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ABSTRACT 

The main objective of the present study was to investigate the in-plane crushing 
behaviour of CFRP-faced sandwich structures. 

A survey of relevant literature on energy absorption was undertaken and the topic of in- 

plane crushing of sandwich panels was decided upon. The initial experimental work 
focused on obtaining progressive crushing of the panels whilst maximising their energy 

absorbing potential. Structural parameters such as face thickness, core thickness, lay-up 

and the effect of the triggering mechanism on energy absorption were studied. 

Having discovered that a large percentage of the energy absorbed by the panels was in 

crushing the sandwich panels faces, an investigation was undertaken to see whether the 
failure modes seen could be replicated in smaller more economical specimens 

representing just the sandwich panel faces. 

Small specimens of the same lay-up, thickness, etc. as the sandwich faces were 

manufactured and tested in a similar manner to the sandwich panels. It was seen that 

small specimens of the face skins tested in a "back-to-back" configuration failed in a 

very similar manner to that observed in the full sandwich tests. The small specimen 
tests were also used to investigate parameters such as loading plate friction, stacking 

sequence and the un-supported length of the specimen. 

Complementary tests were also done to assess the energy absorbed in tearing of the face 

skins and debonding the faces of the sandwich panel from the core, two energy 

absorbing mechanisms likely to happen in a real structure. 

Finally, various sizes of sandwich cruciform structures representing the intersection 

points of load-carrying beams in an aircraft subfloor fuselage structure were 

manufactured and tested. A linear relationship between cruciform size and parameters 

such as energy absorption and peak crush load was seen. An outline theoretical analysis 

of the failure of the face skins and the sandwich specimens was proposed. 
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Crashworthiness of Composite Sandwich Structures 

CHAPTERI 

INTRODUCTION 

1.1 Introduction 

The aim of the work detailed in this thesis was to determine the energy absorbing 

potential of carbon/fibre-epoxy composite sandwich structures when subjected to in- 

plane compressive loading. The inclusion of composite materials in aerospace 

vehicles is increasing, especially with regard to primary load bearing structures. 
Composite materials offer considerable advantages over their metallic counterparts in 

terms of weight and fabrication costs, but also, more importantly, they offer the 
designer a way of tailoring a specific part to maximise strength for example, whilst 

minimising mass by placing the load bearing structures where they are most needed. 

The experimental work carried out for this thesis concentrated on evaluating a specific 
type of composite material, namely the sandwich structure. The definition of a 

sandwich structure being "a construction comprising of a combination of dissimilar 

simple or composite materials, assembled and intimately fixed in relation to each 

other so as to use the properties of each separate component to the structural 

advantage for the whole assembly" (1). 

A sandwich element is a special form of a laminated composite and consists of three 

main parts; two thin, strong, stiff and relatively high density facings separated by a 
thick, light and weaker core. The faces and core are adhesively joined in order to 
transfer the loads between the components. The advantages given by this design may 
be summarised thus: high stiffness and strength-to-weight ratios and integration of 
functions such as thermal and acoustic insulation, and high energy absorption 
capability. 

In an aircraft crash the first event is often the contact of the landing gear with the 
floor, followed by the bottom of the fuselage contacting the ground. The subfloor 
beams, located between the cargo floor and the bottom of the fuselage deform. Crash- 
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induced loads can be transmitted from the subfloor beams to the rest of the aircraft. If 

the fuselage is not designed to carry these loads then failure of the aircraft is possible. 

It has been found to be expensive to design crashworthy vehicle structures using 
(2) 

composite materials due to the inherently high research and development costs 

The problem stems from the nature of the crush process. Energy absorption is not a 

property, like elastic modulus or strength, which can be measured easily using coupon 

specimens. Instead, energy absorption is very sensitive to the form of the structure of 

which the material is a part. 

Simple analytical calculations are typically utilised to design conventional composite 

structures. Development of sufficient data to establish a statistically valid design 

database for sandwich structures would be both cost and time prohibitive. An 

alternative to a database would be to develop simple calculations to predict the failure 

modes of simple sandwich structures with various geometries subjected to in-plane 

loading conditions. 

An in-depth understanding of the cause and effect relationships of crash energy 

absorption in composite materials and structures is necessary, prior to the 

development of a method to predict the energy absorptioil capabilities of sandwich 

structures. It was seen that although work had been undertaken on the in-plane 

crushing of various structural geometries, the crushing of sandwich panels was not 

widely reported. 

In this project the failure modes and energy absorbing processes of carbon fibre/epoxy 

sandwich specimens of increasing size and complexity were studied. Initially carbon 

epoxy faced, aluminiurn alloy cored sandwich panels were tested and then specimens 

which evaluated the failure modes seen in the sandwich faces were tested. Finally 

sandwich cruciform structures representing the intersection points of fuselage beams 

were evaluated (Figure 1.1). This last research topic is important as these intersection 

points act as areas of high stiffness which can, on the aircraft impacting with the 

ground, penetrate into the cabin area of the aircraft which is unacceptable from a 
safety point of view. 
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Once the response of sandwich structures to in plane loading has been understood, 

and analytical tools have been developed, efficient use of these structures to absorb 

crash energy can be achieved. 
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Figure 1.1 Crucifonn structure 
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CHAPTER 2 

LITERATUIZE REVIEW 

2.1 Introduction 

This section provides a review of' recent research into the crashworthiness of' 

Structures, including tubes and beams manuf*actured 1'roin monolithic materials and 

sandwich panels. It also reports on the work to date with regards to analytical 

modelling of' such structurcs, The major advantages of'conipositc materials arc their 

high specific strength and stiffness properties in combination with design flexibility. 

Composite materials also have considerable potential I'Or absorbing kinetic energy 

during a crash 0). COMPOS ites off'er a unique combination of* reduced Structural 

weight and improved vehicle sal'Cty. They exhibit at least equivalent crash resistance 

(3). (, rish rc, - to metals, and sometimes better 
Iis istancc covers the cnCrgy absorbing 

capability of' crushing Structural parts as well as the dcmand to provide a protective 

shelf around the vehicle OCCUIXIMS (StRiCtural intcgrity). In aeronautics, the hi-st 

structural design requirements for better crash protection were established For military 

(4) helicopters and light fixed-wing aircraft in the I'Orm oftlic MlI, -STD- 1290A 

Figurc 2.1 Systc, lis approach to crashworthincss "' 
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In an aircraft crash many structural items must act together to reduce the deceleration 

forces on occupants and to provide a protective shell around the occupied area. 

Especially important to the absorption of the vertical and horizontal components of 

the crash force are the following three structural areas (5): 
- the landing gear, seat 

structure, and subfloor structure (Figure 2.1). The landing gear and seat structures are 

commonly composed of simple tubular structural members for which extensive 
impact energy absorption studies have already been conducted. 

2.2 Criteria for Describing Crushing Behaviour 

A terminology has been developed to describe and compare the energy absorption 

performance of collapsing or crushing material specimens or structural parts (Figure 

2.2). The evaluation criteria are derived basically from the force-deflection curve and 
the absorbed energy, which is the area under this curve. The crushing characteristics 
typically have three stages: (a) initiation; (b) collapse by crushing or folding; and (c) 

compacting or "bottoming out". 

E nu tweHaJ ýccfagla shI4 

Fpock 

Fag 

Specific Energy (Es) =E abs /M destroyed [kJ/kgl 

Mean Crushing Stress = Ocr Favg Ao ; Ao is original cross-section 
Crush Force Efficiency AE Favg Fpeak 

Stroke Efficiency SE = Is / lo 

Figure 2.2 Evaluation criteria for crushing behaviour 
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2.2.1 Speciric Energy 

The specific energy relates the absorbed energy to the mass of the absorber or 

structure, and is therefore an important criterion for lightweight designs. As can be 

seen from Figure 2.2 Kindervater et al (3) define specific energy as absorbed energy 

divided by mass. Kindervater et al state that often only the crushed mass of the 

absorber is taken into account. However, in more complex structures the crushed 

mass is difficult to determine, and therefore the complete mass of the structure would 
be used. It is not stated how the specific energy will be altered by the measurement of 

different masses. 

2.2.2 Mean Crushing Stress and Sustained Crushing Load 

For an absorber sustaining an axial load, F, rather than a bending load, the crushing 

stress is calculated as the average crush force (Favg) (a mean value about which the 

force oscillates) divided by the original cross-sectional area of the absorber. High 

values of crushing stress are required to absorb energy when impacted by large 

masses. The specific sustained crushing stress (SSCS) is a useful measure of energy 

absorbing capability often used in the literature; this is the average crushing load 

divided by the product of the cross-sectional area and the density of the absorber. 

2.2.3 Crush Force Efficiency 

The crush force efficiency value relates the average crush force, Favg, to the 

maximum force, Fpeak, of the crush characteristic. The highest force occurs normally 

in the initiation phase. An absorber that exhibits a rectangular force-deflection curve 
(ideal-plastic)(Figure 2.2) and theoretical maximum energy absorption has a crush 

efficiency of 100%. Lower values than this indicates force peaks during crushing. 
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2.2.4 Stroke Efficiency 

The stroke efficiency, SE, is the ratio of the stroke, S, at compaction of the absorber to 

the initial length of the absorber. High ratios indicate efficient use of the material for 

a given absorbed energy. In structures with crushing modes, the fragmented and 

compacted debris can limit the amount of stroke leading to a low stroke efficiency, 

but not necessarily low energy absorption (3) 
. 

2.2.5 Post Crush Integrity 

Post crush integrity is a measure of the residual structural capability of the structure. 

2.3 Energy Absorption of Composite Plates and Tubes 

2.3.1 Composite Failure and Energy Absorption Mechanisms 

The importance of improved safety and crashworthiness in aerospace vehicles is 
(4) 

evident through increased design requirements as specified by military standards . 
To meet these requirements without severe weight penalties, designers of military 

aircraft are approaching vehicle crashworthiness from a systems approach i. e. using 
landing gear, fuselage structure and seats in combination to absorb energy. With the 
increased emphasis on lightweight vehicles the use of composite materials in 

aerospace and automotive structures has created a need to further understand the 

energy absorption characteristics of composite materials (4) 
. 

The material behaviour, the geometric parameters and the structural design govern 
(3) 

structural crash resistance Owing to the brittleness of polymer composites 
reinforced by glass or carbon fibres, material plasticity is not really apparent. Basic 
fracture modes are fibre fracture, matrix fracture and fracture at the fibre/matrix 
interface in tension, compression and shear parallel and normal to the fibre direction. 

7 
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On the laminate level, delarninations caused by shear or buckling of single layers or 

groups can also occur (6) 
. 

Crushing on the micro level is complex, and combinations of many mechanisms are 

apparent. The key mechanism of composite energy absorption under crush loading is 
formation of a microcrack pattern, which spreads across the laminate (6). The 
formation of such a propagating front must be activated by a stress concentration 

where cracks first occur. The shape of the crush front generated by a so-called trigger 

or crush initiator (2.3.3.4) determines the level of crush force. The material 
properties, the laminate architecture, the trigger and the specimen geometry or 
structural configuration control the complex sequence of local cracking and 
fragmentation that occurs when a laminate is crushed (3). 

Instability dominated failures caused by shell or Euler buckling lead generally to low 

energy absorption. Another important factor in the energy absorbing process is 

friction. Frictional forces act between the broken and sliding parts within the crush 
front, and between the crush platen surface and fragmentation debris. A set of basic 

crushing modes especially found in tubular absorbers (6) are (a) brittle fracturing, (b) 

lamina bending, (c) local buckling and transverse shearing (Figure 2.3a-d), a 

combination of (a) and (b), can also occur. 
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2.3.2 Energy Absorption of Composite Plates 

The design of composite structures for crashworthiness is not well developed. 

Components such as tubes and beams that have complex shapes to suppress buckling 

and promote progressive crushing are expensive and difficult to fabricate with 

consistent results. Full-scale structural elements are generally tested as the 

relationship between full and sub-scale model energy absorption performance is not 

well understood, leading to high research and development costs (5) 
. 

(7-9) A number of authors such as Lavoie et al , Vizzini et al (10,11) and Laananen et al 
(12,13) have investigated the crushing of plate type structures. Vizzini et al have 

investigated the energy absorption of composite plates under off-axis loads and also 

compared the energy absorption of plates with that of tubes and found comparable 
SSCS's and failure modes. Laananen et al have done work on developing an analysis 

methodology for predicting the energy absorbing capabilities of composite stiffeners 
based on crush tests of flat plate specimens. Ramany Bala Poubady et al (14) have 

worked on a similar problem using woven carbon fibre plates. 
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2.3.2.1 Quasi-static Crush Response. 

Lavoie et al have developed a crush test fixture (9) for flat plate composite specimens. 
The test fixture illustrated in Figure 2.4 consists of a set of posts whose function is to 

guide the top platen. This platen is fitted with linear bearings for near frictionless 

travel on the guideposts. The posts, which provide support to the composite, are 

mounted on the lower platen and pass through clearance holes in the top platen. The 

specimen is in contact with, and supported by, knife-edges that fit into slots in the 

support posts. A collar is placed over each pair of support posts at their upper end to 

ensure that the specimen is supported along its entire length. Spreading of the support 

posts that would occur when a plate is crushed if the support posts were only 

cantilevered from the lower platen is eliminated. 

The fixture has provided a method for screening candidate material systems, laminate 

stacking sequences, trigger systems and size scaling effects by being able to 

accommodate two sizes of plate. Three material systems were investigated; APC-2 

(carbon fibre/PEEK), AS-4 / 3502 (carbon fibre/epoxy) and a hybrid AS-4/Kevlar 49/ 

3502. All the materials used were in the form of unidirectional pre-pregs. The 

laminate stacking sequence was [±45'/0'4/±450]s for the APC-2 and the carbon 

fibre/epoxy baseline (1/2 scale) plates, and [±45'Kv/0'4carbon/±45*Kv]s for the 

hybrid baseline plates. Baseline plate dimensions were 76 x 51 x 2.2mm. 

The full-scale plates had double the in-plane dimensions and thickness of the baseline 

plates. Thickness was scaled by ply-level and sublarninate-level approaches (Figure 

2.5). The stacking sequence for ply-level scaled plates was (4502/-45*2/008/4502/- 

45'2]s, and for the sublarninate scaled plates was [±450/004/±45,012s. The stacking 

sequence for the carbon/Kevlar/epoxy full scale laminates were similar to the 

carbon/epoxy plates except that the 45* plies were Kevlar fibre/epoxy, instead of 
carbon /epoxy. Full scale plate dimensions were 102 x 152 x 4.3mm. 

Table 2.1 surnmarises the quasi-static baseline test results of Lavoie et al. (8) which are 

grouped by material system, laminate type and trigger mechanism, giving the crush 
initiation load, average crushing load, and the SSCS (specific sustained crushing 
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stress). The carbon fibre/PEEK baseline specimens had an average crushing load of 

23.3kN while the carbon fibre/epoxy was 10.3kN. Plates were tested with both 

notched and steeple triggers. The different crush modes seen help to explain the 

differences in SSCS observed between the thermoplastic matrix material and the 

epoxy materials, and between the ply-level scaled and the sublarninate scaled plates. 

The energy absorption of the composite plates investigated was strongly related to the 

crush mode. There are four crush modes defined by Farley (see previously Figure 

2.3). The preferred crush mode has been shown previously (Section 2.3.1) to depend 

on the constituent properties and stacking sequence and trigger mechanism. 

Lavoie et al. (7) found that a change in crush mode could be correlated with a change in 

matrix toughness. They also found that the crush modc of the sublaminate scaled 
APC-2 plate was similar to the most efficient transverse shear crushing mode. It was 

seen that the lamina bundles that resulted from short interlaminar cracks of length less 

than the plate thickness grew during crushing and did not shear off, so much as curl 

away. Little fracturing of fibres actually took place, except for a few 0' plies near the 

laminate core. There may well instead be matrix shear yielding at 451 to the load axis. 

Table 2.1 Plate crush results (8) 

MATERIAL 

Trigger Mechanism/ 

Scale" 

No. of 
Tests 

Crush 

Initiation Load 

(kN) 

Average Crush 

Load (kN) 

SSCS 

(Nm/g) 

AS4/PEEK 

Steeple baseline 3 30.54 23.28 133.1 

Steeple ply-level 3 27.27 14.13 81.2 

Steeple sublam. 3 31.45 25.10 143.8 

Notch baseline 3 31.59 24.62 140.7 

Notch ply-level 3 23.61 15.55 89.4 

Notch sublam. 3 31.01 27.60 
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Table 2.1 Plate crush results 

MATERIAL 

Trigger Mechanism/ 

Scale" 

No. of 
Tests 

Crush 

Initiation Load 

(kN) 

Average Crush 

Load (kN) 

SSCS 

(Nm/g) 

AS4/3502 

Steeple baseline 4 15.49 10.30 62.9 

Steeple ply-level 3 11.93 7.42 43.3 

Steeple sublam. 3 15.67 10.38 60.5 

Notch baseline 5 18.43 11.70 71.5 

Notch ply-level 3 16.05 8.41 49.0 

Notch sublam. 3 18.96 12.37 72.1 

AS4/Keviar/3502 

Steeple baseline 3 15.46 9.33 53.7 

Steeple ply-level 2 11.84 6.89 40.9 

Steeple sublam. 3 12.30 8.38 49.9 

Notch baseline 2 17.39 9.61 55.3 

Notch ply-level 2 15.15 7.28 43.4 

Notch sublam. 4 16.59 8.86 52.7 

see Figure 2.5 

The ply-level scaled APC-2 (PEEK) plates crushed in the inefficient, lamina 

bending/crushing mode; this is usually characterised by extensive delamination. In 

the APC-2 plates laminae delaminated 15-35mm, (i. e. four to nine times the plate 

thickness) into the plate and across its width before fracturing away, (unfortunately no 

clear pictures were available to illustrate this point). This explains why the energy 

absoiption was only half that of the sublarninate scaled plates. All the APC-2 plates 
showed superior energy absorption compared with the other systems tested; this was 

attributed to the high interlaminar fracture toughness of the PEEK matrix. For PEEK- 

based materials GIc is of the order of ten times that of epoxy-based materials, which 

explains the substantial reduction in delamination observed in carbon fibre/PEEK as 
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compared to their epoxy matrix counterparts. Both the ply-level and sublarninate 

scaled carbon fibre/epoxy plates crushed mainly by delarnination and lamina bending, 

with some fracturing of the inner plies in evidence. 

Figure 2.4 Crush test fixture 
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Full Scale 

0 degree plies 
45 degree plies 

Figure 2.5 Thickness scaling approach: from baseline stacking sequence [±45/04 

/±45],, up to sublarninate [±45/04 /±45]b, or ply-level scaled [452/0g/452/-452]s 

It was found that the carbon fibre/Kevlar/epoxy plates had lower energy absorption 

than the carbon fibre/epoxy plates because the Kevlar fibres are weaker in 

compression, and much less stiff than carbon fibres, hence the Kevlar fibres were 

supporting less load than the carbon fibres. The carbon/cpoxy and the hybrid plate 

crushed in the inefficient lamina bending mode (Figure 2.3). 

2.3.2.2 Dynamic Crush Response 

APC-2 plates when dynamically crushed using a drop tower (7) showed a decrease in 

energy absorption, compared with the quasi-static case, due to a transition to a less 

efficient crushing mode. This was attributed to a drop in matrix toughness at high 

strain rates, although Lavoie et al do not elaborate on this point. The energy 
absorption of the hybrid carbon/Kevlar/epoxy was seen to be almost rate insensitive. 
Dynamically crushed baseline and sublaminate scaled plates had crushing stress 

values very close to the ply-level scaled plates (9). This is explained by the transition 
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of the former from an efficient energy absorbing mode characterised by short 
fractures, to the inefficient energy absorbing lamina bending/crushing mode 
dominated by delamination and ply-spreading (Figure 2.3). The carbon fibre/epoxy 

plates also showed reduced energy absorption when crushed dynamically, but to a 
lesser extent than those of APC-2. The reason for the reduced effect is that carbon 
fibre/epoxy plates already crush in the lamina bending mode when tested quasi- 

statically therefore, unlike the APC-2 there is no transition of crushing mode, the 

observed change in energy absorption is smaller. 

The Kevlar plies in the hybrid plate were seen not to fragment. Crushed material 

accumulated in the knife-edges incorporated into the fixture, possibly acting as a 

constraint to ply spreading and so the load carried increased. In contrast it was seen 
that carbon fibre/epoxy plies fractured along the knife-edges as the delaminated plies 

spread. Large load spikes were observed during the dynamic crush response of the 
hybrid plate. These were thought to be an interaction between the fixture and the 

specimen that simulated the constraining action to spreading observed in crushing of 
tubes. 

2.3.3 Energy Absorption of Composite Tubes 

To develop an understanding of the energy absorbing behaviour of composite 

elements and how the numerous laminate parameters affect the crushing performance, 

many tests, both quasi-static and dynamic, have been performed, mostly on tubes. 
Below is a summary of the literature of the work published on tubes and how specific 

parameters alter their energy absorbing capabilities. 

2.3.3.1 Effect of Material Properties 

Thornton et al (15ý concluded that the specific energy of commonly used reinforcing 
fibres tends to increase in the order of carbon < glass < aramid/other synthetic fibres. 

For the matrix the specific energy tends to increase in the order phenolic < vinyl ester 
< epoxy. A linear dependence of the specific energy upon the resin tensile strength 

(15) and the modulus is also reported (Figure 2.6) . Specific energy is taken to be the 
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energy absorbed divided by the mass of the amount of material destroyed in the 

crushing process (Figure 2.2). 
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Figure 2.6 Variation in specific energy of glass-fibre composite tubes with a) resin 
fracture toughness and b) resin tensile strength (15) 

2.3.3.2 Fibre Orientation 

Tube ply orientation can affect energy absorption significantly. There is evidence that 

fibres oriented in the loading direction (tube axis 0') increase the energy absorbing 

capability, especially in combination with inner and outer hoop layers (901 

(16) (3) orientation) It has been found that the following orientations produce high 

crush forces: hoop layers at the outside (90*/0'), pure 90* and : t45* tubes, and 

orientations (: t angle / 0'), but Kindervater et al did not elaborate on the above lay- 

ups. The influence of fibre orientation is more evident when brittle fracturing is seen 
(glass and carbon fibre reinforcements, hybrids). When tubes fail in local buckling 

(aramid and polyethylene fibre reinforcements), the influence of the fibre orientation 
is not as large. 

2.3.3.3 Tube Geometry 

Energy absorption with regard to the cross-sectional shape increases in the order 

rectangular<square<circular for tubes ý15ý. Farley (17) found that important parameters 
that affect energy absorption are the ratio of circular tube diameter D to wall thickness 
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t, or the ratio of square tube width W to wall thickness t. As the tube D/t and W/t 

decrease, energy absorption capability increases. Farley (17) does not state if there is a 

limit to this trend. 

2.3.3.4 Trigger Mechanisms 

Triggers are used to serve two purposes: (a) to initiate stable propagating crushing and 
(b) to reduce initial peak loads. In brittle fracturing modes, chamfer angles between 

30' and 45' are recommended for stable crush initiation. Czaplicki et al (1 8) compared 
identical glass fibre-reinforced tubes with bevel and tulip triggers (Figure 2.7), and 

reported that up to 100% more energy per unit weight was absorbed by tulip triggered 

tubes. In addition to this, the crushing was more controlled and predictable using a 
tulip trigger. The primary difference in appearance between specimens crushed using 
the two triggers is the distance between the fracture lines (Czaplicki et al showed no 
diagrams to clarify this particular point). These are formed periodically after 
delarnination cracks have penetrated between the surface glass mats and the uniaxial 
fibre bundles (Figure 2.8). The shorter distance between fracture lines for tulip 

triggered than for bevel triggered tubes results in the former having more fractures 

both within the glass mats and the unidirectional fibres, in addition to an increased 

regularity of fracture. 

The difference in fracture line spacing seems to be the result of the type of crack 

pattern that is produced from the trigger. The pattern that results from triggering 

appears to persist for the entire crushing process. In addition to affecting the crushing 
load and energy absorption, the fracture behaviour appears to affect the load stability. 
The difference in crushing appeared to arise from the different abilities of the tubes to 

support load because of the different geometry of individual load carrying structures 

that resulted from triggering. 
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BEVEL TULIP 

Figure 2.7 Bevel and tulip triggers 

By using a tulip trigger the force-deflection curve can be tailored to a predetermined 

shape. If the tube fails by buckling, then the trigger has no, or much less, influence 

compared with brittle fracturing. 
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Figure 2.8 Schematic diagram of tube lay-up. 
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2.3.3.5 Rate Effects 

Rate effects result from structural inertia and strain rate sensitivity of the mechanisms 

that control the crushing process. Therefore fibre or matrix strain rate sensitivity can 
(3) influence crushing . Owing to the different testing methods (hydraulically driven 

machines and drop towers), trends are difficult to interpret. With hydraulic machines 

the strain rates can be controlled, whereas with a drop tower a more realistic crash 

process is simulated, i. e. the strain rates are high at initial impact and zero at 

maximum stroke. For epoxy matrices, the specific energy increases with increase in 

strain rate, the magnitudes of the increase being less for carbon fibre-reinforced 

composites (about 2%) than for glass fibre-reinforced composites (about 20%) (15)(19). 

Work carried out by Farley (19) links the energy absorption of carbon fibre/epoxy and 

Kevlar fibre/epoxy tubes to crushing speed. The magnitude of the effects of crushing 

speed on energy absorption capability was determined to be a function of the 

mechanism that controls the crushing process. The effect of crushing speed on the 

energy absorption capability is related to whether the crushing of the trigger is 

determined by strain rate. With glass fibre-reinforced polyester plastics there is a 
decrease in specific energy with increase in rate (not specified), the magnitude of the 

decrease being about 30% (20) 
. Further work by Farley (2 1) establishes the influence of 

fibre and matrix maximum strain at failure on the energy absorption capability of 

carbon fibre-reinforced composite material. The higher the strain to failure of a 

particular composite system, the higher the energy absorbing capability it possessed. 

Tests carried out by Farley et al (21) showed that as the matrix failure strain is 

increased, so interlaminar cracking is reduced. The reduced intcrlaminar cracking 

results in the fracture crushing mode rather than the bending crushing mode, and 
hence more energy is absorbed. 

2.3.3.6 Temperature 

If operating temperature changes then the resin properties control the changes in 

energy absorption, and the effect can be directly related to the matrix behaviour which 

will be related to the glass transition temperature of the resin. Most reinforcing fibres 

do not change mechanical properties within their operating temperature range (-40('C 
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to 120oC)(3). Changes in temperature affect the crush characteristics of composites 

primarily through the changes in resin properties. For epoxy matrices a decrease in 

specific energy becomes particularly noticeable at temperatures above 150T, for 
(3) 

polyester matrices the decrease occurs at temperatures above 120'C 

2.4 Energy Absorption of Sandwich Panels. 

2.4.1 The Sandwich ConcePt 

During the past decades technical development has been heading towards more and 

more sophisticated and optimised structural design in the pursuit of increased 

performance and improved economy (22) 
. This has been achieved by utilising new 

materials, e. g. fibrous composites, ceramics and new alloys, but also by using new 

structural concepts. One of the new structural concepts that has found increasing use 

in recent years is sandwich construction. This concept is based on the use of a 

combination of particular materials in order to fulfil the desired mechanical and 

physical requirements. The feature of sandwich construction is the opportunity, 

through efficient design, to utilise each constituent to its practical limit. 

The definition (1) for a structural sandwich is "a construction comprising of a 

combination of dissimilar simple or composite materials, assembled and intimately 

fixed in relation to each other so as to use the properties of each separate component 

to the structural advantage for the whole assembly". 

A sandwich element is a special form of a laminated composite and consists of three 

main parts; two thin, strong, stiff and relatively high density facings separated by a 
thick, light and weaker core. The faces and core are adhesively joined in order to 
transfer the loads between the components (Figure 2.9). The advantages given by this 
design may be summarised thus: high stiffness and strcngth-to-weight ratios and 
integration of functions such as thermal and acoustic insulation, and high energy 
absorption capability (22) 

. Such structures are particularly good in flexure. 
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Figure 2.9 Sandwich concept 

Improvements in structural crashworthiness, a critical consideration in many 

engineering applications, must be accomplished within certain constraints, such as 
limits on force transmission and/or deformation. If only small deformations are 

permitted, then large amounts of momentum transfer and force levels must be 

expected, which may be unacceptable. Conversely, if large permanent deflections are 

tolerable, a limit can be set on the magnitude of the force transmitted. This objective 

can be achieved by employment of sandwich components that dissipate energy mainly 
by localised crushing of the core and bending, crushing and stretching of the facings. 

With careful choice of the material and thickness of the three components of the 

sandwich, as well as the geometry of the cellular structure, it is possible to 

simultaneously design for a desired peak transmitted force and the amount of energy 
that can be usefully absorbed per unit area. The practical limit of this dissipation is 

reached when the cellular core has been completely crushed either through the 
thickness, or in plane. Further loading is resisted by force levels corresponding to the 

core material acting as if it were solid (Figure 2.10). 
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Figure 2.10. Pressure-crush curve for aluminium honeycomb showing densification 

onset (23) 

2.4.2 In-Plane Loading of Sandwich Panels 

Brachos et al (24) have published work on the analysis of edge loaded sandwich panels. 

It has been found experimentally by these authors that the presence of a core in 

structures like cylinders, etc. increased the energy absorption capability of these 

components in a manner similar to that illustrated by the classic problem of a column, 

or plate, on an elastic foundation (Figure 2.11). The modulus of the foundation 

represents the magnitude of the reaction of the foundation per unit surface area of the 

plate, per unit deflection of the plate. As the modulus of the foundation increases the 

axial load carrying capability increases, which also translates to an increase in energy 

absorption capability, although this also depends on deflection. 

Load 

Column or Plate 

Figure 2.11 Column on an elastic foundation analogy 
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Flat sandwich plates were loaded in edgewise compression (24) between two crushing 

plates and crushed without any edge support, other than a bottom edge fixture which 

consisted of two metal angled stiffeners, held in place with two bolts (Figure 2.12). 

Loading the specimens resulted in information about the crushing behaviour of the 

plates as well as the load-displacement curves. It was found that not only did the core 
(balsa in this specific case) increase the buckling load of the faces, but, also controlled 
the failure mode by imposing a lamina bending mode (Figure 2.3). It was seen that 
initially the glass fibre/epoxy skins bent away from the core. During the initial 

deflection of the skins away from the core, they are still supported by the core, the 
face-to-core adhesive acting like a set of springs trying to pull the skins back. By 

altering the stiffness of the cores used, a different failure mode was obtained. If a soft 
flexible core was used the panel would fail in a local buckling mode. If the stiffness 

of the core was increased the panel would collapse in a local crushing mode with 

mode I fracture in the core. 

Load 

Plate 

Botton 

Figure 2.12 Edgewise compression rig 

24 



Crashworthiness of Composite Sandwich Structures 

Brachos et al proposed a model to predict failure initiation (Figure 2.13). The model 

consists of an axially loaded beam on an elastic foundation. The top edge of the plate 

is free to move, the bottom edge is fixed. The mode of buckling of the beam, is 

dependent on the length of the beam. The analysis for the model would be based on 

fracture mechanics, perhaps using the stress intensity factor at the tip of the crack in 

the balsa core during failure initiation. 

Applied Load 

Crush Surface 
Deflection at tip 

load applied Core 10 by the core to 
the skin 

Plate Strip 

Figure 2.13 Schematic of skin deflection from core 

2.5 Airframe Crash Resistance. 

Crashworthiness is a complex subject involving human tolerance, the crash 

environment (impact surface, terrain, aircraft velocities and attitudes), seats and 

restraints, cabin environment, post-crash fire, landing gear, and the airframe structure. 

In addition the type of aircraft will affect the crashworthiness design approach. For 

example, to provide control of decelerative loads of seated occupants in a vertical 
impact, a different design approach would probably be used for a large transport 

aircraft compared with a light fixed-wing general aviation aircraft or a helicopter. 

The large transport structure having considerable depth of crushable under-floor 
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structure may not require energy-ahsorbing landing gear and seats. Oil the other 

hand, light fixed-wing aircraft and helicopters having relatively IIHIC CI'LI. SlIahIC 1111CICI-- 

I'loor airframe structure would require encrgy absorption in the landing gcar and scats, 

as well as in the fuselage StRICILIre, to I)I-CVellt IIIJUl'y 10 OCCUI)aIIIS in potentially 

survivabic crashes (Figure 2.14) 

k11. 
- 

'i. 
-1.1 -- I-op--, t6 

two. 

FigUre 2.14 1. ý, nergy absorption conccp( for vanous aircraft 

For aircraft and helicopters, the kinetic cnci-gy is dissipatcd in the distance delta. 

The basic requircnictits for crash resistant subl'loors can bC SUinniansed as follows ' 3) : 

0 Distribution of ground-to-floor reaction and scat loads so as not to destroy 

structure(s). 

0 Limitation of' the decelerativc l'orccs by structural del'orniation with a "controlled 

load" concept; 

0 Maintenance of cabin I'loor structural intcgrity. 

Minimisation of cost Mid wcight penalties, a dual function structural concept. 
Load-can-ying capability for normal opcration, energy absorption for crash cases. 
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2.5.1 Composite Airframe Crash Resistance 

Structural frames are frequently used above the cabin floor for high mass retention 
(transmission, engines, rotor hubs, etc. ) and to provide a suitable survival volume in a 

crash situation. Frames defort-ning plastically offer the possibility of load-limiting 

concepts for large overhead masses. High energy absorption with composites has 

been obtained for compressive loading where brittle fracturing of the composite into 

sublaminates occurs. Under tensile or bending loads, structural integrity may be lost 

at initial fracture, and energy absorption can be low. To assure post-crush integrity, 

carbon fibre composite structures can be hybridised with tougher fibres such as 
(25) Kevlar or polyethylene . With only limited actual crash response information 

available, the need exists to examine generic composite structures under crash 
loading. 

2.5.2 Sine Wave Beams 

Sine wave beams are one of the most efficient subfloor design concepts yet developed 

in that they combine high load carrying capability, high energy absorption in the web 

direction, and good structural integrity by using hybrid lamination techniques. The 

sine wave web (or corrugated web) is commonly chosen as a structural member to 

(26) study as it represents a realistic configuration directly usable in designs . While 

tubes can be tested under well controlled conditions, and the energy absorption results 

used as material properties in designs, sine wave beam testing is required to confirm 

the validity of using such energy absorption data in the design process. As mentioned 

previously, one of the most important methods of achieving high energy absorption 

performance with brittle materials is the triggering and stabilisation of an efficient 
failure mode. 

2.5.2.1 Trigger Mechanisms 

Work done by Hanagud et al (27) used three differing types of triggered sine wave 
specimen, namely full width ply drop off, notched and chamfercd end (Figure 2.15). 
The results obtained showed that specimens with a small trigger exhibited higher 

energy absorption, independent of the shape of the trigger. The larger the trigger used 
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the greater the loss in energy absorption capability. Thus a small trigger can initiate 

and promote efficient failure modes, but using too large a trigger can lead to a rapid 

loss of performance. Hanagud et al (27) reported no differences in the failure modes in 

the various specimens used in their study when looked at with the naked eye, which is 

suprising. It is believed that the differences in energy absorption were related to the 

micromechanical effects of the trigger on the failure mode, leading to failure mode 
differences at the micro level. Jimenez et al (28) have also carried out work on the 

triggering of structural components and have reported that small differences in trigger 

geometry such as bevel angle can have a large effect on the energy absorbed. 

03754 

motth 

Figure 2.15 Trigger types (27) 

2.5.2.2 Wave Count (Specimen Width) Effects 

The sine wave specimen exhibits certain features that can be found in tubular 

specimens, which have been widely studied. However, there are certain features that 

the sine wave beam does not share with a tube, one such feature being the width of the 

web (Figure 2.16). A web with large width would not suffer from edge effects, but as 

the width of the web is decreased boundary effects brought about by these edges will 

occur. Hanagud et al (27) 
, concluded that there was a very slight decrease (< 10%) in 

energy absorption as the width of the specimen was decreased by a factor of 3 i. e. the 

specimen was reduced in width from a3 wave specimen to a one wave specimen. 
This was attributed to the boundary effects of the stress free sides. The specimens 
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used in these tests were composed of tangentially joined circular arc segments as in 

Figure 2.16. 

2.5.2.3 Included Angle (Effective Amplitude) Effects 

The effective amplitude of the web waviness is an important geometric parameter 

since it defines the gross width-to-thickness of the web (Figure 2.16 and 2.17). A flat 

plate geometry was considered as one extreme, 180' another extreme. The flat plate 

underwent global buckling resulting in almost zero energy absorption (27) 
. The other 

angles tested were 180*, 150*, 120', 90* and 600, the specimens all being 89mm. high 

and 1,2 or 3 waves wide. There was no significant difference in energy absorption 
from 180' to 90*. The 60' specimen absorbed minimal amounts of energy. The 

failure mode was global, indicating the existence of a stability boundary in the range 

of 60' to 90', where the failure mode switches from efficient crushing to inefficient 

buckling global failure. Hanagud et al (27) gave no indication of which triggering 

mechanism was used apart from one of the three shown in Figure 2.15. 
Wave width 

Iness d 
Starting angle 

Figure 2.16 Sine web terminology (3) 
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Figure 2.17 Included angle (gross thickness) effect (27) 

2.5.2.4 Hybridisation Influence and Crushing Characteristics 

Carbon fibre-reinforced laminates under compressive loading can have extremely 
high energy absorption capabilities, but disintegrate completely into small laminate 

fragments (3) 
. To increase their post-crush structural integrity, laminates can be 

hybridised with tougher fibres such as Kevlar or high performance polyethylene. This 

hybridisation however results in lower laminate stiffness due to the lower 

compression moduli of the synthetic fibres. Hybridisation can be accomplished by 

altering the laminate stacking sequence or by using intraply woven fibres. The sine 

webs' energy absorption capacity is good, approaching that of composite tubes. Both 

of these elements have the same failure modes. Sine wave elements incorporating 

Kevlar tended to fail in a buckling-crushing mode. As the amount of carbon was 
increased, the failure mode transitioned to the desirable rolling-fragmentation type 
(Figure 2.18) and the absorbed energy increased. 
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Figure 2.18 Rol ling-fragmentation type of failure (16) 

A beam section with a sinusoidal-shaped web when compressed shows a high initial 

peak failure load followed by a sharp load drop. However, during the fragmentation 

and folding of the web, the crush force magnitude is almost constant. It is not clear 
however how Kindervater et al (3) calculated the mean load curve (Figure 2.19). 
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Figure 2.19 Hybrid sine wave web; typical load-deflection curve (3) 
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In reference (3) Kindervater et al. tested pure AFC (aramid fibre composite) and CFC 

(carbon fibre composite) sine web beams and various AFC/CFC hybrid 

configurations. The hybridisation was accomplished by either alternating pure AFC 

and CFC laminae in the stacking sequence, or by using intraply woven AF/CF fabric 

laminae in combination with 1-3 CFC midlayers orientated in the loading direction 

(HSIN 1-3). All the beam webs were subjected to dynamic drop tests at lOm/s. The 

dynamic specific crush stresses were not consistently higher than the static test 

results. The phenomena that caused these stress inconsistencies are related to the 
failure modes that develop in each case. If the sine wave beam crushes in a controlled 

uniform manner then the stresses will be higher than if the specimen fails non- 

uniformly. 

The pure AFC web elements had higher dynamic crushing stresses due to the 
development of a uniform local buckling (folding) failure mode. For the hybrid 

elements and the pure CFC the dynamic crushing stresses were lower than the static 

values, caused by irregular brittle fractures in the CFC portion. However, two hybrid 

web (HSIN 2 and 3) configurations had more regular dynamic failure modes (local 

laminate bending) which resulted in higher specific stresses compared with static 

stresses. The energy absorption performance of an AFC/CFC hybrid sine wave beam 

configuration (HSIN 2) was compared with an "equivalent" aluminium beam with a 

corrugated web. Although both beam webs had the same mass, the composite 

element absorbed twice the energy. 

2.5.3 Stringer Stiffened Beam Sections 

Further work on aircraft subfloor sections has been carried out (26) and also 
(25)(29)(31)(32) considerable work has been undertaken on helicopter subfloor structures 

Bannerman et al (26) present results for the energy absorption properties of composite 

stringer stiffened, sandwich and integrally stiffened (sine wave web) beam sections, 
Figure 2.20. Quasi-static and impact crush tests were performed to determine the 

effects of material and construction variables. Failure modes, specific energies of 

absorption, crush load uniformýities, impact effects, and failure trigger mechanism 

effects were discussed and compared with aluminium elements. The results showed 

that the composite beam integrally stiffened with a sine wave web had higher energy 
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absorption capabilities than the other types of specimens under crash conditions. The 

results obtained showed that composite energy absorption characteristics could be as 

good as aluminiurn and, by paying close attention to the constituent materials and 

construction methods, as well as the trigger mechanism can be considerably better 

than aluminium. 
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Figure 2.20 Test specimens (26) 
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For this stringer stiffened type of beam section (Figure 2.20) there are two elements 

which contribute to the energy absorption process, i. e. the stiffener and the panel. The 

panels stiffened with an open "C"-shaped stiffener failed by column buckling and 

hence absorbed little energy. The "closed hat" type stiffener was found to be a very 

good energy absorber. However, the panel section due to the influence of the panel 

on the failure mode affected the performance of the stiffener. It was found by 

Bannerman et al (26) that with the addition of Kevlar fibres to the panel, the panel and 

the stiffener crumpled in a similar manner to each other and hence high specific 

energy resulted. As increasing amounts of carbon fibres were incorporated into the 

panel (Bannerman et al do not specify how much) the specific energy dropped and a 

change in panel failure mode became apparent. The panel failed in a brittle manner 
forcing the stiffener to do likewise. As more carbon fibres were added to panels the 

stiffness increased and the failure shape became more irregular, however the superior 

energy absorbing capabilities of the carbon began to show and the specific energy 
began to increase again. The best static results were obtained for an element, which 

consisted of a small amount of glass fibre in the carbon panel. 
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2.5.4 Sandwich Elements 

Bannerman et al (26) found that due to the stiffness-to-height characteristics of the 

sandwich sections under consideration, the sections tended to fail by a simple 
buckling mode, or by a ballooning type failure where the core split up the middle. 
Neither of these failures absorbed a lot of energy (Figure 2.21). Various techniques 

were investigated to initiate and propagate stable failure modes. The techniques 
included vertical rows of Kevlar stitches through the beam section, and an aluminium. 

wedge placed at the radius (Figure 2.20). These additions were intended to produce a 

rolling fracture failure mode as seen for aluminium tubes by McGehee (33). Although 

the results obtained were considerably better than those for aluminium. alone, they 

were still poor in comparison with the stringer stiffened sections. Two other 
techniques were investigated to try to obtain more complex crushing shapes. These 

were a single horizontal row of Kevlar stitching added to the centre of the web, and a 
third laminate sandwiched between two Nomex cores. Again the results obtained 

were far better than those obtained for simple aluminium sandwiches but fell short in 

achieving the energy absorbing capacity of stringer stiffened sections. 

Figure 2.21 Typical sandwich element failure modes (26) 
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2.5.5 Aircraft Subfloor Intersections (Node Point Areas or Cruciforms) 

Structural intersections of keel beams, landing gear frames and side shell frames 

represent structural "hard points" under crash loading within the framework of the 

subfloor (34) 
. These intersections are areas of high load transfer. Crash simulations 

with aircraft subfloors indicate that "hardpoint" areas in subfloor frameworks generate 
high acceleration pulses at the cabin floor level and create dangerous inputs to the 

seat/occupant system. Structural elements at intersection areas which are designed to 

carry shear and bending loads react very stiffly in a compressive crash situation i. e. 
they tend not to crush, but pierce the floor. Investigations with metal aircraft subfloor 

structures (25) have demonstrated the effectiveness of reducing the stiffness of these 

"hard points". The reduction in stiffness was accomplished by, amongst others, a 
"notched comer" concept (Figure 2.22). 
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Figure 2.22 Notched comer concept 
(34) 

Jones et al (35) tested quasi-statically forty one composite specimens of aircraft 

subfloor intersections (cruciforms) to determine the effects of geometry and material 

on the energy absorbing behaviour, failure characteristics and post-crush integrity of 
the specimens (Figure 2.23). The cruciforms were constructed of 12-ply ([±45]6) 

laminates of either Kevlar fibre 49/934 or AS-4/934 carbon fibre/epoxy in heights of 
10,20 and 30cm. The geometry of the specimens varied in the design of the 
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intersection attachment angle. Four different geometries were tested. They were 

tapered without cutouts (TWOCO), tapered with Cutouts JWCO), straight without 

cutouts (SWOCO) and straight with cutouts (SWCO)WIgure 2.23). 
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Figure 2.23. Typical crucifornis 
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o The cutouts led to undesirable delarninations in both the angles and the webs of 

the Kevlar specimens, thus reducing the overall efficiency of the concepts. 

Although the above conclusions were made, Jones et al (35) did not produce any design 

methodology to optimise the geometry for maximum energy absorption. Further 

work by Kindervater et al (3)(34) examined several triggering concepts for cruciforms. 
Starting from a baseline aluminiurn cruciform, other aluminiurn and composite 

cruciforms having single and multiple notched edged joints, corrugated edge joints, 

and cruciforms with increasing amounts of Kevlar fibre at the mid-section of the 

crucifon-n, were studied (Figure 2.24). A moderate initial stiffness and then a constant 

or slightly increasing crush force level, in addition to post-crush structural integrity, 

were seen as the major design goals for good energy absorption. 
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Figure 2.24 Triggering concepts for crucifonns (35) 

As can be seen from Figure 2.25 Kindervater et al. (3) found that a carbon/Kevlar fibre 

hybrid cruciform with corrugated edge joints (HW) had comparable absolute energy 

absorption to an aluminium part with one centre notch (AINI). It is not mentioned 
however whether the crucifon-ns were comparable in other ways, such as stiffness. 
The HW element was found still to have a high initial load peak (Figure 2.25). 

Further design improvements led to the hybrid cruciform variant (HTP). This 

consisted of a column-like midsection formed by a Y-shaped split of the shear web 
laminate, an integral bevel trigger at the bottom of the shear webs, and tapered edge 
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joints at the keel beam attachment. In several static and dynamic crush tests it was 
found to absorb 3 to 4 times the energy of the other elements. The dynamic HTP- 

element force-deflection curve showed an almost ideal shape for crush response at the 

cabin floor level. 
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Figure 2.25 Static load-deflection curves of different trigger variants (3) 
. 

As well as confinning the conclusions of Jones et al (35) above, Kindervater also 

concluded the following points: - 

Multiple notching of the cruciforms for peak load reduction results in low energy 

absorption. 
Pure carbon fibrelepoxy cruciforms have high energy absorption and high weight 

saving (30%) compared with aluminium, but disintegrate completely during 

crushing. Hybrid elements have weight savings between 15-20%. 

Composite cruciforms show the same or even much higher (HTP element) 

absolute energy absorption compared with metal elements. 
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2.5.6 Airframe Subfloor Structures 

Besides carrying the normal flight and ground loads, the airframe structure should 

absorb a significant amount of impact energy and still maintain a protective shell 

when a crash occurs. When designing a crashworthy airframe structure there are 
many factors to consider. Of prime importance is the design of the airframe to 

maintain structural integrity and a habitable space for the occupants. The airframe 

structure should incorporate a high strength protective shell or cage around the 

occupants. This structure should provide roll-over strength, a strong support structure 
for restraint of large mass items and seats, as well as maintain stability of exits for 

emergency access. The forward fuselage structure should be designed to minimise 

ploughing i. e. entry of the nose area of the aircraft into the ground, and to absorb 

energy during longitudinal impacts. In addition, the crushable structure should be 

multipurpose; i. e. it should be able to absorb as much energy as possible in a crash as 

well as being a structural part, otherwise the overall structure will become too heavy. 

The primary objective of Cronkhite et al. (25) was to develop crashworthy design 

concepts suitable for the floor sections of light aircraft. The primary emphasis in 

designing the floor structure was to ensure that structural integrity was maintained so 

that the seats and the occupants would be retained and a protective shell would be 

provided in a crash. Any floor damage that may occur could result in the seats 

coming loose during a crash, subjecting the occupants to secondary impact with the 

structure that could result in injury. The design philosophy chosen for the floor 

sections is shown in Figure 2.26 and consists of a strong structural floor with a crush 

zone underneath. The structural floor is a 5cm deep platform designed to carry loads 

and moments imposed by the seat/occupant and to maintain seat-to-structure integrity 

without breaking up, heaving or decreasing the cabin volume. The energy absorbing 

subfloor is about 15cm deep, and is designed to distribute the loads to the upper floor 

as uniformly as possible and to collapse in a controlled manner to absorb as much 
impact energy as possible, at or near human tolerance levels. 
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Figure 2.26 Lower fuselage design philosophy (25) 

When designing the crush zone, the crushing load developed during a crash must not 

exceed the structural capability of the airframe, but it must be sufficiently high so that 

the maximum energy is absorbed. As Figure 2.27 shows, the load-dcflection curve 
for a conventional structure is generally characterised by a high peak load. This load 

will tend to destroy the aircraft floor. The peak load is followed by a severe drop in 
load-carrying capability, which usually coincides with the structure becoming 

unstable and then failing. The result of this instability is low energy absorption. 
Conversely the ideal crush would have a controlled peak load that lies within the 

structural capability of the floor and is rectangular in shape indicating that it has 

maximum energy absorption, as indicated by the "controlled load concept" in Figure 

2.27. 
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Figure 2.27 Crush zone load-deflection characteristics (25) 
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After reviewing the energy absorbing concepts available and considering their 

incorporation into a fuselage structure, Cronkhite et al (25) initially selected the 

following five (Figure 2.28). Jackson et al (31) and Bisagni (32) have investigated 

similar structures- - 

9 Deformable Keel Web - This concept absorbs energy by plastic deformation of the 
keel beam web (Figure 2.29). 

* Corrugated Sandwich Web - This concept absorbs energy by defonning 

corrugated webs plus crushing of the foam filler. 

Corrugated Web/Notched Comers/Foam - This concept absorbs energy primarily 
by crushing foam and has structurally tailored notched comers to reduce load 

spikes at the intersections of longitudinal keel beams and lateral bulkheads. 

Corrugated Half-Shell - This concept absorbs energy by bending deformation of a 

curved corrugated shell. 

e Foam-Filled Cylinder - This concept absorbs energy by crushing foam with the 

cylinder walls needed primarily for web shear strength. 

BEFORE 
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IMPACT 
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HIGH STRENGTH FLOOR 

CORRUGATED 
SUBFLOOR 
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CYLINDERS + 
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AND/ OR 
EXTER I OR FOAM 

Figure 2.28 Lower fuselage load-limiting, energy-absorbing concepts (25) 
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Figure 2.29 Energy absorbing keel beam concept 
(24) 

However when all of the design goals were considered i. e. the concept should be: - 

9 Multipurpose (used for airframe strength and stiffness as well as energy 
absorption). 

* Perform well under combined loading with various aircraft pitch and roll attitudes 

at impact while maintaining a protective shell and reacting concentrated loads 

from seats and other large masses. 
Practical from a cost and producibility viewpoint. 

The original five designs considered were changed (25) (Figure 2.30): - 

1) Canted bulkheads with conventional intersections (all frames are canted at an angle 

of 30' from vertical to promote their collapse for vertical impacts). 

2) The corrugated half-shell. 

3) The corrugated web with notched comer intersections. 
4) The foam filled cylinder 
5) Notched comer intersections with conventional webs. 
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Foani-Filled Cylinders 

Figure 2.30 Complete fuselage floor test sections' 
25) 
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The fourth and fifth concepts were considered to be minimum modifications to 

conventional airframe structures, whilst the others arc more unconventional. Each of 

the above concepts were incorporated into a floor test section that featured a seat- 

supporting structural floor or platform with an energy-absorbing crush zone 

underneath. The concepts were tested both statically and dynamically. For most of 

the concepts it was found that it was possible to control the dispersion of loads to the 

structural floor. High energy absorption and good structural integrity were also 

found. The lightest concepts were found to be those that efficiently utilised the 

existing structure for energy absorption rather than those that incorporated redundant 

add-on materials such as foam. 

Experimental static load-deflection data and dynamic deceleration response for the 
five concepts indicated that the floor sections performed well throughout the loading 

cycle, that is structural integrity and residual strength of the subfloors was maintained 
(25). The data also indicated that the corrugated beam-notched comer and corrugated 
half shell were more effective in providing an essentially constant limit load with 
displacement than were the notched comers, foam filled cylinders and canted 
bulkhead subfloors. It was thought however that further design iterations could 

perhaps alleviate the undesirable characteristics of the less effective sections. 

2.6 Analytical Failure Predictive Methods 

The destructive nature of the energy absorption tests described previously would 

suggest that the cost of manufacturing and testing in terms of both time and money 

might become an important consideration in any given investigation. Any methods 

which can successfully predict the failure mode and hence, ultimately, the energy 
absorption capability of a component would be beneficial. 

The majority of work conducted to date has been on axially loaded tubes (36) 

However, other components have been investigated, namely conical shells (37) 

automotive frame rails (38) and square tubes (39) 
. Laananen and Bolukbasi (12,13) have 

undertaken predictive work on plates and stiffeners, Brachos et al (24) worked on edge- 

loaded sandwich panels. 
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Farley and Jones (40) describe a procedure based on an equation similar to the buckling 

load equation for a column on an elastic foundation. They used this to predict 

whether a change in energy absorption of a composite tube occurred as a result of 

changes in geometry or material properties. The following equation was used to 

calculate the sustained crushing force, Psus. 

nNi (EI)i F-ci +-f, r, 

PSUS 
Li (G / t)i 

mi 

The above equation contains six main variables. The internal tube dimensions-to-wall 

thickness ratio G/t, the laminate bundle length I, (where a lamina bundle is composed 

of single lamina or multiple laminae, the bundles acting as columns to resist the 

applied load). Mi is the crush mode indicator, it indicates which term, column or 
foundation has the potential to affect the crush force. The number of laminate 

I bundles n, the bending stiffness EI, the failure strain Fci and the foundation failure 

strain, I-fi. Kr, is the foundation stiffness component of the ith bundle The parameter 
Ni was used to describe the general crushing mode. Lamina bundles that exhibited a 
lamina bending crushing mode would have a value of Ni between 0 and 1, but less 

than the Ni of lamina bundles that crush in a transverse shearing mode; tubes that 

crush in a local buckling mode would have an Ni approximately equal to 1. 

Marnalis et al (37) have conducted work on the theoretical analysis of the stable 
collapse mechanism of conical thin-walled shells, crushed under axial compression. 
The total energy dissipated for a circular frustrum deformed a distance s, is given by 
the equation below. The proposed theoretical model was experimentally verified, it 

was very efficient for predicting the energy absorption capabilities for conical shells. 
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WT ": 111 G- Ill + 9IS2 / s)]J[0.8. t. k. ao7T[dc + (s - sl)tanO] 
/COSOII(S - S2)[92 G/ COS(XI +1/ COSCC2) - g, (tanal + CC2 + 292)] 

+[((xl +0)/cos a l][0.4. t/ (COS CCI COS O)+S-s2]+[(a2 -0)/cosa2l 
[0.4. t/(COS(X2-COSO)+s-s2]]+ Radl(S-sl)7t[dc +(s-sl)tanO 

+n(Lc /cosO)(dc +LctanO]+ n*(t /2)G*s) 

Where as shown in Figure 2.31, A is the coefficient of friction (static or dynamic) 

between the frond and platen. ý12 is the coefficient of friction (static or dynamic) 
between the wedge (wedge formed by crush debris) and the fronds, t is the shell wall 

thickness, k is a constant. CFO is the tensile fracture stress, C(I, is the angle formed by 

the height and the external side of the wedge and a2the angle formed by the height 

and the internal side of the wedge. The related shell shortening is denoted by s2,0 is 

the semi-apical angle of the frustrum, Lc is the central crack length, dc is the frustrum 

diameter at the crack tip, related to the position of the crack initiation. Rad is the 

fracture energy required to fracture a unit area of interface between two adjacent 

layers and is calculated by using fracture theory (41) 
, n* is the number of splits and G* 

the fracture toughness. 

P 

Figure 2.31 Configuration of circular tube crush zone 
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Marnalis et al 
(37) have reported similar theoretical predictions for the energy 

absorbing capabilities of square and circular tubes, frustra and hourglass sections 
(37- 

39) 

Hulway and Wineman (42) report on a model to allow the prediction of crush 

performance based on a limited number of material properties. The technique 

proposed considered progressive crushing to be a fracture process. Fracture 

mechanics concepts were used rather than failure analysis modelling to predict the 
forces required for crush propagation. Strain energies of the crushing structure in its 
deformed shape, along with mode 1,11 and in-plane strain energy release rates were 

related to the work needed to continue the crushing process. To verify what was 

predicted analytically, experimental results were obtained for flat composite strips 

undergoing crushing to propagate a centreline delamination in a mode I fracture. The 

experimental and the predicted results were in good agreement. The models were 
then modified to account for the presence of mode II and in-plane fracture, which 

commonly occur in axially crushed composite tubes. These models were reasonably 

accurate in their prediction of the crush forces. Although, these models seem to 
demonstrate good agreement between experimental and theoretical results, to simplify 
the analysis a deformed shape for the specimen was assumed and hence the accuracy 

of the results depends very much on how a real specimen would behave compared 

with the model. 

Continuing the theme of modelling the failure mechanism in tubes as a mode I failure 

with a centreline delamination, Kendall (41,43) developed a technique to calculate the 
force needed to propagate a long crack down a beam when loaded in a mode I style 
(37). He also reported on a peel method for determining the interfacial fracture energy 

(43) GIc or, as described by Kendall, Rad 

Laananen and Bolukbasi (44) investigated the energy absorption behaviour of 
composite stiffeners subjected to axial compression. A nonlinear finite element 
approach was used to model the sustained crushing of the elements, and a progressive 
failure model implemented as part of the analysis to enable investigation of the 
fundamental crushing mechanisms. The progressive failure model was based on 
linear elastic fracture mechanics for prediction of crack growth, and a set of failure 
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criteria for predicting fibre/matrix failures that were caused by large deformations. 

Friction between the specimen and the crushing surface was included in the model. A 

semi-empirical methodology was developed for prediction of the energy absorption 

capability of composite stiffeners based on flat plate crush tests and an understanding 

of the fundamentals of the energy absorption process. 

Friction between the crushing structure and the crush surface was identified by the 
finite element analysis as having a large effect on the energy absorption process in 

composite laminates. It was found that the energy absorption of flat plate specimens 
increased by 50% when the specimen crushed on a rough (IA=0.4 (rather than a 

smooth surface (A =0.2). The non-linear finite element analysis performed was able 
to predict the failure mechanisms in the sustained crushing phase of the energy 

absorption process. 
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2.7 Conclusions 

Continued research has been carried out on the subject of crashworthiness since the 

1950's, and well over 500 publications on this topic are to be found in library 

databases. It was the intent of this literature review to survey all the relevant available 
information, especially papers from 1980 onwards. 

Whilst compiling this review, it was found that certain areas of work had been 

extensively covered whereas other areas had very little work published on them. The 

crashworthiness and energy absorption of woven tubes is a widely covered subject 

and numerous papers by a variety of authors have been published. In contrast to this, 

the area of energy absorption of sandwich panels is a subject where a greater 

understanding of the energy absorption mechanisms of sandwiches and cores would 

be useful in furthering the topic of crashworthiness. 

Although, there has been some published work on the static and dynamic loading of 

sandwich plates. The plates were both simply and fully supported, the investigation 

concentrated on the through-thickness behaviour of flat plates, in particular on 

changing the core and facing materials to establish what effect this had on the energy 

absorption of the sandwich panel. The only literature found during the review on in- 

plane compression testing of sandwich panels was the work by Brachos et al (24) who 

researched balsa cored sandwich panels with glass fibre-reinforced plastic facings. 

Similarly, NASA and other organisations have published a great deal of work on the 

crashworthiness of airframes and aircraft subfloors. Generic elements such as sine 

wave beams, stringer stiffened beam sections, cruciforms and sandwich beams were 
reported on. Although, for all of the above elements, the energy absorption and 
failure modes were reported on, almost all of them lacked a detailed investigation into 

what factors controlled the crushing process and hence what ultimately influenced 

energy absorption Hull ct al (16) being an exception. 

To conclude, after reviewing the available literature the following points can be 

drawn. There is a large amount of work already published on tubular structures. The 

understanding that exists for tubes such as the effect of fibre orientation, geometry 
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and trigger mechanism on energy absorption can be used for structures such as 

sandwich configurations to increase their energy absorption characteristics. Likewise, 

there are papers published that show the energy absorption potential of sandwich 

panels, but there is scope for developing more complicated sandwich configurations 

such as cruciforms and box sections for aircraft subfloors. There is lacking from the 

published literature for a comprehensive study of the energy absorption mechanisms, 

which take place when sandwich panels are crushed in the in-plane direction. These 

mechanisms would ideally be studied using video techniques to build up a picture of 
the crushing process. 

To begin with in the current project an investigation of the energy absorption 

characteristics of flat sandwich panels will be undertaken. Parameters such as face 

thickness, core thickness, trigger mechanism, facing material, will be altered and the 

panels tested quasi-statically to see what effect these parameters have on the energy 

absorption capability of the panels. As there are many such parameters to investigate 

analytical techniques such as Taguchi methods will be used to optimise the number of 
experiments needed. From the literature reviewed it seems that the key to successful 
energy absorption is to obtain progressive crushing of the panel, which in turn relies 

on the design of the triggering mechanism, sandwich panel support and crush plate 

geometry which influences the crushing process. Therefore, work will be carried out 

using existing trigger mechanisms to understand their workings and to see if these can 
be improved upon. Once we have understood the factors that influence crushing and 
energy absorption in a sandwich panel we will use the knowledge gained to study and 
design more representative elements such as cruciforms, which will be manufactured 

and tested. 
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CHAPTER3 

SANDWICH STRUCTURE MANUFACTURE 

3.1 Introduction 

Before work on the crushing of sandwich structures was undertaken a list of 

parameters which it was thought might contribute to the energy absorption 

mechanisms in composite faced sandwich panels was compiled. 

3.2 Initial Parameters 

Facings. 

Fibre material (e. g. carbon, Kevlar). 

Matrix. 

Volume fraction. 

Modulus of the fibre and matrix, strain to failure of the fibre and matrix. 
Lay-up. 

Stacking sequence. 

Fracture toughness of the matrix 

Thickness of the faces. 

Fibre architecture for faces (e. g. pre-preg, woven or braided material). 

Core. 

Core material (e. g. honeycomb such as aluminium, Nomex, or a foam such as 

polyurethane or poly-vinyl chloride). 
Core thickness. 

Density of foam core if used. 
Cell dimensions if a honeycomb. 

Cell wall thickness. 
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Adhesive. 

Adhesive type for core-to-face bonding. 

Co-cured or secondary bonding sandwich panel manufacture. 

Type of Lopding. 

Static or dynamic loading. 

In-plane or through the thickness testing of sandwich panel. 

Striker geometry. 

Structural. 

Trigger mechanism type. 

Due to the large number of parameters obtained it was decided to try to limit the 

number of parameters using Taguchi software (Appendix A). 

3.3 Final Parameters 

The panels used to manufacture the sandwich specimens, face skin specimens and the 

initial set of four single cruciform. structures were manufactured from HTA/913 and 
had the parameters shown in Table 3.1. Due to material availability, the remaining 
three single cruciform. structures, two double cruciform structures and one quadruple 

cruciform structure tested were manufactured from T300/914. The parameters of this 

pre-preg are detailed in Table 3.2. 

It was initially thought that it would be beneficial to study several types of 
honeycomb and pre-preg system to see whether factors such as fibre modulus, resin 
fracture toughness, different cell sizes and cell wall thicknesses would have any 
influence on the energy absorption of the sandwich panels. However, due to the 

shortage of suitable materials to manufacture all the relevant specimens needed, it was 
decided to limit to four the number of parameters studied initially, namely: - facing 

thickness, core thickness, lay-up and inclusion of trigger mechanism. To further 

minimise the number of parameters it was decided to limit the material to carbon 
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fibrc/cpoxy prc-prcg, and due to material limitations only two thicknesses of 

honeycomb were available. This meant that initially almost all of the available 

material parameters such as cell size, fibre modulus had been fixed. Two different 

types of lay-up were initially investigated, these were quasi-isotropic ((-45', 0*, 

900, +450)s)n and uni-directional, representing two very different lay-ups. Two face 

skin thicknesses (Imm and 3mm) were investigated. 

The core material chosen for the sandwiches was Aeroweb Type 5052 aluminium 

alloy honeycomb. Ultimately two different thicknesses of honeycomb were used for 

the initial single sandwich panel specimens i. e. 10mm and 20mm thick. Initially the 

cell size and cell wall thicknesses for these two cores were nominally the same (for 

cell dimensions see table below). All the panels were initially manufactured with 

additional adhesive between the facings and the core in the form of one layer of 

adhesive film each side of the core, although this was later doubled (see Section 3.4), 

and the panels were co-cured. All the specimens, whether small coupons, sandwich 

panels or cruciforms were tested quasi-statically in an in-plane orientation. The 

trigger mechanism used was of the saw-tooth variety. Table 3.3 details the sandwich 

structure parameters used. 
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Elastic Properties Strength Properties (MPa) 

EI (GPa) 130 CrItu 1650 

E2 (GPa) 4.65 Cricu 1100 

E3 (GPa) 4.65 Cy2tu 60 

G12 (GPa) 4.65 cr2cu 200 

G23 (GPa) 4.65 Cy3tu ---- 
G31 (GPa) ---- 03cu .... 

v12 0.35 T, 2u 100 

v21 .... ', 23u ---- 

V23 ---- 'r3, u 100 

v13 ---- 

Table 3.1 Mechanical property data (UD carbon/epoxy HTA/913). 

Elastic Properties Strength Properties (MPa) 
EI (GPa) 139 Cr I t, 1490 

E2 (GPa) 9.5 (TICU 1402 

E3 (GPa) 9.5 C12tu 46 

G12 (GPa) 5.2 cy2cu 215 

G23 (GPa) 3.2 Cy3tu 46 

G31 (GPa) 5.2 cy3cu 215 

V12 0.32 T, 2u 79 

V21 0.02 T23u 79 

v23 0.5 T3, u 79 

V13 0.32 

Table 3.2. Mechanical property data (UD carbon/epoxy T300/914). 
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Parameter Fixed 

Face material Carbon fibre, 

Fibre architecture i. e. pre-preg, woven Unidirectional pre-preg. 
Matrix material Epoxy 

Matrix volume fraction 35-40% 

Core material Aluminium honeycomb 

(Aeroweb Type 5052) 

Honeycomb cell size 3.175mm (1/8") 

Cell wall Thickness 0.035mm 

Separately made / co-cured Co-cured 

Static or dynamic loading Static 

Through-thickness or in-plane tested In-plane tested (O*direction) 

Quasi-isotropic stacking sequence (when 

used) 

J(-45*, O*, 901', +45')s1n 

Parameter Variable 

Facing thickness Imm and 3mm (8 and 24 layers) nominal 
thickness. 

Core thickness 10mm and 20mm 

Lay-up Quasi-isotropic and unidirectional 
Trigger mechanism Saw tooth trigger and no-trigger 

Table 3.3 Final sandwich panel parameters 
*Due to a change in honeycomb supplier some of the sandwich panels tested 

subsequently had a honeycomb cell size of 6.350mm (1/4"). 
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3.4 Laminate Production 

In this section the procedures used to manufacture the laminated plates for the 

sandwich skins and the face skin specimens are detailed, along with the subsequent 

method used to produce the sandwich panels and any subsequent machining of the 

panels. 

The laminated plates were manufactured from unidirectional pre-impregnated carbon 
fibre material supplied by Hexcel Composites in 300mm wide rolls and of cured 

nominal thickness of 0.125mm. When not in use the rolls were kept refrigerated at - 
18'C to extend their shelf-life. Before use the pre-preg was removed from the freezer 

and left to thaw for a minimum of 4 hours to avoid condensation in the finished 

article. While the plates were being manufactured care was taken to avoid any 

entrapped air, and so after each pre-preg layer had been added the panel was 

compressed using a mangle. Once the plates had been assembled they were stored in 

a freezer until they were ready to be cured. The plates manufactured were 300 x 300 

mm in size and had a cured nominal thickness of either I or 3mm. 

3.4.1 Laminate Curing 

The manufacturing method for laminates that ensures the most even finish is 

autoclave curing. An autoclave ensures that the components are subjected to uniform 
temperature and pressure. The laminated face skins manufactured for this project 

were made via this route. 

The autoclave set-up used is depicted in Figure 3.1. The Duralumin pressure plate 

and the wooden dams ensured that the laminated plate remained dimensionally stable 
during the curing process and that a uniform pressure was exerted on the laminate. 

The plate was thick enough to avoid bending and as such the plate used for the curing 

of the laminates was 2 mm. thick. To avoid adhesion between the curing laminate 

plates the pressure plate and the table, MelenexO sheet which are non sticking films, 

were used. 
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The HTA/913 pre-preg was a 120'C curing system for 1 hour and the T300/914 

system was a 180"C curing system for 1 hour. 

Vacuum vent Vacuum bagging Air breather 
material cloth 

Wood dams**ýý 

Pressure plate 

Iz 1, 
Z Z", Releasc 

Melenex fabrics 
sheets 

Sealing Laminate 
ta pe Table 

Figure 3.1 Autoclave lay-up 
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3.5 Sandwich Panel Production 

To bond the faces of the sandwich panel to the aluminiurn honeycomb core an epoxy 

adhesive film was used. The adhesive cured at the same temperature as the pre-preg. 
The nominal uncured thickness of the adhesive film was O. 1mm. The adhesive was 

stored similarly to the pre-preg to prolong its usable life and was defrosted for a 

similar length of time before use - see Section 3.4. 

To manufacture the sandwich panels the pre-preg faces were laycd up in an identical 

manner to that for the face skin specimens. To bond the pre-preg faces to the 

sandwich panel the procedure outlined below was used (see also Figure 3.2). 

A piece of adhesive film was cut to a size slightly larger than the un-cured plates i. e. 
310mm x 310mm. The backing paper was removed from one side of the un-cured 

pre-preg and the adhesive film applied to the pre-preg. This procedure was repeated 
for the other un-cured face of the sandwich panel. To transfer the adhesive film from 

its backing paper to the pre-preg, the pre-preg face plus adhesive film were placed on 

an aluminium plate and put between the platens of a press heated to 1001C, and slight 

pressure applied for 30 seconds. MelenexO film was used to protect the platen faces 

from any adhesive that may have been squeezed from between the backing paper in 

the transfer process. After 30 seconds the faces were removed from the press and left 

to cool. 

A similar process was repeated on the aluminium honeycomb; adhesive film was 

applied to either side of the core and the core plus adhesive film placed in the press. 
Care was taken when applying pressure not to compress the core. After 30 seconds 
the aluminium core plus adhesive was removed and left to cool. The backing paper 
was removed from both faces of the sandwich panel and from the core. It was noted 
that the honeycomb core cell size had an effect on the amount of adhesive transferred 
from the backing paper to the core: -a smaller cell size giving a larger effective area 
for the adhesive to adhere to. Once the backing paper had been removed from both 

components, the faces were placed on to the core. Care was taken to ensure that both 
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faces matched up with one another and were orientated in the correct way in relation 
to the ribbon direction of the core. 

BEAT + PRESSURE 

I --l", -L lqit-- 

4 

HEAT + PRESSURE 

Melenex 
Honeycomb Core 
or Pre-preg face 

Adhesive Film 
Aluminiurn Plate 

Figure 3.2 Adhesive film transfer technique 

3.6 Saw-Tooth Trigger Mechanism 

The saw-tooth trigger mechanism was machined using a rotating cutting head (Figure 

3.3). Several sandwich panels at a time were clamped together and machined. When 

the end panels of the block were machined the direction of the cutting head was 

reversed to avoid fibre breakage on the unsupported outermost faces. The dimensions 

of the saw-tooth triggers are shown in Figure 3.4. 
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f ýý 
U Rotating Cutter 

Saw-teeth Sandwich 
Panel 

Figure 3.3 Saw-tooth machining 

3mm 
17 deg. 

lomm 

Figure 3.4 Saw-tooth dimensions 

3.7 Small Specimen Manufacture 

The small specimens were manufactured in an identical manner to the sandwich panel 
faces, as described in Sections 3.4 & 3.4.1. 
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3.8 Cruciform Manufacture 

To manufacture the cruciforms the following steps were carried out: - 

1) The sandwich panels were manufactured via the route outlined in Section 3.4. 

The sections that make up the cruciform were then cut to si4e (Figure 3.5). 

2) The triggers were machined into the top of each panel. 

3) The bases of the sandwich panels were machined flat. 

4) The sections were joined together. 

-0-0- 
12mm 

Figure 3.5 Single cruciform dimensions 
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The double crucifonns were 324mm long by 162mm wide i. e. each arm of the 

crucifonn was 75mm long. Similarly for the quadruple cruciform, the length was 

again 324mm, as was the width. 

3.9 Angle Stiffener Manufacture 

To secure the individual sandwich panels together (Figure 3.6) into a crucifonn 

structure, angle stiffeners were fabricated. Two pieces of aluminium section were 
used to form the stiffeners (Figure 3.6). The sections were 700mm in length and had 

side lengths of 25.4mm and 22.2mm and were 3.2mm thick. Both sections were 

covered in release fabric to stop adhesion with the pre-preg material. The stiffeners 

were made from the same pre-preg as the sandwich panel skins, and had a laY-up of 

45'/O"/90'/45")2S with a nominal cured thickness of 2 mm. 

Top Moi 

3.2mm 

j 

Figure 3.6 Stiffener moulds 
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To lay-up the stiffeners, strips of pre-preg 700mm. x 70mm were cut out and laid-up 

four layers at a time in the correct stacking sequence. The four layer strip was then 

laid onto the mould as shown below in Figure 3.7 and pressure applied to the top 

mould. The whole assembly was then placed on a vacuum table for approximately 10 

minutes to consolidate the pre-preg layers. This procedure was repeated until the 

stiffener lay-up was complete. The excess pre-preg was then trimmed off and the 

stiffener cured in an autoclave at 120'C or 180*C for 1hr following the cure schedule 

for the particular pre-preg used. 

* 

Once cured the stiffeners were deflashed and cut to size using a diamond saw. To 

adhere the stiffeners to the sandwich panel the back of the stiffeners and the 
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intersecting points of the cruciform, (Figure 3.8) were grit blasted and cleaned with 

FreecoatO. The adhesive was applied to these prepared surfaces. The parts of the 

cruciform, were glued together with Araldite@ 2015, a high shear strength, two-part 

cold curing adhesive. The cruciform. was correctly aligned so that the comers were at 
90' to each other and held in place by clamps whilst the adhesive set. 

Stiffener 

Grit Blasted Area 
: 1: 1'.:::: 

Figure 3.8 Grit blasted areas of crucifonn 
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CHAPTER4 

IN-PLANE CRUSHING OF SANDWICH PANELS 

4.1 Introduction 

In this chapter, the crushing response of composite sandwich panels subjected to in- 

plane loading is presented. Included are descriptions of the different test rigs used, 

the crush modes, load-displacement behaviour and energy absorption characteristics. 
The findings from this initial set of sandwich panels crush tests were used to improve 

the testing of the subsequent crucifonn structures. As can be seen from the following 

chapter, to maximise the energy absorption capability of sandwich structures when 

subjected to in-plane loading their failure modes had to be controlled. To achieve this 

specimen geometry, support conditions and crush plate fixture were investigated and 

reported upon in this chapter. 

Twelve CFRP faced, aluminiurn cored sandwich panels of various configurations 
(specified by the Taguchi Array - Appendix A) were crush tested using the rig shown 
in Figure 4.1. Eleven of the samples were tested at 5mm/min and one was tested at 
Irnm/min. All of the specimens tested were 75mm, wide and 80mm, long. These 

dimensions were similar to those used by Lavoie (7) 
. The specimens were tested on an 

Instron universal testing machine fitted with a lOOkN compression load cell. All of 
the samples were triggered at the bottom, the Instron crosshead moving downwards. 

The displacement values for the tests were obtained from the crosshead displacement. 

The displacements values recorded can only be used as a guide due to problems such 

as slight deflection of the crosshead or load cell under loading. A summary of the 

results for each sample is given below. 

4.2 Test Results 

Sample 1 3mm, quasi-isotropic face skins, 20mm thick aluminium core, no 
trigger. (Also see Appendix A). 
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The graph (Figure 4.20) depicts the crushing history I'or the sample. Crushing 

initiated at 45kN at which point a large reduction in load occurred. A (11-lite regular 

pattern then developed of* the load building up, and then 1'racturing of* the sample 

causing the load to decrease once more. The magnitude of' the load at the peaks (and 

troughs) of' this oscillating load-displacernent trace steadily increased as the 

displacement was increased from 6 to 21 rnm. At a displacement of' 21 mm it peak of' 

65kN was seen, which possibly may have been due to debris increasing the 1'riction at 

the knif'e-edges and, hence, increasing the load. 

Figure 4.1 Crush rig 

After this final peak, there was no longer an upward trend in the oscillating load- 

displacement trace, and the curve seemed to platcau and then start dccreasing aficr a 

displacement of* 32mm. The test was terminated at a displacement of' 40min. The 
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sample crushed from the top downwards. There were signs of' fi-iction hetwecii the 

sample and the knife-edges. (The specimen orientation in Figure 4.2 wits for 

photographic purposes only). 

-1 Apart from the friction at the knil'e-cdgcs the sample crushed as expected tile 1*4 ces 

underwent extensive delarnination and peeled away from tile core. The core appears 

to have crushed steadily, apart from where the sample had become jamnicd in the 

knife-edge, whcre both tile facings and the honeycomb showed signs of' tearing. It 

was dilTicult to see H* there was any change in I'ailure mode as crushing continued, 
because ol'the orientation ol'the test ng in the testing machine. 

Figure 4.2 Sample I 

Sample 3mrn, quasi-Isotropic face skins, l0nirn thick aluininititil core, saw- 

tooth trigger mechanism. (Also see Appendix A). 

Sample 2 crushed at the triggered end (top in Figurc 4.3) at 65KN. Thc load rose 

steadily to peak at 95kN (Figure 4.21). Prior to this thcre was no evidence oil the 

graph ofany crushing. Ifthis was true, then 5mm displaccnient in a sample ol'80111111 
length eqUates to a strain of'over 6%, which is clearly unlikely. The way in which the 
displacement was recorded, i. e. from the crosshead (as nicntioncd at the hcginning of 
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this section), may well account for this. Belore the triggers were I'Lilly crushed the 

crushing switched to the bottom of' the sample (Figure 4.3) where 3rnrn 01' Crushing 

Occurred and was accompanied by a large decrease in load to 50kN. After l5mrn 

displacement the load rose steadily to 75kN Unul at 22rnrn displacement it sudden 

drop in load was seen, down to a value of' 25kN. This L11-01) OCCUrrcd its onc of' tile 

I'acc skins completely debondcd (Figure 4.4). Although the I'ace became dchondcd 

1'rom the core (specimen held together For photo) it seemed to he hcld if) the, lig by tile 

knil'e-edges. The crushing at this point started again at the bottom of' tile specimen 

with the load rising to a value ol'50kN at a displacement ol'. 1-linni. Towards the end 

ol'the crush duration debris caused by the crushing process was scen to I'orrn it wedge 

between the bottom I'aces of' the sample. Thc wedge had the cl'I'Cct of' crushing the 

all-Inumurn honeycomb fi-om the bottom upwards. 

Figure 4.3 Sample 2 
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Debonded Face Triggered F. nd 

FigUre 4.4 Sample 2 
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Sample 3. Imm, quasi-isotropic face skins, 20mm thick aluminiurn core, saw- 

tooth trigger mechanism. (Also see Appendix A). 

The first thing that was evident f'rom the gl-, Il)ll 01' the CRIShIng (Figure 422) was that 

the peak load was only 16.5kN; this obviously was (lie consequence oF the I iIIIII 

I'acings. Some darnage could be seen PI-101- to this, Which Was CRIShing of' the smN 

tooth trigger mechanism. Once crushing had started (lie load decreased to a value of 

12.5kN, which corresponded to 10mm displacement. The load then increased at a 

steady rate until a value of' 15.5kN was obtained at a displacement of'21 nun. Aher in 

initial decrease the load then increased again, to a value of' 13kN at 34111111 

displacement, finally dropping to 9kN at the tcri-nination of' the test at 40mm 

displacement. The overall trend throughout the crush duration was slightly 

downwards, the load decreasing 1'rom I OkN to 9kN. 

The samplc cruslicd vcry uniformly I'I'0111 (he b0t(0111 LII)W, 11-(IS (FIgUrc 4.5). Thcrc 

seemed to be no friction problems betwcen the knifc-edges and the sample, the full 

width of the sample being crushed. The two Outermost carhon I'll-ve layers were left 

intact as they curled away from the crush 'zone'. All tile other layers wcre cnishcd 

and I'Ormed a debris wedge. The 11LIIIIIIIIIIIII honcyconih Core Crushed SO that only 

30mm Of Undamagcd core rcmamcd at the cild oftlic test. 

I 'j. I pire 4.5 Samplc 3 
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Sample 4.3mm, unidirectional face skins, 20mm thick alunlinlUill COI-e, SIW- 

tooth trigger mechanism. (Also see Appendix A). 

The sample being unidirectional possessed high strength in the direction of' crushing, 

taking a load of 66kN before the triggers started to crush. Evident in the crushed 

sample were signs of a large degree of' Friction at the knif'e-edges, the edges of' (lie 

panel remaining uncrushed. This may have been hought about by the skins jamming 

in the knit'e-edges. Also evident was the I'act that both 1*, ICCS had I'alled III through- 

(hickness shear (Figure 4.6). F. ach ol* tile I'Lices scenled to have sheared into l'OL11- 

distinct sections. Complete debonding of' sorne parts of' the I'aces was seen once 

shearing had taken place. A large reduction in load carrying capability can he seen 

from Figure 4.23 duc to the ahove factors, the load decreasing from 65kN at (lie slarl 

ot'crushing to 5kN at its compIction. 

Triggered End 

Figure 4.0 Samplc 4 
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Sample 5.3mm unidirectional face skins, 20nim thick alurninium core, no trigger 

mechanism. (Also see Appendix A) 

Sample 5 was identical to Sample 4 apart 1'roin (lie absence of' 11 Iriggcring 

mechanism. Comparing the graplis I'Or the two specimens (Figure 4.23 and 4.24) it 

was suprising that the sample with the saw tooth trigger achieve(] a higher peak load. 

As can be seen 1'rom Figure 4.24 the sample started to I'ail at a load ol'30kN the load 

then decreasing to a value of' 20kN. I lowever, (lie load hUilt Up agaIll to it VaIIIC 01' 
46kN hefore any more significant failures OCCUrred. 

At a displacement of' 5min tile sample p"ogressivcly crushed 1'rom tile top downwards 

and the load decreased until tile icst was stopped at it displacement of* 40nim, which 

corresponded to a load of' 20kN. There was Indication of* hiction at the knIl*c-cdges, 

the edges of' the sample remaining uncrushed. As with Sample -4 the Faces of' the 

sandwich pariel I'alled In through-thickness shear, althOLIgh 1101 ýIS CXtC[ISIVCIY, tile 

I'aces splitting but not coming completely debonded 1'rom the core (FIgUre 4.7)(I'ace 

removed for photo). This may account fOr the absence of sharp downward steps in 

the graph, which may be associated with face debonding. 

1.7 Samplc 
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Sample 6.3mm, unidirectional face skins, l0mm thick alLIIIIIIJIL1111 core, no trigger 

mechanism. (Also see Appendix A) 

This sample was tested at Imm min-1. The graph for Sample 6 (Figure 4.25) was 

unlike any of the other twelve. The load increased to 95kN where at a displacement 

of' 2.6mm fracture started to Occur At a displacement of' 3.2mm, still at a load of 
95kN, the sample underwent catastrophic failure, one entire facc of the sandwich 

panel hccame dchonded (see Figure 4.8). The sandwich pancl at this point had lost 

almost all of' its load carrying capacity and so the Icst was WI-111111ated at a 
displacement of4mm. 

I lolleycolllb mil facc 
exposed affer f. icc 

Figure 4.8 Sample 6 dchinding 
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Sample 7 Imm, quasi -isotropic face skins, 10min thick alurniniurn cow, no 

trigger mechanism. (Also see Appendix A). 

The graph for the crushing of this sample (Figure 4.26) showed a peak load of' 19kN. 

Once delamination of' the sample started, for reasons that are unclear, tile load 

dropped rapidly and a constant crushing load of' approximately 7-8kN was recorded 

until the test was terminated at a displacement of 40nini. Tile Sý11111)IC Crushed from 

the top downwards. Again a significant . 11110LIIII of' fnction sceins to have occurred at 

the knife-edges where tearing of' the faces WILI Of tile 11011CYCOMI) WýIS Seen (Figure 

4.9). The central portion ofthe sample crushed unifoi-mly, as indicated by the graph. 

FigUre 4.9 Sample 7 
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Sample 8. Imm, unidirectional face skins, 10nim thick altiminium core, saw- 

tooth trigger mechanism. (Also sec Appendix A). 

Triggering was initiated at the bottom of' the sample, i. e. once the tops of' the triggers 

had been crUshed, the crushing went back to the top, of' (lie sample (Figure 4.10). 

Again there seemed to be 1'riction at the kilil'C-edges where tearing of' (tic sample 

occurred. The sample reached a peak load of' 34kN (Figure 4.27). The I'accs of' the 

sample delarmnated and split. Although the splitting ol'thc I'aces was quite extensive 

the bUt the I'aces remained attached to the specimens. The test was ended when the 

displacemcnt had reached 40inni, at which point the load had dropped lo a valtic of 

5kN. 

Triggered End 

1ý'IgLlrc 4.10 Samplc 8 
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Sample Imm, qLiasi-isotropic face skins, 20mm thick ALIMMIUM core, no 

trigger mechanism. (Also see Appendix A). 

The crushing of* this sample I'ollowed a similar trend to I)I-CViOLIS SaIIII)ICS. The SM11ple 

experienced a peak load of' 17.5kN before crushing started from the top downwards 

(Figure 4.11) and the load dropped to a Value of' RN (Figure 4.28), bef'Orc increasing 

rapidly again to l2kN possibly due to friction at the knife-cdges. After (his rise, the 

load decreased gradUally and levelled 01.11 -it a value of' 6kN, (his level heing 

maintained Until the test was ended at a displacement ol'40nmi, 

l'igure 4.11 SampIc 1) 
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Sample 10.3mm, quasi-isotropic face skins, 10mm thick alummium core, saw- 

tooth tnigger inechanism. (Also see Appcndix A). 

Sample 10 had an identical configuration to Sample 2. Comparing tile two graphs 

(Figures 4.29 and 4.21 ) it can be seen that tile traces f'ollow the same general trend. 

From the graph l'or Sample 10 (Figure 4.29) it can be seen that the triggers initiated 

Crushing at 62kN fi-orn the bottom upwards, tile load rose steadily to peak at 85kN. 

Unlike Sample 2 (Figure 4.3) crushing continued 1'rom tile bottom, there seemed to be 

no visible signs of' 1'riction at the knit'e-edges, the I'LIll Width 01' tile SaIllple Crushing. 

At 15mm displacement the load rose steadily to 72kN until at 23nim displacement a 

sudden drop in load was seen, down to a Value of' 45kN. The laticr corresponded to 

tile complete debonding of' one of' the Lices (Figure 4.13). Thc I'ace, although 

dcbonded, was held [Irmly in place by tile knit'e-edgcs. Again, its in Sample 2 

towards tile end ol'the crush duration, debris Caused by tile crushing process was seen 

to I'Orm a wedge between the I'aces ()I' tile sample. The wedge had tile cfTCct 0' 

crushing the alunlinium honeyconlb h-oIll tile hottoill upwards. 

Triggered End 
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Debonded Face 

FIgUre 4.13 SanipIc 10 
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sampic 11. Imm, unidirectional face skins, 20mm thick . 11 L11111111 Lill] COW, SaW- 

tooth trigger mechanism. (Also scc Al)l)ciidix A). 

Again, as seen previously I'or Sample 8, (sanic configuration apart h-oin the core 

thickness) altlIOLIgh the sample started to trigger from the bottom, once (lie tops oI' tile 

triggers had been crushed the crushing reverted to the top (A the sample. Once again. 

there seemed to be friction at the knife-edges (Figure The sample reached it 

peak load oI' 27kN bef'Ore splitting of' the I'aces occurred (FIgure . 1.30). As, previously, 

the Siflitting 01' the I'aCCS Was (11.11tc extensive hut file I'aces Icinaincd hondcd t(I 111C 

IVIIIiIIIIII10 LIIICI'LISIICCI COI-C. The shape of (lie graph was Very different from that of 

Sample 8 although (lie crushcd samples look very sinular. The load value thioughout 

the CRIShIng 1)1'()CCLILII-C I-CI11,1111C(l high, a VaILIC Of l6kN bCIIIg I-CCORICLI it OIL' end 0I' 

the test its compared with it value of' 5kN [Or Sample 8. 

Figure 4.14 Sample II 
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Sample 12. Imm, unidirectional face skins, 10nim thick 1111.1111111IL1111 core, no trigger 

mechanism. (Also see Appendix A). 

Again the specimen suffered from friction at (he killl'C-edges (Figure 4.15). The 

sample crushed from the top downwards, the load rcaching a peak of 27kN (FIgUre 

4.31, p93) hel'Ore delarnination and splitting of the faces occurred. As ohservc(l for 

other specimens (e. g. Sample 8) the splitting of' tile faces was quite extensive. The 

load dccrcased 1'rom 27kN at the start to II kN Zlt tile end 01'111C test. 

1-igure 4.15 SampIc 12 
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4.3 Conclusions of Initial Crushing Tests. 

A number of conclusions can be drawn from this set of experiments. Firstly, it was 
found that when testing sandwich panels, rather than thin plates, the DERA rig 
(Figure 4.1) had several shortcomings which would affect the results. Primarily the 

rig was considered not to be sturdy enough. As the sandwich panel crushed, load was 

exerted on the knife-edges, due to through-thickness expansion of the sample. This 

resulted in the collars supporting the knife-edges deforming, as they were not stiff 

enough. The outcome of this was that a proportion of the load exerted by the testing 

machine was deforming the testing rig rather than crushing the sandwich panel and 
hence making the results erroneous. 

The second shortcoming was that the knife-edges that provide support during 

crushing were an unnecessary feature when testing sandwich panels rather than thin 

plates. It was established whilst testing, that if the knife-edges were tightened 

sufficiently to closely support the sandwich panel, and also to stop the support collars 
from falling off, then an additional mechanism i. e. tearing of the facings at the knife- 

edges would be introduced. The additional tearing made the response, i. e. the energy 

absorbed by crushing, difficult to quantify. In contrast, if the knife-edges were not 

tightened and the sandwich panel was allowed to crush downwards, debris from the 

crushing panel became jammed under the knife-edges increasing friction, which could 

cause misleading results. 

The third point to conclude from the above testing was the role of trigger mechanisms 
in the crushing of the samples. Of the six specimens that had saw-tooth triggers 

machined in them, three initiated crushing but three did not. The three that did not 

work were on unidirectional samples. The triggers began to crush so that the point of 
the saw-tooth had been flattened. This flattened zone seemed to prevent any further 

crushing at the triggered edge and crushing reverted to the other end of the sample. In 

contrast the triggers on the quasi-isotropic specimens worked fairly well, the graphs 

showing some initial reduction in peak loads. The triggers may have produced 

progressive crushing had the samples been dynamically tested, with the test duration 

being only fractions of a second. 
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The fourth point is that the crushing characteristics as far as could be ascertained for 

the two lay-ups i. e. unidirectional and quasi-isotropic were as follows: - The 

unidirectional facings tended to stay more intact but debonded from the sandwich core 

so little debris was produced. All of the unidirectional specimens (triggered or not) 

crushed from the top downwards. The quasi-isotropic samples because of their lay- 

up, created more debris, and in the samples that crushed across their full width, a 
debris wedge could be seen forming. 

It was difficult to be very precise about the effect of the parameters, which were 
investigated in this series of experiments as not enough data was produced. If time 

allowed several specimens of the same type would have been tested to access 

variability. Inconsistent friction effects may also have masked the true significance of 

the results. However the following points can be drawn from the tests (Also see 

results Appendix A): - 

e Energy absorption was shown to increase with increasing face skin thickness. 

* In general, quasi-isotropic specimens absorbed more energy than unidirectional 

specimens. 

* The effect of the aluminium honeycomb core thickness on the energy absorption 

was difficult to quantify due to friction effects. If anything, the energy absorbed 
by the 10mm thick core specimen was higher than the 20mm thick core specimen. 

* The trigger mechanism worked when friction at the knife-edges was not a large 

factor, the triggers initiated crushing on quasi-isotropic specimens but not on 

unidirectional specimens. 

4.4 Simplified Rig 

Due to the problems with the test rig used in the initial crushing tests, it was decided 

to switch to a simpler piece of apparatus as shown in the diagram overleaf (Figure 

4.16). In this new test rig the specimen was "built in" at the lower edge to prevent 

crushing from the bottom end, and a compressive load applied at the upper edge. No 

knife-edge supports were used on the vertical edges. However, the U-shaped channel 

and the packing strips provided 40mm of support for the specimen, leaving 40mm of 
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the length unsupported. Using this new apparatus two specimens were initially 

tested. 

fA Sandwich Panel 
75mm. wide, 80mm long, 
12mm thick. 
Triggered from top. 
Unsupported height 40mm. 

U-shaped Channel 

Load 

II= Crush Plate 

Packing 
Strips 

Angled Supports 

Base Plate 

Support Block 

Figure 4.16 Simplified test rig 

Sample 1.1mm, quasi-isotropic (45', 0% 90% +45*)s face skins, 10mm thick 

aluminium. core, no trigger mechanism. 

As the sample was un-triggered, when load was applied to the top of the sample 
failure occurred by debonding of the facings from the core, leading to the core 
buckling. A close examination of the faces after the load had been removed revealed 

that dclarnination had been initiated on the top edge of the faces. 
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Sample 2. Imm, quasi-isotropic (45% 0% 900, +45*)s face skins, 10mm thick 

aluminiurn core, saw tooth trigger mechanism. 

Sample 2 was initiated with a saw-tooth trigger at the top of the specimen. Crushing 

was initiated by the trigger and continued with the peeling away of the faces. The 

crushing occurred across the whole width of the specimen. An observation seen 
during this particular test was that if the specimen was supported too near the top, 

then the crush front was inhibited and ultimate failure of the specimen took place 

prematurely. A balance between enough support and too much support was needed. 
(No load-displacement results were available for these two tests due to a data 

acquisition failure). 

4.5 Samples Using New Honeycomb Geometry. 

After the above specimens had been tested a new batch of aluminium alloy 
honeycomb was purchased, unfortunately the same size cell size as previously was 
not available. The cell size of the new honeycomb was 8.50mm, (in the ribbon 
direction) by 6.60mm, compared with 4. Omm by 2.75mm. The cell wall thickness 

remained unchanged. Specimens were manufactured with the new honeycomb and 
testing was resumed. Four out of the five specimens tested failed by face debonding. 

On close inspection of the failed samples it was discovered that the bonding between 

the carbon fibre facings and the aluminium honeycomb was insufficient due to the 
increase in honeycomb cell size compared with the previous samples. Ideally a fillet 

of adhesive would be formed up the walls of the honeycomb core (Figure 4.17). 

04 Adhesive Film 

Adhesive Fillet 
Honeycomb, 
Core 

Carbon Fibre Skin 

Figurc 4.17 Adhesivc fillct 
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The problem was eliminated by doubling the thickness of adhesive film used during 

the manufacture of the samples. Due to a shortage of adhesive film only three more 

samples were manufactured. Care was taken when testing these samples not to over 

support. This meant that the crush front could move ahead of the actual physical 

crushing without hindrance by the packing strips, therefore 40mm of progressive 

crushing took place rather than debonding of the faces. Figures 4.32 and 4.33 are two 

traces from similar samples with the following configuration: - Facing thickness 1mm, 

lay-up quasi-isotropic, stacking sequence (45% 0,90% +45*)s, Core thickness 

10mm, Trigger mechanism saw-tooth. 

When the two traces were compared with previous traces for similar samples the total 

energy absorbed was seen to be lower. This may have been because there are no 
losses due to friction at the knife-edges in the new test rig. 

Five more specimens with an identical configuration to those above were 

manufactured except that a new batch of resin film was used. This adhesive film was 

100gsm-1 compared with 75gsm-1 used previously. 

Out of the five specimens tested, four out of five specimens failed to crush 

significantly. Examination of the saw-tooth trigger mechanisms showed that the 
inner half of the face-skin had crushed inwards (Figure 4.18(2)). 
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0 

(D 

Figure 4.18 Sandwich panel failure modes 

The inward crushing of the trigger caused the faces of the sandwich panel to become 

debonded and "balloon off" (Figure B. 1 Appendix B) leading to premature failure and 

minimal energy absorption, (Figure 4.18(3)). To overcome this problem a new crush 

plate was designed to cause the desired "rolling fragmentation" failure. An angled 

plate was decided upon to encourage the trigger mechanisms to crush outwards. It 

was initially decided to machine a plate with a 5* charnfer, as it was hoped this would 

push the triggers outwards when crushed and lead to progressive failure of the faces. 

A specimen with the usual configuration was clamped into the testing rig and the 

charnfered plate attached to the loading plate with a series of bolts. Care was taken to 

ensure that the plate was aligned so that the both faces of the sandwich panel crushed 

equally (Figure 4.19). 
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Figure 4.19 Chamfered crush plate 

The panel was tested, but it was found that the angle was too steep and the faces 

became debonded from the honeycomb core. The charnfer angle was ground down to 

21 and the experiment repeated. The specimen tested using the 2* chamfered plate 
failed progressively (Figures B. 2 and B. 3 Appendix B). The load-displacement 

curves were similar to Figures 4.32 and 4.33 although, due to the charnfered crush 

plate, the peak loads were slightly lower. 

4.6 Conclusions 

In this chapter the response of CFRP faced, aluminium honeycomb cored sandwich 

panels to in-plane crushing was examined. Initially twelve sandwich panels of 
different face and core thicknesses and face lay-up were tested, with or without a 
triggering mechanism. The panel parameters were specified by the Taguchi Array 

described in Appendix A. The Taguchi method of analysis was used as a screening 

method to see which of the sandwich panel parameters had the greatest effect on the 

energy absorbing capabilities. 

Due to the test rig used initially to crush these panels, the frictional effect of the knife- 

edges masked all but the most obvious of changes in the panel parameters, i. e. 
changing the skin thicknesses from 1mm to 3mm could be seen to have the largest 

effect on energy absorption. 
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As outlined in the chapter the twelve panels failed in many different ways, not all of 

them in a manner suitable to maximise the energy absorption potential of the 

sandwich panel. It was seen that the crush rig used over-supported the panels. The 

knife-edges effectively introduced other energy absorbing mechanisms that made it 

difficult to investigate the energy absorption of the sandwich panels. A simplified rig 

was designed which supported the panel at one end, and at the edges of the panel up 

to a distance of 40mm. The top of the panel was free to crush across its entire width. 

Of the several specimens tested with the simplified rig, some crushed in the desired 

"rolling fragmentation" mode whilst others failed due to debonding of the faces. A 

closer examination of the failed specimens showed that the flat plate used to crush the 

trigger mechanisms could cause the sandwich panels to fail prematurely. If the 

triggers moved outwards when the load was first applied, then the sandwich panel 

would continue to fail in the desired manner. Conversely, if the triggers moved 
inwards then the panel would fail prematurely, the faces "ballooning off" and leading 

to low energy absorption. To encourage the triggers to crush outwards, the flat 

loading plate was replaced with one charnfered at an angle of 2* to the horizontal. 

The sandwich panels tested with the chamfered load plate failed progressively in the 
desired manner. 

Throughout the many different testing configurations described in this chapter it has 

been seen that to achieve the desired failure modes a careful balance of many different 

parameters must be achieved. Level of support, bond strength between the faces and 

the core, and the manner in which the crushing is initiated and subsequently continued 

were all seen to be crucial. With the development of the simplified crushing rig and 

chamfered loading plate, an apparatus has been developed to consistently crush 

sandwich panels in a manner to maximise their energy absorbing capabilities. 
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Figure 4.20 Crush Data from Sample I 
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Crush Data from Sample 2. 
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Figure 4.21 Crush Data from Sample 2 
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Crush Data from Sample 3. 
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Figure 4.22 Crush Data from Sample 3 
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Figure 4.23 Crush Data from Sample 4 
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Crush Data from Sample 5. 
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Figure 4.24 Crush Data from Sample 5 
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Crush Data from Sample 6. 
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Figure 4.25 Crush Data from Sample 6 
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Crush Data from Sample 7. 
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Figure 4.26 Crush Data from Sample 7 
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Figure 4.27 Crush Data from Sample 8 
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Crush Data from Sample 9. 
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Figure 4.28 Crush Data from Sample 9 
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Crush Data from Sample 10. 
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Figure 4.29 Crush Data from Sample 10 
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Crush Data from Sample 11. 
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Figure 4.30 Crush Data from Sample II 
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Crush Data from Sample 12. 
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Figure 4.31 Crush Data from Sample 12 
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Crush Data from Simplirled Rig 
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Figure 4.32 Crush Data from Simplified Rig 
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Figure 4.33 Crush Data from Simplified Rig 
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CHAPTER5 

INVESTIGATION OF THE COMPONENT ENERGY 

ABSORPTION MODES IN A SANDWICH PANEL 

5.1 Introduction 

In Chapter 4 sandwich panels of various skin and face thicknesses and face lay-ups 

were subjected to in-plane compressive loading. From these experiments it was seen 

that the sandwich panels failed by various failure modes, amongst these were face-to- 

skin debonding and face tearing. It was also seen that the faces of the sandwich 

panels absorbed the majority of the crush energy, the honeycomb core, although 

absorbing some energy through plastic deformation acted mainly to support the faces 

increasing the stability to the structure. In this chapter the failure modes described 

above were investigated. Firstly, the face skins of the sandwich panels were 
investigated. Further experiments were then conducted to ascertain the contribution 

of the face-to-core bonding face tearing and angled stiffener crushing. 

The ideas in this chapter form a basis for ascertaining the component energy 

absorption modes seen in a sandwich panel. Using the ideas and techniques presented 
here the contribution of each energy absorption mode can be calculated. The energy 

absorption potential of a sandwich structure can be maximised without the need for 

crushing experiments on full scale sandwich structures that can be costly in terms of 
both money and time. 

5.2 Face Skin Specimens 

The failure mechanisms of the sandwich faces were investigated by using smaller 

specimens, which were easier and cheaper to manufacture than the sandwich 

specimens. These specimens represented the skins of the sandwich panel and as such 

were manufactured from the same HTA/913 pre-preg and some had the same (45", 
0', 90", +45")s stacking sequence. The samples were 10mm wide and Imm thick and 

were tested using one end of a compression rig clamping fixture (Figure 5.1). The 
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majority of the tests were on specimens with 5mm of the overall 45mm length 

unclamped, some tests, however, were conducted on specimens with un-supported 
lengths ranging from 4-9mm. The specimens were crushed using the same 2" angled 
loading plate that was used to crush the sandwich panels. The plate was cleaned and 
coated with PTFE before each test. Parameters such as stacking sequence, un- 
supported length of specimen, and loading plate friction were studied using these 

small specimens, in parallel with test work on full size sandwich panels. 

5.2.1 (-45*, 0*, 90", +45*)s Stacking Sequence 

Specimens with the same stacking sequence as the sandwich panel skins, i. e. (45", 

0", 90*, +45")s and an un-supported length of 5mm, were crushed using the angled 

crush plate. Failure initiation occurred on one side of the specimen at the 0*/90" 

interface (Figure 5.2). From video evidence it was seen that the specimen split into 

three roughly equal sections (Figure BA Appendix B). One section remained upright 
and progressively crushed, the other two sections moved to the side (Figure 5.2). 
Table 5.1 shows the energy absorbed by the 5mm long specimens, the peak load and 
the average of the mean crushing loads experienced by the specimens during 

crushing. Typical load-displacement graphs are shown in Figures 5.23-5.33. The 

letters a, b and c are used to denote the series of tests showing (45*, 0*, 9009+45O)s 

stacking sequence. 
Load 

2 Degrees Plate 

4-9r; W ------------ 

Clamped 
Region 

Side View 

lOmný 

Plan View 

Figure 5.1 Clamping fixture 

:: ffirn 
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Split at kHS at 0/90 

-45 0 90 +45 

A 

Figure 5.2 Failure mode for (451,0*, 90", +45*)s specimen 

5.2.2 (+45*, -45% 0", 90')s Stacking Sequence 

The influence of stacking sequence on the energy absorption of the specimens was 

examined by crushing samples with the stacking sequence (+450, -45", 00,900)s. By 

having the + 45* and the - 45* together higher intcrlaminar shear stresses were 

induced in the samples and larger amounts of delamination occurred, leading to 

greater energy absorption (Table 5.1). The alternative stacking sequence increased 

the energy absorbed by the samples by an average of 41%. The failure mode of these 

samples was very different from that of the stacking sequence tested previously. 
Although, the initial crack was again on one side of the specimen (possibly an 
influence of the 21' angled crush plate), it appeared to start at the -4511/00 interface. 

Two laminae on each side of the specimen bent away from the main specimen which 

progressively crushed, which is clearly shown in Figure B. 5 Appendix B. Typical 

load-displacement graphs are shown in Figures 5.34-5.37. The letter "s" is used to 

denote the series of tests showing (+45*, -450,011,90*), stacking sequence. 
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Major Split 1/4 from LHS at - 
45/0 interface* 

Plan View 
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+45-45 090 

Side View 
Specimen splits into 
3 sections 

Specimen splits, the two 
laminae bundles 
delaminate from the 
remainder of the 
specimen, which 
steadily crushes 

Figure 5.3 Failure mode for (+45", -4511,011,90')s specimen 

5.2.3 Effect of Loading Plate Friction 

Specimens with the same stacking sequence as the sandwich panel skins, i. e. (45, 

00,900, +45')s and an un-supported length of 5mm, were crushed using the angled 

crush plate. A series of tests was conducted where the crush plate was cleaned of any 

crush debris and sprayed with PTFE before each test, apart from two of the tests. It 

was seen that the "dirty" samples (Figures 5.38 & 5.39) exhibited a much higher peak 
load than the other tests in that series. To further investigate the effect of friction a 

second angled crush plate was machined and the surface of the plate was grit blasted 

to increase friction. The friction from this loading plate had a considerable effect on 
the overall energy absorbed by the specimen. Load-displacement graphs for these 

tests (Figures 5.40 & 5.41) showed the existence of an initial peak before the graph 
increased to a higher value where crushing of the sample occurred. The letter "C is 

used to denote the series of tests showing "dirty" samples, "dr" for samples tested 

with grit blasted crushing plate. Results are shown in Table 5.1. 

5.2.4 Effect of Unsupported Length 

To investigate the effect of the unsupported length of the specimen, five different 

length specimens were tested namely, 4mm, 5mm, 6mm, 7mm and 9mm unsupported 
lengths. These samples had an identical lay-up to the above specimens and were also 

tested in a similar manner to previously, i. e. held in a compression fixture and 

106 



Crashworthiness of Composite Sandwich Structures 

compressed using a 2" inclined loading plate. Apart from the 9mm, unsupported 
length samples, when the samples had been crushed by their initial unsupported 
length they were moved upwards in the fixture by the same length again, and the 

crushing process was repeated. An aluminium. spacer of the same dimensions as the 

unsupported section of sample was placed underneath the sample for support (Figure 

5.4). It was hoped that the above procedure would show whether the plateau load 

recorded was a consequence of clamping the specimen, or whether the plateau load 

would decrease as the sample was raised and the next unsupported length of sample 

was crushed. From Figures 5.42 -5.45, it was seen that the plateau load stayed more 

or less constant as the sample was progressively crushed, raised and then crushed 

again. Table 5.2, summariscs the results obtained. 

The 4mm, 5mm and 6mm specimens failed in an identical manner to each other, i. e. 

crack initiation on one side of the sample, followed by a general bending/crushing 

mode. The 7mm unsupported length samples were seen to be starting to bcnd prior to 

crushing; this resulted in a different mode of failure. Three 9mm unsupported 

samples were tested. Two of these three samples failed in a bcnding/crushing mode 
(Figure B. 6 Appendix B). The third sample crushed very little, just bending as the 
load was applied. Table 5.2 details the peak load, mean crush load and average strcss 

of the specimens tested. 

2 degrees 
rj Initial Crushed Region 

4 -9mm 
1,::: 1 Next Crushed Region 

Clamped 
Region 
36AImm 

Aluminium Spacer 

SIde Mew 

Figure 5.4 Fixture for testing effect of unsupported length 
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5.2.5 Discussion and Conclusions from Small Specimens Tests 

The following conclusions were drawn from the numerous crush tests carried out on 

the small plate specimens representative of the faces of the full size sandwich panels 

(Results can be found in Tables 5.1-5.3). 

a) Un-triggered small specimens with a 5mm unsupported length, having an identical 

stacking sequence to the sandwich panel faces, delaminated at the 0'/90* interface on 

the side of the sample as shown in Figure 5.2. The mean crushing plateau load of 

approximately 60ON equates to a plateau stress of 60MPa (by dividing by the cross 

sectional area of the specimens i. e. IOMM2) in the small plate specimen. This 

compares with an average value of 27MPa for a skin of the sandwich panel samples 

tested in the simplified rig. The plateau loads were calculated using the Kaleidagraph 

software package. The energy absorbed by the small specimens, crushed by a 
distance of 2.5mm varied between 1.5 and 2.0 Joules. The peak load experienced by 

the specimen before crushing occurred varied between 2.5 and 2.9kN. 

b) Un-triggered specimens with a 5mm unsupported length, but with an altercd 

stacking sequence of (+45, -45*, 0*, 90*)s were also tested. The initial delamination 

started at the -45*/0" interface on one side of the specimen. The specimen, as 

previously, split into three sections, however, in this case the central portion which 

remain upright consisted of four laminae. The outermost sections on each side of the 

specimen split symmetrically about the main central section. The specimens recorded 

peak loads much higher than those seen previously, i. e. 3.5 to 4. OkN. From video 

evidence it was seen that the extent of the delamination in these samples was much 
higher, leading to a larger amount of energy absorbed. On average, a value of 3.17 

Joules was recorded, an increase of 41% over the previous stacking sequence. The 

plateau loads were also higher: 700 to 800N. 

c) The effect of loading plate friction was studied on un-triggered specimens with a 
5mm unsupported length and was found to have a large effect on the results. From 

previous tests it was noted that as failure was initiated in the sample this was 

accompanied by a large displacement of the top of the sample away from the incline. 
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As the friction was increased on the loading plate the specimen was seen to stay intact 

up to a higher load than with tests conducted with a smooth plate. The peak loads of 
the specimens tested ranged from 4.2 to 5.6kN, the plateau loads from 700 to 800N. 

The energies absorbed from a 2.5mm crushing displacement were high, ranging from 

3.61 to 3.92 Joules. 

d) When crushed previously, 5mm specimens only yielded 2.5 to 3mm of useful data 

before the influence of the clamping fixture became evident, causing the crushing 
load to rise steeply. To see whether the load plateau obtained on the crush plots was 

real, or influenced by the clamping conditions, after the first crush the specimens were 

raised by the amount initially un-supported. It was seen that the mean plateau load 

stayed constant. It was also seen that as the un-supported length was increased from 

4mm to 7mm the peak load and the plateau load remained at a similar level of 
between 550 and 700N, and hence a corresponding average stress of 60MPa was 

recorded. It was only when the un-supported length was 9mm. that any considerable 
difference was seen in failure mode and hence the results obtained. The average peak 
load obtained was then 1714N. However, the plateau loads were a lot lower, 

especially in the specimen that failed almost entirely by bending, the load being only 
85N. In the 6mrn specimens that failed in a bending/crushing mode the plateau loads 

averaged 363N, corresponding to a stress of 36MPa. 
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Plateau Stress for Various Specimens 
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Figure 5.5 Comparison of plateau stresses for various specimens 

The purpose of this work is to devise small test specimens, which have the same 
failure mode as the skins in the sandwich panel. In the sandwich panel tests the skin 
does have support from the honeycomb core, perhaps a back-to-back configuration 

would be more closely representative of this. 

5.2.6 'Back-to-Back Specimens' 

To represent the support conditions experienced by the skins of a sandwich panel, two 

un-triggered specimens with 6mm un-supported length were arranged back-to-back, 

with a layer of PTFE tape between them to reduce friction whilst crushing. 6mm 

specimen specimens were used because of specimen availability. The specimens 

provided support for each other against inward bending whilst crushing. The 2' 

tapered crush plate (Figures 5.6 & 5.7) was positioned symmetrically such that both 

specimens were identically crushed. 
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Although the results from the first set of tests were scattered, possibly due to incorrect 

ad . ustment of the loading plate, several of the samples exhibited plateau stresses j 

approaching those of the individual sandwich panel faces. One specimen exhibited a 

plateau stress of 25.6MPa compared with an average of 27MPa for the sandwich 

panel faces. 

A second set of specimens was manufactured and the tests repeated, this time using a 

video camera to aid alignment of the crush plate in relation to the specimens. The 

peak loads recorded were high due to the fact that two specimens were crushed, on 

average 7330N. One set of samples, however, yielded a lower value of 4500N. The 

mean plateau loads varied between 670 and 730N, which corresponds to a stress in 

each of the skins of 33M[Pa. One sample yielded a value of 30MPa. Examination of 

the specimens after crushing still revealed a slight misalignment of the crush plate. 
The failure modes in the back-to-back specimens were the same as those seen in the 

sandwich faces; a bending/crushing mode. 

A third set of specimens was manufactured. To ensure that absolute alignment was 

achieved between the back-to-back specimens and the crush plate the following 

procedure was used. Firstly, the thickness of the two specimens plus a metal spacer 

(to aid alignment) was measured and the centre calculated. Next the tip of the 

chamfered crush plate was ascertained in relation to the edge of the crush plate. A set 

of parallel metal bars was clamped either side of the crush plate (see Figure 5.8) and 

the distance from the edge of these bars to the middle of the specimens calculated. 
The gap between the two bars was made up with calibrated metal slips, the whole 

assembly was then checked for squareness and the bars and slips removed. 
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Figure 5.8 Alignment of "Back-to-BacW' crush rig 

Five pairs of specimens were tested, two pairs were 6mrn in length, and three pairs 

were slightly shorter at 4.9mm. The crush plate was cleaned and sprayed with PTFE 
before each test was started. 

Table 5.3, shows the average of the results obtained for the tests outlined below. The 

crushing modcs seen in the back-to-back specimens were excellent, the two 

specimens crushed away from each other with no interaction. The metal spacer was 

not involved in the crushing, being located below the surface of the clamping fixture. 

The first of the 6mm specimen pairs had a plateau stress of 22.8m[pa i. e. 

approximately 20% less than the average plateau stress for one face of a sandwich 

panel. 

The second pair of specimens crushed equally as well and the real time plot showed 

that a similar plateau stress had been obtained. However, due to a data acquisition 

problem no data was recorded. The third pair of specimens had an un-supported 
length of 4.9mm. As can be seen from Figure 5.45, the peak and plateau loads were 

very high, the plateau stress was 45.3MPa. Once the specimen had been crushed it 

was removed from the test rig and examined. It became clear that when placing the 

specimen in the testing rig the metal spacer had moved and had interfered with the 

crushing process. 
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The fourth and fifth pairs of specimens crushed with plateau stresses of 27. IMPa and 

26AMPa, slightly higher than that seen for the first specimen, but this would be 

expected for a shorter specimen. The results for the back-to-back specimens are 

shown in Table 5.3. As shown, the average stress is 32.67 MPa, compared with 

23.40NTa for the sandwich panels. However, this average is affected by the first few 

sets of tests when poor alignment of the specimens resulted in high stresses. A 

compilation graph of the last set of specimens tested is shown in Figure 5.32. 

To conclude, once near perfect alignment of the back-to-back specimens had been 

achieved the failure modes seen were very similar to the sandwich panels, as were the 

plateau stresses. It would be expected that the stress in the sandwich panels would be 

higher than those in the face-skin specimens. The failure modes in the face-skin 

specimens are mainly delamination/fibre crushing, whereas in the sandwich panels 

there was also face-to-core debonding and core crushing contributing to the higher 

crush loads and therefore higher crush stresses. Load--displacement curves for back- 

to-back specimens are shown in Figures 5.46. 

5.3 Skin-to-Core Bond Strength 

The use of high performance, lightweight sandwich materials has increased 

significantly in recent years. Typically, carbon and glass fibre reinforced plastics are 
bonded to low density cores to produce strong, stiff, lightweight structures. The 

strength of the interface between the composite facing and the low density core is 

likely to be critical. Values of peel strength will vary considerably, depending upon: - 

" Test method used 

" Toughness of the adhesive 

" Amount of adhesive used 

" Density of the core 

" Cell size of the core 

" Direction of the peel (along or across the ribbon direction) 

" Adequacy of the surface preparation 
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e Degradation of the adherend surface subsequent to bonding 

To investigate the skin-to-core strength for the sandwich specimens two test methods 

were employed, namely, the climbing drum peel test (45) and the double cantilever 
beam test (46). Two sizes of aluminium. honeycomb core cell were tested, 6.35mm. 
(1/4") and 3.175mm (1/8"). 

5.3.1 Climbing Drum Peel Tests 

5.3.1.1 Introduction 

Much of the published work relating to skin-core adhesion in sandwich structures has 

involved the use of the climbing drum peel test. This test has the virtue of being 

easily duplicated, as well as possessing an obvious relationship to the toughness 

whose value is sought. The test apparatus used (Figure 5.9) was in accordance with 
ASTM D1781-76 (45) and consisted of a flanged drum, flexible loading straps and 
clamps to hold the specimen. 
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Countenveig. ft 
Loading Straps 

Sand-Mch 
Specimen 

1"Overhang 
for Clamplng 

Figure 5.9 Climbing drum apparatus 

5.3.1.2 Test Specimen 

The climbing drum specimen (Figure 5.10) was 12mm thick, consisting of two 1mrn 

HTA/913 faces and a 10mm thick core manufactured from 5052 aluminium alloy. 
The faces were quasi-isotropic and had a stacking sequence of (45,0", 90", +45")s. 

The test specimen used was manufactured via the route outlined in Section 4.1 and 

was 285mm in length by 75mm wide. At each end of the specimen was a 25mm. 

overhang of one face skin, produced by removing the top skin and the core of the 

panel to allow clamping of the specimen (Figure 5.9). Two different cell sizes were 
tested, i. e. nominally 3.175mm (1/8") and 6.35mm (1/4"). 
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235mm 

.« ---0- 285mm 

Figure 5.10 Climbing drum specimen 

5.3.1.3 Test Method 

The test specimen was clamped securely to the drum by means of drum clamps. The 

top and bottom clamps were connected to the upper and lower crossheads of an 
Instron universal testing machine respectively. The difference in diameter of the 

cylinders to which the loading straps were attached caused the drum to rotate 

clockwise, peeling the skin off the core when tension was applied by the movement of 

the upper crosshead. The crosshead speed was 25mm min-1. The peel resistance was 
then calculated for both the honeycomb cell sizes over a bond distance exceeding 
152mm. Five specimens of each of the two cell sizes were tested. 

5.3.1.4 Results 

To obtain a measure of the different torques to peel the sandwich skin from the core 

the following equation (45) was used: - 

T* = [(ro - ri ) CFp - Fo)][W 

Where: - 

T* average peel torque, (mm. kg/mm of width) 

ro radius of flange, including one half the thickness of the loading straps, 

(mm) 

ri = radius of drum plus one half the thickness of the adherend being 

peeled, (mm) 
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Fp = average load required to bend and peel adherend plus the load required 

to overcome the resisting torque (kg) 

FO = load required to overcome the resisting torque (kg) 

W= width of specimen (mm) 

Therefore T* (6.35mm) 
[((62.95 + 0.23) - (50.03 + 0.5))(5 1.8 - 43.4) 

75 

= 1.42 mm. kg/mm 

Similarly T* (3.175mm) 
[((62.95 + 0.23) - (50.03 + 0.5))(44.0 - 23.9) 

75 

= 3.39 mm. kg/mm 

The values of Fp and Fo were obtained graphically (Figure S. 11). Fp, the top curve 

represented the force needed to unpeel one of the skins from the sandwich panel plus 

the force required bending the skin around the drum. Fo, the bottom curve represented 

the force needed to wrap a single skin around the drum. The difference, therefore, 

between the area of the two curves was the energy needed to unpeel the skin from the 

core. As can be seen from the results above, the smaller sized cell was bonded more 

strongly to the face skin. This was due to the smaller cell having a greater cell wall 
length per given surface area than the larger cell. A greater torque was therefore 

needed to peel the face from the core. The torque value obtained for the 3.175mm 

cell size was only very approximate; as can be seen from Figure 5.12 the two traces 

did not show the typical load-displacement behaviour seen in Figure 5.11. The loads 

varied considerably and so the mean loads were obtained using KaleidaGrapho, a 

graph plotting software package. 
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As stated previously the difference in the areas of the two load-displacement curves 

represented the energy required debonding the face from the core. The average 

difference in the energy values for the five specimens with a 6.35mm, cell size was 

3.13 Joules. When this was divided by the effective debond area (120mm x 75 mm) a 

fracture toughness value of 348 JM-2 was obtained. A similar calculation for the 

3.175mm cell size was not possible. Inspection of these specimens after testing 

showed that damage to the skin had occurred during the peeling test, therefore, any 

results obtained would be a combination of the energy required for skin dcbonding 

from the core plus the energy required to cause delamination in the face skin. A load- 

displacement curve for the 3.175mm cell size showing the influence of the skin 

damage is shown in Figure 5.12. 

5.3.2 Double Cantilever Beam Tests 

5.3.2.1 Introduction 

The test method outlined in ASTM D 5528-94a (46) describes the determination of the 

opening Mode I interlaminar fracture toughness Gic of unidirectional fibre-rcinforccd 

polymer matrix composites using the double cantilever beam (DCB) specimen. This 

type of specimen was used here to evaluate the facc-to-corc bond strength of the 

sandwich panel specimens. 

5.3.2.2 Test Specimen 

The double cantilever beam specimens tested were 12mm thick, consisting of two 
Imm HTA/ 913 faces and a'10mm thick core manufactured from 5052 aluminiurn 

alloy. The faces were quasi-isotropic and had a stacking sequence of (45", 011,900, 

+45")s. The test specimen used was manufactured via the route outlined in Section 

4.1 and was 200mm long by 46mm wide (Figure 5.13). 

Alurninium, alloy loading blocks were bonded to the specimen using a cold-curcd high 

strength epoxy adhesive (AralditeO 2015). Prior to this the composite substrate and 

the alurninium. end blocks had been grit blasted and degrcased to improve their 
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adhesion between the sandwich face and the aluminium blocks. A 50mm starter crack 

was machined into each specimen. To help monitor the position of the crack front, 

the sides of the specimen were painted using typewriter correction fluid, and marked 

at 5mm intervals. The DCB tests were carried out using an Instron universal testing 

machine fitted with a RN load cell. 

12mm 

19mm 

AL 

46mm 

Figure 5.13 Double cantilever beam specimen 

The DCB specimens were loaded at l0mm/min. The crack growth was observed 

using a travelling microscope. A typical load-displacemcnt curve is shown in Figure 

5.14 indicating that the crack growth was unstable as shown by the sharp drops in 

load. 
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Load (N) 

40 
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Figure 5.14 Typical load-displaccmcnt plot 

5.3.2.3 Data Reduction 

The method of data reduction used to calculate the fracture toughness values was the 

modified beam theory (MBT) (46) 
. The beam theory expression for the strain cnergy 

release rate of a perfectly built-in (that is, clamped at the dclamination front) double 

cantilever beam is as follows: - 

Gi - 
3PS 
2ba 

Where: 

P= load, 

8= load point displacement, 

b= specimen width 

a= delarnination length 
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In practice, this expression over estimates GI because the beam is not perfectly built- 

in (that is, rotation may occur at the delarnination front). One way to correct this is to 

treat the DCB as if it contained a slightly longer delamination, a+A. Where A is 

determined by generating a least squares plot of the cube root of the compliance 

divided, in this case, by N, the loading block correction factor, i. e. (CIN)113, as a 
function of the delamination length. The compliance, C, is the ratio of the load point 

displacement to the applied load, 8/1'. To calculate the Mode I intcrlaminar fracture 

toughness the following expression was used. 

3PS 
2bFa7+A 

To account for the large displacement and loading blocks' stiffcning effect a 

correction factor for the measured crack length and for measured values for the 
displacement are used. For the DCB specimen geometry the factors are as follows. 

Large Displacement Effects (46) :- 

F3 
(1)2 

=1-TO 
a2 

Loading Block Stiffening Effect (46): 
_ 

: )3 9 [1_( L, )2 I 8t 
_9 

(ý)2 
a8a a2 35 a 

Where corrected GI = Gi (measured) x FIN 
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Where: - 

L is the total length 

L' is the distance from the middle to the edge of the loading block (see Figure 5.15) 

t is the distance from the middle of the loading block to the mid-planc of the top skin 

(see Figure 5.15) 

F is the correction factor for large displacements 

N is the correction factor due to the inclusion of end blocks 

L' 

Figure 5.15 Schematic showing end block nomenclature 

5.3.2.4 Sample Calculation 

The first step when using the MBT method was to plot the factored measured 

compliance to the power of one third, (C/N)1/3, against the corresponding crack 
length, a, the intercept yielding the correction factor A (Figure 5.16). In order to do 

this N was calculated, and then F. 
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Figure 5.16 Graph of (C/N)AI/3 vs. crack displacement 

If 8= 65mm, a= 90mm, L' = 10mm and t= 8mm and 

8a a2 35 a 
N= 1-0.00137-0.0570-0.1341 = 

0.80753 

23( 8t ) 

10 

( !)5 

a2 

0.74720 

therefore FIN = 0.9253 

F= 1-0.1565-0.0963 = 

A graph of (CIN)113 versus (a) was plotted from the data taken from the chart 

recorder. A line was fitted using the Kalcidagraph@ graph-plotting package. The 

fitted line had the following values, y= -0.0042242 + 1.475x, therefore if y=0, x= 
0.002864 
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Substituting values into: - 

G, 3PS 
c 2bCa-+7A 

Gave a fracture toughness value of 412JM-2. Multiplying by the correction factor FIN 

gave a final GI value of 381jm-2. 

Four DCB tests were carried out on each of the two core cell sizes i. e. 6.35 and 

3.175mm (1/4" and 1/8"). The results are shown below (Table 5.5): - 

5.3.2.5 Discussion 

The average fracture toughness for the 6.35mm (1/4") DCB spccimcns was 351 JM-2 

compared with an average value of 348 jm-2 obtained using the climbing drum 

method for the same cell size. This was a very good correlation. 

For the smaller cell size the results were very high, an average value of 2833 jm-2 

recorded. For two of the specimens, the growing crack jumped interfaces, growing 

through the aluminiurn core until the other face was reached, hence, the results were 

considered invalid. Examination of the 3.175mm (1/8") cell size spccimcns, as with 

the similarly sized climbing drum specimens, revealed a large amount of dclamination 

in the face skins of the sandwich. Approximately 50% by surface area of the face 

remained adhered to the core (Figure 5.17). 

mm 

Aluminium Core Carbon Face 

Figure 5.17 Failure surface of 3.175mm cell DCB specimen 
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As a result of the large amount of delarnination in the specimens, the results obtained 
for the 3.175mm (1/8") specimens could not be used as an accurate measure of 
interfacial fracture toughness. Obviously, it can be surmised that the interfacial 

fracture toughness for the smaller cell specimen was greater than for the larger cell. 

The modified beam theory used to calculate the fracture toughness assumes that the 

growing crack is loaded evenly from both end blocks. In the case of a sandwich panel 

this could only be achieved if a crack was placed in both skin-to-core interfaces. 

However, even this would not be satisfactory, as only one crack would ever grow 

under loading at one time. 

As methods for comparing the interfacial fracture toughness (rather than specifically 
GIC) for the two cell sizes, both the methods used have their limitations. It was 

revealed by these tests that the interfacial fracture toughness was greatly affcctcd by 

the core cell size or, more specifically, the effective bonding area. 

5.4 Effective Bonding Area 

To calculate the effective bond area for both cell sizes, the cell wall lengths were 

accurately measured using a microscope and a set of vernier callipers. It was found 

under closer inspection that the cells in some cases were not regular hexagons, (Figure 

5.18). However, as the honeycomb core was measured at a number of places along its 

length and a mean value taken, the resulting measurements were as accurate as was 

needed for the comparison calculation below. An effective bond area was calculated 

and the ratio of the cell wall length to the effective bond area was obtained. 
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3.30 

Repeat Cell Wall 

Effective Bond Area 

Figure 5.18 Dimensions of honeycomb cells 

To calculate the effective bond area the following calculation was used: - 

Effective cell wall length (3.175mm) = (3.30/2) + 2(2.05) = 2.525mm 

Effective cell wall length (6.35mm) = (1.45/2) + 2(0.90) = 5.750mm 

Effectivc bond area (3.175mm) 

Effective bond area (6.35mm) 

3.175mm, 

= (0.5(6.60 x 8.50) = 5.50 MM2 

= (0.5(2.75 x 4.00) = 28.05 mm2 

Therefore ratio of effective bond area to cell wall length for 3.175mm: 6.35mm was 
2.24: 1. It was hoped that a correlation could be found between this ratio and the 

interfacial fracture toughness values as discussed above, but due to the problems 

encountered this was not possible. Based on the above ratio the G value for the 

3.175mm. (1/8") cell specimens would be in the region of 800 jm-2. 
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5.5 Effect of Sandwich Panel Skin Tearing on Energy Absorption 

5.5.1 Introduction 

As reported in Section 4.1 one of the energy absorbing mechanisms seen when 

crushing sandwich panels and cruciforms was tearing of the faces. The tearing was 

caused because of the need in various crush rigs to support the specimen with knife- 

edges whilst it was crushed. During crushing, friction can occur between the faces 

and the knife-edges. If the friction became too great tearing occurred. The 

contribution of tearing to the overall energy absorbed in a given test is investigated in 

this section. 

5.5.2 Test Specimen and Procedure 

The sandwich panels used were manufactured to the same configuration as the DCB 

and climbing drum specimens but had the larger 6.35mm cell size. Three widths of 

specimen were tested; 35,55 and 100mm. All the specimens were 75mm in height 

and had saw-tooth triggers (Section 3.5) machined into them. 

The specimens were crushed in a Boeing compression after impact rig (Figure 5.19). 

All the specimens were crushed trigger upper most, at a rate of Imm min*1, using a 
20mm thick flat steel bar. The CAI rig was clampcd to the bottom platen of an 
Instron universal test machine fitted with a lOkN load cell. Load and displacement 

data were recorded for all the specimens. The energy values quoted below were for 

25mm of platen displacement. 
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LOAD 

Sandwich Panel 

Figure 5.19 Boeing compression after impact rig 

5.5.3 Results and Discussion 

All the specimens exhibited four distinct tears in their faces, with the region of the 

sandwich panel supported inside the knife-edges remaining uncrushcd. A graph of 

energy absorbed versus specimen width was plotted (Figure 5.20). Extrapolating 

back to the horizontal axis at zero width yielded the result that the energy absorbed 
just in the tearing of the skins was 96 Joules. For each specimen there were four 

separate tears and as the data was for 25mm displacement, 0.96 joUICS/MM2 Were 

absorbed per tear. A typical load-displacement curve is shown in Figure 5.21. The 

results are detailed in Table 5.4. 
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Graph of Specimen Width vs. Energy Absorbed 
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Figure 5.20 Graph of specimen width vs. energy absorbcd 

Graph of Load - Displacement for 35mm Width Panel 
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5.6 Angle Stiffener Crushing 

The carbon fibre composite angle sections used to stiffen the sandwich cruciforms 

were separately crushed. Four stiffeners were arranged as shown in Figure 5.22 and 

crushed using a flat plate attached to an Instron universal testing machine at a crush 

speed of Imm/min. To support the angle stiffeners during testing one end was pottcd 
in a mixture of epoxy resin, chopped glass fibres and aluminium powder. Prior to 

potting, both ends of the stiffeners were ground flat to ensure that the load was 
introduced evenly to the specimen. The stiffeners, although placed back-to-back with 

each other, were not bonded together, apart from where they were submerged in the 

potting resin. It was thought that the stiffeners would behave more like they would in 

the cruciform structure in this configuration. The angle sections failed by buckling, 

the reason for this failure mode was probably due to the fact that they were not 
bonded together, each stiffener being able to buckle and move away from the othcr 

stiffeners. 

Load 

Plan-View 

loomm 

Figure 5.22 Angled stiffeners 
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As can be seen from the load - displacement curve (Figure 5.47) the peak load was 

high, a value of 70.6kN being recorded. The reason for this was that the ends of the 

stiffeners were not charnfered. After the peak load had been reached the stiffeners 

failed by buckling, the top 40mm of the stiffeners bent over and a large drop in load 

carrying capability was seen, the load dropping to 6kN. The load recovered again to a 

maximum value of 32kN, but after this it gradually decreased as the stiffeners crushed 

and delarninated until the test was stopped. The energy absorbed by the stiffeners 

crushing by 40mm was 883 Joules. 

5.6.1 Chamfered Angled Stiffener Crushing 

A new identical set of stiffeners was manufactured but this time the ends of the 

stiffeners were chamfered. The stiffeners were ground so that their thickness reduced 
from 2mrn to zero over a distance of 10mm. The other end of the stiffcncrs were 

ground flat and potted as described in the previous section. The load-displaccmcnt 

curve is shown in Figure 5.48. A peak load of 31. IkN was reached, this being greatly 

reduced from the un-chamfered stiffeners. As previously, a large drop in load was 

recorded, the load dropping to a value of 15.5kN. The load recovered to a value of 
39kN. The stiffeners gradually crushed and dclaminated, the load dccrcasing as this 

happened, no buckling was observed. From the load-displaccmcnt graph it was 

calculated that the chamfered stiffeners absorbed 915 Joules in 40mm of crushing. 

5.7 Conclusions 

To conclude, this chapter reported on the failure modcs of face skin spccimcns and 

also on several additional tests that were used to quantify cncrgy absorbing 

mechanisms that were seen in the crushing of the sandwich panels, and more 

extensively in the in-plane crushing of the crucifonn structurcs. 

Un-triggered small specimens with various unsupported lengths and stacking 

sequences were subjected to in-plane crushing. The mode of failure, peak load, 

plateau stress and the energy absorbed were recorded. It was noted that the plateau 

stress for the various configurations tested were always higher than the stresses in the 
individual faces of the sandwich panels. 
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It was decided to crush two of the small specimens together in a "back-to-back" 

configuration so that the pair of specimens supported each other as they crushed, 

similarly to the support seen in a sandwich panel. 

Initially, problems were encountered in aligning the "back-to-back" specimens so that 

both specimens crushed identically, and the resulting plateau stresses were still high 

compared with the crushing sandwich panel faces. The technique used to align the 

specimens was improved, and more specimens were crushed. With the improved 

alignment the pairs of specimens crushed in a similar manner to the sandwich panel 
faces and the plateau stresses were also similar; some pairs crushed with a lower 

plateau stress. The face skin specimens failed in a similar manner, and rccordcd 

similar crushing stress to the sandwich panels tested. We are therefore able to say that 

the "back-to-bacle' specimens could be used to study the face-ski n fai I urc modes seen 
in sandwich panel faces, without having to go to the time and expense of 

manufacturing sandwich panels. 

The tests used to measure the skin-to-core bond strength wcre only partially 

successful in establishing the interlaminar bond strength for the two sizcs of 
honeycomb cell size used. There was a good correlation between the fracture 

toughness results obtained for the 6.35mm cells using both the DCB and climbing 
drum methods. The results from the tests undertaken on the 3.175mm sizcd ccIls 

were, however, not conclusive. The smaller cells adhered more strongly to the faccs 

of the sandwich panel and the failures seen were a mixture of skin-to-corc debonding 

and face delamination, yielding erroneously large fracture toughness values. 

The effect of face tearing on the energy absorbed by a sandwich panel was quantiricd, 

the various widths of panel producing consistent tears undcr in-plane compressive 
loading and it was possible to calculate the quantity of cncrgy absorbcd by this 

process. 

The angled stiffeners, both charnfered and un-chamfcrcd, were crushed and their load 

-displacement characteristics detailed. The stiffeners failed through buckling in 

conjunction with extensive delarnination and fibre crushing. 
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Peak Load(kN) Energy Absorbed (J) 

(2.5mm Disp. ) 

I Mean Crush Load (N) 

Normal 5mm Unsupported Length (45". 0", 90*, +45*)s 

Average Std. Dev. ci Average Std. Dev. a Average Std. Dcv. cr 

2.60 0.36 1.96 0.27 567 124 

5mm Unsupported Length, Load Plate Friction (4511,011,900, +45*)s 

Average Std. Dev. a Average Std. Dev. c; Average Std. Dev. cr 

5.08 0.77 3.76 0.16 877 52 

5mm Unsupported Length, Stacking Sequence (+45119-45"90"t 90")s 

Average Std. Dev. cr Average Std. Dcv. a Average Std. Dev. cr 

3.50 0.57 3.17 0.46 796 116 

Table 5.1 Effect of stacking sequence and friction on 5mm unsupported length 

specimcns 

Peak Load 

(kN) 

I Mean Crush Load (N) Average Stress 

(MI)a) 

4mm Unsupported Length (450,00t go", +45*)s 

2.78 572 57 

6mm Unsupported Length (45", 0% 90*, +45")s 

2.72 1 612 61 

7mm Unsupported Length (4511,00,900, +450)s 

2.65 1 534 1 53 

9mm Unsupported Length (. 450,00,9009+45")s 

1.71 1 302 1 30 

Table 5.2 Typical effect of unsupported length on the crushing characteristics of the 
face/skin specimens 
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Peak Load 

(kN) 

Mean Crush Load (N) I Average Stress 

(MPU) 

"Back-to-Back" Specimens (45", 0% 900, +45*)s 

Average Std. Dev. c; Average Std. Dev. cr Average Std. Dev. cy 

5.82 0.69 662 100 32.67 4.67 

Sandwich Panels (one face) (. 45% 009 90"9+450)s 

Average Std. Dev. cr Average Std. Dev. cy Average Std. Dev. c; 

18.56 1.11 3522 452 23.40 3.01 

Table 5.3 Crushing data for sandwich panels and 'Back-to-Back specimcns 

Specimen Width (mm) Energy Absorbed 

35 167 

35 194 

35 185 

35 201 

55 208 

55 246 

55 260 

100 348 

100 361 

100 344 

100 368 

Table 5.4 Results from Boeing rig 
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Fracture Toughness G1, (Jm-2) 

3.175mm 6.35mm 

(Test 1) 2816 (Test 3) 308 

(Test 2) 2850 (Test 4) 320 

----- (Test 5) 381 (Sample Calculation) 

----- (Test 6) 397 

Av. 2833 Av. 351 

Table 5.5 Fracture toughness results 
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Crush Data from Sample 4a 
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a 

Crush Data from Sample 6b 
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.3 

Crush Data from Sample 2c 
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Crush Data from Sample 4c 
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g 
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CHAPTER 6 

IN-PLANE CRUSHING OF CRUCIFORMS 

6.1 Introduction 

Structural intersections of keel beams and landing gear frames, for example, rcprcscnt 

structural "hard points" under crash loading within the framework of an aircraft 

subfloor. In the event of a crash these stiff areas remain uncrushcd and can penetrate 

into the cabin area, or they can transfer high levels of load to other areas of an aircraft 

structure. The "Black Hawk7 helicopter (Figure 6.1) was one of the first helicopters 

to have been designed with crashworthiness in mind. As can be seen from the figure, 

the fuselage is primarily a box section, and crushable cruciforms, such as those 

discussed in this chapter, would be primarily used in this type of design to offer 

crashworthiness. 

Sandwich crucifonn structures were made via the manufacturing route outlined in 

Chapter 3 and subjected to in-plane crushing. The cruciform structures were stiffened 

at their intersecting points by the inclusion of carbon fibre composite angle stiffeners. 

It was decided, for reasons of time, to test free standing cruciforms rather than using 

clamps to represent the support that the cruciforms would see in a real fuselage 

structure. This free-standing configuration also helped simplify the analysis of the 

structural response of the cruciform. 

The first four cruciforms were manufactured from HTA/913, the remaining 3 single 

cruciforms, 2 double cruciforms and 1 quadruple cruciform were (for reasons of 

material availability) manufactured from T300/914. Although a direct comparison 
between the structures manufactured from the different pre-prcg systems would not be 

possible, the first 4 cruciforms tested as explained in the following text were used to 

alleviate any problems with cruciforin support and crush fixtures. 
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6.2 Experimental Procedure 

All of the cruciforms were crushed quasi-statically at a rate of Imm/min betwccn the 

platens of compressive testing machines. The first set tested were manufacturcd from 

HTA/913. The first two of four in this set were tested in an in-house built high 

stiffness compression test machine, the last two (for reasons of machine availability) 
in a Zwick testing machine fitted with a 180kN load cell (Figure 6.2). 

11clicopter fuselage 
Subtloof structurO 

Flangibl4a 
structurs 

Energy-abstxbilig 
6mwture 

Figure 6.1 Fuselage of Black Hawk helicopter 

In all cases the displacement was recorded manually using a dial displacement gauge 
(as well as by using the built-in LVDT available on the Zwick). The LVDT's 

available on the 250 tonne machine had a limited travel of approximately 25mm. A 

reading was taken every one revolution of the displacement gauge, which rcprcscntcd 

one millimetre of platen displacement. The effect of stiffener length on crush 
behaviour, cruciform support and crush plate configuration were investigated. All of 
the cruciforms bases were machined flat to ensure uniform crushing across the width 

of the cruciform. 
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Compressive Testing Machine 

ige 

LOAD 

Figure 6.2 Test equipment configuration 

6.3 Cruciform I 

The first cruciform crushed was of dimensions 150mm high x 162mm wide x 12mm 

thick (Figure 6.3), and was supported at its intersecting point by 2mm thick carbon 

fibre stiffeners 125mm in length (see Section 3.8 for the manufacturing method). The 

top of the cruciform contained saw-tooth triggers (Figure 3.4) machined as previously 

stated in Section 3.5, although not into the carbon stiffeners. Crushing was achieved 

using a 3mm. thick flat steel plate. The cruciform was supported at its base by 12mm 

deep aluminium channels (Figure 6.4). 
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1 

-4-00.. 
12mm 

Figure 6.3 Schematic of cruciforrn 

As can be seen from the load-displacemcnt plot for the cruciform (Figure 6.12), the 

first 12mm displacement curve represented the un-stiffcned part of the crucifonn i. e. 
just the sandwich panel, the peak load recorded for this section being I lOkN. The 

stiffened part of the cruciform failed at a peak load of 139kN. As indicated by Figure 

6.12 the cruciform continued to crush steadily before reaching another peak of 132kN 

at 19.5mm displacement. A large decrease in load was then recorded, which was 
followed by a gradual decrease in load-carrying capability of the structure until the 

test was ten-ninated. 

The specimen was removed from the test machine and examined. As shown in Figure 

6.4 below, and in more detail in Figure 6.5, the stiffeners dcbondcd from the 

crucifonn. At the outset of the test the ends of the stiffeners were 2mm above the 

aluminium support channels. Inspection of the bottom of the cruciform after tcsting 
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showed a degree of crushing, enough to have brought the stiffeners into contact with 

the support channels. This led to the debonding of the stiffeners from the cruciform. 

Figure 6.4 Crushed crucifonn showing stiffener debond 

Load 

Figure 6.5 Schematic of stiffener debond 
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Once the stiffeners had become debonded one of the arms of the cruciform detached 

from the main crucifonn section leading to a large drop in load carrying capability. 
Figure 6.4 shows that the main energy absorbing mechanisms in the crushing 

cruciform. were extensive delamination, fibre crushing, debonding of the stiffcncrs 

and crushing of the aluminium core. From the load-displacement curve (Figure 6.12) 

it was calculated that for 25mm. of crushing, the cruciform absorbed 2325 Joules of 

energy. 

6.4 Cruciform 2 

A second cruciform was manufactured and assembled. To prevent the stiffmas 
touching the support channel whilst crushing, the design of the support plate was 

altered. A slot was machined in each channel so that the each stiffener did not come 
into contact with the support channel. The stiffeners were therefore unsupported 

along their whole length, but the arms of the cruciforms were still supported by the U. 

shaped channel (Figure 6.6). 

Sandwich Panel Stiffcner 

Aluminium Channel 

Figure 6.6 Schematic of altered support 

The second cruciform had 20mm. of un-stiffened sandwich panels abovc the stiffencrs. 
The cruciform. was again triggered using saw-tooth triggers. As can be scen from 

Figure 6.13 the un-stiffened region of the load-displacement curve was similar in 

shape to that of the first cruciform, but the peak load was lower at 96kN, the load 

decreasing to a minimum of 55kN before the stiffeners started to crush. The peak 
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load attained by the stiffened region of the cruciform, was l50kN. The main energy 

absorbing modes of delamination, core and fibre crushing, and skin-to-core and 

stiffener debonding, were again seen. The energy absorbed by 25mm of crushing was 

1846 Joules, lower than in the first cruciform. This can be explained by a larger 

proportion of un-stiffened panel being crushed in the first 25mm of cross-head 
displacement. The energy absorbed by 60mm of crushed cruciforin was 5783 Joules. 

6.5 Cruciform 3 

The third cruciform had the same configuration as the second specimen, but was 
tested in a Zwick universal testing machine. The load-displacemcnt trace is shown in 

Figure 6.14, and is very similar to that for Crucifonn 2, the cruciform failing in a 

similar manner. The peak load reached by the un-stiffened part of the cruci form was 
85kN, with the stiffened section reaching MOM The energy absorbed up to 25mm 

was 1477 Joules, lower than for the second cruciform. A reason for this may have 

been because the Zwick was not as structurally stiff as the 250 tonne machine, 
therefore some slight deflection of the cross heads may have occurred during crushing 
leading to an error in the displacement data collected and therefore ultimately to the 

absorbed energy calculated. The failure modes seen were the same as in the previous 

cruciforms. 

6.6 Cruciform 4 

The fourth cruciform was also tested on a Zwick universal testing machine. As with 
the second and third cruciforms there was 20mm of un-stiffened sandwich panel at the 
top of the cruciform. Saw-tooth triggers were again used, but this time in conjunction 

with a chamfered crush plate (Figure 6.7). The plate was chamfcrcd at 2", the same 

angle as was used to crush the individual sandwich panels. The chamfercd plate was 

used to help promote an efficient mode of failure (Figure B. 7 Appendix B) as with the 

sandwich panels in Chapter 4. A typical load-displacement curve can be seen in 
Figure 6.15. 
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Plan vicw 

Figure 6.7 Charnfered crush plate. 

As a consequence of using the chamfered crush plate there was a slight reduction in 

the initial peak load seen to 80kN and, similarly, in the second peak load to MOM 

Consequently the energy absorbed for a 25mm, displacement was lower at 1342 

Joules. The failure modes were the same as seen with the previous cruciforms. 

6.7 Single Cruciform 5,6 and 7. 

As discussed in Chapter 3, for the crucifonns numbered 5-7, T300/914 prc-prcg 

material system was used. The geometry of these single cruciform structures was 

identical to Cruciform 4. The cruciforms were tested in a 250 tonne prcss-, the data 
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acquisition was the same as with the previous cruciform as were the support and crush 

conditions. The specimens were crushed at Imm/min. Figure 6.16-6.18 shows the 

load displacement traces for Cruciforms 5,6 and 7. 

Due to the change in pre-preg system (see Chapter 3 for a comparison of mechanical 

properties) the peak loads for what was nominally an identical structure (in terms of 

crushable volume) were substantially reduced. The initial peak load for Cruciform 5 

was 36kN as compared with 80kN, as a consequence the energy absorbed was also 

reduced. A crush displacement of 45mm absorbed 1384J. The shape of the load 

displacement curve was very similar to the previous four cruciforms tested. 

Cruciforms 6 and 7 also crushed in a similar manner to Cruciform 5. Up to a crush 

displacement of 45mm they absorbed 1351 and 1419J respectively. Their initial pcak 

loads were 35 and 41 kN. 

6.8 Double and Quadruple Cruciforms 

To evaluate the energy absorption and crushing characteristics of larger subfloor 

structures double and quadruple cruciform structures were tested. As outlined in 

Chapter 3 these structures were manufactured from a different pre-prcg material, 

namely T300/914- The double and quadruple cruciforms were designed such that tile 

crushable volume of material was doubled and quadrupled (see Figures 6.8 and 6.9). 

The double and quadruple cruciforms were supported and crushed in the same manncr 

as the single cruciforms. The support fixtures and crush plates being identical in 

detail to the single cruciform. fixtures albeit doubled and quadrupled in size to 

accommodate the larger specimens. 

Figures 6.19 and 6.20 show the load displacement traces for the crushed double 

cruciforms, good reproducibility was seen. In terms of the overall shape it can bc 

seen that the load-displacement graph for the double cruciform was a similar shopc to 

the single cruciforms (apart from the expected increase in load carrying capability). 
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Figure 6.8 Double crucifonn 

Figure 6.9 Quadruple cruciforTn 
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As can be seen from Figures 6.19 & 6.20, the initial peak loads and energy absorption 

for the two double cruciforms were similar. Figure 6.10 showed how the double 

cruciform crushed. 

Figure 6.10 Crushed double crucifonn 

The double cruciforms failed as expected. The crush energy being absorbed by 

delamination, fibre tearing and crushing of the carbon faces and by in-plane crushing 

of the aluminium honeycomb core. The initial peak loads for the two double 

cruciforms, were 90 and 95kN and the energy absorbed was 2612 and 2624 J. 

To further scale up the cruciforms, a quadruple cruciform was manufactured (Figure 

6.9) and crushed (Figure 6.11). The load-displacement graph is shown in Figure 6.21. 

As can be seen from comparing Figures 6.11 with 6.10, the quadruple cruciform 

absorbed the crush energy in a similar manner. The initial peak load was 18lkN and 

the energy absorbed by 45mm of crushing was 4823J. A comparison of peak platcau 

loads and energy absorbed with increasing numbers of repeat cruciform units are 

shown in Figures 6.22 & 6.23. 
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Figure 6.11 Crushed quadruple cruciforrn 

6.9 Cruciforms' Performance Compared with Sandwich Panels and 
Stiffeners 

In this section a comparison was made between the peak loads, energy absorption and 

crushing stresses for the crucifonns, sandwich panels and stiffeners. 

6.9.1 Peak Loads 

To compare the cruciforms' behaviour with that of the sandwich panels, it was 

assumed that a cruciform consisted of four sandwich panels and four stiffeners. This 

was not strictly correct, as one of the sandwich panels was continuous along the 
length of the cruciform. 
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Averaging the maximum peak loads of a set of standard sandwich panels tcsted as 

outlined in Chapter 4 gave a value of 18.58kN. The maximum peak load for the set of 

un-charnfered angled stiffeners tested was 79.6kN. 

Sandwich panels = (4 (18.58)) + Stiffeners (79.6) = 153.92kN. 

For the four cruciforms tested the maximum loads varied from 139 - 160kN, so thc 

agrecment betwccn the actual and the synthcsiscd maximum loads was vcry good. 

6.9.2 Energy Absorption 

To compare the energy absorbed by the various constituent parts of the crucifonn 

with a complete cruciform, the second cruciform, which showcd typical load. 

displacement characteristics of all the cruciforms, was used. 

The energy absorbed by the second crushing cruciform was calculated and recorded at 
two points on the load-displacement graph i. e. 25mm and 60mm of cross head 

displacement. Intermediate values corresponding to changes in the cruciform 

structure were also calculated using the Kaleidagrapho graph plotting softwarc. 

The energy absorbed by the un-stiffened section of the cruciform was difficult to 

measure precisely. The crushing load rose steeply and it was sccn that (here was tj 
degree of damage formation in front of the main crushing event caused by the crush 

plate. The minimum energy value recorded for the un-stiffencd part of the cruciform 

was 835 Joules at l5mm, displacement, where from Figure 6.13 it can bc sccn that the 
load-displacement response had yet to be influenced by the stiffeners. At 20mm the 

tops of the stiffeners were about to start being crushed and the energy absorbcd rose 

to 1180 Joules. 

In comparison with the cruciform, 4 separate sandwich panels which had the samc 

crushed volume of material i. e. 20mm, absorbed only an average of 520 Joulcs. 
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Examination of typical graphs for the sandwich panels and cruciforms revealcd whcrc 

some of the discrepancy between the two energy values arosc. 

Firstly the single sandwich panels tested using the simplified testing rig (Chapter 4) 

showed typical behaviour for a crushing sandwich panel i. e. a peak load at crush 

initiation, a large drop in load followed by a recovery, and finally a level load plateau 

where the sandwich panel was progressively crushing. 

The cruciform, load-displacement graph does not exhibit a level load plateau. Instead 

of a sharp drop in load carrying capability, as seen typically with the sandwich panels 

tested, the load decreases gradually. The energy in this portion of the graph, (in tile 

case of the second cruciform. tested, approximately 100 Joules) accounting for a large 

percentage of the total extra energy seen for the un-stiffcncd panels of the cruciform 

compared with the sandwich panels when crushed by 20mm. 

The second discrepancy is the magnitude of the load carried by the unstiffened region 

of cruciform. For the energies absorbed by the cruciform and its constituent pieces to 
be similar their load carrying capability must be of a similar level; it was not. Taking 

the second cruciform again as an example, as stated previously the load carried by the 

unstiffened region of the cruciform was not a level plateau. But, even taking the 

lowest value of about 55kN, this meant that each of the four sandwich panels that 

made up the crucifonn would have had to carry 13-14kN to be cquivaicnt. They 

actually carried 4-5kN. 

The stiffened region of the crucifonn also absorbed more cncrgy than its constitucnt 

parts i. e. sandwich panels and stiffeners, as it required more load to crush by the same 

amount. The stiffened region of the cruciform showed a similar shape to the un. 

stiffened region. The difference in load levels being due to the stiffeners additionally 

crushing 

From these results it was clear that the cruciform structure offcrcd more support to the 

crushing sandwich panels enabling them to carry higher loads than the individually 

crushed sandwich panels. 
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At a cross head displacement value of 60mm the cruciforrn in question had absorbed 

5783 Joules. In comparison the individual parts of the cruciform absorbcd an 

estimated 2223 Joules. This can be broken down into the following contributions: - 
40mm of crushed stiffeners absorbed 883 Joules and 60mm of crushed sandwich 

panel absorbed an estimated 1440 Joules, giving a total energy of 2323 Joules. 

The energy absorbed up to 60mm. had to be estimated, as the individual sandwich 

panel specimens tested in Chapter 4 were not long enough to be crushed by 60mm. 

The estimated value can be quoted fairly accurately as after the initial load peak tile 

specimens exhibited sustained crushing and the load-displacemcnt curve flattcncd out 

hence allowing the energy absorbed for the extra displaccmcnt up to 60mm to be 

calculated. The cruciforms were crushed to 60mm, rather than 40mm like tile 

individual sandwich panels, to try and obtain more useful data from (tic load. 

displacement curves. 

The energy absorbed by the constituent parts therefore totalled 2323 Joules, the 

cruciform 5783 Joules. The difference between the two energies was large. Apart 

from the reasons mention previously for the energy difference, new energy absorbing 

mechanisms were present in the crushing of the cruciform. Examination of the 

cruciform revealed two mechanisms that contributed to the differences in the energies 

absorbed. 

Firstly as can be seen clearly in Figure 6.4 the stiffeners eventually became dcbondcd 

from the cruciform. The breaking of the adhesive bond between the stiffeners and the 

cruciform over a distance of 3040mm would absorb some energy, although it was 
difficult to quantify the exact amount. From work outlined in Chapter 5, on climbing 
drum and DCB tests, an average reliable 01c value for the 913 rcsin adhered to 

honeycomb core was 350 Jm"'. The bonded area of the stiffener to the cruciform was 

1.6 x 10-3mý giving a value of 0.5 Joules to debond a stiffener. Therefore, the energy 

absorbed in debonding the stiffeners would have been in the region of 2 Joules-. not a 

significant amount. 

Secondly, although not easily seen on Figure 6.4, a degree of panel skin tcaring at the 

intersection point of the crucifonn was present. It was calculated that to crcatc aI mm 

165 



Crashworthiness of Composite Sandwich Structures 

tear in a 1mm. thick skin absorbed approximately I Joule of energy, therefore a 

quantity of energy was absorbed in this manner. It was not easy to estimate the 

degree of tearing. The longest sandwich panel which made up two of the cruciform 

arms was tom in eight places over a distance of 50-60mm, which meant that at least 

400 Joules was absorbed in tearing. 

Although there were failure mechanisms in the cruciform that were not present in the 
individual constituent parts, the amount of energy absorbed by these additional 

mechanisms were not large, and did not fully account for the difference in tile 

absorbed energy seen. The main difference, as explained previously, was due to tile 
level of support given to the structures. 

6.9.3 Mean Crushing Stresses 

The crushing stresses of the individual cruciform parts did not add up to the stresses 

seen in the complete cruciform structure. The loads experienced by the cruciform 
were higher than the loads for the individual pails and therefore the stresses were also 
higher as it was assumed that a cruciform has the same crushable area as four 

sandwich panels and four angled stiffeners. 

6.9.4 Comparison between Single, Double and Quadruple Crucifornis 

As previously mentioned, the pre-preg material for the last 3 single cruciforms, 2 
double and I quadruple cruciforms was different to the previous single cruciforms and 
individual sandwich panels due to reasons of material availability. A direct 

comparison between the first set of single cruciforms and any subsequent work is 
therefore not viable. However, if the last set of single cruciforms the double and 
quadruple cruciforms are compared some interesting results can be observed. 

The initial peak loads, energy absorbed and plateau peak loads for the 3 differcnt 

structural configurations were compared. Figs 6.22 and 6.23 show the peak plateau 
loads and energy absorbed respectively. The load-displaccmcnt data for these 

structures can be found in Appendix D. 
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6.10 Conclusions 

This chapter described the work undertaken on the in-plane crushing of cruciform 

structures constructed from carbon fibre/epoxy faced, aluminium cored sandwich 

panels. 

The cruciforms were manufactured as described in Chapter 3. Each of the cruciforms 

manufactured were crushed quasi-statically and their load-displaccmcnt response 
described. The cruciform structures were found to absorb energy by dclamination and 

crushing of the carbon composite faces, debonding of the faces from the core and by 

crushing of the aluminium core, identical to the individually crushed sandwich panels. 
In addition to these energy absorbing mechanisms, dcbonding of the angle stiffeners 

and tearing of the sandwich faces were also Wntified. 

The response of the single crucifonn sandwich structures to in-plane compressive 
loading compared with their constitutive parts was described. The peak loads, energy 

absorbed and mean crushing stresses were compared. It was found that the peak loads 

encountered by the crucifonn could be fairly accurately predicted from the peak load 

curves of the individually crushed sandwich panels and stiffeners. Tile energy 

absorbed and the mean crushing stresses summed for the individual parts of tile 

cruciform were found to be a lot less than those for the complete cruciform. It was 

reasoned that the complete cruciform configuration is such that it gives greater 

support to the individual components than is achieved in the separate component tests. 

As a result of this the cruciform absorbed more energy and recorded higher crush 

stresses. 

When the cruciform structures manufactured from T300/914 wcre comparcd with 

each other, the results obtained were excellent. The single, double and quadruple 

cruciforms all failed in the same progressive manner when subjected to comprcssivc 
loading. When the initial peak, peak plateau loads and the energy absorbed was 

compared a linear relationship was seen. Figure 6.22 shows just how linear the 

relationship was, with an RI value of 0.9986. From this set of experiments it can be 
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seen that it may be possible to estimate the energy absorption of large sandwich 

cruciform structures from the testing of smaller cheaper cruciform units. 

As stated previously, the crush loads (and therefore the energy absorbed) by the 

cruciforms manufactured from the T300/914 pre-preg were significantly lower than 

the cruciforms manufactured from HTA/913 prc-prcg. 

From Tables 3.1 and 3.2, (a comparison of mechanical propcrtics for the two prc. 

pregs used) it is not immediately apparent where the difference in the failure loads 

might come from. The failed cruciforms were examined to try to explain the lower 

load carrying capability of the T300/914. 

It was apparent that the face to core bond strength for the T300/914 was higher than 

that for the HTA/913 pre-preg. Figure 6.24 shows the two different sandwich panels 

manufactured. Figure 6.24 (A) is of the T300/914 sandwich panel; it can be seen that 

the adhesive fillets were much larger than those in (B) the IITA/913 sandwich panel. 
As a consequence of the increased face to core bond strength the fracture path in the 
T300/914 panel was through the aluminium honeycomb core. In the IITA/913 

sandwich panel the faces peeled away from the core. In both cases the adhesive film 

used was the same thickness but in the case of the film used for the T300/914 it was 

able to be processed at a higher temperature. 

From the above evidence it would be imagined that the T300/914 sandwich panels 

would fail at a higher load than the HTA/913, it being more difficult to fracture the 

aluminium honeycomb core than to debond the faces of the cruciform. This was not 
the case. 

Secondly, the pre-preg faces of the two different sandwich panels were examined with 
the naked eye. It was seen that the T300/914 panels once dcbondcd from the core had 

stayed intact, the individual layers of the faces dclaminating, but, bending out of the 

way of the crush platen. The amount of fibre crush i ng/brcakagc was minimal. This 

was in contrast to the IITA/913 sandwich panels where a significant numbcr of the 

pre-preg layers had crushed. 
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As the individual T300/914 pre-preg layers had delaminated to a greater extent than 

the HTA/913 sandwich panels it was decided to look at the strain energy release (GIC) 

values for the two different pre-preg systems. Grccnhalgh (47) compiled a 

comprehensive list of Gic values for widely used prc-prcgs and more recently Vernon 
(48) has worked on similar pre-preg systems to those used in the manufacture of the 

sandwich panels. Both authors quote a value of around 120JM"2 -140Jm-2 for 

T300/914 pre-preg with unidirectional interfaces. Vernon quotes a value of around 

30ojM"2 - 400jM-2 for multidirectional (±45*) interfaces for the same prc-prcg 

material. 

Although an extensive literature search was undertaken, similar valucs for IITA/913 

were not found. However, Vernon reported upon values for IITA/6376- For 

unidirectional interfaces values of 250jM-2 were measured, for multidirectional 
interfaces 300 - 900JM-2. Greenhalgh reports on the XAS/913 prc-prcg system 

quoting values of 225jM, 2 - 280jM-2 for unidirectional interfaces and 28OJm'2 for 

multidirectional. 

It is clear that there is a difference in the mode I strain energy release rates for the two 

pre-pregs. The values for T300/914 whether at a unidirectional or multidirectional 
interface could be half that of the HTA/913. The consequence of this is for the faces 

of the T300/914 panels to extensively delaminate and bend away from the crush 

platen, instead of initially supporting a higher applied load, (as in the case of tile 
HTA/913 pre-preg), then crushing and fracturing therefore absorbing a higher amount 
of energy. 
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CHAPTER7 

CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

To conclude, various configurations of carbon fibre faced, aluminium corcd sandwich 

panels, chosen using Taguchi methodology, were manufactured then subjected to 

quasi-static in-plane crushing in a compressive test rig, the panels were supported by 

two pairs of knife-edges whilst crushing. To initiate crushing saw-tooth type triggers 

were machined into the top of some of the panels. 

From these tests it was found that of the two lay-ups tested (uni-dircctional and quasi- 
isotropic) the quasi-isotropic panels absorbed more energy, although, the uni. 
directional samples were able to support greater loads. It was seen that tile quasi- 
isotropic panels maintained a higher level of structural integrity during the crushing 

process and were therefore able to withstand the crush loads for longer periods of 

time. The uni-directional panels fragmented quickly and their load carrying capability 

was soon lost. It was also seen from these initial tests that tile role of the core in the 

sandwich panel was almost totally to support the sandwich faces and it absorbed very 
little energy. As discussed fully in Chapter 4 it was found that the knifc-cdge rig used 

to test the panels, over supported the panels during crushing, and friction between the 

crushing panels and the knife-cdges complicated analysis of the results obtained. 

A test rig which only supported the lower half of the sandwich panels during crushing 

was designed and manufactured. Although, some of the panels crushed in the desired 

manner i. e. a rolling fragmentation mode, some panels failed prematurely, the faces 

"ballooning" off. An examination of the failed specimens revealed that the initial 

movement of the loaded trigger was sometimes inwards, this eventually lead to 
debonding of the faces and to low values of energy absorption. To assure that the 

triggers always crushed outwards a symmetrical crush plate with a two degrees 
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chamfer was machined. Sandwich panels crushed with the simplificd rig and the 

chamfered crush plate failed progressively. It was also found during this scction of 

work that the core-to-bond strength contributed to the failure mode of the sandwich 

panel. If the bond was too strong then the faces of the sandwich pancl would not PCO 

away from the crushing core and the panel would not absorb much cncrgy, convcrscly 

if the bond was too weak, the faces of the sandwich panel would rapidly debond from 

the core leading to the same outcome. 

During the testing of the sandwich panels it was seen that most of the energy absorbed 

was in the faces of the sandwich panels not the core. To investigate parameters such 

as stacking sequence, friction and the un-supportcd length of the specimens, small 

specimens representing the faces of the sandwich panels were manufactured and 

tested as discussed in Chapter 5. It was shown that these specimens were uscrul in 

investigating parameters quickly and cheaply without having to manufacture 

sandwich panels. The parameters mentioned above were examined and reported on. 

It was shown that friction had a large effect on the load-displaccmcnt characteristics 

of the small specimens. The failure stresses for all the small specimens tested was 
larger than that seen for the sandwich panel faces. It was reasoned that as the small 

specimens did not have the support of a core during crushing, that they should fail at a 

lower load than the sandwich panel faces. 

To recreate the support given to the sandwich panels, in the small spccimcn crush 

tests, two small specimens were arranged in a "back-to-back" configuration. Once 

problems of crush plate alignment had been overcome it was seen that the failure 

modes and crush stresses in both the small specimens and the sandwich panel faces 

were comparable. It has been shown that the small specimen tests are a viable 

alternative to full scale sandwich panel testing in terms of screening of different 

parameters. Angled stiffeners were also separately crushed. 

In Chapter 6 the manufacture and testing of crucifonn structures was discussed. 

Angled stiffeners were manufactured and bonded to the sandwich panels to produce 

the cruciforms. Ten cruciforms were tested, seven single, two double and a 

quadruple. Parameters such as the degree of support givcn to the cruciforms and 
length of the angled stiffeners were discussed. The load-displaccmcnt bchaviour of 
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the cruciforms and its separate constituents i. e. stiffeners and sandwich panels was 
discussed. It was found that the peak loads of the cruciforms could be calculated from 

the peak loads of the constituent parts, but the energy absorbed and the stresses seen 

in the cruciforms were much higher than in the stiffeners and tile sandwich panels 

added together. The load-displacemcnt graphs for the cruciforms were examined, and 
from these it was reasoned that the cruciform offered more support to itself whilst it 

crushed and was able to withstand higher crush loads and hence stresses than the sum 

of its constituent parts, and therefore could absorb more energy. 

For cruciforms manufactured from the same T300/914 prc-prcg systcm a linear 

relationship was seen between all the usual parametcrs such as cncrgy absorption and 

peak loads. It should therefore be possible to cstimate thc properties of larger 

sandwich subfloor structures from smaller representative structures. Thcsc would bc 

less costly and quicker to manufacture. 

Additional tcsts i. c. climbing drum, DCB and tcaring tcsts wcrc also conductcd and 

reported on in Chapter 5. The results of these tests were uscd to establish the amount 

of energy absorbed in face-to-core debonding and facc tcaring both mechanisms seen 

during the crushing of the cruciforms. 

7.2 Further Work 

Experimentally, it would be beneficial to continue work on the role of tile triggering 

mechanism. Although, the saw tooth triggering mechanism has been widely used and 

works well, it would not be feasible to use in a real structure. Perhaps, tile triggers 

would be built in at the manufacturing stage rather than being machined into the 
finished part. Ideas such as resin rich and resin starved areas could be studied for 

example as a triggering point in a structure. 

Apart from continuing the experimental side of the thcsis, the crushing of a sandwich 

panel could be modelled either using Finite Elcmcnt Analysis or using simple 

analytical equations. Appendix C outlines some ideas that may be an initial way to 

model the debonding of the faces from the sandwich panel core. 
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APPENDIX A 

Use of Taguchi Methodology to Optimise Sandwich Panel Response 

Taguchi Methodology 

Taguchi methods were developed by Genechi Taguchi " to improve the 

implementation of total quality control in Japan. They arc based on the design of 

experiments to provide near optimal quality characteristics for a specific objcctivc. 

The objective of the Taguchi method is process and product design improvement 

through the identification of easily controllable factors and their settings. 

Taguchi methods were used in this project to maximisc the energy absorbing 

capabilities of CFRP/aluminium honeycomb core sandwich panels. 

The first point to establish in any type of experimental programme is that the 

objective of the programme is clear. Whatever the type of approach uscd, the most 

common cause of failed experiments is lack of clarity as to the reasons for doing 

them. The simplest, least effective, least efficicnt, but unfortunately most common 

way is to "follow your nose". In this, each experiment is decided on the basis of the 

previous one, almost invariably leading to "chasing your tail" and so to much wastcd 

effort. 

A more logical approach than the one above, is to use the "change one variable at a 

time" method of experimentation. Using this method the engineer observes the results 

of an experimental trial, having changed the setting (level) of only one factor whilst 

keeping every other factor fixed. A factor is a process variable or any uncontrolled 

source of variation, either quantitative or qualitative. The experimental process 

should start with the understanding that real life rarely allows the manipulation of 

only a single factor, this premise is particularly true of most of today's manufacturing 

processes, where the relationship between a large number of variables, with different 

levels, is always in need of systematic study for reliable effects to be obtained. 
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For a one factor at a time experiment to be reliable, all possible combinations of level 

settings should be incorporated. But, the effort and the experimental cost required for 

such an experiment, termed a full factorial, could be prohibitively large and 

unrealistic (unless only a few factors are under study). For example, in the case of a7 
two-level factors, a full factorial experiment would require 128 trial runs. A more 

efficient type of factorial which retains much of the effectiveness of the full factorial 

is the orthogonal array, as described in recent years by Taguchi. Although Taguchi 

did not originate orthogonal arrays, he has done much to promote their use. In 

essence, they are fractional factorials (that is, subsets of full factorials) possessing the 
following properties: - 

1) Balance: the different levels of each factor occur the same numbcr of timcs. 

2) Estimability: every factor effect must be capable of being cstimatcd. 

3) Orthogonality: This property is satisfied if, for example, for cach pair of factors, 

every combination of factor levels exists and occurs cqually often. As an example 

of the type of design which can be used, for a programme involving seven 

variables (A-G) at two levels each, the L12 orthogonal array (Table A. 1) would 

require twelve experiments for a simple optimisation objective (-I and +1 arc 
levels of the variables, -1 indicating that the variable is held at a low value e. g. 
1mrn face skin thickness, +1 a high level, e. g. a 3mm skin thickness). 
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TRIAL A B c D E Iý G 

1 +1 +1 -1 +1 +1 +1 -1 
2 +1 -1 +1 +1 +1 -1 -1 
3 -1 +1 +1 +1 -1 -1 -1 
4 +1 +1 +1 -1 -1 -1 +1 

5 +1 +1 -1 -1 +1 -1 
6 +1 -1 -1 +1 -1 +1 

7 -1 -1 +1 -1 +1 +1 

8 -1 +1 -1 +1 +1 -1 
9 -1 +1 -1 +1 +1 -1 +1 

10 +1 -1 +1 +1 -1 +1 +1 

11 +1 +1 -1 +1 +1 +1 
12 -1 -1 

Table A. 1 L12 Orthogonal array 

These methods can be used or adapted for a wide range of experimental needs. They 

are ideal for optimising conditions either to achieve a desired level or a quality 

characteristic or to minimise variation. 

Taguchi Methods Operation 

The basic procedure for planning and carrying out cxpcrimcntal programmcs is 

broadly the same whatever the needs. There are certain steps which must be followcd 

in every case. 

The essential steps are: 

1. Define the overall objective. 
2. Define and agree the questions which need to bc answercd. 

3. Formulate the objectives of the experiment. 
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4. Define the type of experiment (Taguchi appropriate ?) 

5. Define the assessment characteristics. 

6. Define the variables/control factors, and their lcvels. 

7. Predict possible interactions. 

8. Select an array. 

9. Assign factors/interactions to columns. 

10. Run the programme. 

11. Prepare response tables. 

12 Select factors to reduce variation. 

13. Select factors to set level. 

14. Refer to objective. 

15. Determine the preferred level of factors. 

Although orthogonal arrays can be used to analyse interactions between factors, in the 

case of maximising the energy absorption of sandwich panels it was used to cstablish 
the main effects (on the response of interest) of the associated factors. By main 
(factor) effect it was meant the individual contribution of the factor to the total 

variability inherent in the experimental results. 

An L12 orthogonal was chosen as the basis for the analysis, which allows the analysis 

of up to 7 main effects (A-G in Table A. 1), although in our case we had 4, namely: - 
face thickness, core thickness, inclusion of trigger mechanism (or not) and lay-up. An 

L, array would also be able to analyse 7 main effects in 8 experiments, but it was 
thought that it would be beneficial to manufacture slightly more panels to famillarisc 

ourselves with the manufacturing process. As all rows and columns in the array have 

to be full for the array to be balanced, 3 interactions between the factors were also 
included (Table A. 2). Each factor had 2 levels (except interactions). 
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Variables FACTORS LEVEL-1 LEVE'l. +1 

A Face thick. Imm 3mm 

B Core thick lomm 20mm 

C Trigger No Yes 

D Lay-up Unidirectional Quasi-isotropic 

E Interactions Interactions Interactions 

F Interactions Interactions Interactions 

G Interactions Interactions Interactions 

Table A. 2 Main effects 

In this example A to G will be used to represent the names of the factors. Then each 

row of +I's and -Is signs show how to set the variables for one of the runs. The first 

row has ++-+++- in the 7 columns; therefore for trial #1 A, B, D, E and F, will be 

set high (+1) and C, and G low (-I) (see Table A. 3 below). The output of tlicsc tcsts 

was the energy absorbed measured in Joules. 

TRIAL A B C D E F G E. 11(j) 

1 +1 +1 -1 +1 +1 +1 -1 1972 

2 +1 -1 +1 +1 +1 -1 -1 1946 

3 -1 +1 +1 +1 -1 .1 -1 462 

4 +1 +1 +1 -1 -1 -1 +1 1082 

5 +1 +1 -1 -1 -1 +1 -1 1222 

6 +1 -1 +1 -1 +1 1594 

7 -1 -1 +1 -1 +1 +1 322 

8 -1 -1 +1 -1 +1 +1 -1 413 

9 -1 +1 -1 +1 +1 -1 +1 283 

10 +1 -1 +1 +1 -1 +1 +1 2345 

-1 +1 +1 -1 +1 +1 +1 887 

12 -1 -1 660 

Table A. 3 Table of variable levels and energy absorbcd by cach pancl 
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Method of Analysis 

To eliminate unwanted factors the "b coefficients" are calculated by the following 

process. 

* Compute sum (+I) and sum (-1) and the difference for each column. 

* Check sum is (sum +) + (sum -). 
e Compute effect by dividing the difference by T/2, which is the numbcr of trials/2 

T=12 here. T is always an even number. 
Compute the b's by dividing each effect by 2. 

So for example: - Referring back to the previous table column A has the following 

order from top to bottom +1 +1 -1 +1 +1 +1 -1 -1 -1 +1 -1 -1. If all the response 

values are added together the total will be 13,188 (Third row down in table below). If 

all the response values corresponding to a +1 are added the total will be 10.161 (First 

row down in table below). Similarly for the response values for the minuses. The 

difference is then obtained by subtracting the + value from the - valuc i. c. 10,161 - 
3027 = 7134 The difference is then divided by T/2 (T = 12 in this case) to compute 

the effect i. e. 7134/6 = 1189. Lastly each effect is divided by 2 to compute the b 

coefficient i. e. 1189/2 = 594.5 

A B C D E 1ý G 

Sum 10,161 5908 7137 7330 7095 7161 6513 

Sum 3027 7280 6053 5858 6093 6027 6675 

Check 13,188 13,188 13,188 13,188 13,188 13,188 13,188 

Diff. 7134 -1372 1081 1472 1002 1134 -162 
Effect 1189 -229 180 245 167 189 -27 
b 595 -115 90 123 84 95 -14 

Tabic A. 4 Rcsults 

Once the b coefficients have been calculated the smallest Us can be eliminated. The 

biggest factors whether + or - should be retained. In the example Factor A (skin 
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thickness) is the largest with ab of 595. A negative sign means that the response 
(energy absorption in this case) increases more when the factor is held at its minus 
limit than at its plus limit, therefore from this experiment it would seem that the 

thickness of the core increases the energy absorption decreases. There is a bcnern in 

knowing the factor's size whether its b is positive or negative. 

Conclusions from Taguchi Trial 

The conclusions from the Taguchi trial are discussed in Chapter 4. 
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APPENDIX It 

Video Stills of Various Crushing Composite Structures 

Figure B. I 
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Figure 13.4 

11) " 



Crashworthiness of Composite Sandwich Structures 

Figure 13.5 
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FigUl-C 13.6 
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FigUre 13.7 

I, )" 



Crashworthiness of Composite Sandwich Structures 

APPENDIX C 

Outline Method for Modelling the Compressive Fallure of a Sandwich Panel 

The work detailed below is a first approximation of a method for modelling the face. 

to-core debonding which was seen during the in-plane crushing of a sandwich panel. 
The sandwich panel could initially be represented by a beam being compressed by a 
known load. It has been assumed that friction between the arms of the beam. and 
between the arms and the crushing plate is zero. It has also been assumed that as the 

cross-head progresses a distance 8 the crack advances a distancc 8, under a constant 
load P, (Figure C. 1) therefore the crack growth is steady. 

Linear elastic fracture mechanics ideas developed by Williams(SO) may be applied in 

this situation e. g. 

Work done = Work consumed in fracture - loss of strain cncrgy 

P8=Gkm- 
pIS 

E2Bd 
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LOAD 

Displaced 
shape 

Figure C. I Steady state geometry 
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As load is applied to the top of the beam, several things could happen. The beam 

could crush catastrophically, buckle or, a crack could form in the beam, if this occurs, 
then as the loading continues the central crack could continue to grow, or, secondary 

cracks could develop in the arms of the beam. To establish the sequence of events, 
the geometry of the crushing beam and the values of 0 in the two areas indicated in 
Figure C. 2 would have to be calculated. 

LOAD 
P/2 

Figure C. 2 Position of bcam cracks 
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The Elastica Theory (51) for large deflections of buckled bcams may be suitabic to 

ascertain the beam geometry, assuming at steady state that cc =9011, the Icngth of the 

bar "I" can be calculated using: - 

a 
dO If dO 

k. C24cosO-coscc 2i 22 20 

f 

sin -. Mn 0F2 

Knowing "I" the elastica theorem would then enables us to calculate the x and y 
displacements of the beam under a given load, hence Gic could be calculated, 

The Elastica Theorem (51) may also be able to be used to model crack growth in the 

tops of the arms where Mode II cracking may occur. By assuming a reduced stiffness 
(EI) in the top half of the arms the effect of cracks secondary to the main central crack 

could be modelled. If the geometry of the crushing arms could be found, then for a 

given applied load the moment acting on the arms could be found, leading to the 

calculation of Gjjc. Once the fracture energies for the two areas had been calculated 

the behaviour of the beam under compressive loading could start to be understood, 

parameters such as friction could then be added. 
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APPENDIX D 

Load-Displacement-Energy Data for Single, Double and Quadruple Cruciforms 

manufactured from T300/914 Pre-preg. 
Cruciform 5 Cruciform 6 Cructform 7 

Disp (mm) Load (kN) Energy (J) Disp (mm) Load (kN) Energy (J) Disp (mm) Load (kN) Unergy (J) 
0 0 0 0 0 0 

0.5 18 0.5 5 0.5 6 
1 21 9.75 1 4 2.25 1 10 3.76 

1.5 26 11.75 1.5 7 2.75 1.6 19 7.25 
2 31 14.25 2 6 3.75 2 25 11 

2.5 36 16.75 2.5 is 6.76 2.6 30 13.75 
3 34 17.5 3 20 8.76 3 38 17 

3.5 31 16.25 3.5 26 11.5 3.5 41 10.76 
4 28 14.75 4 31 14.25 4 40 20.26 

4.5 26 13.5 4.5 34 18.25 4.6 30 10 
5 24 12.5 5 35 17.25 5 31 10.76 

6.5 24 12 6.6 34 17.25 6.5 20 16 
6 23 11.75 6 31 10.25 a 27 14 

6.5 24 11.75 6.5 29 16 6.5 26 13 
7 24 12 7 22 12.76 7 20 12.76 

7.5 26 12.5 7.5 28 12.6 7.5 28 13.6 
8 28 13.5 8 27 13.75 a 20 14.26 

8.5 28 14 8.5 27 13.6 8.6 30 14.76 
9 24 13 9 26 13.25 0 30 16 

9.5 24 12 9.5 27 13.25 9.6 20 14.75 
10 21 11.25 10 26 13.25 10 20 13.76 

10.5 20 10.25 10.6 24 12.6 10.5 23 12.25 
11 20 10 11 24 12 11 21 11 

11.5 is 9.5 11.5 22 11.6 11.5 19 10 
12 17 8.76 12 22 11 12 Is 0.26 

12.5 19 9 12.5 21 10.76 12.6 10 9.25 
13 19 9.5 13 19 10 13 20 9.76 

13.5 18 9.25 13.5 19 9.5 13.6 10 0.76 
14 18 9 14 19 9.6 14 is 9.26 

14.5 18 9 14.5 19 9.5 14.5 10 0.25 
15 19 9.25 15 20 9.75 16 10 0.5 

16.6 19 9.5 15.5 20 10 15.6 10 0.5 
16 18 9.25 16 20 10 Is 20 0.75 

16.5 19 9.25 16.6 20 10 10.6 10 0.76 
17 19 9.5 17 18 9.6 17 Is 0.26 

17.5 19 9.5 17.5 16 8.6 17.5 10 0.25 
18 18 9.25 is 16 8 is 19 0.6 

18.6 18 9 18.6 17 6.25 10.5 10 0.5 
19 17 8.76 19 19 9 10 20 9.75 

19.5 16 8.25 19.5 19 9.5 10.5 20 10 
20 17 8.25 20 19 9.5 20 21 10.26 

20.5 18 8.75 20.5 18 9.26 20.6 20 10.26 
21 17 8.75 21 19 9.25 21 20 10 

21.5 19 9 21.5 20 9.76 21.5 19 9.75 
22 19 9.5 22 20 10 22 20 0.76 

22.5 20 9.75 22.5 20 10 22.6 is 0.6 
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Cruciform SI Cruciform 61 Cruciform 7 
Disp (mm) I Load (W) I Energy (J) I Disp (mm) I Load (W) I Energy (J) I Disp (mm)l Load (M) I Encrgy (J) 

23 21 10.25 23 22 10.6 23 10 9.25 
23.5 23 11 23.5 23 11.25 23.6 20 0.76 
24 24 11.75 24 25 12 24 22 10.5 

24.5 25 12.25 24.5 29 13.5 24.5 24 11.5 
25 26 12.75 25 32 15.25 25 26 12.5 

25.5 29 13.75 25.5 35 16.76 26.6 29 13.75 
26 31 15 26 37 is 26 29 14.6 

26.5 35 16.5 26.5 40 19.25 26.5 33 16.5 
27 41 19 27 44 21 27 36 17.25 

27.5 44 21.25 27.5 48 23 27.5 40 19 
28 47 22.75 28 45 23.25 28 4S 21.25 

28.5 45 23 28.5 43 22 28.5 48 23.25 
29 45 22.5 29 43 21.6 29 47 23.76 

29.5 45 22.5 29.5 43 21.5 29.5 46 23.25 
30 44 22.25 30 43 21.6 30 45 22.76 

30.5 45 22.25 30.6 43 21.5 30.5 43 22 
31 45 22.5 31 40 20.75 31 43 21.5 

31.5 45 22.5 31.6 40 20 31.6 44 21.75 
32 44 22.25 32 41 20.26 32 43 21.76 

32.5 47 22.75 32.5 41 20.5 32.6 40 20.76 
33 48 23.76 33 41 20.5 33 30 10.76 

33.5 so 24.5 33.5 40 20.26 33.6 40 10.75 
34 46 24 34 44 21 34 40 20 

34.5 45 22.75 34.5 44 22 34.5 41 20.25 
35 44 22.25 35 43 21.76 35 41 20.5 

35.5 44 22 35.5 43 21.5 35.6 42 20.76 
36 43 21.75 36 44 21.75 30 41 20.76 

36.5 44 21.75 36.6 46 22.5 36.6 44 21.25 
37 45 22.25 37 48 23.6 37 40 22.6 

37.5 44 22.25 37.5 44 23 37.5 41 21.75 
38 43 21.75 38 43 21.76 38 44 21.25 

38.5 44 21.75 38.6 43 21.6 38.6 43 21.76 
39 46 22.5 39 42 21.25 30 42 21.25 

39.5 45 22.76 39.5 40 20.5 39.6 45 21.75 
40 40 21.25 40 38 19.6 40 45 22.5 

40.5 39 19.76 40.5 38 19 40.6 47 23 
41 40 19.75 41 39 19.25 41 47 23.5 

41.5 40 20 41.5 38 19.25 41.5 48 23.76 
42 40 20 42 39 19.25 42 45 23.25 

42.5 39 19.75 42.5 36 18.76 42.6 45 22.5 
43 39 19.5 43 37 18.26 43 47 23 

43.5 39 19.5 43.5 38 18.75 43.6 48 23.76 
44 40 19.75 44 37 18.76 44 40 24 

44.5 39 19.75 44.5 34 17.76 44.5 47 23.76 
45 40 19.75 45 33 16.76 45 46 23 

Energy (J) 1384 1351 1419 
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Crashworthiness of Composite Sandwich Structures 

Dou ble Cruciform 1 Dou ble Cruciform 2 Quad ruple Cruc iforns 
Disp (mm) Load (M) Energy (J) Disp (mm) Load (M) Energy (J) DIsP (mm) Load (M) Enorgy (J) 

0 0 0 0 0 0 
0.5 1.13 0.9475 0.5 2.23 0.5 0.93 
1 2.66 1.9975 1 3.8 1.5075 1 2.4 0,8325 

1.5 5.33 4.8875 1.5 9.79 3.3975 1.6 15.11 4.3776 
2 14.22 10.695 2 21.57 7.84 2 37 13.0276 

2.5 28.56 16.02 2.5 29.9 12.8676 2.5 61.49 24,0225 
3 35.52 20.63 3 41.38 17.82 3 Be 37.3725 

3.5 47 27.1625 3.5 60.5 22.97 3.6 107 48.76 
4 61.65 33.455 4 59.92 27.605 4 128 68.76 

4.5 72.17 35.5425 4.5 69.48 32.35 4.5 137 60.25 
5 70 31.25 5 71.04 35.13 6 120 64.25 

5.5 65 27.1125 5.5 60.29 32.8325 6.6 104 66 
6 53.45 25.1125 6 55.43 28-93 6 95 49.75 

6.5 47 23.625 6.5 51.47 26.725 6.5 go 40.25 
7 47.5 23.875 7 48.8 25.0675 7 as 43.75 

7.5 48 24 7.5 49.9 24.675 7.6 so 42.76 
8 48 24.75 8 51.73 25.4076 8 87 43.26 

8.5 51 26.25 8.5 53.6 26.3325 8.5 00 44.25 
9 54 27.25 9 66.09 27.4225 9 05 40.25 

9.5 55 27 9.5 65.93 28-005 9.5 09 48.5 
10 53 25.81 10 62.7 27.1576 10 as 46.76 

10.5 50.24 24.31 10.5 60.44 26.785 10.5 so 42 
11 47 22.25 11 47.84 24.57 11 70 30 

11.5 42 19.75 11.5 46.51 23.5876 11.5 72 37 
12 37 18.25 12 45.31 22.955 12 68 35 

12.5 36 18 12.5 41.91 21-805 12.5 Go 33.5 
13 36 18.25 13 41.28 20.7975 13 64 32.5 

13.5 37 18.25 13.5 40.22 20.375 13.6 63 31.75 
14 36 17.75 14 39.14 19.84 14 03 31.6 

14.5 35 17.5 14.5 38.95 19.6225 14.6 03 31.6 
15 35 17 15 38.32 19.3176 is 04 31.75 

15.5 33 16.5 15.5 36.75 18.7676 15.5 02 31.5 
16 33 16.75 is 36.39 18.285 is 02 31 

16.5 34 16.5 16.5 35.75 18.035 16.5 61 30.76 
17 32 16 17 35.42 17.7925 17 61 30.5 

17.5 32 16 17.5 35.16 17.645 17.5 03 31 
16 32 16 16 35.92 17.77 16 64 31.76 

18.5 32 16 18.5 36.22 18.035 18.5 63 31.76 
19 32 16.25 19 37.82 18.61 19 64 31.75 

19.6 33 16.75 19.5 37.92 18.935 19.6 as 32.25 
20 34 17.25 20 37.29 18-8025 20 00 32.76 

20.5 35 17.5 20.5 36.82 18.6276 20.6 07 33.26 
21 35 17.5 21 37.65 18.6176 21 09 34 

21.5 35 17.76 21.5 38.05 18.925 21.6 70 34.75 
22 36 18.25 22 39 19.2625 22 71 35.26 

22.6 37 19 22.5 39.22 19.555 22.5 76 30.6 
23 39 20 23 40 19.805 23 al 39 

23.5 41 21.5 23.5 40.42 20.105 23.6 so 42.6 
24 45 23.5 24 42.28 20.676 24 100 47.25 

24.5 49 25.5 24.5 44 21.57 24.6 107 61.76 
25 53 27 25 48.74 23.185 25 116 65.6 

25.5 55 28.5 25.5 50.67 24.8525 25.6 132 01.75 
26 69 30.25 26 66.29 20.74 20 149 70.25 

26.5 62 33.5-- 
--26.5 

62 29.6725 20.5 160 78.76 
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Crashworthiness of Composite Sandwich Structures 

Dou ble Cruciform 1 Dou ble Cruciform 2 Qua ruple Cruc form 
Disp (mm) Load (M) EneTy J Disp (mm) Load (M) Energy (J) Disp (mm) Load (M) Enur y (JA 
_ 27.5 74 38.5 27.5 70.18 34.115 27.5 167 $6.75 

28 80 42 28 80 37.645 28 161 82 
28.5 88 45 28.5 87 41.75 28.6 161 80.5 
29 92 46.75 29 87.89 43.7225 29 160 80.25 

29.5 95 46.5 29.5 87.62 43.8775 29.5 162 80.5 
30 91 44 30 88.62 44.06 30 164 81.5 

30.5 85 41.5 30.5 87.02 43.91 30.5 161 81.25 
31 81 40.25 31 87.39 43.6025 31 160 80.25 

31.5 80 39.75 31.5 87.36 43.6875 31.5 ISO 70.76 
32 79 39.75 32 85.92 43.32 32 159 79.6 

32.5 80 40 32.5 86.32 43.06 32.5 169 70.6 
33 80 41 33 86.18 43.12 33 ISO 79.25 

33.5 84 42.25 33.5 82.69 42.2125 33.5 157 78.75 
34 85 41.75 34 83.89 41.645 34 ISO 78.25 

34.5 82 41.25 34.6 85.02 42.2275 34.6 ISO 78 
35 83 41 35 87.23 43.0625 35 166 77.76 

35.5 81 40.75 35.5 86.26 43.3725 35.5 154 77.25 
36 82 41 36 86.59 43.2125 36 ISO 77.5 

36.5 82 41.5 36.6 86.29 43.22 36.5 164 77.5 
37 84 42.25 37 86.19 43.12 37 ISO 70 

37.5 85 42.75 37.5 85.19 42.845 37.5 148 74.5 
38 86 44.5 38 84 42.2975 38 144 73 

38.5 92 46.25 38.5 83.39 41.8476 38.5 139 70.75 
39 93 46.25 39 79 40.5976 39 130 68.76 

39.5 92 44 39.5 78.7 38.926 39.5 135 07.75 
40 84 42 40 76 37.925 40 134 07.25 

40.5 84 42 40.5 76.64 37.635 40.5 134 67 
41 84 41.5 41 75.44 37.745 41 134 07 

41.5 82 40 41.5 74.27 37.4276 41.6 132 60.6 
42 78 38 42 72.76 36.7575 42 131 05.75 

42.5 74 37.5 42.5 73.54 36.676 42.6 130 05.26 
43 76 38.5 43 76.54 37.27 43 131 65.25 

43.5 78 39 43.5 74.07 37.4025 43.5 130 65.25 
44 78 39 44 72.07 36.63S 44 128 64.6 

44.5 78 38.75 44.6 73.61 36.42 44.6 129 64.26 
45 77 38.25 45 76.14 37.4376 45 130 64.76 

Energy (J) 2624 2612 
J 77t4 0 
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