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ABSTRACT 

The tailorability of composite sandwich structure with their strength- to- weight 

ratio interests in all field of crashworthiness application. An investigation of sandwich 

structure under static and high speed condition will provide useful information for wide 

variety of applications. In this present thesis, the characteristics of stitched corrugated 

sandwich panels as an energy absorption mechanism are evaluated, using experimental 

and numerical methods. Edgewise compression tests under static and dynamic loading 

conditions are performed on unstitched and stitched corrugated sandwich specimens 

made of glass/epoxy face sheets and polyurethane foam core. Parameters affecting the 

instability of specimens under compressive edge loads are studied for different ply 

orientations, corrugation wavelengths, and ply material. The local buckling phenomena 

are then characterized for a particular corrugation configuration.  

 Local buckling and energy absorption characteristics of specimens with through–

the-thickness stitches and the influence of stroke-rate on buckling and energy absorption 

characteristics are investigated. The ultimate load carrying capacity of the specimens is 

determined. Modes and cause of failure along with their relation to the local buckling are 

identified. The effects of stitch row spacing on the instability preceding crush failure are 

investigated and this explains the fracture and debonding phenomenon. 

The parametric studies of this thesis using experimental methods indicate a strong 

dependence of the different instability modes on the stitch configuration and the test rate 

on the sandwich panels. Local instability is being enforced by careful selection of 

materials, panel dimensions, and crush initiators. Two different experimental methods are 

used here to evaluate the energy absorption characteristics: first method relates energy 

absorption to the progressive crush of sandwich plates in quasi- static testing; second 
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method uses a high-speed testing machine specifically developed for this study. Both 

methods provided necessary information for determining the performance of stitched 

corrugated sandwich panels designed for crashworthiness applications. A Finite element 

(FE) analysis was carried out to study the effect of stitch spacing and stroke rate. This 

FE-model showed good correlation with the experimental results. 
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CHAPTER 1 

INTRODUCTION 
 

1.1  Background and Literature Review 

Over the past two decades, aspects related to structural efficiency and passenger 

safety have come to the forefront in automobiles, aircrafts, trains, ships and elevators. 

Although bulk does provide certain degree of safety, it can have negative inertia and intrinsic 

energy transfer without a significant reduction in safety and in terms of weight. Driven by 

these needs as well as mandates for increased fuel efficiency, sandwich structures are 

increasingly being considered for use in the development of energy-dissipating devices. The 

tailorability of composite sandwich structures, in addition to their attributes of high strength-

to-weight and stiffness-to-weight ratios, corrosion resistance, and fatigue resistance make 

them attractive in the field of crashworthiness.  

Crashworthiness is concerned with the absorption of energy through controlled 

failure mechanisms and modes that enable the maintenance of gradual decay in the load 

profile during absorption. The crashworthiness of a material is expressed in terms of its 

specific energy absorption, Es= F/D, where D is the density of the composite material and F 

is the mean crush stress. One of the main concerns related to the application of any material 

to automotive and transportation industries are the crashworthiness, and the possibility to 

withstand impact with out producing damage to the passengers, or more generally to the 

interior structure’s. In order to protect passengers during an impact, a structure based on 

strength and stiffness is far from being optimal. Rather, the structure should collapse in a 

well-defined deformation zone and keep the forces well below dangerous accelerations. 

However, since the amount of absorbed energy equals the area under the load deflection 

curve, the two above mentioned criteria are somewhat contradictory, thus showing that, it is 

not only important to know how much energy is absorbed but also how it is absorbed, i.e., 
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how  inertia loads are transferred from impact point to panel supports. Therefore, in addition 

to designing structures able to withstand static and fatigue loads, structures must be designed 

to allow maximum energy absorption during impact. This can be achieved through an 

optimized combination of collapse resistance and viscoelastic behavior characteristics of 

composite sandwich structures. 

Sandwich structures like many other materials, can present viscoelastic behavior in 

static loading but may behave in a brittle manner and fail catastrophically when subjected to 

high-speed loads. Studies on the response of sandwich structures [1, 2] have shown that both 

the skin and the core density control their impact behavior. When tough skins are used, the 

behavior of the core is less important however, in order to obtain a sandwich structure with 

improved crash performance, the energy-absorbing performance of the core must be 

improved. In a traditional sandwich structure, core is generally formed by foam, which aims 

to increase the momentum of inertia and improve the bending stiffness without increasing the 

weight. Therefore, the foam used in the core structure does not always have excellent 

mechanical properties. In the case of an impact, the task of foam core is limited to dumping 

the inertial loads while composite skin performs energy absorption. Furthermore, in some 

cases, the interface between the skin and the core can absorb energy generating 

cracks/delamination. 

High energy absorption occurs only in the presence of a stable crushing at 

relatively high loads. In order to behave as an energy absorber, a structure should not 

break catastrophically in compression. However, failing mode can happen at very high 

loads and leads to rapid loss of structural resistance. On the other hand, stable progressive 

compressive crushing is a very efficient mode to dissipate crushing energy. In order to 

undergo stable crushing during a compression test, a structure must break at a certain 

load and continue to build up strength as the compressive deformation increases. A 
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typical load displacement curve (Figure 1) is composed of a peak after a linear path and 

then a series of peaks as the compressive deformation continues. These peaks are located 

on an average load, which is slightly lower than the first peak. The results indicate that in 

order to obtain satisfactory behavior, it is necessary to introduce a trigger mechanism, 

which allows the onset of crush at lower loads while the structure continues to absorb 

crush energy at constant loads. 

 

Figure 1: Typical Load vs. Displacement of progressive crushing. 
 

 Stitched and unstitched honey comb sandwich beam for energy absorption 

capability were investigated by Garly L. Farley [3]. Static crush testing on different beam 

concepts fabricated form advanced composite materials such as honeycomb sandwich,  
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Figure 2 :  Stitched Honey comb sandwich beam [3]. 
 

sine wave and two integrally stiffened designs were conducted. The sine wave had the 

highest energy absorption potential of the four concepts evaluated. On the honey comb 

sandwich beams (figure 2), the effect of stitching was evaluated. Tests were conducted 

with different stitch spacing and orientation. Improvements in energy absorption were 

obtained by using closer stitch spacing. The ± 450 stitched beams exhibited the most 

uniform crushing response of any sandwich beam that was tested. The ± 450 stitched 

orientations produced no significant variation in crushing load. This stitch pattern 

reduced local delamination between stitch rows and columns such as occurred with the 

0/90 stitched beams. The test results showed that 0 degree (vertical stitch) stitch concept 

has a slightly greater energy absorption capability than ±45 or 90 degree concept. The 

author observed no significant improvement in energy absorption capability. But when 

the standard deviation of the crushing load of each sandwich beam was normalized with 
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respect to its sustained crushing load, 900 and ±450 stitching patterns significantly 

improved crushing load uniformity compared to unstitched beams 

It is worthwhile to note that a majority of the energy absorption mechanism which 

comprises a structural system undergo compressive loading. It is therefore necessary and 

appropriate to investigate the stability of such systems to aid an effective design of the 

energy absorption mechanism. In all the previous research stability of sandwich was 

addressed based on effect of stitch row spacing under static condition. However, the topic 

of stability considering the dynamic rate sensitivity of sandwich was not addressed in the 

investigations. 

The Sine wave beams being the most efficient energy absorbing structures has 

been considered in the study. These structures possess high strength and stiffness per unit 

width, in combination with high load carrying capability and efficient energy absorption 

with excellent structural post crush integrity by using hybrid lamination techniques. The 

approach includes experimentation and numerical methods to investigate systematically 

the structural response of the stitched corrugated sandwich structure. A parametric study 

on the energy absorption characteristics of the sandwich structure with variation of 

through -the-thickness stitches spacing and the influence of strain rate on energy 

absorption will be conducted. The effect of average sustained crush load with stitch row 

spacing, the effect of total buckling load and thus the energy absorbed was characterized. 

Finite element model was developed based on experimental observations and existing 

theories. Further, the developed finite element model was validated with the experimental test 

results 
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Composite sandwich structures have been used for many years, primarily in 

applications where high flexural strength and high flexural stiffness are required at a 

minimal weight. Many applications of sandwich structures have been in the aerospace 

industry. One of the early uses of sandwich structures in an aerospace application was the 

1937 application of balsa wood core and cedar plywood face sheets in the DeHavilland 

Albatross airplane [4]. 

1.2       Sandwich Construction 

Typical sandwich structures consist of a light core material placed between two 

thin face sheets or skins. Three common types of core materials are balsa wood, 

honeycomb structures, and rigid foams. Typically, face sheets are made from materials 

such as aluminum, fiberglass, graphite, and aramid [5]. The advantage of this type of 

sandwich construction is gained by placing the stiff face sheets at a greater distance away 

from the neutral axis in bending, analogous to the flanges of an I -beam. However, the 

core and face sheets must be designed together as a composite structure. Two typical 

techniques are used to bond the face sheet to the core: first is to adhesively bond the 

completed face sheet using a resin film or paste, and other is to use the same  process that 

infiltrates the fibers of the face sheet, which simultaneously bonds the face sheets to the 

core as the fibers are infiltrated.  This type of sandwich construction is illustrated in 

Figure 3. 
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Figure 3: Sandwich construction. 
 

1.3       Literature Review 

In a properly designed sandwich structure, the face sheets carry most of the tensile 

and compressive stresses due to axial loading and bending, whereas the core carries most 

of the shear stresses. The core and the face sheets must remain bonded at the skin-core 

interface in order for the two materials to function effectively as a sandwich structure. 

This critical interface is susceptible to delaminations, and in, general has limited strength 

since there are no reinforcements bridging the interface. Knowing that the skin/core 

interface is critical to sandwich structures, it follows that improvements to the 

interlaminar strength of this interface will increase the strength and damage tolerance of 

the sandwich structure. The use of stitching as a through-the-thickness reinforcement for 

laminated composites has been investigated by several researchers. In recent, years 

stitched monolithic composite materials have been evaluated extensively for structural 

applications. Of particular interest has been the through-the-thickness stitching of carbon-

fiber/epoxy or glass-fiber/epoxy composites with Kevlar yarns to provide greater damage 

tolerance and allow for low-cost manufacturing [6].  
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Sen [7] conducted quasi-static and dynamic tests and provided a guide to the 

comparative influences of crashworthiness parameters in the design of composite 

structural elements of a helicopter fuselage. Tests were conducted on cylindrical structure 

under axial compression; the tests evaluated the modes of failure and determined the 

influences on the design parameters of fiber orientation, cylinder geometry, cylinder wall 

construction, and type of test. The influence of fiber orientation on design parameters of 

solid wall specimen’s indicated that Kevlar-49 is superior as an energy absorber to S2-

glass and T300-graphite for fiber orientation between ±20 deg and ±80 deg. These tests 

showed that the most energy absorbing fiber orientation was ±45 deg for Kevlar-49 and 

±55 deg for T300-graphite. The dynamic specific energy was lower than the static 

magnitude, and the load uniformity ratio decreased with increasing magnitude of D/t and 

approached the static magnitude of the load uniformity ratio. Stitching of the honeycomb 

resulted in a controlled failure pattern and absorbed the crush energy more evenly.  

 Hosur et. al. [8] performed analyses using split Hopkins pressure bar (SHPB) to 

generate high strain rate data for the samples. The investigation of 17-layer, plain and 

satin weave, unstitched and stitched carbon/epoxy laminates under high strain rate was 

carried out. Quasi-static tests were conducted to compare the results with the high strain 

rate response. It was shown that peak stress and modulus were higher for dynamic 

loading compared to static loading for both stitched and unstitched panels. Peak stress 

and modulus increased with an increase in strain rate for both stitched and unstitched 

samples. Different failure modes were observed in stitched and unstitched panels. 

Unstitched samples predominantly failed by splitting and delamination where as stitched 

samples showed that the failure was by shear fracture, which was arrested by the stitched 

threads and facilitated higher energy absorption. 
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A comprehensive study by Sharma and Shankar [9] demonstrated that stitching 

was very effective in improving the compressive after–impact strength and mode I 

fracture toughness of carbon/epoxy laminate and moderately effective in improving the 

Mode II fracture toughness. They also found that stitching did not significantly increase 

the impact energy threshold for initiation of damage. However, the extent of delamination 

and the end of impact were reduced as a result of stitching. The effect was again not 

significant in thin laminates where as Poe et al. [10] found that stitching improved the 

impact resistance of thicker laminates. 

Foam core sandwich composites under high-rate loading in the thickness direction 

were analyzed by Mahfuz et al. [11]. Three types of core were investigated under 

compression at stain rates ranging from quasi-static to 1000 s-1. It was observed that 

compression failure was directly proportional to the core density, as well as strain rate, 

while stain-rate sensitivity was moderate and sandwich composite failed by the collapse 

of the foam cell. Delamination did not play an important role in thickness direction 

loading. 

Shankar and Zhu [12] performed a study on stitched sandwich panels, developing 

an analytical model to predict the effectiveness of stitching on improving the impact 

properties of composite laminates. A comparison was made for various stitch parameters 

with unstitched laminates and analytical model to predict the effectiveness of stitching on 

improving the impact properties was developed. An impact simulation was performed to 

determine the maximum contact force and the extent of delamination propagation in a 

stitched laminate due to low velocity impact. The impact simulation provided information 

on the load at which crack propagation initiates, the maximum contact force and the 

extent of crack propagation at the end of impact event. Results showed that stitching does 
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not increase the load at which delamination begins to propagate but greatly reduces the 

extent of delamination. 

Stanley et al. [13] have shown that, through-the- thickness stitching of composite 

sandwich panels is an effective mechanism for increasing interlaminar strength, damage 

tolerance, and energy absorption. Although stitching had no appreciable effect on the 

applied load at which core failure initiated during flexure testing, stitching suppressed 

damage growth such that a significantly higher applied maximum load was obtained. The 

area under the load versus deflection curve, an indication of energy absorption in flexure, 

increased significantly as a result of stitching. Flat wise tension test results indicate that 

significant improvements in out-of-plane tensile strength are obtainable through stitching. 

The size of the bobbin thread, however, is an important consideration in obtaining 

improvement on the out- of- plane tensile strength. 

Sridhar et al. [14] have shown that through- thickness reinforcement has improved 

the performance of laminates and layered systems against static and dynamic loading, 

low-velocity impact, ballistic impact, and blast loading. Through-the-thickness 

reinforcements has also shown to improve the damage tolerance and energy absorption 

capabilities of convectional composite laminates and to render stable or even suppress 

dynamic crack growth. Theoretical investigation of the response of through-the- 

thickness reinforced structures subjected to dynamic loading have shown that this type of 

reinforcement can actually restore the dynamic properties, natural frequency of vibration, 

and modal shape of the intact beam in delamination-induced degradation. A substantial 

improvement against dynamic fracture in delaminated beams for low to moderate crack 

velocity is obtained with through–the-thickness reinforcement.  
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Boitnott [15] investigated the crashworthy behavior of composite materials and 

generic structural elements. Static crushing of cruciform and sine wave beams, 

representative of keel beam and bulkhead intersections in the subfloor of rotorcraft, were 

conducted. Studies on other beam configurations such as sandwich beams or circular and 

rectangular tube integrally stiffened beams, were also conducted. Results showed that 

sine wave beam structures are the most efficient design concept, beams combining high- 

load carrying capability and efficient energy absorption in the web direction with 

excellent structural post-crush integrity by using hybrid lamination techniques. 

Raju and Tomblin [16], investigated the energy absorption characteristics of 

stitched sandwich panels [16] fabricated from glass fiber preformed facesheets and a 

foam core stitched together with Kevlar thread. The dry preforms were injected with resin 

using an RTM process at room temperature. Several stitched sandwich panels with 

different stitch densities were produced and tested under an edgewise-compressive load. 

Static crush tests were performed on panels of various densities of through-the-thickness 

stitching. Additionally, the instability of the panels just before crushing failure was 

explored using finite element analysis. Results indicated that higher densities of stitching 

increased the load the panel could sustain as well as energy absorption. 

Hanagud et al. [17] investigated the energy absorption properties of graphite-

epoxy sine webs (Figure 4) suitable for use in airframe structures. Similarly, Bannerman 

and Kindervater [18] investigated a range of structural carbon and aramid composite 

beam elements including stringer-stiffened, integrally stiffened, and foam/honeycomb 

sandwich sections. Their energy absorption performance was compared to those of 

equivalent aluminum structures. The composite beam stiffened with sine web was found 
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to give the best performance, although the stringer-stiffened composite and sandwich 

beams were also found to be superior to their aluminum counterparts. 

 

                                            Figure 4: Sine Wave Web. 

Bolukbasi and Laananen [19, 20] described crush tests on flat plates and structural 

stiffeners similar to those found in aircraft fuselages. The specimens were fabricated from 

graphite-epoxy composite using three different lay-ups. All specimens were found to fail 

by lamina bending with high energy absorption. The spread in specific energy absorption 

values reflected the different lay-ups employed. Savage and O’Rourke [20] both 

described the enormously successful use of carbon-epoxy/aluminum honey-comb 

sandwich structures. Thornton [21] reported that foam-filled composites have a beneficial 

effect on the overall failure mode since as it tended to promote crush stability. However, 

the relative increase in the mass structure, by virtue of presence of foam, was found to be 

greater than the relative increase in energy absorption. Hence, foam-filled structures have 

lower energy absorption than their unfilled counterparts. The review demonstrated that 

FRP’s can be designed to exhibit higher normalized energy absorption capabilities, which 

have established the basic understanding of the influence of compressive failure 
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mechanisms, constituent fibers, matrix material, laminate design, and specimen 

geometry. 

Kang and Lee [22] investigated the effects of stitching on the mechanical 

properties of woven laminated composites. Two different stitch styles and stitch densities 

were used. They reported improvements in tensile and flexural properties of woven 

laminate and also the adverse effects of the stitches at very low and high densities. Du et 

al. [23] have experimentally demonstrated the interlaminar shear strength due to 

stitching. However, the in-plane properties of the laminates were found to be reduced as a 

result of fiber injury during stitching. Mingery et al. [24] also investigated the effect of 

stitching on the edge delamination and ultimate strength in graphite epoxy laminates. 

They reported that stitching effectively arrests delamination, but had varying effects on 

tensile strength. 

Johnson and Kohlgrüber [27] analyzed composite structures using an explicit 

finite element code PAM- CRASH to simulate a crushing mode of failure, rather than 

instability-dominated failure caused by buckling. An elastic damage material model is a 

bi-phase model where separate stiffness and strength properties of fiber and matrix 

phases are given as an input. Material damage in the model is considered in each phase 

via reduced stiffness through scalar damage parameters of fiber and matrix [27]. A 

folding type of deformation observed both in dynamic test and simulation was attributed 

to more ductile aramid fiber plies on the outer faces that inhibited brittle failures 

associated with graphite fibers in the middle. They also noted that “A general agreement 

in the shape of the load-deflection plots between test and simulation was observed. 

However the load levels, and hence the total energy absorbed in the simulation, was 

typically 50% below the test results.” Shell elements were used in analyzing the 
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composite structures. In another program, they conducted simulations of tube segments 

specimen using shell as well as solid elements. To permit failure modes such as 

delamination followed by ply separation and curling close to test observation, FE- models 

using solid elements to represent individual plies were generated. Composite layers were 

modeled separately with a gap of .01 mm between the individual layers. Nodes of 

individual layers were connected using a special tied contact surface [28]. They also 

noted that “The separation of the laminate between some of the central plies can be 

observed, which corresponds well with the failure observed in the tests.” But the lamina 

separation and curling could not be simulated [28]. The disadvantage of using solid 

elements is that a large number is needed to represent thin-walled shell elements [28]. 

1.4       Scope of this Thesis 

With the energy absorption in perspective, the following aspects of the sandwich 

panel under Static and High speed loading were to be investigated 

a) The condition of stability that exists under the expected loads. 

b) The condition of favorable stability mode that prevails over the rest. 

c) The effect of through the thickness stitches and their spacing, on the stability of 

the sandwich panel. 

d) The effect of sine wave amplitude and wavelength on the stability of the sandwich 

panel. 

e) The effect of High speed loading on the sandwich panels. 

f)  The Failure mechanism dominating the energy absorption mechanism. 

g) Definition of general guideline for design of an energy absorption mechanism 

with the sine wave concept and stitch row spacing. 
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CHAPTER 2 

 METHODOLOGY 
 

In a crash condition, 40 percent of the crash- related kinetic energy is absorbed by 

progressive crushing. Energy- absorbing structures must be designed to perform the dual 

role of reacting to both bending loads and progressive crushing in a crash. In an attempt 

to develop a crashworthy energy-absorbing mechanism, the sine wave concept was 

considered. This concept has been effectively studied by previous researchers [15, 17] 

and has been shown to be the most efficient energy-absorbing mechanism. Thus, a 

corrugated/sine wave sandwich panel with through-the-thickness stitches was proposed 

for this study.  
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2.1 Methodology 

The problem of stability of flat sandwich panels under compressive loading has 

been studied. Detailed experimental investigations on the stitched sine wave/corrugated 

sandwich panels has been carried out. Since, analytical treatment of the problem is 

cumbersome and time consuming due to the complexity of the problem, FE- analysis of 

Sandwich panels was carried out and following suggestions offered: 

a) Study the effect of the geometric properties, material properties, and their 

combination on the instability mode existing in sandwich panels under 

compressive loading. Consider various experimental studies on the stability of 

sine wave sandwich panels for different wave lengths and amplitude under static 

loading. 

b) Conduct static and high-speed crush tests on stitched corrugated sandwich panels, 

and obtain pertinent data for characterizing the stitched sandwich panels. Conduct 

the experiment for different stroke rates and stitch spacing to study their effect on 

energy absorption. 

c) Develop a finite element model of the stitched sandwich panels, model the 

sine/corrugated wave, and study the wrinkling characteristics of the panel. 

Address effect of stroke rate and different stitch spacing. 

d) Compare predicted FE results with experiments, and develop a general guideline 

for designing sine wave sandwich panels for energy absorption characteristics. 
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CHAPTER 3 

FABRICATION AND DESIGN 
 
 

3.1  Stitched sandwich Panel Fabrication and Specimen Preparation 

The Stitched sandwich panels were fabricated in the National Institute for Aviation 

Research (NIAR) at Wichita State University. The material used for the skin was 

Newport 7781 fiber glass prepreg, and HYSOL 9384 adhesive was used for bonding to 

the core. The 0.75 inch thick Divinycell HT 70 grade core was bonded using HYSOL 

9394 adhesive to achieve a thickness 1.5 inches.   Kevlar® strands were used for stitching 

purposes. The panels were prepared in three stages as described below: 

1. Prepreg cutting: In this process, the core and the skin material were cut to the 

required size. The corrugation was machined in a CNC machine. For the current 

investigation, a single ply was cut for each skin face; the fiber was orientated at 

45 degree to the reference edge of the panel. The skin and the core were cut to 

approximate lengths of 6 inches and 13 inches respectively, and latter the 

machined to required testing dimensions. 

2. Perpreg stitching: The stacked preform was sewn together by stitching the skin 

and core together, forming a knot through the thickness of the core to hold the two 

skins together. Kevlar strands were used for this purpose and all specimens were 

hand stitched for three different stitch- row spacings.  

3. Skin curing and bonding: The core and the skin of the stitched sandwich panel 

were vacuum bagged and cured in an oven at 240 degree for 1.5 hours.  The skin 

and the core bonding took place together with the curing of the adhesive. The 

curing was carried out under a vacuum. 
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3.2 Fabrication Procedure 

The first step in this study was to develop a fabrication technique for 

manufacturing stitched composite structures. The selection of the material and fabrication 

methods for a stitched sandwich panel was guided by conducting many structural tests.  

Material selection was the first step in fabrication process. Two different type of skin 

material, plain weave glass fiber prepreg and carbon fiber prepreg were selected. The 

core was made of Divinycell HT 70 grade. 

The core, 1.5 inches thick, was achieved by bonding two 0.75 inch core with 

Hysol 9394 adhesive. The prepreg was then assembled on the core using the bag molding 

method. In this method, damaged cells that are formed as a result of the needle being 

pushed through the foam cells will not be saturated with the resin column as compared to 

the vacuum-assisted resign transfer molding (VARTM) technique, thus providing an 

added advantage of weight reduction with the bag molding method. 

For stitching of panels, Kevlar strands were used for stitching the panels. Holes 

were drilled on the core using a CNC machine to achieve accurate straight holes. The 

panels were then stitched by hand using a modified lock stitch, which is the basic stitch 

used on a common sewing machine, as shown in figures 5 and 6. 
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Figure 5: Diagram of Traditional Lock Stitched Sandwich Panel. 
 
 

 
Figure 6: Diagram of Modified Lock Stitched Sandwich Panel. 

 

Note that the intersection of the upper thread and lower thread occurs at the middle of the 

core. The modified lock stitch is produced by pulling the upper stitch thread completely 

through the core to the bottom surface of the panel, as shown in Figure 6. This produces a 

continuous stitch thread through the entire thickness of the panel. Note that since the 

upper stitch thread is looped through the thickness of the panel, each stitch is composed 

of two threads. 

 The stitched sandwich panels were then vacuum bagged and cured in a 

convectional oven. The cross-sectional details of a stitched sandwich panels are shown in  

Upper Thread 

Skin 

Core 

Lower Thread 
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Figure 7: Geometric details of Stitched Corrugated Sandwich Panel  
 

 
 
 

 
Figure 8: Cross Sectional Details of Stitched Corrugated Sandwich Panel 
 
 
 
 
 
 
 
 

Stitch Lines 
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Figure 9: Crush initiator in the form of cut on either side of prepreg in Sandwich panel 
 
 
the Figure 8. This picture clearly shows the Kevlar strands passing through the thickness 

of the core while forming a locking system between the upper and lower strands. A 

common initiator was introduced as a cut on either side of the sandwich panel at 

intermittent distances as shown in Figure 9. After curing these gaps are filled with the 

resin and adhesive, care should be taken while introducing these cuts on either side of the 

sandwich panel. Because a difference in height of the crush initiator with respect to 

sandwich edge along the height may cause improper load distribution on either side of the 

ply result in buckling on the sandwich panels. 

The stitched sandwich panels were then vacuum bagged and cured in a 

convectional oven. The geometric and cross-sectional details of a stitched sandwich 

panels are shown in the Figure 7 and Figure 8. This picture clearly shows the Kevlar 

   Crush initiator 
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strands passing through the thickness of the core while forming a locking system between 

the upper and lower strands achieving a modified lock stitch. 

The finished panels were cut to the appropriate size using a milling machine. To 

avoid damage to the foam core, clamping pressure applied to the panels was minimized 

by using scrap fiber glass laminates during the cutting process. Special care was taken to 

ensure that the cuts were made at equal distances from the stitches on each side of the 

specimen. 

3.3 Design of Corrugated Sandwich Panels 

In the design of corrugated sandwich panels, many configurations including carbon 

and glass fibers were tested in static loading before determining an ideal corrugated  

 

 

          

 
Figure 10 : Carbon Fiber Sandwich Panels Loaded Perpendicular to Corrugations a/λ=0.5                  
and 0.5. 
 
 
 

Loading condition a 

Loading condition b 
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Figure 11 : Carbon Fiber Sandwich Panels Loaded Parallel to Corrugations a/λ=0.25 and 
1. 
 
     

                             
Figure 12:  Glass Fiber Sandwich Panels Loaded Perpendicular to Corrugations a/λ=0.25.       
 
 
                                                                                    
sandwich panel. Corrugation differ depending on the wavelength (λ) and amplitude (a) 

where fabricated.  Two types of loading conditions were considered: 

a) Loading perpendicular to the corrugation, as shown in Figure 8.  

b) Loading parallel to the corrugation, as shown in Figure 9 and Figure 10. 

1. Figures 8 with carbon fibers shows, a/λ=0.5 where a=0.25 inch and λ=0.5 inch for 

the figure on Left hand side and, a=0.5 inch and λ=1 for the figure on right hand 

side. It can be clearly shown that loading the panel perpendicular to corrugation 
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with a higher wavelength (λ) to amplitude (a) ratio caused the sandwich panels to 

buckle and fail catastrophically. 

2. Figures 9 with carbon fiber shows, a/λ=0.25 where a=0.25 inch and λ=1 inch for 

the figure on Left hand side and, a/λ=1 where a=0.25 inch and λ=0.25 for the 

figure on right hand side. It can be clearly seen that loading the panel parallel to 

corrugation with a higher wavelength (λ) to amplitude (a) ratio of 1 caused the 

sandwich panels to fail with out forming wrinkles. Whereas with a lower a/λ= 

0.25, the sandwich panel failed forming wrinkles, because of brittle failure of 

carbon fibers the number of wrinkles formed were less compared to glass fibers, 

resulting in a comparatively less absorbed energy. 

3.  The carbon plies that were chosen for the face sheet failed in a brittle manner 

which reduced the energy absorption of the sandwich panels. To overcome this 

problem, glass fibers plies were chosen because of their higher failure strain. 

4.  From Figure 10 with glass fibers, a/λ=0.25 where a=0.25 inch and λ=1 inch it can 

be clearly seen that the crushing is realized by formation of series of wrinkles on 

the face sheets.  And during the loading condition b, sandwich panels failed, 

forming wrinkling; controlled failure was achieved with stitches, which played an 

important role in controlling ply de-bonding from the core.  

5.  Also from Figure 11 with sandwich panel without stitches it can be seen that the 

foam core is crushed and the ply has debonded without forming any wrinkles. 

And from figure 12, the flat-stitched sandwich panel buckled, failing 

catastrophically.  

6. Thus, in further study of the higher stroke rate response of stitched sandwich 

panels, fiberglass plies were chosen and wavelength (λ) to amplitude (a) ratio a/λ 
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of 0.25 was chosen, where λ=1 inch and a = 0.25 inch for the corrugation on the 

sandwich panels. And loading condition b i.e. loading panels parallel to 

corrugation is considered. 

 

 

 

Figure 13: Unstitched Sandwich Panel Crushed. 

 

 

Figure 14: Flat Sandwiched Panel Crushed 

3.4 Sandwich panels weight measurements 

Weight is an important attribute of the sandwich structure. Weight measurements 

were taken from representative panels prior to mechanical testing (Table 4.1). After 

machining the panels to the required testing dimensions, weight measurements were 

taken using a weight balance. 
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Interpreting the specimen type in Table 4.1 

ss- Represents Stitch Spacing. 

05- Represents 0.5 inch stitch spacing. 

75- Represents 0.75 ich stitch spacing. 

sr- Represents Stroke rate. 

11- The first number represents the stroke rate i.e. 1 inch/second, the second number 

represents the specimen number i.e. 1 in this case. 

TABLE 4.1    

Panel Weight Measurements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen Type  Weight ( lb) 

ss05sr11 0.2083 

ss05sr12 0.1977 

ss75sr11 0.1898 

ss05sr101 0.1919 

ss05sr102 0.2008 

ss75sr101 0.1897 

ss05sr1001 0.1976 

ss75sr1001 0.1892 
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CHAPTER 4 

MECHANICAL TESTING 
 
 

4.1 Introduction 

Static and high-speed compression/crush tests were conducted on sine wave 

sandwich panel specimens to determine whether stitching improved the in-plane load 

carrying capacity of sandwich structures and to quantify the improvements in energy 

absorption prior to ultimate failure due to different stitching conditions. The corrugated 

sandwich panels were tested for three different stroke rates and three different stitch 

spacings, apart from unstitched sandwich panels. Test specimens were same nominal 

height and width in static and high speed testing. The average sustained load, load ratio, 

and load uniformity index for specimens were computed from the test results. A common 

initiator type was used on all specimens, and their effects on specimen characteristics 

were investigated. 

4.2 Static Testing 

Edgewise static compression testing was carried out. A special fixture was built 

for the purpose of testing the sandwich panels (Figure 13). End-loading fixtures were 

machined to clamp and hold the top and bottom edges of the specimens. These fixtures 

were designed to prevent localized damage at the ends of the Fiber glass facesheets often 

referred to as “brooming.” These fixures were adjusted to accommodate thinner 

specimens if required. The lower block housed two columns, as shown in Figure 13. The 

upper block had two holes with mounted bearings that corresponded to the two columns 

on the lower block. The upper block slid along the column that passed through the 

bearing hole in the blocks. The two columns assured perfect alignment between the 
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blocks, apart from providing pure translation motion between them. The ends of the 

blocks were provided with suitable adapters to enable mounting of the fixture onto the 

machine.                  

 

Figure 15: Diagram of Static Testing Fixture  
 

Static tested sandwich compression specimens were cut to 5 inches square. This length 

allowed for an unsupported length of 3.5 inch when the specimens were clamped in the 

test fixture. To ensure uniform loading of the specimen, an adjustable hemispherical ball 

was placed below the top fixture during testing. The tiltable stage had four screws around 

the perimeter to hold the desired stage position during the compression test. The 

Upper Block 

Lower Block 

Sandwich 
Specimen 
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specimens were loaded at a constant displacement rate of 0.25in./min., during the static 

test. Load and crosshead deflection were recorded during the testing. 

4.3 High Speed Testing 
 

High-speed testing was carried out using an MTS machine capable of a stroke rate 

of 500 in./sec.. Piezo electric load cell was used, where the readouts were in volts. 

Displacements and loads were calibrated to read the volt readings in inches and pounds 

respectively. A High-speed camera capable of taking 1000 frames per 1 millisecond was 

installed to take picture frames. The test set-up is shown in Figure 14. The lower fixture 

block has an initial clearance of 6 inches from the specimen so that the piston can 

accelerate to the required speed.  

                                  

 

 

 

Figure 16: Diagram of High Speed Testing Fixture. 
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Results from edgewise static and high-speed compression testing of specimens are 

presented in Table 5.1 and 5.2 respectively. Representative load versus cross-head 

displacement plots obtained from unstitched and stitched specimens for high-speed 

loading conditions are shown in Figure 15. Following the initial loading phase, the load 

versus deflection curves for all specimens were linear to the point of maximum load or 

crush initiation load, at which point the load dropped and began to raise. Thus, a series of 

crests and troughs were seen followed by the peak maximum load, there by mean/average 

sustained crush load, as shown in Figure 18. For a given stitch spacing, the maximum 

load remained approximately the same, irrespective of the stitch spacing for load rate 

considered. Whereas, the energy absorption to failure, or area under the load versus 

deflection curve, increased as the stitch spacing increased and at a higher stroke rate.  

TABLE: 4.1 

Static Experimental Test Results 

Specimen 

Name 

Crush 

initiation load 

(Lbf) 

Sustained 

crush load 

 (Lbf) 

Standard 

deviation  

(Lbf) 

Energy 

absorbed 

(in.-lb) 

Unstitched 3304.93 1500 374.87 7236.67 

Stitched 

0.75 in. spacing 

3351.86 2500 226.84 12388.33 

Stitched 

0.5 in. spacing 

3367.45 2600 205.16 13853.33 
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Improvement in energy absorption as a result of stitching ranged from a low 

average with 0.75 inch spacing to a high in 0.5 inch spacing, as shown in Figure 19. 

Improvement in the energy absorption characteristics can be attributed to the formation of 

wrinkling mode of a failure. As stitch spacing increased, the skin failed, forming 

wrinkling. Thus, for a single-ply glass fiber, the wave length formed as a result of the 

applied compressive load close to 0.5 inch. Hence, as the stitch spacing increased, the 

wave, or precursor of local buckling, propagates in the loading direction, forming a series 

of wrinkles along the face ply, contributing to the maximum energy absorption in panels 

with 0.5 inch stitch spacing. The wrinkling mode of failure can also be attributed to the 

presence of crush initiators.  

TABLE 4.2 

High Speed Experimental Test Results 

Specimen 

type 

Stroke rate 

In/sec 

 

Crush initiation 

load 

(Lbf) 

 

Sustained 

crush load 

(Lbf) 

 

Standard 

deviation 

(Lbf) 

 

Energy 

absorbed 

In.-Lb 

1 3643.60 2100 609.10 8615

10 5560.55 3000 463.68 16163.33

Stitch 

spacing 

0.5 inch. 

 

100 6760 3200 495.20 18018.33

1 4798.83 2200 376.22 11326.67

10 4630 2600 450.25 13811.67

Stitch 

spacing 

0.75 inch 100 6753.91 2300 593.51 13130

Unstitched 10 5128.91 1600 224.59 9248.33



 32 

Load vs Displacement
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Figure 17: Comparison of Load vs. Displacement of Stitched and Unstitched Panels 
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Figure 18 : Load vs. Displacement of Stitch Sandwich Panel at Stroke Rate of 100 in/sec. 
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The typical load displacement plot is shown in Figure 16. This figure shows the 

load-displacement characteristics for a sandwich panel with stitch spacing of 0.5 inch and 

stroke rate of 100 in/sec. From the plot, the load initially reaches a maximum peak/limit 

load where the onset of failure is realized by failure in the skin. The failure was initially a 

mode I crack at the crush initiator, introduced as a cut on both sides of the skin that 

propagated along the width at intermittent distances until local buckling was realized due 

to disbonding between the skin and the core. This initiated typically between the stitch 

line and the load dropped until the disbond front reached the next stitch line where the 

disbond process was arrested due to the presence of stitches that reinforced the bonding. 

In the region between stitches, where the disbonding is complete, the skin folds 

characteristically allowing the core to be compressed. After the skin folds completely 

between the two adjacent stitch lines, disbond is initiated in the region between the pair 

of stitches adjacent to the skin folding. The load increased during this period until the 

disbond was initiated and the process continued. Since the two cores of 0.75inch each 

were bonded together to achieve a thickness of 1.5 inch, the core was not isotropic due to 

the presence of an adhesive bond. During compressive loading, a failure initiated in the 

bond, separating the two foam cores. When the bond between the core failed, the out-of-

plane stress was not transferred throughout the core thickness, and hence the core buckled 

since only one side was stiffer and this is the major drawback of bonded sandwich 

structures, since compaction of the core was not achieved uniformly during compressive 

loading.  The load that contributed to the waviness of the sheet was the in-plane load 

perpendicular to the wave and the normal load corresponding to the stress σz
f 

(corresponding to the stress σz) exerted on the facesheet by the deformed core (Figure 

17). Since this normal load σz was not transformed through out the core thickness, the 
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realization of wrinkling was difficult. The FE simulation, which was conducted with out 

considering the bonding, shows a uniform compression of the core and maximum 

realization of the wrinkling effect.  

 

Figure 19 : Forces and Displacements on the Buckled Face Sheet [12]. 
 

4.4 Crashworthiness Design Parameters  

The crashworthiness design parameters were determined from compression load-

deflection curves. Compression tests were conducted until the crushed specimens reached 

an available useful length, S. The characteristics of these parameters are summarized in 

the following sections. 

Specific energy =

S
s

pds
s

∫
0                                            (5.1) 

Operating Load = Pave/L                                                    (5.2)            

Stroke efficiency=Sb/S                                                      (5.3)   

Figure 18 shows the load-deflection curve of the sandwich panel studied. The 

relationships for calculating the design parameters and their physical significance are 

shown in the figure and by the above set of equations. 
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Figure 20: Figure: Energy Absorbing Design Parameters. 

Specific Absorbed Energy (Esp): A very important criterion for light-weight 

energy-absorbing structures. Specific energy is a measure of area under the load vs. 

displacement divided by the stroke efficiency. The specific energy of stitched and 

unstitched sandwich panels is tabulated in Table 4.2. Energy absorption is higher for 

closer stitch spacing of 0.5 inch compared to 0.75 inch, and an increasing trend can be 

seen at a higher stroke rate. Maximum energy is absorbed for a stroke rate of 100 in./sec 

and 0.5 inch stitch spacing. 
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Experimental Results
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Figure 21: Comparison of Energy absorbed with unstitched and stitch panels at different 
stroke rate. 
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Figure 22 : Comparison of Peak Load for Stitch Spacing 0.75 in. and 0.5 in. at different 
Stroke Rate. 
 

Crush Initiation Load (CIL): CIL is the maximum peak load (Pmax), as shown in 

Figure 20.  Crush initiation load increases with a decrease in stitch spacing and with an 
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increase in stroke rate. This can be attributed to the high stiffness response with an 

increase in stroke rate for composite sandwich panels. The comparison chart from Figure 

20 clearly shows this response.  

Sustained Crushing Load (SCL): The sustained crushing load is the average load 

(Pave) as shown in Figure 21 reacted per unit length of the line of action of the load during 

the full crushing process, which begins approximately around a displacement of 0.2639 

inch. The sustained crushing load is found to increase with a decrease in stitch spacing. 

Higher energy absorption was achieved at a higher stroke rate, as shown in Figure 20. 
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Figure 23: Comparison of Sustained Crushing Load for Stitched and Un-Stitched at 
different Stroke Rate. 

 

Stroke Efficiency (dl/d): This is the measure of percent of the actual depth of the 

structure that can be usefully crushed, where d1 is the stroke length and d is the actual 

stoke, which is the length of the sandwich specimen. In the present investigation, all 
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specimens were 5 inch in height and crushed to a length of 3 inches. Thus, crush 

efficiency of 60% was achieved on all specimens. 

Load Ratio: The ratio of the sustained crushing load (SCL) to the crush initiation 

load (CIL) was computed from load-displacement data for specimens with different stitch 

spacing plotted against different stroke rates, as shown in Figure 22. 
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Figure 24: Comparison of Load Ratio for Unstitched and Stitched Sandwich Panels at 
different Stroke Rate. 

 

Load Uniformity Index: The crush load uniformity of the sandwich panel is the 

ratio of the standard deviation of the crushing load divided by the average load. From a 

statistical perspective, the maximum load may not be representative of the crushing 

response. The standard deviation of the crushing load, as a measure of the crushing load 

uniformity, reduces the significance of these single events without biasing the overall 

crush response. The load uniformity index is higher for unstitched panels than for stitched 

panels (Figure 23). 
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Figure 25: Comparison of Load Uniformity Index for Unstitched and Stitched Sandwich 
Panels at different Stroke Rate. 
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Figure 26: Comparison of load vs. displacement with stitch spacing 0.75 in. and 0.5 in. at 
1 in./sec. 
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Figure 27: Comparison of load vs. displacement with stitch spacing 0.75 in. and 0.5 in at 
10 in./sec. 
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Figure 28: Comparison of load vs. displacement with stitch spacing 0.75 in. and 0.5 in at 
100 in. /sec. 
 
4.5 Characteristics of Sandwich Specimens at different Stroke Rate 

High-speed crush tests were conducted on sandwich panels with stitch spacing of 

0.75 inch and 0.5inch at 1 inch/second, 10 inch/second, and 100 inch/second. The results 

of load vs. displacement are shown in Figure 24, 25, and 26.  From these figures, it is 
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clear that at higher stroke rates, the peak load and the energy absorption of the sandwich 

panels are increased. There is a considerable increase in the average crush load as a result 

of closer stitch spacing. In the present investigation, all panels had the same crush 

initiators. The load ratio increased as result of the lower stroke rate compared to the 

higher stroke, as shown in Figure 22. An effective increase in energy absorption 

characteristics can be observed comparing stitch spacing of 0.5 inch with to 0.75 inch. 

Stitch spacing 0.75 inch

-1000

0

1000

2000

3000

4000

5000

6000

7000

8000

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

displacement (in.)

Lo
ad

 (L
bf

)

stroke rate 1in /sec
stroke rate 10 in./sec
stroke rate 100in./sec
stroke rate 0.25 in./min

 
 
Figure 29: Comparison of load vs. displacement with stitch spacing 0.75 at stroke rate 
1in./sec., 10in./sec.,100 in./sec., and 0.25 in/min 
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 stitch spacing 0.5 inches
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Figure 30: Comparison of load vs. displacement with stitch spacing 0.5 in at 
1in./sec,10in./sec,100 in./sec, and 0.25 in./min. 
 

From the comparisons of load vs. displacement plots at different stroke rates with 

given stitch spacings of 0.75 inch and 0.5 inch  as shown in Figure 27 and 28. The 

average load at different stroke rates is comparatively the same. Thus, it is clear that with 

a controlled deformation (wrinkling failure of skin), the average sustained load is not rate 

sensitive. However, the variation of peak load at different stroke rates can be reduced 

with more effective crush initiators. 

 

 

 

 

 

 

 

 



 43 

CHAPTER 5 

FINITE ELEMENT MODELING OF COMPOSITE SANDWICH PANELS 

 

5.1       Introduction 

Over the past several decades, the finite element (FE) method has become a 

popular technique for predicting the response of structures and materials. In the finite 

element method, complex structures are divided into a large number of small elements 

whose deformation shapes are approximated with a mathematical model. The 

mathematical model requires certain assumptions that lead to a differential equation 

governing the mathematical model. The FE analysis program solves these mathematical 

models. Established FE software has long been commercially available for analyzing 

short-time, small-deformation behavior of structures with linear material and geometric 

properties. Until recently, nonlinear FE analysis that would address structures that 

undergo short-time, large deformations of structures with nonlinear material and 

geometric properties were not commonly available. 

Predictive design tools such as FE analysis are used to reduce testing of 

composite structures, thereby reducing the time and cost involved in crashworthy design. 

Metallic structures absorb crash energy through plastic deformation via folding or 

collapse of the structure [27, 28]. Modern commercial FE codes are able to accurately 

model these effects [28]. However, composite structures present many challenges for 

modeling. FE that attempt to characterize the crush/crash response of composite structure 

is being validated for their use [29, 30]. Experimental tests form the basis for validating 

such FE models [27, 31]. 
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Composite crashworthiness structures exhibit nonlinear material and geometric 

properties and are designed to undergo short-time large deformations in crash conditions. 

FE codes such as PAM-CRASH, MSC.DYTRAN, ABACUS, ANSYS, NASTRAN, 

MARC, LS DYNA etc., and a few pre-processing software such as PATRAN, 

HYPERMESH, and MENTAT are used as predictive crash simulation tools in 

automotive and aerospace applications. LS-DYNA, PATRAN, and LS-POST were 

selected for the current investigation.  

Finite element analysis involving short-time large deformation dynamics such as 

crashworthiness evaluation requires the solution of transient dynamic problems over a 

short time length. Explicit and implicit solution techniques or a combination of both have 

been used as the basis for FE crash codes. Explicit computational algorithms typically 

used the central difference method for integration, wherein the internal and external 

forces are summed at each node point, and a nodal acceleration is computed by dividing 

by the nodal mass. The solution is advanced by integrating this acceleration in time. The 

implicit method uses the Newmark forward difference method for integration [32], 

whereby a global stiffness matrix is computed, inverted, and applied to the nodal out-of- 

balance forces to obtain a displacement increment. The advantage of this method is that 

time-step size may be selected by the user. The disadvantage is the large numerical effort 

required to form, store, and factorize the stiffness matrix. The major practical difference 

between the explicit and the implicit solution technique is the requirement on the time 

step size, ∆t. The explicit solution technique is stable only if time-step ∆t is smaller than 

∆tcr (∆tcr is the critical time step for shell elements, is given by ∆tcr =Ls / C, where Ls is 

the characteristic length and c is the speed of sound, C = )1( 2νς −
E   ). The implicit 
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method is not bound by the time-step size and is therefore unconditionally stable for 

larger time steps. Hence an implicit solution typically involves a large number of 

expensive time steps. Although the number of time steps required for an explicit solution 

can be larger than that of implicit methods, the small time-step size requirement makes 

the explicit method suitable for short transient solutions. The major advantage of the 

explicit method is that there is no requirement for solving simultaneous equations, which 

means that no global matrix inversion is required, thus reducing computational time. 

5.2       Time Integration 

High-speed/impact is certainly a dynamic event. Time integration routines are 

required in numerical analysis to solve for accelerations, velocities, and displacements of 

the dynamic problem, characterized by the system equation : 

u)(t, F u .K  u  
dt
d M. 2

2

=+                                               …………………….. 6.1  

where M is the system mass matrix, K is the system stiffness, and u is the system 

displacement vector to a load vector of F. The time-step method may be classified as 

either explicit or implicit. Explicit methods are usually used in central deference, while 

implicit methods are usually incorporated into FE analysis. 

In an explicit scheme, the next time step of nodal displacement u can be 

determined by the preceding time steps of displacements. Using central difference 

equations, the velocity and acceleration are expressed as  

 

 

                                                    ………………… 6.2 
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∆
= −+                                                     ………………..6.3 

 

where j is the current step, j+1 is the next step, and j-1 is the previous step in time. ∆t is 

the increment between time steps. Substitution of the current time step j for the velocity 

and acceleration from equations (6.1) and (6.2) yields an equation for the displacement at 

the next time step J+1 of 

M.uj+1=∆t2.Fj + (2.M- ∆t2 . K).uj – M.uj-1                    -------------------------------------------6.4 

with uj+1 known, the j+1 velocity can be known and the j acceleration determined 

between the past data value (j-1) and the future data value j+1. A careful time step-size 

must be selected in order to provide stability to explicit algorithms. Usually LS-DYNA 

calculates the time step-size automatically. The time step-size should decrease in order 

for the solution to be stable. 

 

Figure 31:  Graph showing Load rise time. 
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5.3       Classification of Loading 

Four classification of loading are generally recognized in engineering: are static, 

fatigue, high-speed/rapid loading and impact or shock. These classifications are 

categorized by the rate of loading or the rise time upon the mechanical System or 

component. Figure (29) shows the diagram that defines the load rise time on a system. 

Static and Fatigue Loading: Static loading occurs when the rise time of the load is 

three times greater than the fundamental period (Tn) of the mechanical system. The usual 

methods of analyses of stress, strain, and displacements along with static material 

properties are used to analyze the system 

Fatigue loading is a time-varying load whose rise time from one magnitude to 

another magnitude still remains greater than three fundamental periods. 

High Speed or Rapid Loading: This occurs when the rise time of load applications 

ranges between 1.5 to 3 times the fundamental periods of the mechanical system. 

Vibration methods of stress and deflection analysis should be used in the loading 

category. 

Impact Loading: If the time of load application is less than 0.5 times the 

fundamental period of the mechanical system, the loading is defined as impact. The static 

methods of stress, strain, and deflection analysis are meaningless under impact 

conditions. This is due to propagation, reflection, and interference of elastic/plastic waves 

traveling within the engineering solid. Accurate calculations of stresses and strains most 

of be based on wave analysis methods, which are exceedingly complex for practical use, 

and thus must be solved for a limited number of simple cases. Other methods such as 

contact mechanics, energy methods, and FEA must be used to estimate the effects of 

impact analysis on mechanical systems that exhibit complexity. 
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 5.4 Reason for using the FEA Method in High Speed and Impact Loading 

Conditions 

Analytical methods are useful in making predictions and understanding the 

dominant features of impact problems, given the engineering problem can be simplified 

to a simple geometry. Thus, geometry complexity limits the use of analytical methods. 

In general, high-speed/impact problems present a complexity of geometry, 

stiffness, mass distribution, impact angle, contact areas, and multiple impacts. In these 

cases, the only tool for complex analysis of impact or high-speed is some form of 

numerical methodology. Two classes of numerical methods exist for the analysis of 

impact problems- the finite difference method and the finite element analysis method. 

The finite difference method has the advantage of examining hypervelocity (high-

velocity) impacts involving severe damage or plastic flow and analogous to fluid 

flow/elastic deformation. FEA is applicable to slower-impact scenarios and as the 

advantage in addressing irregular geometries and boundary conditions. 

Prior to sophisticated FEA programs, experimental analysis was the instrument 

used to examine impacts that exhibited any degree of complexity. Experimental analysis 

is expensive and requiring many testing prototypes, test equipment, and test environment. 

In high-speed or impact testing, damage or destruction of the prototype is required before 

meaningful quantitative information about design can be obtained. A significant 

advantage of FEA over the experimental method is the examination of a virtual prototype 

in a virtual environment. This allows for a more concurrent analysis of the design during 

the designing process, thus reducing engineering costs and testing while increasing 

product performance. 
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5.5       Modeling Details 

5.5.1 Geometry 

The geometric details of composite sandwich plate are shown in the Figure 7. The 

dimensions of the sandwich are 4 inch in length and 5 inch in height. The core is 1.5in 

thick with corrugations of wave length (τ) 1 inch and amplitude (a)  of 0.5 in. The 

composite Ply thickness is 0.01in., with one layer of fiber oriented at -450 angles.  

S/R co-rotational Hughes-Liu (7) elements were used to model composite ply and 

the foam was modeled using constant stress solid elements (1). The foam solid-element 

outer surface and the composite ply mid-plane were separated by small gap, which was 

equal to half the thickness of the composite ply. Contact algorithms, discussed in a later 

section, were used between the foam core and composite ply to simulate the interaction 

between them and also to prevent interpenetration. The loading plate was modeled as a 

rigid block. The reaction forces of the bottom constrained nodes were summed to obtain 

the force-displacement response. The single composite layer was modeled with a single 

integration point located at the mid-surface according to the Gauss- integration rule. The 

number and locations of the integration points were defined on the SECTION-SHELL 

and INTEGRATION cards in the key file. 

5.5.2 Composite Material Model 

Material for the composite ply was glass fibers and for the core was foam. The 

material model selected for the glass fiber was an Enhanced composite damage (ECD) 

material model [25], which is based on the lamination shell theory.  This is material 54 in 

LS DYNA, which deals with the failure of composite structures under compression by 

additional procedures.The ply material properties are given in TABLE 5.5.4.1. The 

micro-failure modes commonly observed in composite laminates are fiber breakage, fiber 
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micro buckling and matrix crushing, transverse matrix cracking, transverse matrix 

crushing, debonding at the fiber-matrix interface, and delamination. The first four failure 

modes can be treated using thin shell theory, since they depend on in-plane stresses. The 

debonding failure mode needs three-dimensional representation of the constitutive 

equation and kinematics, and cannot be treated in thin shell theory. The delamination 

failure mode requires micro-mechanical modeling of the interface between layers and 

cannot be treated in thin shell theory that deals with stresses at macro levels. 

Consequently, debonding and delamination are usually ignored when thin shell elements 

are used to model failure in composite modeling.  

In the present investigation the ply and the core interface is modeled using tied 

contacts with failure of interface considered. The material model 54 in LS- DYNA has 

the option of using either the Tsai- u failure criterion or the Chang-Chang failure criterion 

[26] for lamina failure. The Tsai-Wu failure criterion is a quadratic stress-based global 

failure prediction equation and is relatively simple to use; however, it does not 

specifically consider the failure modes observed in the composite materials. Chang–

Chang failure criterion is a modified version of the Hashin failure criterion in which the 

tensile fiber mode, compressive fiber mode, tensile matrix mode and compressive matrix 

mode are separately considered. Chang and Chang modified the Hasin equation to 

include the non-linear shear stress-strain behavior of a composite lamina, which was used 

in the present investigation. They also define the post- failure degradation rule so that the 

behavior of the laminate can be analyzed after each successive lamina fails. According to 

this rule, if fiber breakage and/or matrix shear failure occur in a lamina, both transverse 

modulus and the minor Poisson’s ratio are reduced to zero, but the change in longitudinal 

modulus and shear modulus follows a Weibull distribution. On the other hand, if matrix 
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tensile or compressive failure occurs first, the transverse modulus and minor Poisson’s 

ratio reduce to zero, while the longitudinal modulus and shear modulus remain 

unchanged. The failure equations selected for analysis are based on the Chang-Chang 

failure criterion, which defines the failure as given below, based on the values of the 

stress components obtained from constitutive laws.  

If  σ11 ≥ 0 : tensile fiber ( fiber rupture)                                           …………………..6.5  

(ef)2 = (σ11 / Yt) 2 + (σ12 / Sc) 2 -1 { ≥ 1 failed & < 0 elastic}          ……………………6.6 

If  σ11 < 0 : Compressive fiber mode (fiber buckling and kinking)………………….. 6.7 

(ef)2 = (σ11 / Yt) 2 – 1 { ≥ 1 failed & < 0 elastic }  ……………………………………6.8 

If  σ22 ≥ 0 : tensile matrix mode (matrix cracking under transverse tension and shearing)                            

                                                                                              ………………………….6.9 

(em)2 = (σ22/ Yt) 2  + (σ12/ Sc) 2   – 1{ ≥ 1 failed & < 0 elastic}  ……………………….7.0 

If  σ22 < 0 : Compressive Matrix mode (Matrix cracking under transverse compression 

and shearing)                                                …………………………………………  7.1 

(ed)2 = (σ22/ 2Sc) 2  + (σ22/ Yc) [(Yc / 2Sc) 2 – 1)2 - 1] +(σ12 / Sc) 2 – 1 { ≥ 1 failed & < 0 

elastic }                                                                                      ……………………… 7.2 

The ECD model attempts to model crushing of composites through a “crash front” 

procedure [25]. The enhanced composite damage material model in LS- DYNA has the 

capability of deleting elements when the failure is established in all the composite layers 

[25] or when elements that share nodes with the deleted element become crash front [26]. 

Element deletion is controlled by additional parameters in the ECD material model. The 

role of these softening parameters, as described by LS- DYNA, is given below. The 
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selection of values for these heuristic parameters is often a trial-and-error procedure, very 

few references are available [12,25]. 
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Figure 32 :  Idealized stress – strain curve of a glass fiber pre preg lamina with DFAIL = 

0.0 and 0.024 

 

Elements can be set to fail when the deformed element size in the FE model results in 

small time-steps less than the time-step size given as a scalar parameter (TFAIL) [27]. 

The softening parameter (SOFT) allows the t=reduction of strength of elements adjacent 

to failed elements; thereby, a crushing process with a damage front can be simulated. If 

the SOFT is defined as the ratio of the average force obtained in a crushing experiment to 

the analytical force under static loading [26], then the crush stress may be empirically set. 

The analytical force from static analysis is based on maximum stress criterion [25]. When 

the failure occurs in a compressive matrix mode, the fiber tensile and compressive 
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strength of the composite material are reduced using softening parameters FBRT and 

YCFAC respectively. The YCFAC is the ratio of ply-compressive strength in the fiber 

direction to that in the transverse direction. The above parameters are related to limiting 

the material strength in crash-front elements. Elements can be set to fail when the given 

maximum strain in the fiber direction is reached. The maximum strain value can be set 

for fiber tension and fiber compression using parameters DFAILT and DFAILC 

respectively. Figure 30 shows an example of the usefulness of these strain limits. In this 

example, the material is a unidirectional glass fiber epoxy lamina for which the fiber 

direction modulus and strength are 4.3 Msi and 70 Ksi, respectively. If for this material 

DFAIL is set to zero, the stress in the fiber direction increases until it reaches the 

longitudinal tensile strength of 70 Ksi. Then the fiber breaks and the stress in the fiber 

direction is reduced to zero. The corresponding failure strain in the fiber direction is 

0.024 or 2.4 %.  

If, on the other hand, DFAILT is set to 0.024, the stress in the fiber direction 

remains constant after it reaches 70 Ksi. Failure occurs when the fiber direction strain 

reaches (0.024+0.024) =0.048 or 4.8%. In the first instance, the lamina behaves as a 

linear-brittle material, and in the second instance, the lamina behaves as an elastic–

perfectly plastic material.   Visualization of the crash-front elements is possible through a 

parameter. Crash-front elements can be viewed with a post-processor like LS- TAURUS 

or LS-POST. 

5.5.3 Foam Material Model 
  

The Mat-crushable foam material model was used in LSDYNA, i.e., Material type 

#63 [26], which is categorized under crushable foam. For the core material under study, 

the PVC foam (Divinyl cell HT grade 70, DIAB Inc., Sweden) was used. TABLE 5.5.4.2 



 54 

shows the properties of foam material. Also, figure 31, shows the stress vs. volumetric 

strain curve for PVC foam core obtained from the experimental compression test,  which 

is used as an input in the FE model. The effective stress is defined as   
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Figure 33: Yield stress vs. volumetric strain of Divinycell HT 70 crushable foam 

 

σ =[3/2 Sij Sij ]                                                                      …………………………… 7.3 

 where Sij is the deviatoric stress tensor. 

The stresses are updated by 

σij
trial =  σij

n + E έ n+1/2 ∆tn+1/2                                                 ……………………………7.4 

where E is the elastic modulus of foam, σij
trial is the trial current stress component and σij

n 

the stress component at previous time step and έ n+1/2  and ∆tn+1/2  are the mid-values of 

the strain rate component and time increment, respectively. 

This material model requires yield criterion against which the effective stress will be 

checked at all points during simulation. When the update effective stress exceeds the 
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yield criterion, the stress will be scaled back to the yield surface according to the 

following scheme 

σi
n+1 = σy σi

trial / | σi
trial|                                                             ………………………… 7.5 

where σi
n+1 is the current principal stress (i=1,2,3), and σy is the current yield stress. After 

the principal values are scaled, the stress tensor is transformed back into the global 

system. Loading and unloading are also verified by the yield criterion. When the effective 

stress falls on or outside the yield surface, the material point is undergoing a loading 

process. On the other hand, if the effective stress falls inside the yield surface, the 

material point is undergoing unloading. The stress-strain relation follows the input 

loading curve in the loading phase, while the prescribed unloading Young’s modulus will 

be used to determine the stresses from strain during unloading. Here, the isotropic foam 

crushes one dimensionally with a Poison’s ratio that is essentially zero.  

5.5.4 Composite Sandwich Modeling 
 

Composite sandwich panels from the experimental testing were used for the FE 

modeling. They consisted of a single ply with various stitch spacing. The ply was 

oriented at -45 degrees and made of Newport Plain weave fabric and the foam was 

Divinycell HT 70. Material properties for the ply and the foam are provided in TABLE 

5.5.4.1 and TABLE 5.5.4.2 respectively. Stitching was modeled as 1-D rod elements 

(Figure 32), and Kevlar® properties were assigned as shown in TABLE 5.5.4.3, a single 

node from the edge of the foam and a node from the ply were selected and through  the 

thickness stitch was modeled using rod elements at spacing of 0.5 inch along the 

horizontal and a varies spacing of 0.5 inch and 0.75 inch along the vertical  in accordance 

to the experiment stitched sandwich panels. 

 



 56 

 
TABLE 5.5.4.1 

Ply Material Properties (NEWPORT 7781 E-glass/Epoxy  pre- preg) 
 

 
Property 

 
Symbol

 
Value 

 
Units 

 
Density 

 
      ρ 

 
6.7055x10-2 

 
Lb/in3 

 
Ply Longitudinal modulus 

 
EX 

 
4x106 

 
Psi 

 
Ply transverse modulus 

 
EY 

 
4x106 

 
Psi 

 
Ply major poisson’s ratio 

 

 
νxy 

 
0.17 

 

 
Ply in-plane shear modulus  

 
Gxy 

 
0.7x106 

 
Psi 

 
Ply transverse shear modulus parallel to the fiber 

direction  

 
Gyz 

 
0.6x106 

 
Psi 

 
Ply transverse shear modulus perpendicular to the 

fiber direction  

 
Gzx 

 
0.6x106 

 
Psi 

 
Ply longitudinal tensile strength 

 
XT 

 
70x103 

 
Psi 

 
Ply longitudinal compressive strength 

 
XC 

 
70x103 

 
Psi 

 
Ply transverse tensile strength 

 
YT 

 
70x103 

 
Psi 

 
Ply transverse tensile strength 

 
YC 

 
70x103 

 
Psi 

 
Ply shear tensile strength 

 
SC 

 
14x103 

 
Psi 
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TABLE 5.5.4.2 
Foam Material Properties Divinycell HT 70 

 
 

Property 
 

Symbol
 

Value 
 

Units 

 
Density 

 
      ρ 

 
0.00254 

 
Lb/in3 

 
Young’s  modulus 

 
E 

 
14503 

 
Psi 

 
 

TABLE 5.5.4.3 
Stitch threads (Kelvar®) Properties 

 
 

Property 
 

Symbol
 

Value 
 

Units 

 
Density 

 
      ρ 

 
5.299x10-2 

 
Lb/in3 

 
Young’s  modulus 

 
E 

 
4x106 

 
Psi 

 

                     
Figure 34 : FE- half model showing stitch pattern modeled using rod elements at 0.75 in. 
and 0.5 in. spacing 
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The rigid wall was assigned with a coefficient of friction value between the 

sandwich and the steel of 0.6 under dry conditions, in order for the moving wall to 

simulate the friction developed during experiments. The bottom portion of the sandwich 

panel was constrained in all directions. The ply angle was given as input to a section shell 

card in LS DYNA [25].The softening factor was given 0.75. The factor YCFAC is the 

reduction factor for compressive fiber strength after matrix failure has occurred. This 

factor is the ratio of ultimate compressive strength of the lamina in the fiber direction to 

that of the transverse direction. The estimation for this factor for the material chosen is 1. 

(Xc/Yc), where Xc is the ply longitudinal compressive strength Appendix B and Yc is the 

ply transverse compressive strength as shown Appendix B. For other heuristic 

parameters, the default values were used for lack of reference and experience. 

5.5.5    Contact Modeling 
 
Interaction between foam and composite ply: In the experiments with the stitched 

sandwich panels, the glass fiber ply’s were bonded to foam cores. A contact algorithm 

was used to address the contact between the ply and the foam numerically. The 

CONTACT _TIEBREAK_NODE_TO_SURFACE was selected to simulate the bonding. 

This contact algorithm accounts for both normal and shear failure force. The tiebreak 

criterion in this algorithm is given by the following equation. 

0.1
22

≥



+





SFLF
f

NFLF
f sn                                                ……………………………..7.3 

Where fn = Normal force at the interface. 

fs= Shear force at the interface. 
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NFLF= maximum normal force at bond failure. 

SFLF=maximum shear force at bond failure. 

Three other contact algorithms were used in the simulation. One of them was the 

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE, interface algorithm, which 

simulated the interaction between the ply and the foam core. This algorithm was also 

used between the rigid loading block and the sandwich specimen. The second algorithm 

was used at the self-contact interfaces, such as the folding of the ply, was the 

CONTACT_AUTOMATIC_SINGLE_SURFACE. It was used to prevent 

interpenetration between successive folds in the composite ply’s during multiple-fold 

formation.  A third algorithm CONTACT_INTERIOR was used to create contact 

between faces of the solid foam cell. During high compressive, force the soft foam tends 

to crush, giving negative volume termination error. To overcome the inversion of 

elements, it is possible to consider interior contacts within the foam between layers of 

interior surfaces made up of the faces of solid elements.  

Mesh generation requires experience; and therefore repeated simulations were 

done with different element sizes to evaluate the proper mesh to use for these 

simulations. First an initial sandwich model with a total of 80 elements with one way 

biasing ratio of 0.4 along the height of the sandwich panel was studied. A curved bias 

mesh was used to accommodate corrugations in the sandwich panels, with a minimum 

element length of 0.1inch and maximum element length of 0.2 inch. Only the elements 

along the height of the sandwich panels were varied from 80, 50, and 40 elements. The 

major advantage of one way biasing is to accommodate crush front elements. Since in an 
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explicit analysis time step size is an important factor for the solution to converge and 

time step depends on the smallest element length, biasing the mesh provides a faster and 

efficient way for mesh convergence.  The sandwich model with 80 elements along the 

height was considered to be a fine mesh, 50 elements moderate mesh, and 40 elements a 

coarse mesh, as shown in Figure 33, 34 and 35.  The model with 50 elements along the 

height (moderate mesh), as shown in Figure 33, was studied first. The force generated at 

the bottom of nodes is shown in Figure 36. Result show variations in peak to valley of 0.5 

inch and 0.75 inch stitch spacing. The peak to valley variations is related to the localized 

buckling effect along the elements. This graph clearly shows that the closer stitching 

reduces the peak to valley. 

 A second model of 40 elements along the height (coarse mesh), as shown in 

Figure 34, was studied for increased element size. The peak to valley increased as shown 

in Figure 36. This mesh converged with the experimental results. To study the 

convergence of the results, further fine mesh was modeled with 80 elements along height 

(fine mesh) as shown in figure 35. The force displacement graphs as shown in figure 36 

were improved and smooth in appearance, with a reduced peak to valley compared to 

coarse and moderate meshes. Experimental results of average crush load and the peak to 

valley matched the coarse mesh. All further parametric studies with different velocities 

for stitch spacing of 0.5 inch and 0.75 inch were simulated with coarse mesh conditions, 

as shown in Figure 34. 
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Figure 35 : FE model with Moderate Mesh. 

 

Figure 36: FE model with Course Mesh 
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Figure 37: FE model with Fine Mesh 
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Figure 38 : Comparison of Load vs. Displacement for different Mesh Density at 0.75 in 
Stitch Spacing at 500 in./sec. 
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Figure 39: Comparison of Load vs. Displacement for different Mesh Density at 0.5 in 
Stitch Spacing at 500 in./sec 
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Figure 40: Comparison of Load vs. Displacement for Coarse Mesh Density at 0.75 in and 
0.5 in. Stitch Spacing at 500 in./sec. 
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Figure 41: Comparison of Load vs. Displacement for Moderate Mesh Density at 0.75 in 
and 0.5 in. Stitch Spacing at 500 in./sec. 
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Figure 42: Comparison of Load vs. Displacement for Fine Mesh Density at 0.75 in. and 
0.5 in. Stitch Spacing at 500 in./sec. 
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Figure 43 : Comparison of Specific Energy Absorbed between FE and Experimental 
Results for different Mesh type 
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Figure 44: Comparison of Run Time for different Mesh Density at 10 in./sec,100 in./sec 
and 500 in./sec 

 

The effect of specific energy and run-time variation are compared with mesh size 

in the Figure 41 and 42. The absorbed specific energy was found to increase with element 

size. Thus, convergence to experimental results with respect to absorbed specific energy 

was not achieved with the mesh refinement, contrary to theoretical expectation. The run 

time was found to increase with a reduction in the element size, as shown in Figure 42. 

5.6 Parametric Study of Stitched Sandwich Panels at different Velocities 

A corrugated sandwich model with -45 degree orientation was analyzed for two 

different stitch patterns and under three different stroke rates, i.e. 10 in /sec, 100 in/sec, 

and 500 in/sec, to study the effects of stitch pattern and velocity. Values for the velocity 

were arbitrarily chosen based on the experimental testing speeds. The rigid wall was 

simulated under displacement control for the above-mentioned conditions. Coarse mesh 

(Figure 34) was used to make comparative studies on the effect of velocity on the 
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crushing results. The force-displacement graph, as shown in Figures 43 and 44, shows the 

effect of velocity on stitch spacing.  The peak to valley distance decreases with the 

decrease in velocity, where-as the peak load increases with the increase in velocity. This  
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Figure 45 : Comparison of Load vs. Displacement for 0.5 in. Stitch Spacing at different 
Velocities. 
 
 
same trend can be observed with the experimental results. The mean crush force or the 

average loads predicted are comparatively the same for 0.5 inch stitch spacing, with an 

increase in average load at higher stroke, comparable to the experimental results. 

 Figures 45,46 and 47 compares the load vs. displacement for stitch spacing of 0.5 

inch and 0.75 inch at 10 inch/second, 100 inch/second, and 500 inch/second, it can be 

observed from these figures, that the peak to valley distances reduces as the stitch spacing 

is reduced. 
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Figure 46: Comparison of Load vs. Displacement for 0.75 in. Stitch Spacing at different 
Velocities. 
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Figure 47: Comparison of Load vs. Displacement for 0.5 in. and 0.75 in. Stitch Spacing at 
10 in./sec. 
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Figure 48: Comparison of Load vs. Displacement for 0.5 in. and 0.75 in. Stitch Spacing at 
100 in. /sec. 
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Figure 49: Comparison of Load vs. Displacement for 0.5 in. and 0.75 in. Stitch Spacing at 
500 in. /sec. 
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5.7 Comparison of Experimental Results with FE Results 

In this section, the results of numerical simulation of high-speed axial crush 

simulation of stitched sandwich panels are compared with experimental results. The 

following numerical verifications were made to ensure that the finite element simulations 

represented high-speed loading: 

1. The ratio of kinetic energy and internal energy was less than 5%. 

2. The ratio of hourglass energy to internal energy was less than 10%. 

3. The ratio of internal energy to the output energy was between 0.9 and 1.0. 

The results of load vs. displacement were compared for 0.5 inch and 0.75 inch stitch 

spacing at three different velocities of 10, 100 and 500 in/sec. The graphs in Figures 48, 

49, and 50 as shown, that the crush initiation force is less compared to experimental 

results. This can be attributed to the isotropic modeling of foam core, whereas in the 

experiment, the 1.5-inch thickness was achieved by bonding two 0.75 inch foams 

together. Although the peak and valley did not match with experimental results, the initial 

slope and the mean crush force are comparable with the experimental results. Figure 51 

shows the results at 0, 0.005, 0.01, and 0.2 second for a displacement of two inches in the 

FE simulation. The numerical folding pattern showed a very close similarity to the 

experimental folding pattern. In both cases, the sandwich panel deformed progressively, 

forming inward and outward folds between the stitches at two connecting edges, thus 

creating an asymmetric folding pattern.  
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Figure 50: Comparison of Experimental and FE Load vs. Displacement for 0.5 in. and 
0.75 in. Stitch Spacing at 10 in./sec . 
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Figure 51: Comparison of Experimental and FE Load vs.Displacement for 0.5 in. and 
0.75 in. Stitch Spacing at 100 in./sec. 
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Experimental velocity of 100in./sec
 compared with FEM velocity of 500 in./sec

0

1000

2000

3000

4000

5000

6000

7000

8000

0 0.5 1 1.5 2 2.5 3
Displacement (in.)

Lo
ad

 (L
bf

)

FEM Stitch spacing 0.5 inch
FEM Stitch spacing 0.75 inch
EXP. Stitch spacing 0.5 inch
EXP. Stitch spacing 0.75 inch

 
Figure 52: Comparison of Experimental and FE Load vs. Displacement for 0.5 in. and 
0.75 in. Stitch Spacing at 500 in. /sec 
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Figure 53: FE Simulation Showing the Crushing of Sandwich Panels at different time 
Intervals. 
 
 
 

 
 

Stage 1 at time t= 0 sec                                             Time t =  0. 
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Figure 54: Showing the Experimental Crushing of Sandwich Panels at 100 in./sec. 
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CHAPTER 6 
 

CONCLUSION AND FUTURE WORK 
 
 
 
 

6.1 Conclusions 
 

In-plane compression tests were performed under high-speed and quasi-static conditions 

on stitched and unstitched corrugated sandwich structures. Knowledge of Composite 

sandwich structures under these testing conditions are necessary in order to study failures 

and the parameters that influence the energy absorption characteristics of sandwich 

structures. Sandwich crushing showed that through-the-thickness stitches, which have 

arrested the debonding between the face-sheet and the foam core, was one of the factors 

in improving the crushing response. Providing a suitable trigger mechanism facilitated a 

stable and progressive crushing. Failure modes observed under static and high-speed 

conditions were comparable. The sandwich structures crushing consisted of lamina 

bending and transverse shearing, which lead to breakage of plies between the stitches, 

thus forming wrinkles. Under the high-speed crush, replicating the real-crush condition 

the stitched sandwich panels failed, thus forming a series of wrinkles and contributing as 

efficient energy absorbing structure. All the stitched corrugated sandwich specimens 

showed a potential buckling strength under edgewise compression. The corrugated 

stitched sandwich structure failed as an ideal energy absorbing structure compared to the 

stitched flat sandwich structure, which buckled, as shown in figure 52.  
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Figure 55:  Comparison of Corrugated and Flat Stitched Sandwich Structure. 

 

From the experimental static and high speed tests on stitched sandwich panels the 

following conclusion can be drawn: 

1. Stitching of the sandwich panels significantly increased the sustained crush load 

and maximum failure loads. The greater the stitch density, the greater the increase 

in failure loads and sustained crush loads. 

2. The static test results showed a lower peak load compared to the high speed tests. 

3. At higher rate the sandwich panels tends to become stiff and peak load doubled 

when compared to static results. At 1 in/sec the test results were comparable to 

static results but as the stroke rate increased the peak load also increased. The area 

under the load vs. displacement graph increased at higher stroke rate. Thus a 

better energy absorption as been achieved at higher rates. 

4. Stitching of the sandwich panels tremendously increased the energy absorption. 

5. Corrugated stitched sandwich panels are better energy absorbing structures than to 

flat stitched sandwich structures. 

6. Stitching of the sandwich panels prevented crushing of the core and suppressed 

face-sheet debonding from the foam core during high-speed crush tests. 
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7. The major failure mode was debonding between skin and core. Also crushing of 

adhesive bond line between foam cores. 

8. The load uniformity index is lower for closer stitch spacing. 

9. The load ratio increases with a decrease in stitch spacing. 

10. With an increase in load rate, the peak load increased. The sustained crush load 

was comparatively the same. The specific absorbed energy at the higher stroke 

rate increased. 

11. Failure initiators are effective in reducing the load uniformity index without any 

alterations in the sustained crush load. 

The FE-analysis carried out provided an insight into the crashworthiness analysis of 

sandwich structures. The simulation results correlated closely with experimental results. 

The enhanced composite damage model implemented in LS-DYNA claims to simulate 

the crushing modes observed in thin-composites facesheets through the use of empirical 

constants and crash front procedures. This material model uses heuristic parameters to 

reduce the strength of the elements adjacent to failed elements to match the crush stress 

to an experimentally determined value and to otherwise control the crushing response. 

The crushable foam model implemented for foam modeling requires proper stress vs. 

volumetric strain relations as input. In addition, contact condition plays an important role 

in preventing interface penetration. Hence, proper contact modeling is required to 

simulate the FE model to behave closely with the experimental results. In summary, 

comparison of experimental crushing results with LS-DYNA models showed the 

following: 

1. Energy absorptions parameters obtained from the FE simulation were 

comparable with the experimental test results, as shown in table 6.1.  



 79 

2. The sustained crush load variation matched closely with experimental results. 

Although the peaks and valleys of the numerical model and the experimental 

response did not match, the mean crushing forces were nearly equal.  

3. The modeling of stitches showed an increase in load uniformity with closer 

stitch spacing (Figures 43, 44, and 45). 

4. The numerical folding pattern showed a close similarity to the experimental 

folding pattern. 

5. Predictive design tools are developed with the goal to reducing the cost of 

experiments by numerical simulations. However with a numerical simulation 

model, to predict the crushing of composite sandwich structures does not 

eliminate the need for extensive research.   

6.2 Recommendations for Future Work 
 

With the experimental testing of corrugated sandwich panels, a study on different 

amplitude to wave length ratio should be considered to investigate the crush behavior. 

Further testing should be conducted with different crush initiators. An attempt to 

mathematically model for buckling response of corrugated sandwich panels is 

encouraged. An investigation with an isotropic foam core for sandwich construction is 

also highly encouraged. 

More studies are required to justify the use of parameters used in the damage 

model. Other material cards that take rate effects into consideration in foam modeling 

should be explored. Triangular solid elements could be considered instead QUAD solid 

elements for modeling foam. 
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APPENDIX A 
 
LS DYNA KEY – FILE   
 
*KEYWORD 
*TITLE 
           
$$Units: Mass- lbfs^2/in, Length- in, Time- s,Force- lbf,Stress- 
Psi,Energy- lbf-in $  
 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$ 
$ 
$$$ Control Ouput $$$ 
$ 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$  
*CONTROL_CONTACT 
       0.1         0         2         0         1         1         1         
1           
         0         0        10         0         4                               
*CONTROL_SHELL 
        20         2        -1         0         7         2         1   
                             1         
--## Laminated Shell Theory is applied to avoid the grossly incorrect 
stiffness of the shell. Without this correction the results may be very 
stiff ##-- 
*CONTROL_ENERGY 
         2         2         1         1          
--## Hourglass Energy and the Stonewall Energy are computed ##--   
*CONTROL_OUTPUT 
         0         3         0         0         0                   0           
*CONTROL_TERMINATION 
$   ENDTIM 
     0.008         0         0         0         0                               
--## ENDTIM - Termination Time 
*CONTROL_TIMESTEP 
$             TSSFAC 
         0      0.67         0         0         0         0         1         
0 
--## The TSSFAC value of 0.67 is used to avoid any instabilities ##-- 
*DATABASE_BINARY_D3PLOT 
$  DT/CYCL   
  0.000032                   0                             0         0       
100 
--## DT/CYCL - Time Interval between outputs 
*DATABASE_EXTENT_BINARY 
         0         0         0         0         1         1         1         
1 
         1         0         0         1         1         1 
*DATABASE_MATSUM 
0.000032 
--## Outputs the Material Energies ##-- 
*DATABASE_SWFORC 
0.000032 
--## Outputs the Nodal constraint reaction forces ##-- 
*DATABASE_RBDOUT 
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0.000032 
--## Rigid Body Displacements are generated using this card ##-- 
*DATABASE_RCFORC 
0.000032 
*DATABASE_NODFOR 
0.000032 
--## Nodal Forces are generated on selected nodes ##-- 
*DATABASE_NODAL_FORCE_GROUP 
2,0 
 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$ 
$ 
$$$ Contact Cards $$$ 
$ 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$  
*CONTACT_TIEBREAK_NODES_TO_SURFACE 
1,4,4,3 
,,,,, 
 
5E2,2e2,1,1 
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 
2,5,3,3 
0.9,,,,, 
 
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 
4,5,3,3  
0.9,,,,, 
 
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 
4,2,3,3 
0.3,,,,, 
 
*CONTACT_AUTOMATIC_SINGLE_SURFACE 
2,,3 
 
 
*CONTACT_AUTOMATIC_SINGLE_SURFACE 
4,,3 
 
 
*CONTACT_INTERIOR 
1 
*SET_PART_LIST 
1,,0.5,,1 
4 
*HOURGLASS. 
2,4,0.02,,1.5,0.06,0.02,0.02 
*HOURGLASS 
1,5,0.02,,1.5,0.06,,   
 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$ 
$ 
$$$ NODES $$$ 
$ 
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$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$  
*NODE 
$$ NODE ID             X      Y    Z  
       5               0             5.6            1.75 
       6               0             5.5            1.75 
       7               0             5.4            1.75 
       8               0             5.3            1.75 
       9               0             5.2            1.75 
      10               0             5.1            1.75 
      11               0               5            1.75 
      12               0             4.9            1.75 
      13               0             4.8            1.75 
      14               0             4.7            1.75 
      15               0             4.6            1.75 
      16               0             4.5            1.75 
      17               0             4.4            1.75 
      18               0             4.3            1.75 
      19               0             4.2            1.75 
      20               0             4.1            1.75 
      21               0               4            1.75 
      22               0             3.9            1.75 
      23               0             3.8            1.75 
      24               0             3.7            1.75 
      25               0             3.6            1.75 
      26               0             3.5            1.75 
. 
. 
. 
. 
. 
. 
--## *NODE has the definition of the nodes in the X, Y and the Z co-
ordinates ##-- 
*PART 
prop-ply 
$      PID       SID       MID                HGID 
         2         2         2         0         2         0         0         
0 
--## PID - Part ID 
     SID - Section ID 
     MID - Material ID 
    HGID - Hourglass ID      
*SECTION_SHELL 
$      SID    ELFORM                 NIP   
         2         7                   1                   0         1          
     0.010     0.010     0.010     0.010           
       -45  
--## The composite ply is modeled using shell elements ##-- 
     7 -> S/R co-rotational Hughes-Liu element formulation is used for 
the Glass Fiber composite 
     Thickness of the ply is 0.01 inch 
     The ply is oriented at -45 degree 
     NIP - Number of Integration point ##-- 
*INTEGRATION_SHELL 
0,1,0 
.0,1,2 
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##-- The composite ply has 1 integration point which describes the ply 
orientation ##-- 
 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$ 
$ 
$$$ Shell Element $$$ 
$ 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$  
*ELEMENT_SHELL 
$ Element_ID  PID     N1      N2      N3      N4   
   30005       2   30005   30006   30057   30056 
   30006       2   30006   30007   30058   30057 
   30007       2   30007   30008   30059   30058 
   30008       2   30008   30009   30060   30059 
   30009       2   30009   30010   30061   30060 
   30010       2   30010   30011   30062   30061 
   30011       2   30011   30012   30063   30062 
   30012       2   30012   30013   30064   30063 
   30013       2   30013   30014   30065   30064 
   30014       2   30014   30015   30066   30065 
   30015       2   30015   30016   30067   30066 
   30016       2   30016   30017   30068   30067 
   30017       2   30017   30018   30069   30068 
   30018       2   30018   30019   30070   30069 
   30019       2   30019   30020   30071   30070 
   30020       2   30020   30021   30072   30071 
   30021       2   30021   30022   30073   30072 
   30022       2   30022   30023   30074   30073 
. 
. 
. 
. 
. 
. 
--## PID - Part ID 
      N1, N2, N3, N4 - Node Numbers ##-- 
*PART 
prop_core 
         4         4         4         0         1         0         0         
0 
*SECTION_SOLID 
         4         1 
--## The foam which is the core is modeled using Solid Elements 
     1 - Constant Stress element formulation is used ##-- 
 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$ 
$ 
$$$ Shell Element $$$ 
$ 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$  
*ELEMENT_SOLID 
$Element_ID   PID     N1      N2      N3      N4      N5      N6      
N7      N8  
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       5       4      56      57       6       5     571     573     
572     570 
       6       4      57      58       7       6     573     575     
574     572 
       7       4      58      59       8       7     575     577     
576     574 
       8       4      59      60       9       8     577     579     
578     576 
       9       4      60      61      10       9     579     581     
580     578 
      10       4      61      62      11      10     581     583     
582     580 
      11       4      62      63      12      11     583     585     
584     582 
      12       4      63      64      13      12     585     587     
586     584 
      13       4      64      65      14      13     587     589     
588     586 
      14       4      65      66      15      14     589     591     
590     588 
      15       4      66      67      16      15     591     593     
592     590 
      16       4      67      68      17      16     593     595     
594     592 
      17       4      68      69      18      17     595     597     
596     594 
      18       4      69      70      19      18     597     599     
598     596 
      19       4      70      71      20      19     599     601     
600     598 
      20       4      71      72      21      20     601     603     
602     600 
      21       4      72      73      22      21     603     605     
604     602 
. 
. 
. 
. 
. 
. 
. 
. 
##-- PID - Part ID 
     N1, N2, N3, N4, N5, N6, N7, N8 - Node Numbers ##-- 
*PART 
prop_ram 
         5         5         5         0         0         0         0         
0 
*SECTION_SOLID 
         5         1 
--## The Ram/Impactor is modeled using Solid Elements ##-- 
*ELEMENT_SOLID 
   50000       5   50061   50060   50000   50001   50603   50600   
50601   50602 
   50001       5   50062   50061   50001   50002   50605   50603   
50602   50604 
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   50002       5   50063   50062   50002   50003   50607   50605   
50604   50606 
   50003       5   50064   50063   50003   50004   50609   50607   
50606   50608 
   50004       5   50065   50064   50004   50005   50611   50609   
50608   50610 
   50005       5   50066   50065   50005   50006   50613   50611   
50610   50612 
   50006       5   50067   50066   50006   50007   50615   50613   
50612   50614 
   50007       5   50068   50067   50007   50008   50617   50615   
50614   50616 
   50008       5   50069   50068   50008   50009   50619   50617   
50616   50618 
   50009       5   50070   50069   50009   50010   50621   50619   
50618   50620 
   50010       5   50071   50070   50010   50011   50623   50621   
50620   50622 
   50011       5   50072   50071   50011   50012   50625   50623   
50622   50624 
   50012       5   50073   50072   50012   50013   50627   50625   
50624   50626 
   50013       5   50074   50073   50013   50014   50629   50627   
50626   50628 
   50014       5   50075   50074   50014   50015   50631   50629   
50628   50630 
. 
. 
. 
. 
. 
. 
. 
. 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$ 
$ 
$$$ Beam Element $$$ 
$ 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$  
*PART 
prop_stitch 
         6         6         6         0         0         0         0         
0 
*SECTION_BEAM 
         6         3 
  7.854e-5 
--## Stiching is carried out using the Beam Element which connects two 
nodes N1 and N2 
     3 - Truss is used as the Element Formulation      
     Cross-sectional area of the truss element is 7.854e-05 inch ##--  
*ELEMENT_BEAM 
$Element_ID   PID     N1      N2  
   52655       6      56   30046 
   52656       6    1693   30199 
   52657       6    3937   30403 
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   52658       6    6181   30607 
   52659       6    8425   30811 
   52660       6   10669   31015 
   52661       6   12913   31219 
   52662       6   15157   31423 
   52663       6   17401   31627 
   52664       6   19645   31831 
   52665       6   22450   32086 
   52666       6      62   30040 
   52667       6    1705   30193 
   52668       6    3949   30397 
   52669       6    6193   30601 
   52670       6    8437   30805 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$ 
$ 
$$$ Material Cards $$$ 
$ 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$  
 
$ 
$ Material : core       
$ 
*MAT_CRUSHABLE_FOAM 
$$     MID    RO            E         PR       LCID 
         45.8166e-06     18503         0        13       236       0.3 
--## MID - Material ID, RO - Density, E - Young's Modulus, PR - 
Poisson's Ration, LCID - Load Curve ID defining            yield stress 
v/s volumetric strain 
*DEFINE_CURVE 
13,,1,1 
0,0 
0.0046485,7.0617315 
0.0053787,17.817883 
0.0060263,30.593438 
0.0069711,46.139929 
0.0079584,61.654136 
0.0092087,72.119772 
0.0099986,85.260279 
0.0107193,95.422663 
0.0117753,108.07093 
0.0122304,119.29542 
0.0135267,129.78518 
0.0143769,139.22697 
0.0151639,148.41633 
. 
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$ Material : Ply 
$ 
*MAT_ENHANCED_COMPOSITE_DAMAGE 
$      MID        RO        EA        EB                PRBA      
         2 2.045e-04  4.31e+06    4.31e6                0.17        
$      GAB       GBC       GCA 
    770000    600000     0.6e6                             
                               
$                     DFAILM    
DFAILS  
               0.005    
0.0024 
$    TFAIL      ALPH      SOFT      FBRT     YCFAC    DFAILT    DFAILS 
3.1030E-08      0.01      0.75         1         1     0.010    -0.008         
0     
$       XC        XT        YC        YT        SC      CRIT 
     79600     53000     79600     53200    14.1e3      55.0         0   
--## RO - Density of the material 
     EA - Young's Modulus (longitudinal Direction), EB - Young's 
Modulus (transverse Direction) 
     PRBA - Poisson's ratio 
     GAB - Shear Modulus AB, GBC - Shear Modulus BC, GCA - Shear 
Modulus CA 
     DFAILM - Maximum strain for matrix straining in tension or 
compression, DFAILS - Maximum shear strain 
     TFAIL - Time step criteria for element deletion 
     ALPH - Shear Stress parameter 
     Soft - Softening reduction factor 
     FBRT - Softening for fiber tensile strength 
    YCFAC - Reduction Factor for compressive fiber strength after 
matrix failure 
    DFAILT - Maximum strain for fiber tension 
    DFAILC - maximum strain for fiber compression 
       XC - Longitudinal compressive strength 
       XT - Longitudinal tensile strength 
       YC - Transverse compressive strength 
       YT - Transverse tensile strength 
       SC - Shear strength 
     CRIT - Failure criterion; 55 - Tsai-Wu criterion for matric 
failure 
$  
$ Material : Ram/Impactor 
$ 
*MAT_RIGID 
$      MID        RO         E        PR 
         5 7.188e-04     3e+07       0.3 
$      CMO      CON1      CON2        
         1         5         7 
--## CMO - Center of mass constraint 
     CON1 - Constrained y and z displacements 
     CON2 - Constrained x,y and z rotations 
$ 
$ Material : mat_stitch 
$ 
*MAT_ELASTIC 
$MID RO           E   PR 
6,1.3729E-3,40.37E6,0.35, 
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$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$ 
$ 
$$$ Constraints $$$ 
$ 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$  
*BOUNDARY_PRESCRIBED_MOTION_RIGID 
$PID, DOF, VAD, LCID 
5,1,2,11 
--$$ PID - Part ID, DOF - x-translation Degree of freedom, 2- 
displacement, LCID - Load Curve ID 
$ This is the unit load curve 
$          
*DEFINE_CURVE 
11,,1,1 
0,0 
0.0005,0.125 
0.001,0.25 
0.0015,0.375 
0.002,0.5 
0.0025,0.625 
0.003,0.75 
0.0035,0.875 
. 
. 
. 
. 
. 
$ 
$ LBC set : disp_bottom 
$         
*BOUNDARY_SPC_SET 
$      NSID               DOFX      DOFY      DOFZ     DOFRX     DOFRY     
DOFRZ 
         2         0         1         1         1         1         1         
1 
--## NSID - Node set ID 
     DOFX - Translational constraint in X-direction 
    DOFRX - Rotational constraint in x-axis ##-- 
*SET_NODE_LIST 
$     NSID  
         2 
$       N1        N2        N3        N4        N5        N6        N7        
N8         
     22512     22513     22514     22515     22516     22517     22518     
22519 
     22520     22521     22522     22523     22524     22525     22526     
22527 
     22528     22529     22530     22531     22532     22547     22548      
     22574     22575     22576     22577     22578     22579     22580      
*END 
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APPENDIX B 
STATIC TEST RESULTS 
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Figure 56:  Load vs. Displacement for 0.5 in. Stitch Spacing at 0.25 in. / min. 
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Figure 57: Load vs. Displacement for 0.75 in. Stitch Spacing at 0.25 in. / min. 
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Figure 58: Load vs. Displacement for 0.25 in. Stitch Spacing at 0.25 in. / min. 
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APPENDIX C 
HIGH SPEED TEST RESULTS 
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Figure 59: Load vs. Displacement for 0.5 in. Stitch Spacing at 1in. / sec. 
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Figure 60: Load vs. Displacement for 0.75 in. Stitch Spacing at 1in. / sec. 
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Figure 61: Load vs. Displacement for 0.5 in. Stitch Spacing at 10in. / sec. 
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Figure 62: Load vs. Displacement for 0.75 in. Stitch Spacing at 10 in. / sec. 



 99 

stitch_0.75 in.
Stroke rate 100 in./sec.

-1000

0

1000

2000

3000

4000

5000

6000

7000

8000

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

Displacement (in.)

Lo
ad

 ( 
Lb

f)

 
Figure 63: Load vs. Displacement for 0.75 in. Stitch Spacing at 100 in. / sec. 
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Figure 64: Load vs. Displacement for 0.5 in. Stitch Spacing at 100 in. / sec. 
 


