different for the configurations with respect to thickness (Fig. 12). Fig. 3-13 shows 

that the rate of increase in PMTC decreases with increasing number of layers from 16 to 32 

layers. It approaches a flat region and shows that increasing the number of layers of the 

composite section more than 32 layers may not improve the PMTC values. Finally, the non-

linear relations between crashworthiness functions and design variables show the 

requirement for multi-objective optimization to find the best combination of design 

variables. 
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Fig. 3-12. Mean crushing load for every stacking sequences from Table 8 
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Fig. 3-13. PMTC based on changes in stacking sequences in Table 8 for different number of 

layers 

3.5. Optimization Process 

To overcome the computational cost of numerical modeling, surrogate based models are 

usually employed to fit the resultant objective functions at some known training points and 

generate a pool of responses on the other points. In addition, in design problems, specifically 

for structures under impact loading, there are often multiple conflicting objective functions 

as a result of different design variables affecting the response of the structure. Surrogate 

based multi-objective optimization algorithms such as Polynomial Response Surface (PRS) 

[93], radial based, and Kriging (KR) methods [92] are generally applied to generate the 

objective functions and to present results in a set of Pareto optimal solutions (a cloud of 

optimal points when multiple conflicting objective functions do not acquire a simultaneous 
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optimum [93]). As a result, designers can choose the final design according to particular 

limitations or requirements. One of these algorithms that incorporates an evolutionary 

approach to the problem is the genetic algorithm. Multi-objective optimization genetic 

algorithms (MOGAs) [110, 111] are suitable and fast for solving multi-objective problems 

because of their excellent advantages such as simple constraint-handling techniques [91]. 

A number of different approaches were employed to evaluate the usefulness of a hybrid 

tube in comparison with a bare metal tube. For instance, one study considered the ratio 

between mean crushing load of hybrid tubes and metal tubes [88]. The results of Table 3-6 

show that, after including the cost parameter (related to thickness of composite section) in 

the objective functions, PMTC values for the 24 and 32 layers are in the same range which 

are higher than the values for 16 layers. Moreover, the mean crushing value of the hybrid 

tube with 32 layers is greater than 24 layers. Therefore, the problem was defined in two 

ways: dual objective optimization of (1) PMTC and the load efficiency factor and (2) mean 

crushing load and the load efficiency factor of hybrid tubes with 32 layers of FRP section 

with a pre-specified stacking sequence [90/θ1/θ2/0]ns (−90 < θi < 90, n =  4) where θ1, θ2, 

are the design variables in the optimization process in such a way that the maximum load 

does not exceed 220 kN. 

In most crashworthiness optimization problems, the application of neural networks is 

attractive because of complexity of analytical models and the computational cost of 

numerical models to frame the correlations between crashworthiness functions and 

different design variables. In the present optimization problem, in order to construct each 

objective and constraint as nonlinear functions in terms of the design variables, three 

distinct back-propagation neural networks [112] as surrogate models were created. Back-

propagation neural networks are able to recognize the nonlinearities by the steepest 

gradient descent method [91]. The architecture of each network is 3-4-1 in which the 

transfer functions for the three layers are “tangent sigmoid”, “tangent sigmoid” and “linear” 

respectively (in-detail information about the relations can be found in [91]).  
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Training and testing of the neural networks were performed by the "Trainbr" function in 

MATLAB [113] using 39 numerical simulations which were chosen using the design of 

experiment (DOE) technique: Latin hypercube sampling (LHS) designs [93, 114]. Twenty-six 

simulations were used for training and the remaining simulations were used to evaluate the 

accuracy of surrogate models. The number of neurons was adjusted until the desired 

accuracy was achieved. The numerical and simulated objective functions for the training and 

testing points are listed in Table 3-7. The results show that the maximum relative error in 

the mean crushing load, maximum load and PMTC are 9.4%, 7.5% and 10.6% respectively. 

Table 3-7. Crashworthiness functions simulated by neural networks in comparison with 

numerical results 

Design 

variables 
Numerical results Simulated NN results 

𝜃1 𝜃2 𝑃𝑚𝑒𝑎𝑛(𝑘𝑁) 𝑃𝑚𝑎𝑥  (𝑘𝑁) 
𝑃𝑚𝑒𝑎𝑛

𝑃𝑚𝑎𝑥
∗ 100 PMTC 𝑃𝑚𝑒𝑎𝑛(𝑘𝑁) 𝑃𝑚𝑎𝑥  (𝑘𝑁) 

𝑃𝑚𝑒𝑎𝑛

𝑃𝑚𝑎𝑥
∗ 100 PMTC 

0 -15 94.6 178 0.53 10.1 94.0 186 0.53 10.4 

0 -45 90.6 183 0.49 8.8 91.2 186 0.50 9.5 

0 -75 89.2 204 0.44 8.4 89.9 203 0.42 8.7 

0 -90 88.0 211 0.42 8.0 87.6 214 0.42 7.9 

0 0 101 191 0.53 12.0 97.9 186 0.53 11.9 

15 -15 94.1 178 0.53 9.9 98.0 185 0.52 9.9 

15 -30 89.1 195 0.46 8.3 92.9 185 0.50 9.2 

15 -60 92.1 193 0.48 9.3 89.4 192 0.48 8.6 

15 -75 87.3 204 0.43 7.8 87.6 204 0.44 8.0 

15 -90 85.4 210 0.41 7.2 85.0 214 0.42 7.6 
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30 -30 90.0 195 0.46 8.6 95.4 183 0.48 8.8 

30 -45 88.1 174 0.51 8.0 88.2 184 0.49 8.1 

30 -75 83.5 203 0.41 6.6 82.6 203 0.46 7.3 

45 -15 89.1 182 0.49 8.3 88.8 183 0.45 8.8 

60 -45 88.3 196 0.45 8.1 88.0 196 0.44 7.8 

60 -60 86.9 206 0.42 7.7 87.2 204 0.43 7.4 

60 -15 82.4 204 0.40 6.2 81.9 204 0.40 6.7 

75 -30 82.3 200 0.41 6.2 82.7 201 0.40 5.9 

75 -90 81.4 213 0.38 5.9 81.4 213 0.38 6.5 

75 -60 81.0 212 0.38 5.8 82.2 225 0.39 5.6 

90 -90 82.9 240 0.35 6.4 81.9 239 0.34 6.6 

0 15 102 179 0.57 12.4 102 186 0.55 12.4 

45 0 93.4 183 0.51 9.7 89.2 183 0.46 9.2 

90 0 91.7 211 0.44 9.1 83.1 215 0.43 8.4 

15 45 92.2 183 0.50 9.3 92.3 184 0.50 9.5 

30 30 98.4 194 0.51 11.3 96.4 182 0.50 11.4 

30 45 87.6 170 0.52 7.9 88.6 182 0.49 8.6 

30 75 82.7 186 0.44 6.4 85.8 185 0.45 6.3 

45 15 89.4 185 0.48 8.4 90.6 183 0.48 8.9 

45 45 90.0 169 0.53 8.6 89.9 182 0.49 8.3 

45 60 85.2 194 0.44 7.1 84.6 179 0.46 7.3 

45 75 84.6 173 0.49 6.9 84.5 174 0.44 6.9 



 

 
 
 

69 

 

The response surfaces of the networks are shown in Fig. 3-14. They exhibit nonlinear 

behavior in terms of the stacking sequence of the composite section of the metal-composite 

square hybrid tube (a result which was predictable based on the numerical results in Table 

3-7). The exact maximum values for the crashworthiness functions are shown in Table 3-8 

along with the corresponding values for θ1 and θ2.  

 

(a) 

 

(b) 

60 15 87.0 191 0.45 7.7 89.1 192 0.47 7.6 

60 60 81.7 171 0.48 6.0 81.8 170 0.47 6.1 

75 30 85.7 197 0.44 7.3 82.1 196 0.44 7.1 

75 60 79.3 175 0.45 5.3 79.7 175 0.44 4.4 

90 15 84.5 209 0.40 6.9 83.9 208 0.42 7.6 

90 30 83.1 209 0.40 6.5 83.7 199 0.40 6.2 

90 75 77.8 215 0.36 4.8 77.7 212 0.35 4.7 
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(c) 

 

(d) 

Fig. 3-14. Response surfaces of a) mean crushing load, b) Maximum load and c) load efficiency 

factor d) PMTC 

Table 3-8. Optimized design variables for each crashworthiness function 

Crashworthiness 

function 
𝜃1 𝜃2 

Maximum 

value 

𝑃𝑚 0 48 113 

𝑃𝑚𝑎𝑥  90 -90 240 

𝑃𝑚

𝑃𝑚𝑎𝑥
 0 25 0.554 

PMTC 0 33 12.6 

 

The non-dominated sorting genetic algorithm (NSGA-II) [110] was selected as the 

optimization algorithm to attain the Pareto optimal set. NSGA-II ranks solutions with fast 

non-dominated arrangement and assigns weight based values on their ranks [91]. In order 

to obtain results with good repeatability, the algorithm was executed several times. The 

resulting Pareto optimal solutions are demonstrated in Fig. 3-15 and they explain the trade-

off between mean crushing load and load efficiency factor. Each point in this figure 

represents a possible optimal solution with a unique set of design variables. 
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The three optimum points were selected as examples of θ1 and θ2. The stacking sequence 

[90/0/45/0]4𝑠 has the highest mean crushing load and the stacking sequence [90/2/25/0]4𝑠 

has the maximum ratio between the mean crushing load and the maximum load in the 

optimal solutions. The stacking sequence [90/5/30/0]4𝑠 has the maximum value of the 

product of the two optimized functions. The appropriate choice may be governed by 

manufacturing restrictions. For instance, the filament winding technique may not to be able 

to achieve small off-axis angles. In addition the spatial (geometric) constraints may limit the 

thickness of the FRP section. Furthermore, the FRP thickness drives the cost of the raw 

materials. 

 

Fig. 3-15. Pareto optimal solutions of the defined multi-objective optimization problem 
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3.6. Conclusion 

The effects of thickness and stacking sequence of the composite section of the 304 

stainless steel-S2 glass/epoxy square hybrid tube were studied on crashworthiness 

functions including energy absorption, mean crushing load, maximum load, and the ratio 

between the difference of mean crushing load of hybrid and metal tube and thickness of the 

FRP section numerically using LS-DYNA software to reduce the costly time-consuming 

experimental methods. The resultant functions were compared with previously obtained 

experimental results to produce a reliable model. 

The simulated responses were shown to be highly non-linear with the variables, making 

the design process challenging. To represent the non-linear relations, 3 neural networks 

were created using simulated functions of 39 different combinations of stacking sequences 

for the composite section. Two multi-objective optimization problems were introduced: 1) 

mean crushing load and load efficiency factor and 2) PMTC and load efficiency factor. In each 

case, maximum crushing load was used as the constraint. Design variables were chosen as 

θ1 and θ2 in the [90/θ1/θ2/0]ns (−90 < θi < 90, n = 4) stacking sequence. The non-

dominated sorting genetic algorithm (NSGA-II) was used to optimize the design variables 

and the results were represented as Pareto Frontier solutions. While the  crashworthiness 

functions except for maximum load show nonlinear behavior with respect to the design 

variables, they exhibit plateaus for the [90/𝜃1/𝜃2/0]4𝑠 stacking sequence in the range where 

0 < 𝜃1 < 5 and 25 < 𝜃2 < 45. This resulted in very narrow series of optimized points for 

multi-objective optimization problem. 

In this study, for the sake of computational cost, only one shell element was used through 

the thickness of the composite section. As a result, it was not possible to model delamination 

and frictional dissipated energy between delaminated layers. Despite this limitation, the 

relatively simple numerical model was able to reproduce the failure modes and load-

displacement results for different configurations. In addition, it can provide a better estimate 

of the mean crush load for metal composite hybrid tubes than analytical modeling of the 

mean crushing load of metal-composite hybrid tubes using equivalent bending stiffness and 

strength of the hybrid section [115]. Future studies provide the opportunity to use tie-break 
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contact interfaces (simulating cohesive zone models) or thick shell elements in LS-DYNA to 

predict the remaining experimental failure modes such as delamination. 
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Chapter 4 

 

4. Conclusion and future work 

4.1. Conclusion 

The available methods to predict the energy absorption of metal-composite tubes having 

different constituents (fiber and matrix materials), fiber orientations, and stacking sequence 

for the FRP section and different geometrical parameters are either deficient or 

numerically/experimentally expensive, limiting their applicability. Experimental methods 

coupled with numerical simulations or analytical modeling may able to shed some lights on 

the effect of each design variables on different crashworthiness functions such as maximum 

crushing load, mean crushing load, and specific energy absorption (SEA). However, it was 

previously shown that the relationships between the design variables and crashworthiness 

functions are complex and sometimes counterintuitive which make the design process 

complicated.  

In this study, the effects of different stacking sequences and thicknesses on the collapse 

mode, the crushing load efficiency, and the specific absorbed energy of hybrid tubes were 

experimentally investigated in comparison with bare metal square tubes. It was shown that 

overwrapping a composite around the stainless steel metal tube can (1) change its collapse 

mode from a splitting mode (with very low energy absorption) to a symmetric or mixed 

mode (with much higher energy absorption) and (2) lower the load oscillation around the 

mean crushing load. The greater effect of FRP strengthening on slender metal tubes was also 

emphasized. Based on experiments, it was shown that number of layers of the FRP section 

has a significant effect the energy absorption of the hybrid tubes. Furthermore, a new 

triggering mechanism was developed that changed the collapse mode to a symmetric mode 

and as a result improved the crush load efficiency in hybrid square tubes. 
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In general, the experimental results indicate that the thickness of the metal and FRP 

sections and the stacking sequence of the composite section in the hybrid tubes is significant 

and complicated enough to justify the development of a model of the response. Such a model 

can help explain counterintuitive behavior (including the reduced energy absorption 

exhibited by tubes with 8 layers of composite). Therefore, the experimental results for 

different configurations of fiber orientation and stacking sequences [103] were used to build 

a numerical model [116]. The steel tube was meshed using 1 mm × 1 mm 8-noded 

hexahedral solid elements (based on a mesh convergence study) using ELFORM=1 (in solid 

element formulation) with hourglass control to prevent zero-energy shapes. The FRP section 

in the hybrid tubes was meshed with 1 mm × 1 mm reduced integration Belytschko-Tsay 

shell elements that can capture the response of each layer by an integration point. 

Lamination shell theory was also activated in the elements to simulate the shear stress 

through the thickness. The models were validated with experimental results under quasi-

static crushing for different stacking sequences and thicknesses. The effect of stacking 

sequence and thickness of the composite section on crashworthiness functions including 

energy absorption, mean crushing load, maximum load, and the ratio between the difference 

of mean crushing load of hybrid and metal tube and thickness of the FRP section and failure 

modes of the hybrid tubes were explained using the numerical model. 

The simulated responses were shown to be highly non-linear with respect to the input 

variables, making the design process challenging. To represent the non-linear relations 

between crashworthiness functions and design variables, 4 neural networks were created 

using simulated functions of 41 different combinations of stacking sequence for the FRP 

sections. It was show that the maximum relative error between the numerical and simulated 

objective functions (mean crushing load, maximum load and PMTC) were 9.4%, 7.5% and 

10.6%, respectively. To find a best combination of design variables, two multi-objective 

optimization problems were introduced using: 1) mean crushing load and load efficiency 

factor and 2) PMTC and load efficiency factor in which 

𝑃𝑀𝑇𝐶 =
𝑃𝑚  𝑜𝑓 ℎ𝑦𝑏𝑟𝑖𝑑 𝑡𝑢𝑏𝑒 −  𝑃𝑚 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑡𝑢𝑏𝑒

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
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In each case, maximum crushing load was used as the constraint (introduced by the 

maximum allowable load by the testing frame). Design variables were chosen as θ1 and θ2 in 

the [90/θ1/θ2/0]ns (−90 < θi < 90, n = 4) stacking sequence. The stacking sequence was 

chosen to include 0° and 90° layers. 90° layer was used to avoid the splitting mode for the 

metal section at the same time to absorb energy by fiber fracture failure mode. A 0° layer 

was used in the direction of loading to make the tube stiffer in the process of progressive 

lobe formation. The non-dominated sorting genetic algorithm (NSGA-II) was used to 

optimize the design variables and the results were represented as Pareto Frontier solutions. 

While the crashworthiness functions except for maximum load show nonlinear behavior 

with respect to the design variables, they exhibit plateaus for the [90/𝜃1/𝜃2/0]4𝑠  stacking 

sequence in the range where 0 < 𝜃1 < 5 and 25 < 𝜃2 < 45. This resulted in very narrow 

series of optimized points for multi-objective optimization problem. 

For the sake of computational cost, only a single shell element was used through the 

thickness of the composite section. As a result, it was not possible to model delamination and 

frictional dissipated energy between delaminated layers. Despite this limitation, the 

relatively simple numerical model was able to reproduce the failure modes and load-

displacement results for different configurations. In addition, it can provide a better estimate 

of the mean crush load for metal composite hybrid tubes than analytical modeling of the 

mean crushing load of metal-composite hybrid tubes using equivalent bending stiffness and 

strength of the hybrid section [115].  

Finally, a parametric study has been conducted using the current developed model to 

identify the role of each involving material property such as tensile/compressive stiffness 

and strength, ductility, etc. on energy absorption of metal-composite square tubes.  

4.2. Future work 

Previous studies have indicated that delamination itself does not significantly affect the 

energy absorption but it causes the delaminated layers to slide on each other and produce 

frictional energy dissipation [87]. The effect of fiber orientation and stacking sequence on 

delamination, and as result the effect of delamination and the frictional dissipation energy 
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between delaminated layers on crashworthiness parameters needs to be addressed 

numerically and experimentally. Because of computational cost of using one solid or shell 

element for each layer, experimental configurations should be designed to confirm if there 

is a chance of modeling the failure mode. For instance, a [[θ1]4/[θ2]4/[θ3]4/[θ4]4] stacking 

sequence can be used and each 4 layers could be modeled by just one shell element. Another 

potential approach is utilizing new layered solid element formulation in LS-DYNA: TSHELL 

elements. The element is basically layered solid element which has 8 nodes as the same as 

solid elements and uses 3D stress state [117]. One layer of TSHELL elements were able to 

predict the delamination effect load-displacement data. 

To facilitate the prediction of crashworthiness functions, an analytical model can be 

developed for metal-composite square hybrid tubes which considers the effect of fiber 

orientation and stacking sequence of FRP section. Theoretical modeling of mean crushing 

load of metal, composite and metal-composite hybrid tubes with different geometries have 

been studied in different papers [12, 13, 16, 115, 118-123]. Wierzbicki and Abramowicz 

[119] presented crushing behavior of square metal tubes by a self-consistent method and a 

kinematic method of plasticity with a constant value of flow stress 𝜎0 which considered the 

tube material as rigid-perfectly plastic. Energy was dissipated by extensional and 

inextensional deformations at stationary and moving plastic hinge lines. Finally, mean 

crushing load was calculated based on flow stress and geometrical dimensions. In another 

study [122], the authors studied the diamond failure mode of metal-composite cylindrical 

tubes to derive the mean crushing load for one layer of composite having fiber orientation in 

hoop direction. The composite part was considered as perfectly plastic material in the 

calculation. Mirzaei et al. [115] extended the approach and used Tsai-Hill failure criteria to 

model the mean crushing load for a metal-composite cylindrical tube having an arbitrary 

stacking sequence and fiber orientation for each layer. The model developed by Mirzaei et 

al. considered all layers to fail at the same time to determine the neutral axis needed to 

calculate the equivalent bending stiffness of the metal-composite wall. However, using the 

combination of elastica based theory and progressive failure of FRP may be a more 

reasonable approach. Abramowicz utilized an Elastica based theory to predict plastic 
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deformation (lob formation) of metal square tubes [118]. Strain in each layer of FRP section 

can be compared with calculated strain (derived from predicted lob formation by 

Abramowicz [118]) in each region of the metal section to define a progressive failure for the 

FRP section having an arbitrary stacking sequence and fiber orientation for each layer. 

The bond between the metal and composite sections is often the weakest point in crushing 

process and may lead to very low energy absorption. The effect of surface preparation, 

bonding using adhesives, and the effect of humidity and temperature on the bonding needs 

to be studied experimentally and numerically [74, 75].  

In this work, the stainless steel square tubes employed were bent, welded, and formed 

from metal sheets. The process could introduce pre-stress in the metal tube. Additionally, in 

the curing process of composite section on stainless steel, different coefficients of thermal 

expansion of metal and composite section may introduce residual stresses that impact the 

subsequent failure behavior. Modeling of manufacturing process is a challenging task 

because it requires a great deal of information such as material properties as a function of 

temperature in heating and cooling processes. However, development of accurate models of 

this process would enable engineers to design better energy absorption elements. 

In this study [116], the capability of Digital Image Correlation (DIC) to measure the effect 

of machine compliance, sample alignment, and in-plane strains on the stainless steel square 

tubes was shown but not investigated in-detail. In-plane strains and failure modes in the 

form of displacements measured by DIC could be used to provide a complementary data for 

the modeling process of energy absorption elements tested under quasi-static and impact 

loadings.  

Finally, in this work, to train the back propagation artificial neural networks, Levenberg-

Marquardt method was used. In general, it is very hard to decide which training algorithm is 

the fastest for a problem because of the complexity of problem, the error goal, the number of 

variables, and the number of objective functions. However, there are other methods such as 

Resilient Backpropagation, Scaled Conjugate Gradient, Polak-Ribiére Conjugate Gradient, 

etc. [113] that may speed up the training process. Hence, a comparison should be made 
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between different methods to define the best one in terms of computational cost and 

accuracy for a specific problem.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Appendix 

The effect of geometrical parameters such as thickness, ratio between square side and 

thickness, and the length of the square metal, composite and hybrid tubes have been 
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reported before [13, 18, 48, 51, 64, 103, 118, 124]. In order to define the effect of different 

material properties of the FRP section on crashworthiness functions or load-displacement 

results of glass/epoxy 304 stainless steel hybrid square tubes, a parametric study was done. 

The study assists to understand if crashworthiness functions and failure modes are sensitive 

to significant variation of each material property. A physical range was defined for each 

material property based on the reported properties of glass fiber reinforced plastics in 

literature [18, 88, 125]. The material properties in Table 5-1 for M21-37%/7581 and M21-

45%/120 composites were obtained from Hexcel corporation website.  

Table 5-1. Reported properties for different types of glass fiber/epoxy composites 

 
𝐸𝑓𝑡 

GPa 

𝐸𝑚𝑡  

GPa 

𝐺12 

GPa 

𝑋𝑡 

MPa 

𝑋𝑐 

MPa 

𝑌𝑡 

MPa 

𝑌𝑐 

MPa 

𝜀𝑓𝑡 

% 

𝜀𝑓𝑐 

% 

𝑆 

MPa 

S2-glass/8552 

[116] 
46.5 12.1 4.47 1480 820 40.2 145 3.28 1.84 149 

M21-37%/7581 25.5 - - 444 692 - - - - - 

M21-45%/120 24.8 - - 320 674 - - - - - 

E-glass/epoxy 

[88] 
30.9 8.3 2.8 798 480 40 140 - - 70 

Glass/polyester 

[18] 
33.5 8 5 400 200 30 50 - - 30 

E-glass/epoxy 

[125] 
45 12 5.5 1020 620 40 140 2.3 1.4 70 

S-glass/epoxy 

[125] 
55 16 7.6 1620 690 40 140 2.9 1.3 80 

 

To do the parametric study, S2-glass/8552 304 stainless steel hybrid square tube with 

[90/−45/45/0]2𝑠 was chosen as the base configuration. Table 5-2 shows the selected values 
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for each material property for parametric study. As a result, the load-displacement data of 

the base configuration was compared with the variations in each property.  

Table 5-2. selected values for each material property of glass/epoxy composites 

Property Description Range 

𝐸𝑓𝑡 Young’s modulus in fiber direction under tensile 

loading (𝐺𝑃𝑎) 

25, 35, and 55 

𝐸𝑚𝑡  Young’s modulus in transverse direction under tensile 

loading (𝐺𝑃𝑎) 

8 and 10.677 

𝐺12 In-plane shear modulus (𝐺𝑃𝑎) 3 and 6 

𝑋𝑡 Tensile strength in fiber direction (𝑀𝑃𝑎) 400, 900, and 1900 

𝑋𝑐 Compressive strength in fiber direction (𝑀𝑃𝑎) 200, 500 and 1100 

𝑌𝑡 Tensile strength in transverse direction (𝑀𝑃𝑎) 30 and 50 

𝑌𝑐 Compressive strength in transverse direction (𝑀𝑃𝑎) 50, 80, and 110 

𝜀𝑓𝑡 Strain at failure in fiber direction under tensile 

loading (%) 

2, 3, and 5 

𝜀𝑓𝑐 Strain at failure in fiber direction under compressive 

loading (%) 

1, 1.5, and 2.5 

𝑆 In-plane shear strength (𝑀𝑃𝑎) 30, 50, and 110 

 

 Changing 𝐸𝑚𝑡 , 𝐺12, FAILT, 𝑋𝑡, 𝑌𝑡, and 𝑆 did not show any significant change in load-

displacement data compared with the base configuration (no change in load variation and 

mean crushing load which confirm the same failure modes). In fact, making the material of 

matrix brittle/ductile or weaker/stronger in tensile direction did not alter the 

crashworthiness functions. In addition, considering the effect of changing the shear strength 
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of the FRP section on tensile fiber mode, tensile matrix mode, and compressive matrix mode 

in Chang-Chang failure criterion employed in MAT 54 material model [11] and using 

[90/−45/45/0]2𝑠 stacking sequence, the results show that shear strength is not an effective 

parameter in crushing process which was not anticipated. This suggest that shearing is not 

a dominant failure mode or the MAT 54 material mode were not able to capture the failure 

mode which is expected considering no specific shear-related criteria in the model. 

Contrary to small effect of tensile strength in fiber direction and tensile strain-to-failure 

in fiber direction, the same quantities in compressive direction not only change the load-

displacement data including the maximum and mean crushing loads (Fig. 5-1 and 5-2) but 

they are able to change the failure modes to global buckling after two successive symmetric 

failure modes (Fig 5-3). By increasing DFAILC (compressive strain-to-failure) from the base 

value (1.84%) to 2.5%, the maximum load and mean crushing load were also increased. 

 

Fig 5-1. Effect DFAILC on the load-displacement data 
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Fig 5-2. Effect of compressive strength in fiber direction on load-displacement data 

 

 

Fig 5-3. Change the failure mode to global buckling as a reason of changing DFAILC to 1% 
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Fig 5-4. Young’s modulus in fiber direction under tensile loading on load-displacement data 

Based on the results, properties of FRP section in fiber direction under compressive 

loading have effect on crashworthiness function of the hybrid tubes. However, there is no 

clear relationship between the functions and the properties. In addition, the limited range of 

reported values for the properties in literature makes it hard to make a concrete conclusion.  
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