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ABSTRACT 

 Crashworthiness has become an important aspect in vehicle design due to the stringent 

requirements on occupant safety under survivable accident scenarios. The uses of composite 

materials have increased due to their tailorability and high specific strength and stiffness. Variety 

of energy absorption devices have been investigated for their energy absorption characteristics. 

Literature suggests that corrugated beam geometry promotes stable crushing behavior and has 

the highest energy absorption capability. But a lack of consensus on the rate sensitivity of these 

devices exists and is mainly attributed to different material systems, specimen geometries, test 

apparatus used, etc. 

 This experimental study addresses the progressive crushing of Newport NB321/7781 E-

glass and Toray T700G/3900 plain weave fabric prepreg fiber-reinforced corrugated panel. The 

progressive crushing behavior is studied at quasi-static rates as well as dynamic loading rates up 

to 100in/s. Load rate effects, stacking sequence effects and laminate gross thickness effects on 

energy absorption of corrugated beams were investigated. The test data indicates that the specific 

energy absorption of corrugated beams is rate sensitive. Besides, modes of failure of corrugated 

beams were observed to be sensitive to test speed. Furthermore, stacking sequences of [0]n are 

superior in energy absorption compared to [45]n and thickness of the laminates were observed to 

affect the specific energy absorption. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

 Aircraft have been playing a significant role in civil transportation and warfare. Aircraft 

accidents rate for commercial aircraft has remained high over the past two decades [1, 2]. For 

instance, USAir flight 427 crashed near Aliquippa, Pennsylvania in 1994 killed 132 passengers 

and flight crew onboard [3]. After years of investigation, The National Transportation Safety 

Board concluded the possible reason for the crash was the failure of rudder power control unit 

servo valve [4]. Later, Federal Aviation Administration (FAA) requires that all existing Boeing 

737’s must have backup rudder actuation system and flight data recorder installed [5]. Such 

incidents reveal that there is much room for improvements in aircraft safety. 

 The primary objective of improving aviation safety is to avoid physical damage and 

fatality. Federal Aviation Regulations (FARs) has authorized the practice of upper torso restraint 

(UTR) and significantly improve the survivability of the occupants [6]. Furthermore, seat 

supports were redesigned for attenuating both forward and vertical forces [7].  

 The best way of avoiding injuries and fatalities, is by preventing the accidents from 

happening. However, these situations, while being of low probability, do occur, and often with 

dire consequences. Further research on improving occupant safety and crashworthiness is thus 

necessary to alleviate injuries and prevent fatalities.   

1.2 Crashworthiness  

 Crashworthiness refers to the ability of a vehicle subjected to crash/impact forces to 

maintain a survivable space/volume for passengers/occupants and dissipate the kinetic energy of 
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the occupants and thus limit the transmitted loads to alleviate injuries. Development of 

crashworthy structure is essential. Awareness of designing a safe structure for preventing 

fatalities has seen an increasing trend since last couple of decades [2, 8].  

 Research work has been conducted in the past [9, 10] on improving the energy absorbing 

mechanism. The desirable design concept for maintaining crash survivability is to have crushable 

structure between the outer airframe and the inner shell of the fuselage to attenuate impact forces 

upon ground contact [11]. The optimum design for absorbing impact energy is to have crushable 

structure installed around the fuselage skin. Fuselage should provide maximum impact protection 

when it strikes the ground. Therefore, it should be designed in such a way that it is capable to 

prevent penetration by sharp objects.  

The section of a conventional fuselage design is shown in figure 1. The energy absorption 

is accomplished by replacing subfloor beams with energy absorbing structures such as sine-wave 

beams, sandwich beams, etc [12].  

 

Figure 1: Conventional fuselage design [12] 
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Crashworthy features have been implemted on helicopters as well. Crushable structure 

such as energy absorbing devices have been installed in the crush zone underneath the structural 

floor of helicopter cabin section [13] as shown in figure 2.  

  

Figure 2: Helicopter cabin with crush zone at the subfloor [13] 

 1.3 Energy Absorption and Characterization 

 Energy absorption is typically accomplished using energy absorption devices [14] which 

employ dissipative mechanisms such as plastic deformation, friction, damping, etc. Due to the 

brittle nature of composites, the energy absorption in devices made of composites is achieved 

through a synergistic action of various failure mechanisms which is often tailored in during the 
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design of the device [15]. With composites, the idea is to maximize the damage/crush volume 

and thus maximize the energy absorbed. The energy absorption devices are required to dissipate 

the kinetic energy of the occupants during a crash event and at the same time limit the loads that 

are transmitted to the occupants to safe levels. Since the primary crush loads are compressive 

nature, it is imperative that the energy absorption devices have inherent stability built into them 

to achieve a stable crushing process.  

 Dissipation of energy of material when subjected to compressive force can be expressed 

in terms of energy absorption (EA), which is defined as the area under the load-displacement 

response of the crushed specimen where F is the instantaneous compressive force [14].  

                                                                                                                                  (1.1) 

 

The sustained crushing load, Fm, or which is simply referred to as crush load is computed, 

                             

    
     

 
 
  

 
 

 

where l, is the crushed length of the coupon [14]. Since the energy absorption is proportional to 

the crush length and section properties of the energy absorption devices, a quantity called 

Specific Energy Absorption (SEA), which is EA per unit crushed volume of the specimen is often 

used to enable comparison among the different devices. The SEA is given by  

    
  

  
 

  

where V, is calculated as the product of cross-sectional area normal to the crushing direction, and 

crushed length of the specimen [14]. Figure 3 shows typical load displacement response of 

(1.2) 

(1.3) 
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composite EA device. Load displacement response of specimen without chamfered end is 

characterized by an initial peak load followed by the sustained crushing load. The initial peak 

load corresponds to the onset of some failure mechanism(s), followed by a region of sustained 

failure progression. The sudden drop in peak load may contribute to undesirable accelerations of 

the occupant and thus should be reduced to provide a smooth transition into the sustained 

crushing region. Literature shows that the initial peak load can be reduced by chamfering the 

crushing edge of the specimen [16, 17]. 

 

Figure 3: Typical load displacement responses of composite structure [15]  
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1.4 Past Work 

 Research on developing crash energy absorber (EA devices) and investigating energy 

absorption of composite materials and structures began since the 1970’s. Today, with more 

emphasis on occupant safety, crashworthy performance of vehicle has become an important 

aspect in vehicle design. The study of composite structures on aircraft crashworthiness is not 

only crucial on improving the overall aircraft construction but also enhance the occupant safety. 

However, application of fiber-reinforced composite on aircraft crashworthiness is not well 

understood due to the complexity of the various failure mechanisms involved. 

1.4.1 Trigger Mechanisms 

 In order to achieve stable and controlled crushing mode, trigger mechanisms have been 

introduced to reduce the peak load by chamfering the crushing edge of the specimen. Kumosa 

and Hull [18] studied woven Glass/Epoxy circular tube with chamfer angle range from 10° to 

90° subjected to compressive loading. They showed that trigger load is directly related to the 

chamfer angle used. 

 

Figure 4: Circular tube subjected to compressive loading [18] 
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 Song and Zhao [16] studied the effects of double-chamfer on Glass/Epoxy circular tubes 

at rate of 0.0033in/s - 236in/s (0.083mm/s - 6m/s) subjected to compressive loading. Stacking 

sequences of [±θ]n , where θ: 5° to 90 were used. The geometric dimension of the specimen and 

double chamfer of 45° on both ends is shown as the figure below. 

 

Figure 5: Double chamfer circular tube specimen [16] 

  The experimental results show that double-chamfer is more efficient in reducing peak 

load than single chamfer and non-chamfer. Appropriate selection of trigger mechanism may 

drastically improve the energy absorption capability [19].  

1.4.2 Fiber and Matrix Contents 

 Fiber and matrix contents are known to have significant impact on energy absorption. 

Hamada et. al. [20] studied energy absorption of carbon fiber reinforced thermoplastic tube with 

different thermoplastic matrices Polyetheretherketone (PEEK), Polyetherimide (PEI), Polyimide 

(PI), and Polyarylsufone (PAS) subjected to compressive loading at 0.04in/min (1mm/min). 

Results show that Carbon/PEEK exhibits the highest energy absorption capability due to large 

number of fronds splitting.   
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1.4.3 EA Devices Geometry: Square, Circular and Rectangular Tubes   

 Geometry of the EA devices is known to have significant effect on energy absorption. 

Thornton and Edwards [21] investigated the axial crushing response of square, circular and 

rectangular tube specimen by using Glass, Graphite and Kevlar reinforced composites with vary 

thickness to section dimension ratio.  

 

Figure 6: Rectangular tube subjected to axial crushing [21] 

 The objectives are to examine the effects of material systems, structural geometries of the 

specimens and the thickness to section dimension ratios on influencing energy absorption. 

Stacking sequences of [0/90]n and [45/45]n were used. In fact, circular tubes are the most superior 

among the geometries evaluated in term of energy absorption and the mode of failure was found 

to be sensitive to the thickness to section dimension ratio.   

 Vizzini and Dubey [22] studied the energy absorption of Unitape Carbon/Epoxy flat 

plates and tubes with 1° tapered cone at quasi-static rate of 0.0025in/s (0.0635mm/s).  Stacking 

sequence of [+453/-453/03]s was used. Results show that Specific Sustained Crushing Stress 

(SSCS) of flat plates are 12% lower than tubes which can be used as a lower cost alternative. 
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Bolukbasi and Laananen [23] performed non-linear finite element analysis to simulate the 

progressive crushing behavior of Carbon/Epoxy fabrics flat plate specimens at 0.05in/min 

(1.3mm/min). SSCS values from predictions were found within 9% of experimental studies. 

 

Figure 7: Test setup of flat plate subjected to compressive loading [22] 

1.4.4 Crush Speed Effects   

 In order to relate the performance of composite structure during an actual crash scenario 

is to understand crushing speed effect. By knowing this, many researchers have been focused the 

effects of crush speed on composite. Thornton [24] conducted axial compression on Glass, 

Graphite and Kevlar/Epoxy tubes with chamfer of 45° at displacement rates from 0.2in/min up to 

2x10
4
 in/min. Stacking sequences of [0/90]n and [45/45]n where n: 2 to 8 were used. He reported 

that crush speed has little effect on energy absorption. Later, Thornton [25] investigated 

Glass/Polyester and Glass/Vinyl-ester tubes at crush speed from 0.008in/s (2.1x10
-4

m/s) up to 

590 in/s (15m/s) and reported that SEA of Glass-Polyester tubes are rate sensitive with 20% 

greater than quasi-static rate while SEA of Glass/Vinyl-ester tubes at dynamic rate decrease by 

10% compared with quasi-static rate.  
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Figure 8: Illustration of Glass/Polyester and Glass/Vinyl-ester square tube specimen [25] 

 Farley [26] studied the crushing speed effects on Graphite/Epoxy and Kevlar/Epoxy 

circular tube specimen with ply orientation of [0/±θ]2 and [±θ]2 where θ is 15°, 45° and 75° at 

0.39in/s (0.01m/s) up to 472in/s (12m/s). The Graphite/Epoxy of [0/±θ]2 was found to be not 

sensitive to crushing speed while [±θ]2 has up to 35% change of energy absorption. Farley 

reported that the energy absorption of [0/±θ]2 and [±θ]2 of Kevlar/Epoxy increase as crushing 

speed increase.  

 

Figure 9: Illustration of Graphite/Epoxy and Kevlar/Epoxy circular tube specimen [26] 
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 Brighton et.al.[27] studied the rate effects of Carbon/Epoxy and Glass/Polypropylene 

cylinder tubes with 45° chamfer and 5 different crush initiators at 0.0067in/s (1.67x10
-4

m/s) to 

157in/s (4m/s). Results show that SEA of Carbon/Epoxy and Glass/Polypropylene tubes with 45° 

chamfer decrease as crush speed increase and exhibits the highest SEA among the other crush 

initiators. Such reviews indicate the energy absorption of composite materials is dependent to the 

speed of crushing.   

 

Figure 10: Illustration of Carbon/Epoxy and Glass/Polypropylene cylinder tubes [27] 

1.4.5 Miscellaneous EA Devices Geometry: Honeycomb Sandwich, Sine-wave, Rectangular 

and Circular Stiffened Beams  

 More geometries have been evaluated other than flat plates and circular tubes. Farley [14] 

conducted research on composite crushing response of aircraft subfloor beams at 0.007in/min 

(0.018cm/min) until crushing initiated and 0.03in/min (0.076cm/min) was used thereafter. 

Among honeycomb sandwich, sine wave, rectangular and circular stiffened beams evaluated, 

sine-wave beams was determined to have progressive crushing response and yield outstanding 

energy absorption.  
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Figure 11: Honeycomb sandwich, sine-wave, rectangular and circular stiffened beams [14] 

 Energy absorption of corrugated (sine-wave) beam and tubes were found to be 

comparable. More researches have been going on to study the geometry of corrugated beam on 

influencing energy absorption. Feraboli [28] investigated the crush response of high sine and low 

sine corrugated web of [0/90]3s and [0/±45]2s with 45° chamfer on one edge at quasi-static rate 

from 0.2in/min up to 60in/min. The main objective is to develop a foundation for future test 

standardization of corrugated web. Test Result shows that there is little variation in specific 

energy absorption of [0/90]3S and [0/±45]2S at quasi-static rate. 

 

Figure 12: High sine and low sine specimens [28]  
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  Hanagud et.al., [29] studied energy absorption behavior of Graphite/Epoxy Unitape 

corrugated sine web with a wave radii of 0.375" loaded in axial compression at quasi-static rate 

of 0.007in/min until crushing was initiated and 0.08in/min afterwards. Stacking sequences of 

[±45/0]S, [±45]3, [±45/0/90/±45] and included angle of 0° to 180° were evaluated. Effects of 

included angle and wave count on energy absorption were investigated. They reported that 

energy absorption are more efficient for web included angles between 90º to 180º and wave 

count has only minor effects on the performance of sine wave beam. However, in the range of 

60º to 90º, inefficient global failure occurred resulting in very low energy absorption.  

 

Figure 13: Geometry of corrugated webs studied by Hanagud et.al. [29] 

  

 The differences observed in energy absorption characteristics of EA devices with 

different stacking sequences boils down to the dominant failure mechanism(s) prevalent under 

the prevailing loads. The mode of failure of a material depends on the type of material, loading 

conditions and environmental conditions [28]. The correlation between energy absorption and 

complex failure mechanism such as fiber and matrix failure, delamination, etc., are extremely 

critical to understand energy absorbing capabilities of composite materials. Thus far, Hull and 



14 
 

Farley have given specific treatments to the failure mode of composite structure under loading 

conditions.  

1.4.6 Failure Mode Characterization 

 According to Hull [30], typical composite tube structure that fails in Euler buckling mode 

has the least amount of energy absorption due to global unstable failure whereas brittle fracture 

promotes stable crushing and crack growth often yield excessive amount of energy. Furthermore, 

Farley and Jones [31] characterized the failure modes of tube structures into: 

 i) Lamina bending crushing mode 

      Bending deformation at the high strain regions and crack growth are the principal  

      energy absorption. 

 ii) Transverse shearing crushing mode 

      Crack growths are the primary energy absorption. 

  

 iii) Brittle fracturing crushing mode  

       Brittle fracturing is the combination of lamina bending and transverse shearing mode. 

 iv) Local buckling crushing mode  

     Ductile fiber reinforced composite such as Kevlar [32] typically exhibits local  

     buckling when subjected to compressive load which yield low energy absorption. 

1.5 Summary 

 Many efforts have been focused on trigger mechanisms, material systems (fiber and 

matrix content), ply orientations and rate sensitivity on flat plates and tubes with fewer attempts 

on corrugated (sine wave) beams. Past work showed that energy absorption of composite beams 
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are rate sensitive. However, there are many contradictions on the rate sensitivity issues from the 

literature which are difficult to interpret. A few attempts have been focused on the crushing 

behavior of corrugated beam at quasi-static rates but it cannot be considered to be representative 

of the actual crash scenario because composite materials are rate sensitive. Therefore, an 

experimental study on energy absorption of corrugated beam at dynamic loading rate is required 

in order to address the rate sensitivity issues.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 
 

CHAPTER 2 

PROBLEM STATEMENT AND OBJECTIVES 

 The crushing behavior of EA devices employing composite materials has been widely 

investigated to characterize the energy absorption capability. One of the parameters that has 

received a rather unfocussed attention is the test speed. There have been conflicting reports on 

the effects of test speed on crushing loads and thus energy absorption. In the current study, a 

concerted effort has been made to study the effects of test speeds ranging from quasi-static to 

about 100 inches/sec. A sine-wave beam has been chosen to study the effects of test speed on the 

energy absorption. This geometry was preferred over the tubes due to the ease of fabrication and 

the control over the physical dimensions that could be exercised. Further, it is known from 

previous literature that its geometry promotes stable crushing behavior thereby maximizing the 

crushed volume of the material [9, 28].  

The crash response of composite structures/EA devices depend on  a huge array of variables such 

as constituent materials, geometries, trigger type, stacking sequences, and rate sensitivity just to 

name a few. In this study, the effects of stacking sequence and rate sensitivity have been studied 

experimentally. The key objectives of this investigation are 

i) Experimentally study the crushing behavior of sine wave beams at different rates of 

loading 

ii) Characterize the energy absorption in terms of the SEA 

iii) Observe and document the failure modes prevalent in the sine wave beam specimens 

crushed at different test speeds. 
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CHAPTER 3 

EXPERIMENTATION 

 The fabrication process of corrugated specimens, fixtures designation as well as material 

selection are introduced and discussed in this current chapter. Moreover, details of apparatus 

used and procedures of conducting the experimental study are presented. 

3.1 Woven Fabrics Materials  

 Woven fabrics are widely used in automobile and aerospace structural application which 

require high damage tolerance and fracture toughness. Furthermore, woven fabric composites 

generally have higher strength and toughness than unidirectional laminate. Most studies [33-34] 

have been focused on predicting its stiffness and elastic properties but studies on predicting load 

carrying capabilities and modes of failure are little.  

 The material systems chosen for this experimental study are Newport [35] NB321/7781 

E-glass/Epoxy 8-harness satin fabric prepreg and Toray [36] T700G/3900 Carbon/Epoxy plain 

weave fabric prepreg.  

3.1.1 Toray T700G/3900 Plain Weave Fabric Prepreg 

 Toray
©

ca prepreg materials are manufactured by Toray Composites Inc. The 

T700G/3900 Plain Weave carbon fabric prepreg used in this experimental research were 

manufactured using hot melt film method with resin impregnation. Plain weave fabric has the 

most simple and common type of structure. The warp and fill in plain weave carbon fabric 

prepreg are interlaced and form a simple cross pattern. For the ease of documentation, the 

Carbon/Epoxy fabric material will be abbreviated as C/E throughout the text. 
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3.1.2 Newport NB321/7781 E-glass Fabric Prepreg 

 7781 E-Glass is pre-impregnated with NB 321 epoxy resin manufactured by Newport 

Inc. The prepreg has resin content up to 30%. 8 harness satin weave fabrics are characterized by 

7 fill cross over a single warp yarn. Satin weave is flexible in nature which allows the usage of 

contour layup. For the ease of documentation, the E-glass/Epoxy fabric material will be 

abbreviated as G/E throughout the text. 

 

Figure 14: a) Plain weave b) 8-harness satin weave [35, 36] 

3.2 Lay-up/Bagging  

 Corrugated laminated were fabricated using a closed mold process where the prepreg 

assembly was cured between two matching molds made of aluminum as shown in figure 15. 

Three sets of molds were used to accommodate the different thicknesses of the laminates (4, 8 

and 12 ply). The layup assembly is shown in figure 16.  
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Figure 15: a) Top view of aluminum matching mold 

 

 

Figure 15: b) Isometric view of aluminum matching mold  
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Figure 16: Layup assembly 

3.3 Cure  

 The Newport fiberglass and Toray Carbon/Epoxy prepreg assemblies were cured in the 

matched molds in an oven at a temperature of 275°F and 335°F for 90 minutes, respectively. The 

ramp up rates of 6°F was used. The match molds were encapsulated in a vacuum bag and 

subjected to vacuum pressure during the curing cycle. 

 Corrugated laminates of length of 14 in were obtained using the molds, from which 

specimens with a height of 2 in were cut. One edge of the specimen was chamfered at 45° using 

a grinding wheel. The chamfering was done to initiate failure along this edge and reduce the 

peak loads under compression. 

3.4 Specimen Details 

 The corrugated laminates were fabricated using Newport NB321/7781 E-glass/Epoxy 8-

harness satin fabric prepreg and Toray T700G/3900 Plain weaves Carbon/Epoxy prepreg. 

Stacking sequences of [0]n and [±45]n, where n=4, 8 and 12 have been used. Hanagud et.al. [29] 

suggested that the geometry design of the corrugated web has influence in energy absorption. For 
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efficient energy absorption as previously discussed in section 1.4.5, the specimen was designed 

with web included angle of 180°.   

 4 ply coupons were fabricated as full period corrugated beam (one wave count) while 

thicker laminates such as 8 ply and 12 ply coupons were fabricated as semi period (half wave 

count). Preliminary test showed that the crush load on thicker laminates was too high for 

dynamic test system and therefore half wave count corrugated beam was used. Geometries 

design of full period and half period corrugated beam are further illustrated in figure 17a and 

figure 17b, respectively.  

 
 

Figure 17a: Geometric details of full period corrugated specimen 
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Figure 17b: Geometric details of half period corrugated specimen  

3.4.1 Specimen Labeling Scheme  

 For ease of coupon identification for testing and documentation of failure mode, each 

specimen is labeled accordingly as described below: 

 

TR – L# - C# - #- S2A 

 

Material system: NW, FG  

                 

        Coupon batch              Coupon ID 

 

 Stacking sequence: [0], [±45]    Number of ply: 4, 8, 12 

 

 

Figure 18: Specimen Labeling Scheme 

  

 Measurement of undulated length and thickness of each individual specimen was taken. 

The typical dimensions of corrugated specimens were tabulated as shown in table 1.  
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Table 1: Dimension of corrugated beam coupons 

 

 

 

 

E-Glass/Epoxy  

Corrugated Beam 
 

Carbon/Epoxy 

 Corrugated Beam 

   Ply 

Orientation  
Undulated 

Length (in) 

Mean 

Thickness (in) 
 Undulated 

Length (in) 

Mean 

Thickness (in)   

 
[0]4 

 

5.845 0.039 

 

5.967 0.032 

[0]8 

 

2.999 0.071 

 

2.969 0.066 

[0]12 

 

2.960 0.108 

 

2.971 0.099 

[±45]4 

 

5.840 0.037 

 

6.016 0.034 

[±45]8 

 

3.005 0.075 

 

3.001 0.066 

[±45]12   2.995 0.108 

 

2.980 0.100 

 

Two Vishay strain gages were mounted on each specimen at the center of the convex 

region in order to capture the strain rate during high rate (10in/s and 100in/s) crushing. The gage 

factor (k) of the strain gage used is 2.01±0.5% with full scale strain of 30,000µε. The additional 

details of Vishay strain gages are shown in figure 19.  

 

EA-00-060CN-120/P 

 

 Carrier/matrix (backing) 

                 

       Foil alloy 

                       Resistance 

   Self-temperature   

compensation 

  Gage length         Grid and tab geometry   

 

Figure 19: Details of Vishay strain gage 

Location of longitudinal and lateral gages for full period and half period corrugated 

beams are shown in figure 20a and b, respectively.  
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Figure 20a: Location of strain gages on full period corrugated beam 

  

Figure 20b: Location of strain gages on half period corrugated beam 

Vishay 2210 signal conditioner was used for amplifying the output signal. The gain for 

signal conditioner is given by 

     
           

           
  

 

where Vout : full scale voltage output (10V),  Vex: excitation voltage (1V) , k : gage factor (2.01) 

and µε: strain gage full scale strain (30,000 µε). The gain value of 663.65 is obtained from 

equation 3.1. The filter of signal conditioner was set to wideband to preserve the frequency 

content.   

 

(3.1) 
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3.5 Fixture Description 

 A test fixture is required in order to provide firm support to the coupon during the test. 

With that in mind, three sets of clamped edge supports were designed with radius of 0.734 in, 

0.718 in, and 0.702 in to accommodate different thickness of coupons (4, 8, 12 ply), respectively. 

Figure 21a illustrates the geometry and dimension of clamp edge fixture with curvature radius of 

0.734 in for 4 ply coupons in order to provide fixed support and minimizes slippage. A flat 

platen was designed as a platform between the clamped edge support and the actuator as shown 

in figure 21b. The flat platen and the clamped edge support can be easily mounted with 0.25” x 

1" screws.  

 

Figure 21: a) Clamped edge support  



26 
 

 

Figure 21: b) Bottom and isometric view of the platen 

3.6 Compression Testing 

 The figure 22 shows a typical axial compression setup of testing machine where the 

crosshead is fixed. Top flat platen and load cell are attached to the fixed crosshead. On the other 

end, specimen is clamped with a clamped edge fixture support that is mounted on the bottom flat 

platen. The platen is attached to an actuator where it compresses the specimen against the top 

platen.  



27 
 

 

Figure 22: Schematic of test setup 

3.6.1 Quasi-Static and Dynamic Testing 

 The quasi-static tests were conducted using a 22 kips capacity MTS electromechanical 

testing machine where as the dynamic tests were conducted using an 11 kips capacity MTS high 

rate servo-hydraulic testing machine. In this experimental study, a nominal crush length of 1 in is 

desired. Strain gage based load cell was used to capture the load measurement at quasi-static 

rates, while the dynamic load measurements were captured by using a piezoelectric load cell 

(PCB Piezotronics model M06). The piezoelectric load cell had a capacity of 10 kips and it was 
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connected with a PCB model 443B102 amplifier. The data acquisition rates for quasi-static and 

dynamic tests are shown in table 2.  

Table 2: Data acquisition rate used for each test speeds 

Test Speed 

(in/s) 

Data acquisition rate 

(Hz) 

0.001 2 

0.1 204.8 

1 2048 

10 100,000 

100 1,000,000 

 

Strain measurements were captured by using 2 channels of Vishay 2210 signal conditioner. The 

actuator displacement and load were recorded and monitored with TestWorks 4 and MPT (Multi 

Purpose Testware) for quasi-static and dynamic test speed, respectively during each test. 

3.6.2 Test Matrix 

 Tests with respect to Newport E-glass/Epoxy and Toray Carbon/Epoxy were conducted 

in this study are summarized in table as below. Quasi-static tests were conducted on all stacking 

sequences as discussed previously. The dynamic tests were conducted on all stacking sequences 

except 12 plies E-glass/Epoxy. Preliminary tests on thicker laminates indicated that the crushing 

load was too high to sustain for the high rate test system. 
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Table 3a: Test Matrix of Newport 321/7781 E-glass/Epoxy 

Test 

Speed 

(in/s) 

Newport E-glass/Epoxy Laminate Configuration 

[0]4 [0]8 [0]12 [±45]4 [±45]8 [±45]12 

0.001 ×3 ×3 ×3 ×3 ×3 ×3 

0.1 ×3 ×3 ×3 ×3 ×3 ×3 

1 ×3 ×3 ×3 ×3 ×3 ×3 

10 ×3 ×2 - ×2 ×3 ×3 

100 ×3 ×2 - ×2 ×3 ×3 

 

 

Table 3b: Test Matrix of Toray T700G/3900 Carbon/Epoxy 

Test 

Speed 

(in/s) 

Toray Carbon/Epoxy Laminate Configuration 

[0]4 [0]8 [0]12 [±45]4 [±45]8 [±45]12 

0.001 ×3 ×3 ×3 ×3 ×3 ×3 

0.1 ×3 ×3 ×3 ×3 ×3 ×3 

1 ×3 ×3 ×3 ×3 ×3 ×3 

10 ×3 ×3 ×3 ×3 ×3 ×3 

100 ×3 ×3 ×3 ×3 ×3 ×3 
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CHAPTER 4 

 

DATA FILTERING SCHEME 

 

 

 Load-displacement data obtained from MTS test system at dynamic speed typically 

contains noise to various degrees. In order to calculate the energy absorption, which is the area 

under the curve, smoothing procedure is required. This chapter introduces an analytical tool, 

TableCurve 2D [37] and Savitzky-Golay filtering scheme [38] to curve fit the data because of its 

capability to preserve the shapes of maxima, minima and width of the curve.  

4.1 Savitzky-Golay Filtering Scheme 

 Data obtained at 10in/s and 100 in/s dynamic speed contains noise which makes further 

analysis difficult. This chapter introduces a filtering scheme within an analytical tool, 

TableCurve 2D for curve-fitting the data and reduces the signal to noise ratio.  

 Savitzky-Golay method is a polynomial curve fitting model based on time response 

which calculate the derivatives based on the coefficients of the subset. The idea behind this 

filtering is to fit a polynomial equation to all selected neighboring points of a subset so that the 

coefficients of polynomial can be calculated and its derivatives can be determined. Then, the 

algorithm is repeated until the entire data set is smoothed.  

 Each data point could be replaced by a smoothed point by performing averaging process 

of the Savitzky-Golay approximation on vector input x(t) to produce a smoothed vector output 

y(t) by taking average of the point itself and equal number of points on either side, N=nL+nR+1 

where nL are points on the left side and nR are the points on the right side [39].  
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4.2 Parameters of TableCurve 2D  

 Savitzky-Golay filtering method was selected in this software application with no 

programming required. The algorithm is known to provide smoothing without compromising the 

peaks and valleys in the data [40]. This section explains the effects of the parameters, Window 

size N and Polynomial Order used for filtering the data.  

i) Window size, N defines the number of data points used. 

 

ii) Order, O defines the degree of polynomials. 

 Figure 23 and figure 24 illustrate the effects of these two parameters with different 

number of points and orders were used. Unfiltered data are further shown in figure 23b and 24b 

for comparison. As can be seen from the figure, Window size, N controls the degree of 

smoothing. In general, the number of points used dictates the degree of smoothing. Furthermore, 

higher order polynomials do best at preserving details such as peaks and valleys of the curve but 

do less on smoothing and vice versa.  

 Overall, the parameter N: 10, O: 4 were chosen for filtering the load. Details on load 

displacement response need to be best preserved in order to observe the peak load and sustained 

crushing load. Test results will be presented and further discussed in the following chapter. 
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Figure 23: a) Filtered force-time diagram with N: 10, O: 4 b) Enlarged portion of force-time 

curve 

a) 

b) 
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Figure 24: a) Filtered force-time diagram with N: 100, O: 2 b) Enlarged portion of force-time 

curve 

  

a) 

b) 
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CHAPTER 5 

 

RESULTS AND DISCUSSION 

 

 

 Quasi-static and dynamic test data collected from MTS test system are analyzed and 

presented in this chapter. Data obtained from high rate test system was filtered by using 

Savitzky-Golay filtering scheme [37-40]. The filtering parameters used for load, displacement, 

axial strain and transverse strain are listed in table 4 below. 

Table 4: Filtering parameters used in TableCurve 2D  

 

Savitzky-Golay Filtering Scheme 

  Load Displacement Axial Strain Transverse Strain 

Window 

size  N 
10 100 100 100 

Polynomial 

degree 
4 2 4 4 

 

5.1 Test Results 

 The tests were conducted at quasi-static and dynamic speed on all stacking sequence of 

[0]n and [±45]n for G/E and C/E materials. Thicker laminates such as 8 ply and 12 ply were 

tested in half period corrugation shape with the exception of 4 ply laminates which were tested in 

full period corrugation shape. Three specimens were tested for each combination of laminate 

configuration and test speed.  

 The load displacement behavior of the [0]n and [±45]n corrugated beams are illustrated in 

figures 25a-d. Each plot compiles the load-displacement response of corrugated beams at various 

rates. Typically, the load-displacement behavior was characterized by an initial peak load 
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followed by a sustained crushing region. Both laminate configurations indicate a decrease in 

crushing load as the test speed increases.  

 

Figure 25(a):   Load displacement response of Newport 321/7781 G/E [0]4 

 

Figure 25(b): Load displacement response of Newport 321/7781 G/E [±45]4 
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Figure 25(c): Load displacement response of T700G/3900 C/E [0]4 

 

 

Figure 25(d): Load displacement response of Toray T700G/3900 C/E [±45]4 
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In general, [0]n is stable during the crushing process whereas  [±45]n exhibits large drops 

in loads owing to the unstable failure mechanisms prevalent in these specimens.  

5.2 Load Rate Effects on Peak and Sustained Crushing Load 

 Peak load and the sustained crushing load are critical factors that would determine energy 

absorbing capabilities of materials. Prior to studying load rate effects on energy absorption, an 

in-depth understanding on the rate effects on peak and sustained crushing load are required. 

 To study the load rate effects on peak load, sustained crushing load, and specific energy 

absorption, tests with crush speed range from 0.001in/s to 100in/s were performed on all stacking 

sequences for Glass/Epoxy and Carbon/Epoxy corrugated beams.  

 The peak load and sustained crushing load as a function of the test speed for [0]4 and 

[±45]4 of G/E and C/E corrugated beams are shown on a logarithmic scale as shown in figure 26. 

The peak loads exhibited an increasing trend for the beams while the sustained crushing loads for 

both stacking sequences were observed to decrease with test speed. The compressive strength of 

composite materials typically increases with strain rate. As a consequence, high peak loads are 

required to initiate failure with increasing speed. The decrease in crushing load with test speed 

indicates the dominance of other failure mechanisms post initiation. This leads to decrease in 

specific energy absorption as test speeds increase as shown in the following section.  
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Figure 26(a): Rate effects on the peak loads for Newport 321/7781 G/E corrugated beams 

 

 

Figure 26(b): Rate effects on the crush loads for Newport 321/7781 G/E corrugated beams 
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Figure 26(c): Rate effects on the peak loads for Toray T700G/3900 C/E corrugated beams 

 

 

Figure 26(d): Rate effects on the crush loads for Toray T700G/3900 C/E corrugated beams 
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5.3 Load Rate Effects on Energy Absorption 

 The SEA of each stacking sequence for both G/E and C/E was computed by using 

equation 1.1 and equation 1.3 based on the load-displacement responses from figure 25. The 

SEA as a function of test speed for both G/E and C/E are shown in figure 27. As expected, due to 

the reduction in sustained crushing load, the [0]4 and [±45]4 corrugated beams of both material 

system exhibit a reduction in SEA with test speed. Further, the SEA for [±45]n beams was 

consistently lower than those of [0]n beams. In general, reduction of SEA are expected with a few 

exceptions on thicker laminates like [0]12 and [±45]12. In conclusion, SEA is rate sensitive. 

 

 

Figure 27(a): Rate effects on SEA for Newport 321/7781 G/E [0]n  
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Figure 27(b): Rate effects on SEA for Newport 321/7781 G/E [±45]n 

 

 

Figure 27(c): Rate effects on SEA for Toray T700G/3900 C/E [0]n  
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Figure 27(d): Rate effects on SEA for Toray T700G/3900 C/E [±45]n 

 SEA decreases as displacement rate increases. Due to the viscoelastic nature of matrix, 

the deformation response depends upon time. At lower rate, deformation accumulates gradually 

when subjected to compressive load. On the other hand, damage does not have enough time to 

develop at dynamic rate resulting in lower energy absorption [41].  

 The crushing behavior of corrugated beams is rate dependent based on the discussion 

above. Rate sensitivity of the material is further characterized by strain rate in the following 

section. Strain rate is defined as the rate of change in strain over the rate of change in time. 

    
  

  
  

  

      
 

 

  
 

where v is the speed of deformation.  

(5.1) 
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The axial strain rate responses are shown to fluctuate for C/E [0]4 specimens during the 

crushing process as shown in figure 28a-b. The axial strain rates hit the first initial peak when the 

coupon encounters the initial peak load. This peak corresponds to the stress wave transmitted 

across the specimen. The axial strain rates achieve a second peak when the crush front reaches 

the axial strain gage location. The sudden spike of axial strain rate at the compaction zone as 

defined by Hull [30] indicates a higher rate of change in strain over a small crosshead movement.  

Similar trends are observed for C/E [±45]4 at 10in/s and 100in/s as shown in figure 28c-d. In 

fact, the magnitude of strain rate was found to be proportional to crush speed.  This data will be 

instrumental in identifying the strain rate ranges for characterizing the rate sensitivity of basic 

material properties to be used for supporting simulations. 

 

Figure 28a: Axial strain rate and strain-displacement response for C/E [0]4 at 10in/s 
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Figure 28b: Axial strain rate and strain-displacement response for C/E [0]4 at 100in/s 

 

Figure 28c: Axial strain rate and strain-displacement response for C/E [±45]4 at 10in/s 
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Figure 28d: Axial strain rate and strain-displacement response for C/E [±45]4 at 100in/s 

 

5.4 Effects of Ply Orientation on Energy Absorption 

 To study the effects of ply orientation on energy absorption, tests were conducted on both 

material systems, differences in SEA with respect to stacking sequence of [0]n and [±45]n  were 

computed and compared. Comparison was made within the same material system and same 

number of ply as shown in table 5. The results indicate that [0]n excel [±45]n for both G/E and 

C/E by at least 28% and 13%, respectively.  
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Table 5: Ply orientation influence on SEA  

        

Material 

System 

Lay-up 

Comparison 

Crush Speed 

(in/s) 

 

Percentage (%) 

 

    

Glass/Epoxy 

[0]4 > [±45]4 
0.001 33 

100 28 

[0]8 > [±45]8 
0.001 47 

100 20 

[0]12>[±45]12 
0.001 56 

100  NA  

Carbon/Epoxy 

[0]4> [±45]4 
0.001 39 

100 44 

[0]8 > [±45]8 
0.001 15 

100 13 

[0]12>[±45]12 
0.001 25 

100 29 

 

5.5 Effect of Laminate Gross Thickness on Energy Absorption 

To study the effects of laminate gross thickness on energy absorption, compression tests 

were conducted on both G/E and C/E material systems with laminate gross thickness were varied 

from 4 ply to 12 ply for [0]n and [±45]n. The thickness effect was studied by varying the laminate 

thickness instead of individual ply thickness. The data of 4 ply corrugated beam was normalized 

and the effect of laminate gross thickness on EA at 0.001 in/s are shown in figure 29.  
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Figure 29(a): Effects of the laminate gross thickness on SEA and EA of G/E at 0.001in/s  

 

Figure 29(b): Effects of the laminate gross thickness on SEA and EA of C/E at 0.001in/s  
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The result indicates that the EA is proportional to the laminate gross thickness. This can be 

attributed to the relatively larger cross section area of thicker laminate which required additional 

load to initiate and propagate failure. Hence, it yields greater energy absorption. 

5.6 Failure Modes 

 Fiber reinforced composite materials are brittle materials that show little or no plastic 

deformation prior to failure where as ductile materials yield and fail by excessive deformations 

[42]. Failure mode of a material depends on material type, environmental and loading conditions. 

Energy absorbing capabilities of composite material are closely associated with the failure 

initiation, damage growth and the mode of failure. The correlation between the energy absorbing 

behavior and the failure mode of the corrugated beam are discussed in this section accordingly. 

 During the quasi-static tests the failure initiation and propagation was observed and 

pictures were captured during the test. The typical failure modes observed during the crushing 

process and the terminologies used throughout the section are illustrated in figure 30.  
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Figure 30: Failure mode of corrugated beams [15] 

 The failure modes in the corrugated specimens were observed to be dependent on the test 

speed. The rate at which the structure is loaded has the effect on both the material response and 

the mode of failure. The G/E [0]4 specimens tested at quasi-static rate (0.001in/s), the fronds 

were not clearly visible indicated that the tearing of the plies was not clear as shown in figure 

31a. However, at higher speeds (100in/s), the fronds were clearly defined as shown in figure 31b. 

At quasi-static speed, fronds split into fragments with fractured fiber while long fronds were 

found intact at dynamic rate. However, fronds of C/E [0]4 are not clearly distinguishable at any 

loading rate.  

 The fronds on thick laminate such as the 8 ply and 12 ply for both G/E and C/E are 

clearly distinguishable especially at dynamic loading rate. This phenomenon can be explained by 

the thick laminate is likely to delaminate than thin laminate as reported by Whitcomb et al [43]. 

This is because the thick laminate delaminates at a relatively low strain energy release rate [44]. 

As the loading increases, the compressive stress forces exceed the compressive strength of the 
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materials causing fiber fracture more often than thinner laminates and bending of sub-laminate to 

form fronds.    

 

 

Figure 31: Fronds splitting of G/E [0]4 at a) 0.001in/s b) 100in/s  

Fronds splitting of C/E [0]4 at c) 0.001in/s d) 100in/s  

The fronds numbers was documented at each loading rate for both G/E and C/E are 

plotted in figure 32a-b. The data was normalized by undulated length due to its difference in 

geometry configurations. The C/E [0]4 is omitted in the plot because there is not distinctive 

number of fronds. In general, the fronds forming are found to be rate sensitive. The [0]4 of G/E 

was found to decrease as loading rates increased. On the other hand, the G/E [0]8 show a rather 

consistent number of fronds at quasi-static but an increment at dynamic rate. In contrast, the 

number of fronds of C/E was increased as loading rates increased. 

b) a) 

c) d) 
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In-plane shear crack is the dominant failure mode of G/E [±45]4 specimens as shown in 

figure 33a and 33b, respectively. Shear cracks were typically found along the curve and flat 

region. On the other hand, local buckling mode was observed on C/E [±45]4 specimens at quasi-

static speed. The failure mode of C/E [±45]4 specimens was transitioned from mixed mode (local 

buckling and shear cracking) at 1in/s to shear cracking at dynamic rate (10in/s and 100in/s) as 

shown in figure 33c and 33d, respectively.   

 

 

Figure 32a: Rate effects of fronds for G/E   
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Figure 32b: Rate effects of fronds for C/E   

 

Figure 33: a) Shear Cracking of G/E [±45]4 at a) 0.001in/s and b) at 1in/s c) Local Buckling 

mode of C/E at 0.001in/s d) Mixed mode of C/E at1in/s 

a) b) 

c) d) 
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 Failure mode is typically dictated by the ply orientation. There are some similarities of 

failure mode between G/E and C/E and the failure mechanisms are further discussed in the 

category of [0]n and [±45]n below. 

 

5.6.1 Failure Modes of [0]n  

 Failure was first observed at the chamfer edge during the initial loading process. During 

the early stage of loading, delamination was observed attributed to the interlaminar stresses 

generated due to the chamfer geometry. The crack growth between the lamina interfaces initiated 

local bending of the sublaminates. The load drop after the peak load was associated with the 

splitting of the sublaminates at the high strain region to form fronds. A representative picture of 

the delaminated plies and tearing between two fronds are shown in figure 34a and figure 34b, 

respectively. Distinctive fronds were formed with the continuing of the tearing and splitting 

throughout the remaining of the loading process until the desired crush length was reached.  

 

Figure 34: (a) Delaminations (b) Tearing of plies in corrugated specimens 

 The [0]n failure mode are observed to be similar to crushed tube specimen reported by 

Farley and Hull [30,32] as lamina bending crushing mode and splaying, respectively. Splaying 
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always initiated at the middle section of the specimen where greatest magnitude of interlaminar 

shear stress is located [45]. The delamination, intralaminar cracks, and fronds forming process 

are the predominant failure in [0]n beam specimens. The crushing process is consistent in 

splaying mode which yields high energy absorbing capability. The failure mechanisms of [0]n 

corrugated beams are further discussed as below. 

i) Delaminations 

In the beginning stages of loading process, high stress concentration at the crushed 

front due to the presence of chamfer edge. Matrix strength is weak in nature 

compared to the fiber, matrix cracking usually occurs prior to the fiber when 

subjected to compressive load. When a crack in a layer is unable to penetrate the 

other oriented layer, hence it initiates delamination in propagation [46].  

ii) Fiber fracturing  

G/E and C/E composite materials are brittle in nature with little or no plastic 

deformation. The lamina bundles fracture when the compressive stress exceeds the 

compressive strength of the material. Fiber fracturing is one of the main contributors 

to the energy absorption process.  

iii) Fronds forming 

Friction force on the contact surface between the lamina bundles and the platen 

initiate the fronds forming process. Furthermore, friction forces between each 

individual ply forcing the outer plies to bend outward, resulting in tearing at the 

curvature. The bending of the lamina bundles against the loading surface and their 

subsequent movement across the crushing surface produces an energy-absorption 

mechanism [30].  
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5.6.2 Failure Modes of [±45]n 

 In-plane shear cracks are the dominant failure mode of [±45]n. The in-plane shear crack 

typically present on angle ply coupons subjected to compression loading. The shear cracks led to 

fragments of the laminate separating from the beam leading to lower load carrying capability and 

a lower SEA. Delamination, fiber fracturing, and in-plane shear crack are the main energy 

absorption contributors. The failure mechanisms of [±45]n corrugated beams are further 

discussed as below.  

i) Delaminations 

Matrix cracking typically initiates delamination of plies.  However, matrix cracking 

usually happens at the interior layer of laminate and hence it cannot be observed 

during the loading process.  

ii) In-plane shear cracks 

Fiber fracturing is a type of brittle failure. The induced load was transferred to the 

fibers oriented in 45° direction. Hence, the crack was observed almost along the 45° 

direction. This observation matches the conclusion proposed by Farley and Jones [47] 

where the location of crack is related to material constituent. The in-plane shear crack 

occurs due to the multi-axial state of stress.  

Fiber fracturing 

Crack propagation is observed follow by the lamina bundles fracture when the 

compressive stress exceeds the compressive strength of the material. Fiber fracturing 

is similar to brittle fracture as observed crushed tube specimen by Farley and Jones 
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[31-32]. The fiber fracturing of [±45]n are much lesser than in [0]n specimens due to 

tearing mode are often not formed. 

iii) Local buckling 

Local buckling failure is only observed on [±45]4 of C/E coupons tested at quasi-

static speed.  

iv) Mixed modes 

Failure mechanisms of the [0]n and [±45]n has been discussed thus far. [0]n fails in 

splaying mode while [±45]n fails with the formation of in-plane shear crack in general 

for both G/E and C/E. However, there are special cases when [±45]n of C/E fails with 

the combination of local buckling and in-plane shear failure. These combinations of 

failure modes are considered as mixed mode of failure. The mixed mode of failure on 

C/E that crushed at 1in/s indicates lower energy absorption as compared to just local 

buckling failure itself. Some interesting observations noted on the failure mode of 

[±45]4 shifted from local buckling failure at quasi-static rates to in-plane shear failure 

at dynamic rates. The failure mode transition may be attributed to the changes of fiber 

and matrix properties influenced by the strain rate effects. Mixed mode was not noted 

on thicker laminates such as 8 and 12 plies on C/E.  
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5.6.3 Summary of Failure Modes Observations 

Documentation on failure mode is presented in the category of G/E and C/E for all tested 

specimens as shown in table 6a and 6b. Figures in Appendix E further show the failure mode of 

[0]n and [±45]n at quasi-static and dynamic loading rates. 

Table 6a: Failure mode observations of G/E 

Material 

System 

Stacking 

Sequences 
Observations 

G/E 

[0]4 

 

Splaying mode was observed at every loading rate. Fronds are 

clearly visible especially at dynamic loading rate. 

 

[0]8 

 

Splaying mode was observed. Fronds are dominant at the convex 

region (outer region of the curvature of corrugated beam). 

 

[0]12 

 

Splaying mode was observed. Fronds are clearly visible especially 

at dynamic loading rate. Fronds are dominant at the convex 

region. 

 

[±45]4 

 

In-plane shear crack was the dominant failure mode observed.  

Little tearing was observed at dynamic loading rate. 

 

[±45]8 

 

In-plane shear crack and fronds (mixed mode) was observed at 

dynamic loading rate.  

 

[±45]12 

 

Mixed mode was observed. Fronds are clearly visible at dynamic 

loading rate. 
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Table 6b: Failure mode observations of C/E 

Material 

System 

Stacking 

Sequences 
Observations  

C/E 

[0]4 

 

Splaying mode was observed but fronds are not clearly visible. 

 

[0]8 

 

Splaying mode was observed. Fronds are clearly visible at every 

loading rate. 

 

[0]12 

 

Splaying mode was observed. Fronds are clearly visible at every 

loading rate. 

 

[±45]4 

 

Local buckling mode is the dominant failure mode observed at 

quasi-static speed. As crush speed increased, in plane shear crack 

and local buckling (mixed mode) was observed at 1 in/s. In-plane 

shear failure only was observed at 10 in/s and 100 in/s.  

 

[±45]8 

 

In-plane shear crack was observed. Frond was not found. 

 

[±45]12 

 

In-plane shear crack was observed. Frond was not found. 

 

 

Some generic conclusions are drawn based on the observations noted in table 6a and 6b. In 

summary: 

 Splaying mode was observed for [0]n at all rates.  

  Fronds are clearly visible for [0]n at dynamic loading rates. 

  In plane shear cracks was the dominant failure mode for [±45]4 at quasi-static.   

 Mixed mode was only observed on [±45]n at dynamic loading rates for G/E. 
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5.7 Summary of Experimental Test Results 

 Laminated corrugated beams were tested under axial compression at quasi-static and 

dynamic loading rates. The critical test results and observations are further summarized in this 

section. Load response of fiber reinforced composite material is a function of strain rate. Peak 

response increases with displacement rate as observed for Newport 321/7781 E-glass/epoxy 

prepreg and Toray T700G/3900 Plain weave prepreg material. In contrary, crush load decrease 

as displacement rate increases.  

Results of peak load, crush load and SEA of both material systems obtained from the 

experimental study are summarized in tables 7 and 8.  
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Table 7a: Peak and crush load of Newport 321/7781 E-glass/Epoxy corrugated beams 

Material 

System 
Lay-up  Period Repeats 

Crush 

Speed (in/s) 

Mean Peak 

Load (lb) 

Mean Sustained 

Crushing Load (lb) 

       

Glass-

Epoxy 

[0]4 Full 

3 0.001 3751 3086 

3 0.1 4290 3173 

3 1 4766 3581 

3 10 4409 2409 

3 100 4256 2091 

[0]8 Half 

3 0.001 4394 3722 

3 0.1 5002 4093 

3 1 5691 3886 

2 10 4814 3512 

2 100 4498 2671 

[0]12 Half 

3 0.001 8517 6830 

3 0.1 8626 7340 

3 1 8208 6514 

- 10 NA NA 

- 100 NA NA 

Material 

System 
Lay-up Period Repeats 

Crush 

Speed (in/s) 

Mean Peak 

Load (lb) 

Mean Sustained 

Crushing Load (lb) 

 
      

Glass-

Epoxy 

[±45]4 Full 

3 0.001 3414 2218 

3 0.1 3269 2508 

3 1 3779 2434 

2 10 3403 1500 

2 100 3306 1557 

[±45]8 Half 

3 0.001 3473 2697 

3 0.1 3991 3099 

3 1 3960 2806 

3 10 5600 3114 

3 100 5137 3203 

[±45]12 Half 

3 0.001 5888 4379 

3 0.1 6304 4689 

3 1 6648 4813 

3 10 8362 4736 

3 100 9101 5488 
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Table 7b: Peak and crush load of Toray T700G/3900 Carbon/Epoxy corrugated beams 

Material 

System 
Lay-up  Period Repeats 

Crush 

Speed (in/s) 

Mean Peak 

Load (lb) 

Mean Sustained 

Crushing Load (lb) 

 
      

Carbon-

Epoxy 

[0]4 Full 

3 0.001 3133 2293 

3 0.1 3106 2276 

3 1 3361 2354 

3 10 3582 2135 

3 100 3402 2114 

      

[0]8 Half 

3 0.001 3513 2562 

3 0.1 3215 2683 

3 1 3286 2510 

3 10 4601 2569 

3 100 4240 2605 

[0]12 Half 

3 0.001 5331 4488 

3 0.1 5342 4480 

3 1 5546 4223 

3 10 6764 4534 

3 100 7841 4567 

Material 

System 
Lay-up Period Repeats 

Crush 

Speed (in/s) 

Mean Peak 

Load (lb) 

Mean Sustained 

Crushing Load (lb) 

 
      

Carbon-

Epoxy 

[±45]4 Full 

3 0.001 3035 1969 

3 0.1 2981 1958 

3 1 2643 1589 

3 10 2614 1448 

3 100 2671 1348 

[±45]8 Half 

3 0.001 3033 2149 

3 0.1 3020 2141 

3 1 3038 2261 

3 10 3955 2548 

3 100 4078 2308 

[±45]12 Half 

3 0.001 4872 3378 

3 0.1 5010 3587 

3 1 4941 3668 

3 10 6477 4018 

3 100 6294 3533 



62 
 

Table 8a: SEA of Newport 321/7781 E-glass/Epoxy corrugated beams 

Material 

System 
Lay-up  Period Repeats 

Crush Speed 

(in/s) 

Mean SEA, 

(in-lb/in
3
) 

      

Glass-

Epoxy 

[0]4 Full 

3 0.001 7869 

3 0.1 8650 

3 1 8836 

3 10 6231 

3 100 5360 

[0]8 Half 

3 0.001 10605 

3 0.1 11334 

3 1 10100 

2 10 9308 

2 100 7158 

[0]12 Half 

3 0.001 11656 

3 0.1 13583 

3 1 12448 

- 10 NA 

- 100 NA 

Material 

System 
Lay-up  Period Repeats 

Crush Speed 

(in/s) 

Mean SEA, 

(in-lb/in
3
) 

 
     

Glass-

Epoxy 

[±45]4 Full 

3 0.001 5358 

3 0.1 6135 

3 1 5622 

2 10 4229 

2 100 4455 

[±45]8 Half 

3 0.001 7244 

3 0.1 8325 

3 1 7870 

3 10 8260 

3 100 8931 

[±45]12 Half 

3 0.001 7951 

3 0.1 8462 

3 1 8607 

3 10 8741 

3 100 8546 
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Table 8b: SEA of Toray T700G/3900 Carbon/Epoxy corrugated beams 

Material 

System 
Lay-up  Period Repeats 

Crush Speed 

(in/s) 

Mean SEA, 

(in-lb/in
3
) 

 
     

Carbon-

Epoxy 

[0]4 Full 

3 0.001 7269 

3 0.1 7208 

3 1 6998 

3 10 6122 

3 100 6672 

[0]8 Half 

3 0.001 7983 

3 0.1 8141 

3 1 7685 

3 10 7826 

3 100 7931 

[0]12 Half 

3 0.001 9109 

3 0.1 9110 

3 1 8496 

3 10 9611 

3 100 9608 

Material 

System 
Lay-up  Period Repeats 

Crush Speed 

(in/s) 

Mean SEA, 

(in-lb/in
3
) 

 
     

Carbon-

Epoxy 

[±45]4 Full 

3 0.001 4992 

3 0.1 5178 

3 1 4375 

3 10 4147 

3 100 3978 

[±45]8 Half 

3 0.001 7091 

3 0.1 6374 

3 1 6790 

3 10 7675 

3 100 6901 

[±45]12 Half 

3 0.001 7053 

3 0.1 7507 

3 1 7200 

3 10 7935 

3 100 6942 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE WORK 

 

 

6.1 Conclusions 

The specific energy absorption characteristic of fiber-reinforced corrugated specimens 

under progressive compression loading was experimentally studied. Conclusions are drawn 

based on the data obtained and summarized as below. 

1)  Specific energy absorptions are influenced by stacking sequences, loading rates and 

laminate gross thickness. 

2) Crush responses of specimen are directly related to the failure modes and thus energy  

 absorption.  

3)  Failure modes of laminated corrugated beams were observed to be sensitive to test  

 speed. 

4)  Stacking sequences dictate the mode of failure of the specimen. 

6.2 Recommendations for Future Research 

Recommendations for future research are discussed based on the experimental study of 

progressive crushing response of laminated corrugated beams. In order to improve the 

effectiveness in predicting energy absorbing of fiber-reinforced composite, some future work is 

recommended. 
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1)  Further study the failure mechanism at the level of micromechanics in order to better     

understand the interactions between the fiber and the matrix of corrugated beams 

subjected to compressive loading.  

2)  Simulations using finite element models based on the understanding of the modes of 

failure at the micromechanics level. This will enable the development of analytical 

methods to predict energy absorption of fiber-reinforced composite.  
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APPENDIX A 

Load displacement response of Newport 321/7781 E-glass/Epoxy & Toray T700G/3900 

Carbon/Epoxy for [0]n and [±45]n , where n= 8, 12. 

  

Figure A.1: Load displacement response of Newport 321/7781 G/E [0]8 

 

 Figure A.2: Load displacement response of Newport 321/7781 G/E [±45]8 
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APPENDIX A (continued) 

 

Figure A.3: Load displacement response of Newport 321/7781 G/E [0]12 

 

Figure A.4: Load displacement response of Newport 321/7781 G/E [±45]12 
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APPENDIX A (continued) 

  

Figure A.5: Load displacement response of Toray T700G/3900 C/E [0]8 

  

Figure A.6: Load displacement response of Toray T700G/3900 C/E [±45]8 
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APPENDIX A (continued) 

 

 Figure A.7: Load displacement response of Toray T700G/3900 C/E [0]12 

  

Figure A.8: Load displacement response of T700G/3900 C/E [±45]12 
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APPENDIX B  

Axial strain comparison of Toray T700G/3900 Carbon/Epoxy [0]4 and [±45]4 at dynamic loading 

rates 

 
 

Figure B.1: Axial Strain comparison of C/E  [0]4 and [±45]4 at 10in/s 

 

 
 

Figure B.2: Axial Strain comparison of C/E  [0]4 and [±45]4 at 100in/s 
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APPENDIX C 

Transverse strain rate responses of Toray T700G/3900 Carbon/Epoxy [0]4 and [±45]4 at dynamic 

loading rates. 

 

Figure C.1: Transverse strain rate-displacement response for C/E [0]4 at 10in/s 

 

Figure C.2: Transverse strain rate-displacement response for C/E [0]4 at 100in/s 
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APPENDIX C (continued) 

 

  

Figure C.3: Transverse strain rate-displacement response for C/E [±45]4 at 10in/s 

 

Figure C.4: Transverse strain rate-displacement response for C/E [±45]4 at 100in/s 
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APPENDIX D 

Effects of laminate gross thickness on SEA and EA of Newport 321/7781 E-glass/Epoxy & 

Toray T700G/3900 Carbon/Epoxy for [0]n and [±45]n , where n= 8, 12 at various loading rates. 

 

 

Figure D.1: Effects of the laminate gross thickness on SEA and EA of G/E at 0.1in/s  

 

Figure D.2: Effects of the laminate gross thickness on SEA and EA of C/E at 0.1in/s  
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APPENDIX D (continued) 

 

 

Figure D.3: Effects of the laminate gross thickness on SEA and EA of G/E at 1in/s  

 

Figure D.4: Effects of the laminate gross thickness on SEA and EA of C/E at 1in/s  



81 
 

APPENDIX D (continued) 

 

Figure D.5: Effects of the laminate gross thickness on SEA and EA of G/E at 10in/s 

 

Figure D.6: Effects of the laminate gross thickness on SEA and EA of C/E at 10in/s 
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APPENDIX D (continued) 

 

Figure D.7: Effects of the laminate gross thickness on SEA and EA of G/E at 100in/s 

 

Figure D.8: Effects of the laminate gross thickness on SEA and EA of C/E at 100in/s 
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Appendix E 

Failure modes documentation of Newport NB321/7781 E-glass/Epoxy & Toray T700G/3900 

Carbon/Epoxy for [0]n and [±45]n , where n= 4, 8, 12 at various loading rates. 

 

     

 

 

                                    

  

 

Figure E.1: Failure modes observation of G/E [0]4 at various test speeds 
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Appendix E (continued) 

 

     

 

 

                                     

 

  

Figure E.2: Failure modes observation of G/E [±45]4 at various test speeds 
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Appendix E (continued) 

 

     

 

 

                                    

 

  

Figure E.3 Failure modes observation of G/E [0]8 at various test speeds 
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Appendix E (continued) 

 

     

 

 

                                     

 

  

Figure E.4: Failure modes observation of G/E [±45]8 at various test speeds 
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Appendix E (continued) 

 

     

 

 

                                    Figure E.5 Failure modes observation of G/E [0]12 at various test speeds 
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 Appendix E (continued) 

 

     

 

 

                                     

 

  

Figure E.6: Failure modes observation of G/E [±45]12 at various test speeds 
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Appendix E (continued) 

 

        

 

 

                                     

 

  

Figure E.7 Failure modes observation of C/E [0]4 at various test speeds 
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Appendix E (continued) 

 

     

 

 

                                     

 

  

Figure E.8: Failure modes observation of C/E [±45]4 at various test speeds 
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Appendix E (continued) 

 

     

 

 

                                     

 

  

Figure E.9 Failure modes observation of C/E [0]8 at various test speeds 
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Appendix E (continued) 

 

     

 

 

                                     

 

  

Figure E.10: Failure modes observation of C/E [±45]8 at various test speeds 
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Appendix E (continued) 

 

     

 

 

                                     

 

  

Figure E.11 Failure modes observation of C/E [0]12 at various test speeds 
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Appendix E (continued) 

 

     

 

 

                                     

 

  

              Figure E.12: Failure modes observation of C/E [±45]12 at various test speeds 
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