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ABSTRACT 

This study involves an experimental and analytical investigation of low-velocity 

impact phenomenon in sandwich composite structures. The analytical solution of a three-

dimensional finite-geometry multi-layer specially orthotropic panel subjected to static 

and transient transverse loading cases is presented. The governing equations of the static 

and dynamic formulations are derived from Reissner's functional and solved by 

enforcing the continuity of traction and displacement components between adjacent 

layers. For the dynamic loading case, the governing equations are solved by applying 

Fourier or Laplace transformation in time. Additionally, the static solution is extended to 

solve the contact problem between the sandwich laminate and a rigid sphere. An iterative 

method is employed to determine the sphere's unknown contact area and pressure 

distribution. A failure criterion is then applied to the sandwich laminate's stress and 

strain field to predict impact damage. The analytical accuracy of the present study is 

verified through comparisons with finite element models, other analyses, and through 

experimentation. 

Low-velocity impact tests were conducted to characterize the type and extent of 

the damage observed in a variety of sandwich configurations with graphite/epoxy face 

sheets and foam or honeycomb cores. Correlation of the residual indentation and cross-

sectional views of the impacted specimens provides a criterion for the extent of damage. 

Quasi-static indentation tests are also performed and show excellent agreement when 

compared with the analytical predictions. Finally, piezoelectric polyvinylidene fluoride 

(PVF2) film sensors are found to be effective in detecting low-velocity impact. 
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1. INTRODUCTION 

Polymer composite sandwich panels are being utilized increasingly as primary 

load-carrying components in aircraft and aerospace structures. Serving in this capacity, 

these structures are subjected to impacts such as tool drops, hail, bird strikes, and runway 

debris. When the duration of these impacts is longer than the period of the lowest natural 

frequency of the structure, the impact is classified as low-velocity. Unlike their solid 

metallic counterparts, predictions of the effects of low-velocity impact damage are 

difficult and are still relatively immature. For this reason, many analytical, 

computational, and experimental studies have been performed to predict and characterize 

the damage created by low-velocity impacts. 

Early investigation of graphite/epoxy and aramid/epoxy honeycomb sandwiches 

by Rhodes (1975) revealed that significant internal damage is achieved at impact energy 

levels lower that those required to create visible damage. Oplinger and Slepetz (1975) 

also found a similar behavior for graphite/epoxy honeycomb sandwich specimens. Since 

these studies, many researchers have also confirmed, using different test methods and 

material systems, the marked susceptibility of sandwich structures to damage caused by 

the low-velocity impact of foreign objects (Bernard and Lagace, 1987, Adsit and 

Waszczak, 1979). This type of barely visible external impact damage has been 

demonstrated to substantially reduce the tensile (Rhodes, 1975), compressive (Akay and 

Hanna, 1990), shear (Nettles and Hodge, 1990), and bending (Caldwell et al., 1990) 

strengths of the sandwich construction and lead to catastrophic failure. More 
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comprehensive and detailed summaries of previous experimental studies can be found in 

reviews by Abrate (1997, 1998). 

The physical characteristics of internal damage caused by impact in composite 

laminates or sandwich panels can be found in Stames and Williams (1984) and Nettles et 

al. (1990), respectively. Several mechanisms may participate in creating the local impact 

damage. During the impact event, a transient compressive normal stress is initiated and 

propagates through the panel. For a solid laminate, the compressive stress wave reflects 

from the back surface of the laminate as a tension wave and may produce matrix 

cracking. However, the strength of the tension wave in the case of sandwich panels is 

rather weak because the core absorbs the incoming compressive stress waves. Local 

transient bending waves are then initiated following several reflections of the transient 

normal waves. Interlaminar stresses associated with the local bending may cause damage 

or if damage is present, this local bending deflection may cause the damage to propagate. 

Deformations due to the overall structural response, however, are initiated long after the 

transient bending and tension waves occur. 

A recent experimental investigation by Ferri and Sankar (1997) revealed that the 

contact force-indentation relations for a quasi-static test and a low-velocity impact event 

are virtually equivalent. Therefore, an altemative to modeling the transient impact 

phenomenon is to model the quasi-static indentation through a rigid sphere. In this 

regard, many previous analyses utilized the Hertzian contact law to establish the 

relationship between the depth of indentation and the contact area for a specifled contact 

force on monolithic laminates. However, this contact law is inappropriate for 
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establishing the contact force-indentation relationship for sandwich panels because it 

cannot account for anisotropy of the face sheets, their relative thickness with respect to 

that of the core, and the difference in moduli between the face sheets and the core. 

Although the contact force-indentation relationship can be established 

experimentally, it requires a new indentation test for each different combination of 

material properties, face sheets and core, and their lay-ups. However, an experimental 

investigation of the contact behavior only provides the force-indentation relationship, not 

the extent of the contact region and the contact pressure distribution. 

When the impact phenomenon is treated as a transient contact problem, the 

analysis becomes considerably more difficult. In order to simplify the analysis, past 

efforts by Cairns and Lagace (1989), Olsson (1992) and Lee et al. (1993) de-coupled the 

local contact effects from the global dynamic response of the composite plate. In these 

analyses, the effect of local contact between the indentor and the plate is invoked in the 

global dynamic analysis through the transient response of the plate coupled with the 

motion of the impactor. The coupling is achieved by modeling the contact behavior 

between the impactor and the panel by a nonlinear spring. The stiffness of the spring is 

obtained either from relations such as those describing the contact between two elastic 

solids as presented by Timoshenko and Goodier (1970) or fi-om experimental static 

indentation tests. Only Wu and Yen (1994), using Pagano's (1970) analytical static 

solution for specially orthotropic plates and the method developed by Singh and Paul 

(1974) were able to solve accurately for both the contact area and pressure distribution 

produced by a spherical indentor. 
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Accurate assessment of the stress and displacement fields is required for failure 

prediction of such components under transient surface loading. The presence of 

transverse shear deformation and the general material orthotropy coupled with transient 

surface contact loading however, renders the analysis rather complex. In order to make 

the mathematical statement of the problem tractable, several approximate solution 

methods were introduced- Classical Laminate Theory (CLT), which accounts for the 

coupling effects of non-symmetric laminates is examined by Pister and Dong (1959), 

Reissner and Stavsky (1961), and Dong et al. (1962). This approach cannot account for 

through the thickness effects because it disregards the transverse normal and shear 

stresses. In addition, the validity of this approach is questionable when the material 

properties differ appreciably from layer to layer and/or when a high degree of anisotropy 

exists in one or more layers as discussed by Ambartsumyan (1962). Furthermore, the 

uniform displacement assumption through the thickness of a cross section becomes 

invalid for panels subjected to concentrated dynamic loads on the surface. Therefore, 

CLT is not suitable for predicting interlaminar damage caused by impact. Although it 

suffers from these shortcomings, it does provide a reasonably accurate estimation of 

transverse displacements for thick laminates. 

In order to improve the preceding approach, Chattopadhyay (1977), Whitney and 

Sun (1977), Dobyns (1981), Ramkumar and Chen (1983) and Lee et al. (1993) utilized 

Mindlin's plate theory (Mindlin, 1951), to include the effect of transverse shear 

deformation. Although Mindlin's plate theory is a significant improvement over the 

CLT, it still suffers from the inability to determine the transverse normal stress. In 
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addition, first order shear deformation theory requires the transverse shear stiffiiess to be 

determined. The accuracy of the transverse shear stiffness depends upon a correction 

factor whose determination is not easily achieved. An in depth discussion on the subject 

is found in Noor and Burton (1990a). As with CLT, this approach also assumes uniform 

displacements across the thickness, and it is suitable only for moderately thick laminates. 

For sandwich panels, the assimiption of uniform transverse displacement is not valid 

because the core experiences significant local deformation near the impact region. 

Finite element analyses employing plate and shell elements based on the 

aforementioned plate theories also fail to predict the transient transverse normal stress in 

the panel. With three-dimensional solid elements, Lee et al. (1984) and Wu and Springer 

(1988) modeled the laminate with several layers of elements per ply to capture the 

through the thickness effects. This type of analysis becomes computationally very 

intensive when modeling many layers and the transient contact problem. 

Consequently, a rigorous three-dimensional elasticity analysis is essential to 

accurately determine the transient stress and displacement fields of a composite panel 

subjected to transverse impact. Mai and Lih (1992) and Lih and Mai (1995) utilized the 

exact theory of elasticity to model the transient response of a unidirectional laminate 

subjected to specified concentrated and distributed surface loads. The solution was 

constructed for an infinite laminate by applying integral transformation techniques. 

Pagano (1970) also developed a three-dimensional analytical solution but the method is 

limited to static problems and becomes cumbersome with different general solutions for 

specific laminate stacking sequences. 
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Although many experimental investigations on the subject of low velocity impact 

exist, relatively few have been used for the verification of analytical or computational 

results (Ambur et al., 1995, Lee et al., 1993, Ramkumar and Chen, 1983). Some results 

agree with experimental findings; however, the simplifications associated with the 

analyses do not always permit conclusive comparisons. Disregarding transverse normal 

and shear stresses for example significantly affects the ability to predict and compare 

damage produced by the impact. 

Based on the forgoing discussion, this study presents the analytical solution of a 

three-dimensional multi-layer specially orthotropic panel with finite geometry subjected 

to static and transient transverse loading cases. The governing equations of the static and 

dynamic formulations are derived from Reissner's functional and solved by enforcing the 

continuity of traction and displacement components between adjacent layers. For the 

dynamic case, applying Fourier or Laplace transformation to the time-dependent 

variables allows solution of the governing equations. Additionally, the static solution is 

extended to solve the contact problem between the sandwich panel and a rigid sphere. 

An iterative method is employed to determine the sphere's unknown contact area and 

pressure distribution. The accuracy of the dynamic and quasi-static analyses of the 

present study is verified through comparisons with finite element models, other analyses, 

and experimentally. 

In the case of quasi-static contact, a failure criterion based on the stress and strain 

fields is applied to predict impact damage in a sandwich panel. Failure within composite 

sandwich panels subjected to low-velocity impact is an extremely complex phenomenon 



with many failure modes occurring simultaneously. Although many different failure 

criteria exist, no single criteria will ever accurately describe all modes of failure. As 

core/face sheet delamination significantly affects the residual strength of a laminate, a 

simple criterion that establishes delamination in the present analysis is desired. The 

specific energy criterion proposed by Gillemot (1976) is selected to determine failure at 

the interface between the core and the face sheet. 

A qualitative and quantitative experimental study of the effects of low-velocity 

impacts on foam and honeycomb structures is also performed in this investigation. The 

test specimens are fabricated using traditional manufacturing methods and impacted 

using a dropped-weight impact test apparatus with an instrumented spherical tip. This 

dropped-weight impact test apparatus is a replica of the design by Ambur et al. (1995). 

Destructive and non-destructive test methods are then utilized to characterize and 

quantify the impact damage. Impact-related quantities such as peak contact force and 

residual indentation are related to the impact energy, and conclusions are drawn. 

The effectiveness of piezoelectric polyvinylidene fluoride (PVF2) film sensors in 

detecting low-velocity impact damage is also explored. Previous studies investigated the 

possibility of using piezoelectric sensors to detect damage but have used rigid external 

lead zirconate titanate (PZT) sensors for the detection of damage (Islam and Craig, 1994). 

PZT sensors are available in a 250-microns thickness but are very fi-agile with a low 

strain to failure. Still other studies have utilized optical fibers to characterize damage in a 

material (Measures, 1992, 1993). Optical fibers however, require elaborate 

instrumentation and are sensitive to strain, temperature, and curing. In this investigation 
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the polymer sensors are chosen for their potential as health-monitoring sensors due to 

their thickness, relative toughness and ability to be easily incorporated within the 

composite sandwich structure. 
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2. ANALYTICAL INVESTIGATION 

2.1 Introduction 

The following chapter describes an analytical investigation into low-velocity 

impact of sandwich structures. In the first section, the solution method for a known 

transient loading is developed. The approach is then simplified to determine the results 

for a known static loading. These approaches are then verified with other numerical 

models and applied to the solution of a sandwich plate subjected to a known loading. 

The subsequent section deals with the solution of a multi-layer sandwich panel subjected 

to transverse loading with a rigid sphere. The method is validated and applied to a 

sandwich laminate subjected to loading by a rigid sphere. Quasi-static contact force -

indentation relationships are then determined for several different sandwich laminate 

configurations. In Section 2.4, a complete analysis of low-velocity impact on a sandwich 

specimen is performed. The parameters for this analysis are determined from 

experimental results and a quasi-static contact analysis. Finally, the predicted contact 

force - deformation relations are used to with a simple model to describe the dynamic 

behavior of sandwich panels. 

2.2 Prescribed Transient Surface Loading 

2.2.1 Problem Statement 

This investigation concerns the determination of stress and displacement fields in 

a finite-geometry composite sandwich panel subjected to transient loading. The 

geometry, loading, and reference frame of the sandwich panel are illustrated in Figure I. 
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The length and width of the rectangular panel are denoted by a and b, and its thickness by 

//. In Figure 2, the position of the interfaces in reference to the upper surface of the panel 

is specified by z*. The thickness of the Ath layer is given by =-z^-z^''. 

Figure 1. Panel geometry and loading configuration. 

Each layer is made of homogeneous, elastic, and specially orthotropic materials. 

When the material and reference coordinate systems coincide, the constitutive 

relationship for the Mi layer is represented by 

• k 
"A. A2 A3 0 0 0 " 

k 

^VV ^22 D22 0 0 0 

e„ A3 D-̂  A3 0 0 0 (7_ 

0 0 0 0 0 
* 

0 0 0 0 As 0 

0 0 0 0 0 ^66. 

where cr and e are the stress and strain vectors, respectively, and D represents the 

compliance matrix with nine independent material constants. 

As introduced by Mai and Lib (1992), the dissipation of energy due to material 

damping in sandwich laminates is invoked in the analysis by allowing a small percentage 



2:) 

of the compliance matrix to be complex. In this analysis, the complex compliance is 

assumed to be a small constant value for all frequencies. 

z 

a-x 
H 

Figure 2. Identification of the layers and their position in relation to the reference 
frame. 

The boundary conditions along the edges of the panel are representative of roller 

supports and the layers are treated as perfectly bonded with continuous tractions and 

displacements. The edge boundary conditions can be expressed as 

V* = v/ = 0, = 0 for jc = 0, jc = a, Q < y < b  

= v/ = 0, =0 for >* = 0, >• = £7, 0 < x < a 

and the continuity of traction and displacement components are imposed as 

< =0 a = 2 

and 

(2) 

(3) 

u" = 0 = 0 

II 0
 

t II 0
 

= 0 

(4) 
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where u, v. and w represent the displacement components in the .r, y. and - directions, 

respectively. The z=z^ surface of the panel is subjected to an arbitrary distributed loud, 

and the c=z'^ surface is traction free, thus requiring the traction boundary conditions; 

=0 a=x,y,z  

<4^0=0 CL=x,y (5) 

<41^,0 =pix,y,t) 

where pi.x,y,t) represents the applied transverse distributed load. 

2.2.2 Solution Method 

The governing equations of the problem are derived by applying variational 

principles to Reissner's functional (Reissner, 1950), FIr, given in the form 

rij, = J(a^e——B^u)dV —jT^ud5 (6) 
V s, 

in which B, T, and u are the vectors of body force, traction, and displacement 

components, and Si is the surface of the body over which the tractions are applied. In 

expressing the strain energy and potential of the applied loads, Reissner's functional 

treats both the stress and displacement components as dependent variables. For a 

transient analysis, the body forces vector, B, consists of the components of the inertiul 

force 

= 
dht a-v 9-

-p^TT' -PTT' -p-
w 

dr dt dr 

with p being the density of a lamina. 

(7) 
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Requiring the variation of the stress and displacement components to vanish over 

the volume of a body yields the governing Euler-Lagrange equations as utilized 

previously by Noor and Burton (1990b). The time dependency in the equations is 

removed by applying either a Fourier transformation 

/(vv) = J/(f)e""dr (8) 

or a Laplace transformation 

«« 

/U) = J/(fk'"dr (9) 
0 

where O) and s are the transformation variables and i =yf^. Material damping is 

introduced in the form a of a complex compliance 

D = D + j'eD (10) 

with a small parameter e, that ensures that the integrand in the Fourier transformation 

vanishes as time proceeds. Because the integrand in the Laplace transformation 

converges with time, the compliance matrix can be treated as real or complex. In the 

Fourier or Laplace domain, the transformed governing equations with complex 

compliance become 

— — — 

A *  ̂ A *  ^  -  ^ = 0  O I )  
dr 

4- ^ = 0 

i l l )  
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(14) 

( 15) 

3v dx ( 1 6 )  

( 17) 

(  1 8 )  

( 19) 

da^. dot, . „ 
——-h—^+—^+Y-p M =0 
dx dy dz 

3a* 8c* da* , , , 
2.-I >Lh >^ + y-p*v* =0 

dx dy dz 

dot, da^^ dot , i ——-\ =^ + Y"P vt' =0 
dx dy dz 

in which the symbol denotes the transformed variables and the transformation 

variable y is defined as 

r=or=-s-. (20) 

These governing equations are reduced to a system of ordinary differential 

equations by representing the stress and displacement components for the Aih layer in 

terms of Fourier series as 

(x, y. z,t) "L(2'Y)cosa„xsin p„y 

' V (X, y. z ,y )  II M
 

M
 

»'L(Z'Y)sina„.xcos3„y 

vv''^ (X, y , z , y )  
m=l rt=l 

.>^l(Z'Y)sina„xsinp„y 

y. z ,y )  oo oo ^(z.Y) 

^.U,y, z ,y )  •*
 II M
 

M
 

<™.(Z.Y) •sina^xsin P„. 

CTl(x,y, z ,y )  
m=l n=I 

( 2 1 )  

(22) 
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d^Jx, y. z,Y) ^^(2.Y)sina„xcosp„y 

y. z,Y) •=11 ̂ o««(2'Y)cosa„xsinp,y 

y. z ,y )  
m=l /r=l 

<™,(^'Y)sina„xsinp„y 

in which ,vt'^ are unknown auxiliary functions for each m and n and 

a„,=mK/a and ^n=mt/b. Substituting for the stress and displacement components in terms 

of their Fourier series representation permits the governing equations to be recast as 

£ s [  D u K o n n  +  A 2 ^ . m n  +  ]  S i n  t t ^ X S i n  P„ V = 0 
m=l /i=l 

S S [ A* + DtlKnvr + ]Sin tt^XSin P„ V = 0 
/n=l fi=l ^ J 

II ni=I n=l 
tx 11 wmn + A*36i, ntn 

dz 
sin a^A'sin |3„ y = 0 (26)  

II m=l n=l 
—vw* 3 44 yz/nn mn H n 

dz 
sin a^.r cos (3„ y = 0 (27) 

II 
m=I n=l 

SS^ccmn 
3z 

vv „a„ nut n cos a^xsin P„ y = 0 ( 2 8 )  

ii[ - "1P„ - vvla^ ] COS a„.r cos |3„ y = 0 
/n=I n=I 

II m=I n=l 

li m=I n=l 

PY«L -al3„ 4 cos a^xsin p„ y = 0 

(29) 

(30) 

+CT^,™.P„ + 
96r* ^ I—Wl 

3z 
cos a„xcos P„ y = 0 (31) 
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m=l n=I 
PVvvL 4 

961. 
3z 

sin a„xsin P„>- = 0, (32) 

The Fourier series representation of the loading function in terms of the transformation 

variables becomes 

OO M 
pix ,y,y )  =  Pm„(Y)sina„.rsinp„y 

m=:l n=l 

with the Fourier series coefficients expressed as 

^ a b 
Pnu,=-rjj 3'. Y) sin a„.rsin p„ vdjcdy 

(33) 

(34) 
0 0 

The resulting ordinary differential equations corresponding to a specific m and n can be 

expressed in matrix form as 

( b f V  
"M„ M,," 

k 
0 0" 

_M,, Isj 0 N „ _  
dz  
as 

[ d z }  

I 0 |  

ol 
(35) 

where and The explicit 

forms of Mil, M12, M21, and M22 are given by 

M f .  =  
Du 0 0 0 ^3 0 0 

^2. ^22 0 2
 

II II 0 0 0,3 0 p„ 0 

0 0 ^66 0 0 0 -OC™ m 0 

and 
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'D^ 0 0 0 0 -P/ 
k "0 0 0 0 -1 0" 

0 As 0 0 0 -a. 0 0 0 -I 0 0 

= 
0 
0 

0 
0 

AB 
0 

0 
rp 

0 
0 

0 
0 

= 
* 22 — 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

-1 
0 

0 0 0 0 rp 0 I 0 0 0 0 0 
.-p. -a. 0 0 0 rp .  0 0 1 0 0 0 

The matrix representation of the governing differential equations permits the 

expression of the vector F* (containing the in-plane stress coefficients) in terms of the 

vector S*" (containing the displacement and out-of-plane stress coefficients) as 

F ' ( 3 6 )  

Substituting for in equation (35) results in a coupled system of first-order ordinary 

differential equations 

as* 

dz 
i-K*S*=0 (37) 

with 

(38) 

The solution to this homogeneous system of equations is constructed by assuming the 

general solution as 

S*=CV^'^ (39) 

In construction of the solution, the determinant of the system of equations must vanish in 

order for a non-trivial solution to exist. The characteristic equation for the ^th layer takes 

the form 

(>.*)®+L*(X*)''+A/*(X*)- + A^'= =0 (40) 
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with A^*, and A/* expressed in terms of the components of This form of the 

characteristic equation reveals that three of the roots (eigenvalues) are equal and of 

opposite sign to the remaining ones; i.e. }J^2, and -^^3-

The coupled system of equations is de-coupled by allowing where is 

the transformation matrix of eigenvectors. The de-coupled system of equations becomes 

9R* 
=0 

dz 
(41) 

in which A is a diagonal matrix composed of the eigenvalues, Xi. By the procedure 

developed by Mai (1988), the solution to the de-coupled system of equations is written as 

R'^(-) = E*(z)C^ = 

0 0 0 0 0 ' 
k 

0 e~^-~ 0 0 0 0 
0 0 0 0 0 c, 

0 0 0 0 0 
* 

Q 
0 0 0 0 e'^-~ 0 Q 
0 0 0 0 0 e'"'" Q 

(42) 

Using the transformation matrix, Q^ the solution for the out-of-plane stress and 

displacement coefficients becomes 

S*(z)=Q*E*(z)e. (43) 

Prior to enforcing the boundary and continuity conditions so as to determine the 

unknown constants for each layer, the matrix is multiplied by a vector of constants 

(the first and second three rows bye^*' and e~^'', respectively) so it takes the form 



E'(-) = 

0 0 0 0 0 

0 ^ K U z ' - Z )  0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 g'-Uz-

(44) 

which is suitable for the solution of layered systems. In the case of the ^h layer, the 

matrix is evaluated at the k-l interface as 

E'U'-') = 

where I is a 3x3 identity matrix and 

Ef = 

E, 0 

0 I 
(45) 

e'" 0 0 

0 0 

0 0 

(46) 

with equal to the thickness of the ytth layer. Similarly, for the itth interface of the Ath 

laver. 

E*(z*) = 
I 0 

0 E. 
(47) 

Decomposing the vector in the form 

S\z )  = 
^T(z)l' 

U(z)J 
(48) 

with 

^=m«]'and U*'=[M  ̂ W^]  (49) 
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permits the equations for the stress and displacement coefficients at the ^-1 and k 

interfaces to be rewritten as 

and 

I t u " ) ]  

[U(z*)J 

Q.z 
k 

E, 0 

.Q2. Q22 0 I 

Qn Qn 
k 

I ot 

Q2. Q22. 0 

l c _  
150) 

'c:r (51) 

respectively, where Q,y are the sub-matrices of the transformation matrix Q. The vectors 

Ct and C* contain the unknown coefficients consistent with the partitioning of the 

matrix Q* for each layer. 

The boundary conditions at z=z^ and z=z^ surfaces can be expressed as 

T'(2°) = 

0 

0 

P mn 

(52) 

and 

= QnC:+QaErC^r, ( 3 3 1  

respectively. A recursive relationship is then established to enforce the continuity of out-

of-plane stresses and displacements between the it and fc+l interfaces as 

Qf.c: +Qf3E;ci -Q„ Er cr -Qf. cr =o (54) 

and 
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Q2,C: +QtEfC*_-Q^r'Ef'cr -Qn c! ' =0 ,35, 

With this relationship, the boundary and continuity conditions are rewritten forming the 

algebraic equations to determine the unknown layer coefficients Ct and Ct 

qI.E; 

QI. 
Q':. 

q;2 

QvX 

qle: 

0 

-QuEf 
Qi.Ef 

0 

-Qfz 

-Qh 

Q:r' Qn-'Er* 
or 
0 

Qn'Er* 
0 

-QnK 

-QX 

Qu 

-Qa 
-Q^ 

q:2E; JV 

c;. 'T'(C')' 

c. 0 
c: 0 
c: 0 

* 
• = ̂ • > 

C^-i 0 
C^V-l 0 

0 
. C- . 0 

(56) 

The solution to this system of algebraic equations leads to the out-of-plane stress and 

displacement coefficients through the substitution of C* into equation (43). The in-plane 

stress coefficients are then obtained by equation (36). The process of determining the 

stress and displacement coefficients is repeated for each value of m and n in the Fourier 

series representation. 

Once the stress and displacement components are determined as a function of the 

transformation variable, they are then transformed back to the time domain through the 

Fourier or Laplace inversion integrals. 
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2.2.3 Validation Problems 

2.2.3.1 Static Analysis of a Thick Laminate 

To validate the preceding formulation, the solution for a sandwich panel subjected 

to transverse static loading is developed. The static solution is achieved through a simple 

modification to the transient analysis. The panel geometry, loading configuration, and 

identification system for the layers remains the same as those described in Figure 1 and 

Figure 2. Only the boundary conditions differ and are of the form 

=0 a = .r,y,z 

a r . ' ^ | ^ ^o=0 <x = x,y. (57) 

= p(.x,y) 

As there are no body forces in the static solution, Reissner's functional takes the form 

rijf = J' ((T^e — TO'^D<T)dV — T^ud5. (58) 
v s, 

Applying the first variation to Reissner's functional results in the static Euler-Lagrange 

equations 

D* cL + OX, + - ̂  = 0 159) 
OX 

+ Diat, - ̂  = 0 
(60) 

D,V*„+Dia;,+D,'3^1-^ = 0 (611 
oz 

^ dz dy (62) 



dw" 

dz dx 

du' dv' 

dy dx 

d< . do't. 

dx dy ' dz 

a< , da" >y , 
dx dy dz 

, 
dot 
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0 (63) 

0 
(64) 

l65) 

(66)  

dx dy dz , 67 )  

where Equations (59) - (61) represent the static equilibrium equations and Equations (62) 

- (67) represent the stress - strain relations. The Fourier series representations are then 

substituted for the stress and displacement components and an identical methodology is 

applied to arrive at the final system of linear equations as displayed in Equation (56). 

Solution of this system of equations yields the unknown coefficients that determine the 

stress and displacement coefficients. This process is repeated for each m and n in the 

Fourier series until convergence for the stress and displacement components is attained. 

To verify this formulation, a statically loaded rectangular panel is considered and 

the results are compared with the well-known analytical solution by Pagano (1970). The 

static sinusoidal loading is prescribed by the function 

/7(x, y) = CTsin . ( —x sm — V 

J I (68) 
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where <7 is the amplitude of the loading. The plate is of length a in the ,r-direction and of 

width b=3a in the y-direction. The span-to-thickness ratio, s {s=a/h), is equal to 4. 

The material coefficients used in the analysis are the same as those used by 

Pagano (1970) and given by 

where "1" signifies the direction parallel to the fibers, "2" is the transverse direction, and 

"3" is the through-the-thickness direction. The panel consists of three layers with a lay-

up of [0°/90°/0°] with 0° being parallel to the x-axis. It is worth noting that this material 

is not transversely isotropic. 

For direct comparison with the results provided by Pagano (1970), the stress and 

displacement components are normalized as 

A comparison of the results is presented in Table 1. Excellent agreement is found 

between Pagano's three-dimensional elasticity solution and the present analysis. For 

E, =25.0x10®psi 

£2 = l.0xl0®psi 

E3 =1.0x10® psi 

G,, =0.5x10® psi 

G23 =0.2xl0®psi 

Gi3 =0.5xl0®psi 

V12 =^23 =v,3 =0.25 

l00£-,n' 
Ghs* 



reasons previously discussed, the solution provided by classical laminate theory (CLT) 

differs greatly from the solutions provided by Pagano and the present analysis. 

Normalized Stress 
and Displacement 

Pagano (1970) 
Present Solution 

Normalized Stress 
and Displacement CLT 3-D elasticity solution 

Present Solution 

1 Qxx («/2,Z7/2,0) 0.623 1.14 1.14 i 
(Txx {al1,bl1Ji) -0.623 -l.l -1.1 i 

cs^^\al2,bl2,hl3) 0.0252 0.109 0.108 i 
a„"(a/2.Z?/2,/i/2) 0.44 0.351 0.351 j 
c>,^'{al2.bl2Ml2) 0.0108 0.0334 0.0327 i 
axv*(«/2,Z7/2,0) -0.0083 -0.0269 -0.0268 1 
CJxv'(a/2,£7/2,/i) 0.0083 0.0281 0.0282 
w\cU2,bl2,hJ2) 0.503 2.82 2.82 i 

Table 1. Normalized solutions for Pagano (1970), classical laminate theory (CLT). 
and the present analysis. 

2.2.3.2 Transient Analysis of a Thin Plate 

A transient analysis is performed on a thin, square laminate with length and 

thickness equal to 10 inches and 0.25 inch, respectively. The laminate consists of 3 

layers of equal thickness with a lay-up of [0°/90°/0°] where 0° is aligned with the .v-axis. 

The material properties are 

£, =25.0x10® psi 

£, =1.0x10® psi 

£3 = 1.0x10® psi 

G,2 =0.5xl0®psi 

G23 =0.2x10® psi 

G,3 =0.5xl0®psi 

V,2=^23 =v,3 =0-25 
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where "1" is the direction parallel to the fibers, "2" is the transverse direction, and "3" is 

the through-the-thickness direction. Again, these properties coincide with those given by 

Pagano (1970). The density of the material is 2.5x10^ slugs/in^. 

The panel is subjected to a non-uniformly distributed load over a square region at 

the center. The loading is represented by pix.y,t)=gix,y)hit), where 

The function g{x,y) is approximated by 15 terms in the Fourier series representation. 

An inverse fast Fourier transform is performed at 16,384 points between 0 and 1 

second. The damping parameter, e, ensuring the integrand in Equation (8) to be 

convergent, is taken as 0.025. Although the period just subsequent to the impact is of 

interest, a 1-second time period is required to allow the panel's vibrations to attenuate. 

Upon completion, only the time period up to 0.0015 second is examined, as shown in 

Figure 3 through Figure 8. 

In order to capture ±e influence of the damping parameter, the results are 

compared with those obtained by applying the Laplace transformation and the finite 

element method. The numerical inversion routine utilized for Laplace transformation 

does not converge efficiently for all functions. Therefore, only the displacement at a 

point will be examined and compared with the results obtained from the Fourier 

g(.ir, y) = -(.v-4)-(,r-6)-(_v-4)-(y-6)- ; 
4<.r<6 

4 < v < 6  (69) 

and 

r< 0.001 sec 

r> 0.001 sec 
(70) 
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transformation and the finite element analysis. The inverse hH calculation proves to be 

a more efficient method for the other stress and displacement components. 

In the finite element analysis conducted using ABAQUS (Pawtucket, Rf) the 

square plate is modeled with a 20 x 20 element mesh. The elements utilized in the 

analysis are of ABAQUS type S8R. These elements are eight-node shell elements with 

reduced integration. Although these shell elements are developed from the classical plate 

theory, they are intended to model thick panels, where estimates of the interlaminar shear 

stresses are required. Unlike the in-plane stresses, the transverse shear stresses are not 

calculated from the constitutive behavior of the shell. Instead, subsequent to the analysis, 

the ABAQUS finite element program estimates the transverse shear stresses based on a 

piecevvise quadratic variation of the transverse shear stress across the section, under pure 

bending about one axis. These elements are still, however, incapable of determining the 

transverse normal stress. 

A comparison of the finite element results with those determined by the present 

analysis is presented in Figure 3 through Figure 8. Excellent agreement is found for the 

transverse displacement between the three solution methods, suggesting the small 

damping parameter included in the Fourier transformation formulation has relatively little 

effect shortly after the impact event. Close agreement is also observed between the 

ABAQUS solutions and Fourier transformation solutions for the in-plane and transverse 

shear stresses. 
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Figure 3. Variation of vertical displacement, h', as a function of time for the thin 
laminate at x-WallQ^y-WbllO, and z=hl3. 
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Figure 4. Variation of normal stress, am as a function of time for the thin laminate 
at xslla/20, y-WbHQ, and z=0. 
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Figure 5. Variation of normal stress, Oyy, as a function of time for the thin laminate 
at x=l la/20,3^=116/20, and z=0. 
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2.2.4 Results 

A sandwich panel with elastic face sheets without damping and an absorptive core 

with damping is subjected to transverse impact. The panel is composed of layers with a 

stacking sequence of [0/90/core/90/0]. The material properties of the face sheets and core 

are the same as those used by Pagano (1970). The specially orthotropic elastic face sheet 

has properties of 

E, = 25.0xl0®psi 

= 1.0x10^ psi 

E3 = 1.0xl0®psi 

Gj, =0.5xl0®psi 

G23 =0.2xI0®psi 

G,3 =0.5xl0®psi 

V , 2 = V 2 3 = V , 3 = 0 . 2 5  

where "1" is the direction parallel to the fibers, "2" is the transverse direction, and "3" is 

the through-the-thickness direction. The transversely isotropic material properties of the 

core are given as 

=0.04xl0®psi 

E. =0.5xl0®psi 

G„ =0.06xl0®psi 

G^ =Gj, = 0.016x10® psi 

V =v =v =0.25 
n-  ̂ yz xz 

where .v, y. and c denote the directions of the coordinate system and the density of the 

core is 5.4x10'^ slugs/in^ (3 lbs/ft^). The panel is 10 inches square and the thickness of 

the plies and core are 0.02 and 0.5 inch, respectively. The panel is subjected to the 

loading distribution p(x,y,t)=g(x.y)h(t), where 
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g(.r.v)=-l00(jc-4)-(x-6)-(3'-4)-(y-6)- ; 
4 < x < 6  

4 <  V < 6  (71) 

and 

1 ; f<0.001sec 

0 ; f>0.001sec 
(72) 

While the face sheets are free of damping, two different damping parameters. 

0.025 and 0.1 are considered for the core. A numerical inverse fast Fourier transform is 

applied with 16,384 points over time periods of 1.0 and 0.8 second for the lightly and 

heavily damped cases respectively. Again, the panel's vibrations attenuate within the 

specified time periods. 

The displacement of a point located beneath the loading surface at the core/face 

sheet interface (.t=5.5, y=5.5, and z=0.04) versus time is presented in Figure 9. The 

results reveal that the stress and displacement fields are highly dependent upon the 

amount of damping used in the analysis. However, the peak magnitudes of the 

displacement and stress components are not sensitive. The displacement of the panel 

with a lightly damped core oscillates at a higher frequency than the panel with a damping 

parameter of 0.1. The normal stresses Cxi and <Syy respond in a manner comparable with 

the stresses in the lightly damped panel preceding the heavily damped panel as displayed 

in Figure 10 and Figure II, respectively. The in-plane and transverse shear stresses are 

observed in Figure 12 and Figure 13 to respond in a manner consistent with the overall 

bending of the plate. 
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Figure 9. Variation of vertical displacement, if, as a function of time for the 
sandwich panel. 

t=0.025 
— — £=0.1 

0 0.0005 O.OOt 0.0015 0.002 0.0025 0.003 

Time, t (sec) 

Figure 10. Variation of normal stress, <Txx» as a function of time for the sandwich 
panel. 
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Figure 13. Variation of normal stress, Cyzi as a function of time for the sandwich 
panel. 
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Figure 14. Variation of normal stress, azx> as a function of time for the sandwich 
panel. 
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2.3 Contact Between a Sandwich Panel and a Rigid Sphere 

2.3.1 Problem Statement 

A multi-layer specially orthotropic sandwich laminate subjected to transverse 

loading by a rigid sphere is considered. The panel geometry and loading configuration 

are displayed in Figure 15. The location of contact between the sphere and the panel is at 

( vo, yo, 0). The contact problem between a rigid spherical indentor and the sandwich 

panel involves the simultaneous solution of both the unknown contact area and contact 

pressure distribution. This iterative task is accomplished by adopting the method of Wu 

and Yen (1994) in conjunction with the solution method outlined in the preceding 

section. 

Figure 15. Schematic and loading configuration of the sandwich panel loaded by a 
rigid steel sphere. 

a 
i i *  

h 

T 

2.3.2 Solution Method 

As described in Section 2.2.2, the deformation on the top surface of the laminate 

due to a known loading 
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, , . m-KX . TVKy 
Pix, y) = po sm sm —^ (73) 

a b 

with po equal to unity is determined to be of the form 

»<x.>.0)=J£w„sin^sin^^ (74) 
in=I B=t ^ b 

where Wmn are the Fourier coefficients. The principle of superposition for the applied 

loading is used to relate the deformation to arbitrary external loading pix.y) applied over 

a contact region t2- Representing the arbitrary external load in terms of a Fourier series 

as pU,y) = 2^2^p^sin-^sin-^?p^ (75) 
a b 

and superposing the corresponding lateral displacement on the top surface of the panel 

leads to 

w(x,y,0) = ̂ ^p^w^sm sm—(76) 
m=l n=I ^ b 

Using the orthogonality property to determine the Fourier coefficient pmn, the transverse 

displacement on the top surface becomes 

w(x,y,0) = £^2w^ r p(^,Ti)sin-^^^sin-^d^dTi 
. nvKX . n-Ky 

s m  s m — ( 7 7 )  
a b 

As described by Wu and Yen (1994), if the preceding equation is written in terms of its 

Green's function, 

w(x,y,0) = J G(-c,3';^,Ti)p(^,Ti)d^dTi, (78) 
n 

then C(x,y;^,T|) represents the displacement at the (x,y) coordinate location due to a unit 

load applied at (^,Ti)-
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If a rigid sphere of radius R indents the panel, then the profile of the indentor on 

the surface is described by 

/(x,y) = Wg --(j:-jCq)- + (y- Vo)• (79) 

where vro is the out-of-plane displacement at the initial contact point (.ro,.vo)- Requiring 

the indentor to conform to the surface of the panel within the contact region permits 

Equation (78) to be rewritten as 

f i x ,  y) = f G(x, y; t]) Ti)d^d'n - (80) 
n 

A numerical procedure similar to the one used by Wu and Yen (1994) is 

employed to solve Equation (80). Initially, an overly large contact region is assumed. 

This contact region is then discretized into rectangular patches of dimension q and r as 

shown in Figure 16. If the center of the patch is at {xj,yj) and the pressure over the patch 

is assumed to be constant, then equation (80) becomes 

f ^ x ^ y )  =  ̂ P i (  '  "  P  " G ( . r , y ; ^ , T i ) d ^ d T i  ( 8 1 )  
7^ y, -4 t, -4 

which after integration reveals 

. nrKq . nitr . nvKX . rvKy . rmzx. . nizv 
f i x ,  y) = > p.  > > =^sm —^sm sm sm —^sm ^sm —^. (82) 

^ ̂  mrvK' 2a 2b a b a b 

When the indentor profiley(x,y) is evaluated at each patch, a system of linear equations is 

formed: 

= ; '.y = l ^ (83) 

where 
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16 ^7^ ̂  . n-Kq . nvKr . nvKX. . n~y\ . nvKX . n-y 
K= — y > —22-sin—^sm sm ^-sin—^sin ^sin (84) 

-• ̂  ̂  mn 2a 2b a b a 

Contact Region, n 

y 

Figure 16. Schematic of the discretized contact region Q. 

The linear system of equations is solved for the unknown pressure pj, on the 

patch. Because the initial contact region is assumed to be larger than the true contact 

region and the panel is required to conform to the surface of the indentor, the patches on 

the periphery are in tension. Since only compressive patches exist for meaningful 

contact, all patches in tension are removed from the contact region and equation (83) is 

solved again for a new contact region. This procedure is repeated until only compressive 

pressure patches remain and the approximate contact region is determined. 

2.3.3 Validation 

A square 50.8-mm by 50.8-mm [0°/45°/0°/-45°/0°]2s graphite/epoxy laminate is 

subjected to loading at its center by a rigid 19.1-mm diameter sphere. The properties of 

the lamina are £i=120GPa, Ez=Et,=1 .9G?2l, Gi2=Gi3=5.5GPa, and Vi2=Vi3=0.3. where 

"1", "2" and "3" denote the longitudinal, transverse, and through-the-thickness directions 
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of the unidirectional lamina, respectively. As in Wu and Yen (1994), V23 is selected to 

equal 0.3 and the shear modulus G23 is obtained through the relation Ez/lil+Vzs)-

As prescribed by Wu and Yen (1994), the material properties of the twenty-layer 

laminate are averaged through the thickness to yield a one-layer specially orthotropic 

lamina of 2.7mm total thickness. The averaged material properties of the lamina in the 

problem reference frame are: 

E,= 80.2x10'Pa 

E, =18.5x10'Pa 

=8.36x10'Pa 

G„ = 15.7x10'Pa 

=3.52x10'Pa 

=4.99xlO'Pa 
v^.=0.62 

=0.018 

=0.27 

Figure 17 displays the total contact force as a function of the panel indentation a. 

which is equal to the difference between the out-of-plane deformations at the points 

(.ro,.vo,0) and (xo,yQ,h)- The results show excellent agreement with the experimental work 

of Tan and Sun (1985), and the analytical analysis of Wu and Yen (1994). These results 

also demonstrate that the boundary conditions have little effect on the localized contact 

phenomenon since Tan and Sun (1985) utilized clamped boundary conditions. 
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Figure 17. Variation of load as a function of indentation. 

2.3.4 Results 

2.3.4.1 Analysis of a Sandwich Panel 

The complete analysis of a sandwich panel subjected to quasi-static transverse 

loading by a rigid sphere is performed. A carbon/epoxy face sheet with lay-up [02/902/03] 

is bonded to a foam core. Through the remainder of this section, this configuration will 

be known as a Type HI sandwich construction. The sandwich panel is 76.2x76.2-mm 

and supported by the roller type boundary conditions. The material properties and 

thickness of the face sheet and the core are presented in Table 2. More information on 

the material properties of the material system are given in Appendix A. 

Also included in this analysis is a thin, 0.01-mm adhesive layer between the face 

sheet and the core. This layer is not intended to actually model a layer of pure epoxy 

resin but rather a thin layer whose properties are dominated by the epoxy resin. The 
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material properties of the layer given in Table 2, are assigned the values of the neat epoxy 

resin of the face sheet. 

Material 
Property 

Thick Face 
Sheet 

High 
Density 

Foam Core 
Adhesive Layer 

E, 54GPa 180 MPa 2.7 GPa 
Ez 54GPa 180 MPa 2.7 GPa 
Ej 4.84 GPa 180 MPa 2.7 GPa 
Gn 3.16 GPa 70 MPa 0.951 GPa 
G23 1.87 GPa 70 MPa 0.951 GPa 
G,3 1.87 GPa 70 MPa 0.951 GPa 

0.06 0.286 0.42 

V2i 0.313 0.286 0.42 

V/i 0.313 0.286 0.42 
thickness 1.584 mm 12.7 mm 0.01 mm 

Table 2. Material properties for the Type III sandwich laminate. 

The out-of-plane displacement of the rigid sphere prescribed in the analysis is 2.5 

mm. The corresponding level of load created by this displacement is 5665 N. a level at 

which damage was seen to occur during the low-velocity experiments. 

As with any Fourier series representation, the solution is obtained by truncating 

the series. The maximum number of terms or values of m and n for this analysis, or 

defining them as nimax and rimax, are both equal to 290. This number is not only chosen to 

allow convergence in the Fourier series solution for the stress and displacement 

components, but also to ensure a well-conditioned problem. The system of linear 

equations found in Equation (83) is only well conditioned and invertable if the smallest 

wavelength in the Fourier series is smaller than the smallest patch size. In equality form, 

these relations are described by 
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'w«ar >- and >-. (85) 
q r 

The initial oversized contact region, located at the center of the panel was 

estimated to be 8-mm square and was discretized into a 19x19 grid of equally sized 

square patches. Six iterations were required at this level of load to determine the 

approximate contact area. Figure 18 displays both the approximate contact area and its 

associated contact pressure distribution. The contact area is determined to be 

approximately 6 mm across and is basically circular in nature. The circular contact area 

is expected due to symmetry and the specially orthotropic material properties used in the 

analysis. Also evident in Figure 15 is the blunt profile of the pressure distribution which 

is only attainable through the use of an iterative elasticity solution such as the one used in 

the present analysis. Hertzian type contact pressure distributions are incapable of 

modeling such a distribution. 

a04i 

Figure 18. Contact region and pressure distribution (left) and profile of the 
pressure distribution at>=fr/2(right). 

The analysis is capable of determining the stress and displacement fields 

throughout the sandwich panel and is displayed in Figure 19 through Figure 23. First, 
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Figure 19 displays the in-plane normal stress <5xx with contour plots on the three planes 

that act as section views. The planes are located on the contact surface (z=0) and two 

planes through the thickness. As Figure 19 demonstrates, the surface of the sandwich 

panel is not entirely subjected to compressive stress, as one would expect in the case of 

cylindrical bending. Instead, high tensile stresses develop in proximity to the area of 

contact. The in-plane shear stress CTty is also at a maximum at a point proximal to the site 

of contact as displayed in Figure 20. The transverse shear stresses are found to peak at 

the core - face sheet interface in Figure 21. As a result, the highest interlaminar shear 

stresses are focused on the thin layer whose material properties are dominated by the 

sandwich composite's weakest component, the neat resin. The out-of-plane displacement, 

n". and the transverse normal stress CTt;, displayed in Figure 22 and Figure 23. 

respectively, are observed to behave in a manner consistent with the overall loading and 

bending of the sandwich laminate. 
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Figure 19. Variation of a^x along the contact surface (zsO) and two center planes of 
the sandwich panel. 
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Figure 20. Variation of Oxy along the contact surface (z=0) and a plane through the 
thickness of the sandwich panel. 
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Figure 21. Variation of a^x along the contact surface (z=0) and two planes through 
the thickness of the sandwich panel. 
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Figure 22. Variation of On along the contact surface (z=0) and two center planes of 
the sandwich panel. 
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Figure 23. Variation of the out-of-plane displacement, w, along the contact surface 
(z=0), and two centeriine planes within the sandwich panel. 

As the representations in Figure 19 through Figure 23 are somewhat coarse and 

the region of interest is small and located directly beneath the indentor. Figure 24 through 

Figure 27 displays the same stresses and displacements in a much refined circular zone, 

20-nim in diameter, at the center of the panel. Figure 24 displays the in-plane normal 

stress Gxx in a 10 mm radius zone directly beneath the site of contact. As the figure 

demonstrates, high gradients of Gxx exist in the immediate area of contact. The in-plane 

shear stress is displayed in Figure 25 and appears to also focus on the area adjacent to 

the contact area. The failure of sandwich panels is often attributed to interlaminar shear 

stresses that create delaminations at the core - face sheet interface. As Figure 26 

demonstrates, the transverse shear stress a^x has a maximum at the core - face sheet 

interface, adjacent to the site of contact. Figure 27 displays the transverse normal stress 
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a~ and exhibits the pressure distributioii that was determined as a part of the iterative 

analysis and displayed in Figure 18. 

With the stress fields defined for the sandwich panel, subsequent failure analyses 

may be performed. Failure within composite sandwich panels subjected to low-velocity 

impact is an extremely complex phenomenon with many failure modes occurring 

simultaneously. Although many different failure criteria exist, no single criteria will ever 

accurately describe ail modes of failure. As core/face sheet delamination significantly 

affects the residual strength of a laminate, a simple criterion that establishes delamination 

in the present analysis is desired. 

The specific energy criterion proposed by Gillemot (1976) is selected to 

determine failure at the interface between the core and the face sheet. This interactive 

criterion will determine failure by comparing the strain energy at a point to that of the 

critical value of the strain energy of the matrix material. If the threshold is surpassed, 

failure has occurred at the core/face sheet interface. As strain energy density will be 

utilized as the failure criterion, it is also determined throughout the sandwich laminate. 

Figure 28 represents strain energy density in a circular region throughout the center 

portion of the sandwich panel. 

Using the data provided by the material manufacturer, the critical strain energy 

density for the resin was determined to be 176.7 KPa. If the failure mechanism is 

assumed to be delamination at the core-face sheet interface, and the failure criterion is 

based on this critical level of strain energy density, the resulting delaminarion area for the 

given load is predicted to be approximately 12 mm, as shown in Figure 29. Because the 
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thickness of the lesin layer is so small, the delamination area remains the same through 

its thickness. As with ail analytical predictions, this damage region needs subsequent 

experimental verification. 

r.tO()02E*O9 

2tt3B6 
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Figure 24. Variation of Oxx aloog the contact surface (z=0) and a plane tiirough the 
midsection within a 20 mm diameter zone at the center of the sandwich panel. 
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Figure 25. Variation of along the top and i)ottom surfaces (z=0, and z=h) and a 
plane through the midsection within a 20 mm diameter zone at the center of the 

sandwich panel. 
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Figure 26. Variation of Ozx along the core - face sheet interface (z=0.00158ni) and a 
plane through the midsection within a 20 nun diameter zone at the center of the 

sandwich panel 
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Figure 27. Variation of azz along the contact surface, the face sheet - core interface 
and a plane through the midsection within a 20 mm diameter zone at the center of 

the sandwich panel. 
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Figure 28. Variation of the strain energy density along the contact surface (z=0) and 
a plane through the midsection within a 20 mm diameter zone at the center of the 

sandwich panel. 
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Figure 29. Delamination area (in blue) at the core - face sheet interface and at the 
center of the sandwich laminate. 
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2.3.4.2 Contact Force - Indentation Relationships 

Contact force - indentation relationships are determined for six types of sandwich 

panel configurations. In each case, the sandwich specimens were loaded to the maximum 

contact force experienced in the experimental low-velocity tests of the present 

investigation. Face sheets were comprised of either [0°/90°/0°] or [0°2/90°2/0°:J 

configurations, and are denoted throughout this study as "thin" (3 plies) and "thick" (6 

plies) face sheets. Two densities of Rohacell's polymethacryimide foam and Hexcel's 

N'omex honeycomb were evaluated as the sandwich core materials. High-density cores 

were 1 lOWF and HRH-10-1/8-6.0; low-density cores were 51WF and HRH-10-1/8-3.0. 

In designating the lay-up of the specimens, low- and high-density cores of foam are 

denoted by 51WF and I lOWF, respectively; the respective cores of honeycomb are 

denoted by HRH3.0 and HRH6.0. All specimens incorporated a core of I2.7-mm 

thickness and overall dimensions of 76.2x76.2 mm. The types of specimens analyzed are 

summarized in Table 3. Further detail on the material properties used in these analyses 

can be found in Appendix A. Also included in these analyses is a 0.01-mm thick 

adhesive layer between the face sheet and the core. 

Specimen Type Face Sheet Core Type Core Density 

I thin foam low 
n thin foam high 
m thick foam high 
IV thin honeycomb low 
V thin honeycomb high 
VI thick honeycomb high 

Table 3. The analytical test matrix. 
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The Type I specimens consist of a thin carbon/epoxy face sheet with a low-

density foam core. The material properties used in the analysis are presented in Table 4. 

The laminate was subjected to a maximum contact force of 2610 N over 25 increments of 

load. The initial estimate of contact area was a 12-mm square area that was divided into 

361 equal sized patches and 290 terms were used in each Fourier series solution. The 

approximate contact area is determined in a maximum of three iterations. Results for the 

contact force-indentation relationship are presented in Figure 30. If a power-law 

equation such as 

F = Afoa-' ^S6. 

where Mo and M\ are best coefficients, F is the contact force, and a is the indentation, is 

utilized to fit the data, the curve fit parameters are found in Table 6. With an R' 

correlation coefficient of 0.993, the data is well fit by the power law equation. 

Similarly, the Type n sandwich specimen is analyzed and the contact force -

indentation relation is determined. This panel is loaded to approximately 4705 N in 25 

load increments. Again, the initial 10-mm square contact area is discretized into 36 I 

equal sized patches and 290 Fourier series terms are used to determine the stress and 

displacement coefficients. The material properties and thickness of each layer in the 

analysis are given in Table 4 and the contact force - indentation relationship is displayed 

in Figure 30. The parameters determined when fitting the contact force - indentation 

results of this analysis to Equation (86) are displayed in Table 6. 
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Material 
Property 

Thin Face 
Sheet 

Thick Face 
Sheet 

High 
Density 

Foam Core 

Low 
Density 

Foam Core 

Adhesive 
Layer 

E, 54GPa 54 GPa 180 MPa 72 MPa 2.7 GPa 
E2 54 GPa 54 GPa 180 MPa 72 MPa 2.7 GPa 
Es 4.84 GPa 4.84 GPa 180 MPa 72 MPa 2.7 GPa 

Gn. 3.16 GPa 3.16 GPa 70 MPa 24 MPa 0.951 GPa 
G23 1.87 GPa 1.87 GPa 70 MPa 24 MPa 0.951 GPa 
Gis 1.87 GPa 1.87 GPa 70 MPa 24 MPa 0.951 GPa 

0.06 0.06 0.286 0.499 0.42 

V2J 0.313 0.313 0.286 0.499 0.42 
V / J  0.313 0.313 0.286 0.499 0.42 

thickness 0.792 mm 1.584 mm 12.7 mm 12.7 mm 0.01 mm 

Table 4. Material properties for the Type I, Type II, and Type III sandwich 
laminates. 

The results for the Type lH sandwich laminate are displayed in Figure 30. In this 

analysis, the thick face sheet, high-density foam core specimen was loaded to a maximum 

level of approximately 7260 N over 25 loading increments. Although this configuration 

is loaded to a much higher maximum load, its overall increased stiffness minimizes the 

need for a large initial contact area. As such, the initial square contact area is lO-mm in 

size and is divided into 361 square patches. Again, 290 Fourier series terms are used in 

the summations for the stress and displacement terms. The parameters used to fit the 

power-law equation of Equation (86) are found in Table 6. 

The contact force - indentation relationship for the thin face sheet, low-density 

honeycomb core sandwich panel is presented in Figure 31. The material properties used 

in this analysis are given in Table 5 and more information on the dervation of those 

properties can be found in Appendix A. In this study, the Type IV panel is subjected to a 

maximum load of 3235 N in 25 loading steps. Initially, the oversized contact area is 
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prescribed to be lO-mm square with 361 evenly sized loading patches. Only 3 to 4 

iterations are required for the analysis to converge to the approximate contact area. The 

parameters for a power-law fit of contact force to indentation are given in Table 6. 

Material 
Property 

Thin Face 
Sheet 

Thick 
Face 
Sheet 

High Density 
Honeycomb 

Core 

Low Density 
Honeycomb 

Core 

Adhesive 
Layer 

El 54GPa 54 GPa 0.703 MPa 0.352 MPa 2.7 GPa 
E. 54GPa 54 GPa 0.359 MPa 0.179 MPa 2.7 GPa 
Es 4.84 GPa 4.84 GPa 413.7 MPa 137.9 MPa 2.7 GPa 

G,2 3.16 GPa 3.16 GPa 0.883 MPa 0.441 MPa 0.951 GPa 
G23 1.87 GPa 1.87 GPa 44.81 MPa 24.13 MPa 0.951 GPa 
Gu 1.87 GPa 1.87 GPa 89.63 MPa 44.82 MPa 0.951 GPa 
V/2 0.06 0.06 0.333 0.333 0.42 

V2J 0.313 0.313 0. 0. 0.42 

V/J 0.313 0.313 0- 0. 0.42 
thickness 0.792 mm 1.584 mm 12.7 ram 12.7 mm 0.01 mm 

Table 5. Material properties for the Type FV, Type V, and Type VI sandwich 
laminates. 

The Type V specimen consists of a thin carbon/epoxy face sheet with a high-

density honeycomb core. The material properties used in the analysis are presented in 

Table 5. The laminate was subjected to an approximate maximum contact force of 5420 

N over 25 increments of load. The initial estimate of contact area was a 10-mm square 

area that was divided into 361 equal sized patches and 290 terms were used in each 

Fourier series solution. The approximate contact area is determined in a maximum of 

three iterations. Results for the contact force-indentation relationship are presented in 

Figure 31. Using a power-law equation such as that previously described to fit the data 

results in the curve fit parameters presented in Table 6. 
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Figure 30. Contact Force - indentation relationship for the Type I, Type II and 
Type III foam sandwich specimens. 
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Figure 31. Contact Force - indentation relationship for the Type IV, Type V and 
Type VI honeycomb sandwich panels. 
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Lastly, the Type VI panel is studied and the contact force - indentation 

relationship is determined. This specimen is loaded to an approximate maximum contact 

force of 6800 N in 25 loading increments. Stress and displacement components are 

approximated using 290 Fourier series terms and finding the approximate contact region 

requires a maximum of 3 iterations at each level of loading. The initial contact area 

estimate is a 10 mm square area that is discretized into 361 square patches. .A.s 

demonstrated by the correlation coefficient (R") value of 0.999, the power-law curve fit is 

an excellent approximation of the contact force - indentation relation. Parameters 

describing this fit for the thick face sheet, high density honeycomb core sandwich panel 

are presented in Table 6. 
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Figure 32. Contact Force - indentation reiationsiiip for the foam and honeycomb 
sandwich laminates. 
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A comparison of the foam and honeycomb sandwich panel contact force -

indentation relations is presented in Figure 32. As this figure demonstrates, the results 

for the Type I and Type IV panels is virtually the same regardless of the core material. 

For the other cases however, the honeycomb sandwich configurations demonstrate a 

higher order power law than the foam core specimens. Also evident in this figure is the 

varying degree of nonlinearity. An iterative elasticity solution such as the present 

analysis is required to determine this varying response. Hertzian type contact force -

indentation relations will never capture this behavior due to their dependence on a 

constant order power law. 

Afo(N/m*'') Ml R-

Type I 1.081x10^ 1.266 0.993 
Type n 2.005x10' 1.302 0.996 
Type HI 2.007x10' 1.225 0.999 
Type IV 1.053x10' 1.262 0.994 
Type V 6.355x10' 1.410 0.992 
Type VI 4.240x10' 1.285 0.999 

Table 6. Contact force - indentation curve fit parameters for ttie six types of 
sandwich panel analyzed. 

2.4 Impact Loading 

2.4.1 Problem Statement 

The three-dimensional analysis of a sandwich laminate subjected to transient 

loading with a rigid impactor is a complex problem. To date, no analysis is capable of 

providing the three-dimensional solution of the sandwich panel coupled with the 

dynamics of the impacting object. The present analysis is also incapable of coupling the 
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dynamics of the sandwich panel with that of the impacting object. Instead, the loading 

arising from the impact is approximated based on the experimental measurements. This 

approximate impact loading permits the transient analysis of a sandwich panel. The 

parameters that characterize the impact loading are derived from the quasi-static analysis 

and the low-velocity impact experiments that are discussed in Section 3. 

2.4.2 Problem Description 

A Type EH foam sandwich specimen is subjected to impact loading. The analysis 

method is identical to that described in Section 2.2.2. For this analysis however, the 

properties of the impact event are derived from the quasi-static analysis and the 

experimental investigation. The following section describes how the relevant parameters 

are defined. 

The impacted sandwich panel consists of a 76.2-mm square panel with [O2/9O2/O2J 

face sheets and a foam core. Material properties and layer thickness used to describe the 

impacted specimen are given in Table 7. More detailed information about the 

constitutive behavior of ±ese materials can be found in Appendix A. Unlike the quasi-

static analyses performed in Section 2.3, a thin adhesive layer is not included in the 

dynamic analysis. 

The loading function that spatially and temporally defines the low-velocity impact 

must be defined a priori. Thus, a loading function of the form 

pix,y,t) = V f(^x)g{y)h(jt) (87) 
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where P is the magnitude of the pressure, is applied to the surface of the face sheet. The 

functions fix), g{y), hit) and the magnitude P are explicitly defined based on the 

maximum contact force determined from low-velocity impact experiments. These 

experiments are described in Section 3. The specimens were impacted with an 

instrumented steel impactor that recorded force as a function of time as displayed in 

Figure 33 for two different impact energy levels. 

Material 
Property 

Face Sheet 
High Density 
Foam Core 

E, 54GPa 180 MPa 
E2 54GPa 180 MPa 
Ei 4.84 GPa 180 MPa 
Gn 3.16 GPa 70 MPa 
G23 1.87 GPa 70 MPa 
G,3 1.87 GPa 70 MPa 
V/2 0.06 0.286 

V2i 0.313 0.286 

"^13 0.313 0.286 
density 1511 kg/m'' 110 kg/m^ 

thickness 1.584 mm 12.7 mm 

Table 7. Material properties for the Type III sandwich laminate. 

As demonstrated in Figure 33, the behavior of the force history is similar for 

different levels of impact energy. Normalizing the force history with respect to the 

maximum contact force of each curve yields the data presented in Figure 34. Since the 

behavior of the force history is independent of the impact energy, a single function 

dependent upon time can be used to model the temporal relationship; thus h{t) is defined 

by a parabolic function of the form 

hi t )  =  ̂ ( td -r )  (88) 
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where d is the duration of impact and t  is time. As shown in Figure 35. it provides an 

acceptable fit to the normalized contact force history data. This fiinction compares well 

with the normalized impact data over an impact duration of 0.0031 seconds. 
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Figure 33. Contact force histories for two Type III specimens at 8.07 J and 12.55 J 
of impact energy. 

1.2 — —— 

i- —^>—8.07 J impact Energy 

12.55 J Impact Energy 

0.8 

es 
c 0.6 0 U 
1 0.4 

es 

o 0.2 Z 

-0.2 
0 0.001 0.002 0.003 0.004 0.005 

Time (sec) 

Figure 34. Normalized contact force histories for two Type in specimens at 8.07 J 
and 12.55 J of impact energy. 
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Figure 35. Normalized contact force histories for two Type III specimens and the 
loading function h(f). 

After determining the time-dependent portion of the loading, h{t), the peak 

pressure, P and the spatial distribution of pressure,/(.v)gCv) are determined. Similar to the 

temporal relationship, a loading function dependent on spatial coordinates .r and v is 

introduced to approximate the quasi-static analytical and experimental results. The 

functions /(.v) and ^Cv)r displayed in Figure 36, describe the impact area's basically 

circular shape. Accordingly, the explicit forms of the functions are 

( a 
X H ^ 

2 2 
a d, 

X 
2 2 

a (89) 

and 

,  16r b d \̂- b d^^-
y~--^ (90) 
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where da is the diameter of the contact region. 

Examining the experimental results of Chapter 3, it is demonstrated that a load of 

5223 N is the approximate maximum of a 12.55 J (9.26 ft-lb) impact. Above this level of 

impact energy, the experiments demonstrate that damage is initiated and thus is 

inappropriate to analyze with an elastic model. 

With 5223 N as the maximum contact force, the contact area defined by c/n is 

determined using the results of the quasi-static analysis. Using the analysis of Section 

2.3.3, the sandwich panel is subjected to a loading of 5223 N and the surface pressure is 

displayed in Figure 36. Extrapolating the size of the contact area to its edges based on 

the size of the grid used in the contact analysis yields an approximate diameter of 5.9 

mm. 
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Figure 36. Representation of the contact area for the Type III sandwich panel at 
5223 N of load. 
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The distribution of/(jc) is displayed in Figure 37, and displays the smooth nature 

of the loading function. Multiplying Equation (89) and (90) together yields an 

approximately circular distribution of pressure on the surface of the face sheet at higher 

pressures as presented in Figure 38. 

The only remaining unknown to be determined is the peak pressure. P. This 

quantity is determined by integrating the contact pressure over the contact area. 

Integrating the equation 

tl t/Q b ^/q 
2 2 2 2 

J J P  f i x )  g i y )  h i d / 2 ) d y d x  =  C o n t a c t  F o r c e  (91) 
a </q b JQ 
t V t f 

with P equal to unity yields the contact force, 9.88x10"^ N. Linearly scaling the quantity 

P to equal 5.29x10® Pa results in the total desired contact force of 5223 N. 
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Figure 37. Variation of/[jr) over the 5.9 mm contact region at the center of the 
plate. 
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Figure 38. Variation of f(x)g(y) over the surface of the sandwich laminate. 

2.4.3 Results 

The transient analysis of the sandwich specimen subjected to low-velocity impact 

loading is performed by using the previously defined quantities. The analysis is 

performed over a time interval of 0.1 second. Although the impact event only occurs 

during a 0.0031 second interval, the additional time is required for the vibrations within 

the panel to attenuate. The numerical inverse fast Fourier transform is performed on 

16384 points within the time interval. A value of 0.025 is used for the damping 

parameter, e, to ensure an essentially elastic solution. The solution utilized 51 terms in 

both the .V and v-direction Fourier series. 

The out-of-plane displacement at the center of the top and bottom surfaces is 

displayed in Figure 39. The behavior of the displacement is exactly that of the loading 

function /i(r). Only small residual vibrations occur subsequent to the impact. These 



results suggest that the solution is essentially quasi-static. The maximum out-of-plane 

displacement obtained in this analysis is approximately 2.5 mm at d/2 and matches that of 

the quasi-static analysis of Section 2.3.4.2. The indentation, or difference between the 

top and bottom face sheets is also in close agreement with the contact force - indentation 

relationship developed for the Type HI specimen in Section 2.3.4.2. The in-plane normal 

stress also behaves in a consistent manner as displayed in Figure 40. 

Because this analysis behaves in an essentially quasi-static manner, it follows that 

the predicted stress and displacement fields match those of a quasi-static analysis. Figure 

41 and Figure 42 display the out-of-plane displacement and in-plane normal stress, 

respectively. The magnitude of the stresses and displacements reveal their similarity lo 

those presented in Section 2.3.4.1 for the quasi-static analysis. 

The strains on the back surface of the sandwich laminate can be determined from 

the stresses using the constitutive properties of the face sheet. These strains can then be 

utilized for subsequent comparison to experimental values in Section 3.4.1. Using the 

strains at the center of the panel on the z=h surface, the variation of £„ is determined and 

displayed in Figure 43. 



81 

0.003 

0.0025 

0.002 

0.0015 
3 
a. 

0.001 

0.0005 

-0.0005 
0.001 0.002 0.004 0.005 0 0.003 

Time, t (sec) 

Figure 39. Variation of transverse displacement as a function of time at the center 
of the top and bottom surfaces. 
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Figure 40. Variation of in-plane normal stress Oxx as a function of time at the center 
of the top and bottom surfaces. 
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Figure 41. Variation of transverse displacement, on the impacted surface and 
two center planes in the sandwich laminate at t=dl2. 
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Figure 42. Variation of transverse displacement, Oxc> on the impacted surface and a 
section plane in the sandwich laminate at /sd/2. 
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Figure 43. Variation of in-plane normal stress, Em as a function of time at the 
center of the top and bottom surfaces. 

2.5 Simplified Impact Models 

Previous studies have established that the dynamic behavior of a sandwich 

laminate subjected to low-velocity impact is essentially the same as when subjected to a 

quasi-static load (Ferri and Sankar, 1997). Because the complete three-dimensional 

analysis of a laminate subjected to low-velocity analysis is computationally e.xpensive. a 

simplified impact model utilizing this quasi-static behavior is created. Essentially, the 

model will consist of a mass and a nonlinear spring, the properties of which are 

determined from the quasi-static force - displacement relationship of the rigid sphere in 

Section 2.3.4. 
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A/2(N/m'^') M3 R' 

Type I 1.314x10" 1.108 0.99936 
Type n 4.007x10'' 1.168 0.99930 
Type III 4.541x10" 1.116 0.99994 
Type IV 1.813x10" 1.125 0.99926 
Type V 4.442x10" 1.173 0.99956 
Type VI 4.844x10" 1.119 0.99996 

Table 8. Contact force - displacement curve fit parameters for the six types of 
sandwich panel analyzed. 

Accordingly, the quasi-static force - displacement relationship of the sphere is 

determined from the analyses performed in Section 2.3.4.2. In this case however, the 

displacement at the sphere's point of contact is the desired quantity, not the indentation. 

The displacement of the sphere, wo, can be approximated by a nonlinear equation of the 

form 

F—^2^0 ^92) 

where A/t and M3 are constants providing the relation for the contact force as a function 

of the rigid sphere's displacement. As in Section 2.3.4.2, the results for the six different 

panel configurations are tabulated in Table 6 and the R" values show the excellent fit 

provided by Equation (92). 

In this simplified analysis, the motion of the impacting sphere are described by 

the nonlinear ordinary differential equation (ODE) 

w2 
m—^+M,vVo'' =0 (93) 

dr  
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where m is the mass of the sphere and t is time. As Equation (93) has no analytical 

solution, the differential equation is solved numerically using an adjustable step size 

Runge-Kutta integration routine. 
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Figure 44. Experimental and predicted variation of contact force as a function of 
time for the Type III specimen. 

Initially (/=0), the displacement of the sphere is zero and its velocity is 2 m/s 

which is consistent with its 0.46-m drop height. Performing the analysis on a Type III 

sandwich panel with a 1.8 kg drop mass provides displacement of the sphere as a function 

of time. Substituting this information into Equation (92) then yields the contact force as a 

function of time and the results are presented in Figure 44. Also included in this figure 

are experimental results that are fully detailed in Section 3.4.1. As the figure 

demonstrates, solution provided by the ODE is approximately 1.5 times higher than those 
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found experimentally. The ODE analysis is found to consistently overestimate the peak 

force although the amount varies for different laminate configurations. 

Two possible explanations appear to explain this overestimation. Either impact 

energy is being dissipated, thus reducing total indentor displacement, or perhaps the ODE 

is too simple to model the impact phenomenon. To investigate the second possibility, a 

finite element analysis (FEA) of the sphere impacting the sandwich plate is performed 

with the commercially available finite element analysis program, ANSYS. 

Using a methodology similar to the previous analyses, the model consists of a 

plate coupled to an impacting mass by a nonlinear spring. A predefined force -

displacement relationship, governs the behavior of the nonlinear spring and accounts for 

the dynamics of both the sphere and the sandwich plate. 

The sandwich panel is modeled as a plate with the layered structural shell 

element, SHELL91. This element also includes a special formulation for modeling 

sandwich structures where the core carries the transverse shear load and the face sheets 

carry the bending load. Using this element, the 0.0762-m square plate is meshed with a 

20 X 20 grid of square elements and the boundary conditions applied to the edges of the 

plate are represented by 

v'^=vv*=0, forjc=0, x = a, 0 < y < b  

M * = w * = 0 ,  f o r y = 0 ,  0 < x < a  

where a  and b  are the dimensions of the plate, and u ,  v, and w  are the displacements in the 

A", y, and z directions, respectively. 
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As with any plate analysis, four in-plane material properties are required. 

However, because this element also estimates transverse shear stresses, the transverse 

shear stiffnesses are required as well. The material properties used for the Type III panel 

are 

E,= 54x10'Pa 

=54x10'Pa 

G„ =3.16x10'Pa 

= 1.78x10'Pa 

=1.78xI0'Pa 

v„=0.06 

for the face sheet and 

E = 180x10® Pa 

v= 0.286 

for the foam core. The density and thickness of the face sheet and core is 1511 kg/m" and 

1.58 mm. and 110 kg/m^ and 12.7 mm, respectively. 

A mass element is used to model the 1.8-kg rigid impacting sphere and a 

nonlinear spring element is utilized to model the contact force - indentation relationship 

for the sandwich panel. The mass is modeled with ANSYS element MASS21. a three-

dimensional point mass and the nonlinear spring is modeled using the COMBIN39 

element. COMBIN39 is a uniaxial nonlinear spring element that is defined to only allow 

compressive force. The behavior of the spring is determined through a multi-linear 

approximation of the contact force - indentation curve specified in Section 2.3.4.2 for the 

Type in laminate. 
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Figure 45. Variation of the contact force as a function of time for the ODE and 
FEM analyses. 

Initial velocities of 2 m/s and 3 m/s are utilized in the reA for a comparison with 

the ODE analysis and the results are presented in Figure 45. The behavior of the contact 

force as a function of time is quite similar for the FEM and the ODE solutions at each 

initial velocity. These results therefore suggest that the ODE is sufficient to capture the 

dynamic behavior of both the plate and sphere. 

With the ODE appearing to be sufficient to characterize the impact event, an 

additional term is added to Equation (93) to dissipate energy. It is believed that through 

the addition of an energy dissipation parameter, c, the equation 

=0 (94) 
dr dt 
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will better model the experimental results detailed in Section 3.4.1. Characterization of c 

however requires an empirical fit. Integrating Equation (94) with the Runge-Kutta 

integration scheme and varying the value of c allows an approximate fit of the 

experimental results to be determined. 

The empirical fit for the sandwich analyses was performed and the results for the 

dissipation parameter, c, are tabulated in Table 9. Due to the presence of damage at the 

lowest levels of impact energy, analyses of the Type I sandwich panel were neglected. 

Results for the Type II specimens are presented in Figure 46. A value of 765 kg/s proves 

to fit the peak contact force well and deviate from the contact duration only slightly for 

the two impact energies. Figure 47 displays the solution of Equation (94) for the Type III 

specimens at three different impact energies and again, only the contact duration differs. 

Figure 48 and Figure 49 present the empirical fits for the Type IV and Type V specimens, 

respectively. Because no significant damage occurred during the low-velocity impact 

events on the Type VI specimens, all energy levels could be compared. Figure 50 

displays the results for the 3.58J and 8.07J energy impacts and Figure 51 presents the 

data for the 12.55J, I7.03J and 21.52J energy impacts for the Type VI panels. 

Panel Type c (kg/s) 

Type I NA 
Typen 765 
Type HI 1034 
Type IV 648 
Type V 900 
Type VI 1394 

Table 9. Dissipation parameter, c, for the sandwich panels. 
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In summary, it should be emphasized that a single value of c fit multiple levels of 

impact energy for a specific panel configuration. 
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Figure 46. Variation of contact force as a function of time on the Type II specimens 
for the predicted (A) and the experimental measurement (E) for the impact 

energies: 3.58J and 8.07J. 
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Figure 47. Variation of contact force as a function of time on the Type III 
specimens for the predicted (A) and the experimental measurement (E) for the 

impact energies: 3.58J, 8.07J, and 12.55J. 
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Figure 48. Variation of contact force as a function of time on the Type IV specimens 
for the predicted (A) and the experimental measurement (E) for the impact 

energies: 3.58J and 8.07J. 
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Figure 49. Variation of contact force as a function of time on the Type V specimens 
for the predicted (A) and the experimental measurement (E) for the impact 

energies: 3.58J, 8.07J, and 12.55J. 
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Figure 50. Variation of contact force as a function of time on the Type VI specimens 
for the predicted (A) and the experimental measurement (E) for the impact 

energies: 3.58J and 8.07J. 
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Figure 51. Variation of contact force as a fimction of time on the Type VI specimens 
for the predicted (A) and the experimental measurement (E) for the impact 

energies: 12.55J, 17.03J, and 21.52J. 
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3. EXPERIMENTAL INVESTIGATION 

3.1 Introduction 

Low-velocity impact tests were conducted to characterize ttie type and extent of 

the damage observed in a variety of sandwich configurations with graphite/epoxy face 

sheets and foam or honeycomb cores. Impact-related quantities such as peak contact 

force and residual indentation are related to the impact energy, and conclusions are 

drawn. Correlation of the residual indentation and cross-sectional views of the impacted 

specimens provide a criterion for the extent of damage. The effectiveness of 

piezoelectric polymer sensors to detect impact damage is also determined. Finally, quasi-

static indentation tests are performed and show excellent agreement when compared with 

the analytical predictions. 

3.2 Test Specimen Fabrication Procedures 

The material used for the face sheets of the sandwich laminate was 

LTM45EL/CF0111, a carbon fiber 4x4-twill preimpregnated fabric manufactured by The 

Advanced Composites Group (ACG), (Tulsa, Oklahoma). Face sheets were comprised of 

either [O3], [0/90/0] or [O2/9O2/O2] configurations, and are denoted throughout this study as 

"thin" (3 plies) and "thick" (6 plies) face sheets. 

Foam and honeycomb were chosen as the core materials for the sandwich panels. 

Two densities of Rohacell's polymethacryimide foam (llOWF and 51WF) and Hexcel's 

HRH-IO honeycomb with 1/8-inch-diameter cells (1/8-3.0 and 1/8-6.0) were evaluated. 

High-density cores were llOWF (6.87 Ib/ft^) and HRH-10-1/8-6.0 (6 Ib/ft^); low-density 
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cores were 51WP (3.25 Ib/ft^) and HRH-10-1/8-3.0 (3 Ib/ft^). In designating the lay-up 

of the specimens, low- and high-density cores of foam are denoted by 51WF and I lOWF. 

respectively; the respective cores of honeycomb are denoted by HRH3.0 and HRH6.0. 

All specimens incorporated a core of 0.5-inch thickness. The types of specimens 

fabricated for testing are summarized in Table 10. 

Specimen Type Face Sheet Core Type Core Density 

I thin foam low 
n thin foam high 
m thick foam high 
IV thin honeycomb low 
V thin honeycomb high 
VI thick honeycomb high 

Table 10. Test matrix. 

Specimens were fabricated in accordance with standards prescribed by ACG and 

an additional layer of adhesive was not introduced between the face sheet and the core. 

This material system has a flexible low-temperature cure cycle, and a vacuum-bag 

operation provides adequate consolidation. The cure cycle, illustrated in Figure 52. 

consists of a 3.5 °F/min ramp to 175 F, where the sandwich construction was cured under 

vacuum for 10 hours. 

Once the curing and consolidation process of the large panels (7x10 inches) was 

complete, 3x3-inch test specimens were prepared. A diamond-grain-coated saw blade 

was obtained from Abrasive Technology, Inc. (Westerville, OH) and utilized to cut the 

large panels into the test specimen size. The diamond saw was found to be an 

inexpensive way to cut carbon/epoxy sandwich panels with the desired accuracy. 
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Delaminations created by the saw along the specimen's cutting surface were observed to 

be minimal. 

A Temperature 

175° F 

Time 

F/m in 

10 hours 
Vacuum 

Time 

Figure 52. Schematic of the cure cycle used with the LTM45-EL/CF0111 carbon 
fiber prepreg. 

After curing the sandwich specimens, the surface of the 4x4-twill face sheet 

remained somewhat irregular due to the weaving pattern of the fabric. As strain gages 

were to be bonded to the surface, and should ideally be bonded to a smooth surface, the 

surface of the panel directly beneath the gage was coated with another layer of structural 

epoxy as prescribed by Tuttle and Brinson (1984). This layer was then carefully sanded 

down until the carbon fiber was exposed. In this manner, the irregular surface of the face 

sheet was filled in with extra epoxy, and the strain gage could be bonded to a smooth 

surface. 

Strain gages with a 0.5-inch gage length were utilized. The CEA-06-500UW-350 

gages were obtained from Measurements Group, Inc (Raleigh, NC). The nominal gage 

resistance was 350Q as recommended by Tuttle and Brinson (1984). The long gage 
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length was necessary because of the relatively long weave length of the 4x4-twin weave 

utilized in the sandwich specimens. Even with the long gage length, only a minimum 

distance of one full weave cycle could be covered. The strain gages were located on the 

back surface, with the center of the strain gage at the center of the sandwich panel. 

Because of the large gage and small coupon size, only one gage was attached per 

specimen. 

Piezoelectric polyvinylidene fluoride (PVF2) film sensors were also incorporated 

into some sandwich specimens to evaluate their effectiveness in the monitoring of low-

velocity impact as described by Denham et al. (1997). PVF2 films were obtained from 

the Kureha Chemical Industry Co., Ltd. of Japan under the trade name KF Piezo Film. 

The 30-[im thick film consists of a layer of PVF2 polymer that is metallized on both 

surfaces with aluminum. The sensors are Icm square and are located at the center of the 

specimen, at the face sheet - core interface. A copper wire. 0.11 mm in diameter is 

attached to each surface of the film and exits the specimen between the face sheet and the 

core. 

Because the carbon fiber in the face sheet conducts electricity, an insulating 

medium was necessary to maintain the integrity of the sensor's signal. Insulating 

polymer tubing was therefore applied over the copper wires making their overall diameter 

increase to 0.48 mm. Similarly, the PVF2 sensor was insulated from the face sheet with a 

0.13-mm thick layer of Kapton® tape applied between the sensor and the face sheet. 
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3.3 Low-Velocity Impact Test Apparatus 

The sandwich specimens were subjected to low-velocity impact through the use 

of a dropped-weight impact test facility. The dropped-weight apparatus used in this study 

is similar to that described by Ambur et al. (1995). The dropped-weight impact apparatus 

consists of an instrumented drop-weight that records the variation of load as a function of 

time. Also incorporated in the test apparatus is a latching mechanism that catches the 

weight after its initial impact so as to eliminate multiple impacts. The mass of the 

impactor and the drop height are variable, allowing for a wide range of impact energies. 

All specimens were simply supported during the low-velocity impact event. The 

specimens were impacted at various energy levels to achieve barely visible damage, face 

sheet penetration, and damage levels in the middle of these two types. In order to achieve 

these levels, the impactor weight was varied from approximately 4 to 6 lbs and a range of 

drop heights varying from 8 to 48 inches was utilized. A CAD schematic displays the 

dropped-weight impactor in Figure 53. 

Figure 53. A schematic of the low-velocity dropped-weight impact apparatus. 



98 

The instrumented tip of the impactor consisted of a piezoelectric force transducer 

with a 1-inch spherical tip. The force transducer (Model 208A45) was purchased from 

PCB® Piezotronics, Inc. (Depew, NY). The sensor's ICP® internal signal conditioning 

circuitry was calibrated with a MIST traceable sensor to provide an output of 0.987 

mV/lb. Thus, the sensor's the peak dynamic load of 50001b would produce a 4.935 V 

output voltage. Because of the relatively high level output signal, no additional signal 

conditioning circuitry is required. The input current supplied to the force transducer is 

from an ICP® Battery Power Unit (Model 480C02). In this case, a battery powered 

power unit is chosen for its application as signal source with minimal signal noise. 

Data acquisition of contact force and strain signals for the dropped-weight impact 

test apparatus is accomplished through the use of a PC based data acquisition system. 

The system is based on two plug-in data acquisition boards that reside in the host 

computer. The model AT-MIO-16E-2 and AT-MIO-16E-10 acquisition boards were 

purchased from National Instruments™ (Austin, TX). Two acquisition boards are 

required because of the different types of signals being digitized. The strain signal is 

grounded, whereas the contact force transducer has a floating signal output. Because of 

ground loop concerns, two data acquisition boards are utilized to separate the different 

types of signal sources. 

The two data acquisition boards are controlled through the Lab VIEW software 

purchased from National Instruments™ (Austin, TX). This software provides a versatile 

graphical prograrmning environment for the development of a user interface to control 

the data acquisition of both the load and strain. The user interface for collecting contact 



force, as shown in Figure 54, allows the user to start an acquisition, view the recorded 

data on the screen, and save it to a file for later use. 

The issue of synchronizing the two plug-in data acquisition boards was resolved 

using the Real-Time System Integration (RTSI) bus on the data acquisition board. The 

RTSI bus allows signals from one board to be directly interfaced with those of another 

plug-in board. Lab VIEW was then used to configure one board as the master and the 

other as the slave. Hence, the master board thus controlled the trigger and acquisition 

scan rate. 

Figure 54. Image of the Lab VIEW user interface for the dropped-weight impact 
apparatus. 

Additional signal conditioning was required for the strain gage measurements. A 

strain gage signal conditioning board (SC-2043-SG) was purchased from National 

Instruments™ (Austin, TX) for this purpose. This board was connected between the 

strain gages and the plug-in data acquisition board. The strain gage board allows the use 
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of full-, half- or quarter-bridge circuits and applies a gain of ten to the strain gage output 

signals through an instrumentation amplifier. Post-gain offset nulling was performed 

through adjustments to the conditioning board's trimpots. The board also produces the 

relatively low strain gage excitation signal of 5.0 V prescribed by Tuttle and Brinson 

(1984). 

Resolution of the data acquisition system varied depending upon the signal being 

measured and the total impact energy. In the case of the contact force, the twelve-bit 

resolution of the analog-to-digital converter and a signal range of ±2.5 V resulted in a 

resolution of 5.5 N (1.21b). If the impact force was known to be less than 4400 N (1000 

lb), then an amplifier gain of 5 could be applied to the ±1.0 V signal reducing the 

resolution to 2.2 N (0.5 lb). The strain measurements resolution also depended upon the 

total strain reached during the impact event. However, the maximum gain of 1000 and 

the twelve-bit resolution provided an adequate minimum resolution of 0.5x10'^. 

Composite sandwich specimens instrumented with small piezoelectric PVF2 

sensors were impacted at the location of the sensor. As the magnitude of the voltage 

produced by the sensor during an impact could surpass 40V, it exceeded the voltage 

range of the PC data-acquisition system. An alternative acquisition method was therefore 

required for these impact tests. A Tektronix digital storage oscilloscope was used to 

collect both the force and sensor data. Additionally, the PC data-acquisition system still 

collected the contact force data, which were compared to these of the oscilloscope to 

ensure the validity of both sets of data. 
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3.4 Low-Velocity Impact Tests 

3.4.1 Low-Velocity Impact Tests 

Low-velocity impact tests were performed on the specimens without PVF2 

sensors outlined in Table 10. A complete summary describing all specimen 

configurations, impact energies, and the type of damage observed, can be found in 

Appendix B. The contact force-time and strain gage-time histories associated with each 

of the foam and honeycomb specimens are given in Appendix C and Appendix D, 

respectively. The legend of each figure in the appendices lists the specimen number, the 

core type, and the impactor height during testing. 

Each test was designated with a particular test identification number such as 

96f08 or 21 lhl8. These numbers and characters represent an organizational method to 

categorize and track the data sets for the low-velocity impact tests. Contained in this test 

number are the core material, the drop height, and the overall test number performed on 

the apparatus. Figure 55 displays how the test identification number is determined. 

Peak levels of contact force as a function of the total impact energy for the foam 

panels are presented in Figure 56. As observed in the figure, the thin- face sheet/low-

density foam (0/90/0/51WF/0/90/0), the peak contact force rises with the impact energy 

to a level of approximately 560 lbs at 10 fl-lb, where it levels off. Similarly, for the thin-

96f08 2llhl8 
Test #96^ 

Foam Core-' 

8-inch drop height 

, ^18-inch drop height 

^Honeycomb Core 

Test #211 

Figure 55. Low-velocity impact test numbering convention. 
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face sheet/high-density foam (0/90/0/110WF/0/90/0), the maximum contact force is 

approximately 950 lbs at any impact energy over 9 ft-lb. As Figure 56 demonstrates, the 

thick-face sheet/high-density-foam specimens (02/902/02/nOWF/02/902/02) achieve the 

highest peak contact forces. The peak contact force is approximately 1300 lbs at 13 ft-lb 

and above. 
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Figure 56. Peak contact force as a function of total impactor energy for the foam 
sandwich specimens. 

Strain-gage data during several of the impact events were also recorded for the 

Type II and Type III configurations. Strain gages were placed on the back surface of the 

panel, directly across from the impact location on the upper surface. As illustrated in 

Figure 57, the results from 3 different specimens impacted at the same energy level and 

with the same lay-up of (0/90/0/1 lOWF/0/90/0) demonstrate the repeatability of the 

strain-gage data. The variations of the contact force and strain as a function of time. 
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shown in Figure 58, reveal that both the strain gage and the force transducer exhibit 

initial failure in the material at the same specific time. Evident also is the residual strain 

in the back face sheet after impact. The significant residual strains on the back surface of 

the panel indicate the severity of the damage. 

0.0025 

Test I 
Test 2 
Test 3 0.002 -

0.0015 -

0.001 -

0.0005 

0 0-001 0.002 0.003 0.004 0.005 

Time (sec) 

Figure 57. Variation of strain as a function of time for three 0/90/0/1 lOWF/0/90/0 
specimens impacted at 5.95 ft-lb of impact energy. 

The in-plane strain, Gxx found during the low-velocity impact experiments is also 

compared with the strains predicted by the analysis of Section 2.4.3. In this comparison, 

the predicted strains on the back surface of the sandwich laminate are determined from 

the stresses using the constitutive properties of the face sheet. Using the strains at the 

center of the panel on the z=h surface, the variation of Zxx is determined and displayed in 

Figure 59. As the figure demonstrates, the analytical strain is overestimated by an 
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approximate factor of two. It is believed that a loss of energy through material damage or 

damping is responsible for the experiment's lower levels of strain. 
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Figure 58. Variation of contact force and strain as a function of time for a 
[02/902/02/110WF/02/902/02I panel subjected to a 15.87 ft-lb impact. 

When a honeycomb sandwich construction's face sheets are co-cured, resin from 

the face sheets pools in the bottom of each honeycomb cell, as depicted in Figure 60. It 

was expected that this extra resin on one side of the construction would have significant 

effects on the impact properties. To examine these effects, the samples in this 

investigation were impacted on either the top face (matrix-lean side) or the lower face 

(matrix-rich side). In the case of the Type IV panels (Figure 61), the peak contact forces 

for impacts on both sides were very similar at the same levels of impact energy and 

attained an approximate maximum of 650 lbs at 8 ft-lb of impact energy. In contrast, this 
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differs from the Type V panels (Figure 61), where the panels that were impacted on the 

resin-rich surface attained higher peak contact forces than those impacted on the resin-

lean surface. At the impact energies used in this study, the resin-rich specimens never 

attained a maximum contact force, whereas the resin-lean specimens reached an 

approximate maximum of900 lbs at an impact energy of 10 ft-lb. Examining the results 

for the thick-face sheet/high-density-honeycomb sandwich specimens in Figure 61 

reveals that the levels of impact energy used in this analysis were inadequate to reach a 

maximum level of contact force. 
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Figure 59. Variation of predicted and measured in-plane strain as a function of 
time for a Type III panel subjected to a 9.26 ft-lb impact. 
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Figure 60. Image of sectioned specimen displaying tiie resin pools. 
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Figure 61. Peak contact force as a function of total impactor energy for the 
honeycomb sandwich specimens. 
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3.4.2 Low-Velocity Impact Tests of PVF2 Specimens 

Low-velocity impact tests were performed on the specimens instrumented with 

PVF2 sensors. These specimens consisted of either foam (O3/5IWF/O3) or honeycomb 

(O3/HRH3.O/O3) core specimens. A complete summary, describing all specimen 

configurations, impact energies, and the type of damage observed, can be found in 

Appendix B. The contact force-time and sensor voltage-time histories associated with 

each of the foam and honeycomb specimens are given in Appendix E and Appendix F, 

respectively. The legend of each figure in the appendices lists the specimen number, the 

core type, and the impactor height during testing. The test number identification scheme 

remains the same as that outlined in Section 3.4.1. 

Some of the force-time and sensor voltage-time histories are displayed in Figure 

62 through Figure 65 for the 2.78 fl-lb through 16.71 fl-lb impacts on foam core 

specimens. In Figure 65, the sensor voltage going to zero at approximately 0.003 

seconds is explained by the fi^cture of the sensor lead wires and the sensor voltage is 

limited to -25 V in Figure 63 due to an incorrect range setting for that particular low-

velocity impact test. 

As these figures demonstrate, sharp peaks in the sensor voltage response 

consistently correspond to a sharp drop in the contact force. These sharp drops in load 

occur during material failure of either the face sheet or the core. The PVP2 sensors 

therefore indicate that they are capable of capturing material failure. 
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Figure 62. Variation of sensor voltage and contact force with time during a 2.78 ft-
Ib impact on test specimen 70fD8. 
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Figure 63. Variation of sensor voltage and contact force with time during a 6.27 ft 
lb impact on test specimen 56fl8. 
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Figure 64. Variation of sensor voltage and contact force with time during a 9.75 ft-
Ib impact on test specimen 59f28. 
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Figure 65. Variation of sensor voltage and contact force with time during a 16.71 ft-
Ib impact on test specimen 67f48. 
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3.5 Post-Impact Inspection 

Post-impact inspection of the non-instrumented sandwich specimens was carried 

out by sectioning the specimens. Sectioning of the specimens was achieved by using a 

diamond-blade wafering saw. The 0.5-mm thick diamond-coated saw blade removed 

only a thin section of the damaged specimen. Subsequent to sectioning, the internal 

damage zone could be observed. An image-scanning system was used to attain the image 

of the sectioned specimens. Figure 66 through Figure 76 displays the cross-sectional 

views of both halves of the sectioned specimens. In all images, the damage site is located 

at the middle interface in the image. It should be noted that the large circular shadow

like patterns in some of these figures are not due to the impact event, but are due to the 

sectioning saw bringing carbon dust into the foam core of the specimens. 

Figure 66. Cross-sectional views of a 0/90/0/51WF/0/90/0 specimen impacted at 2.78 
ft-lb of impact energy. 
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Figure 67. Views of the Impacted (left) and non-impacted (right) face sheets from 
within a foam specimen. 

Beginning with the thin-face sheet/low-density-foam-core specimens, impact 

damage is found to occur at even the lowest levels of impact energy used in this 

investigation. Figure 66 reveals the damage produced by an impact with 2.78 ft-lb of 

energy. Although the face sheet is minimally damaged, the core already appears to be 

crushed beneath the impact site. Also visible in this figure are 45° bands of shear failure 

located at the periphery of the sample. The importance of these bands is minimal, 

however, since it is believed that they are an artifact of the test sample size and fixture 

geometry. This circular region of shear failure damage can be seen in Figxu-e 67, where 

the damaged specimen is split into two halves: the upper face sheet and the lower face 

sheet. At an energy level of 9.75 ft-lb, the damage in the sample becomes quite severe, 

as shown in Figure 68, and the entire face sheet is concave. The face sheet has also 

become delaminated from the core near the edges of the sample. At energy levels above 

9.75 ft-lb, the damage is plainly obvious on the surface of the panel. 
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Figure 68. Cross-sectional views of a 0/90/0/51WF/0/90/0 specimen impacted at 9.75 
ft-lb of impact energy. 

The thin-face sheet/high-density-fbam samples prove to be more damage resistant 

than the low-density-foam samples. The damage in these samples appears to remain 

more local to the impact site. In Figure 69, the damage consists only of core crushing 

beneath the site of impact. Again, although the face sheet damage is minimal, the 

damage revealed by the section in Figure 70 is significant. None of the damage produced 

by the 45° shear failure is visible in either image. Damage is present on the surface of the 

laminate at an impact energy of 9.26 ft-lb and above. 

Figure 69. Cross-sectional views of a 0/90/0/110WF/0/90/0 specimen impacted at 
2.64 ft-lb of impact energy. 
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Figure 70. Cross-sectional views of a 0/90/0/51WF/0/90/0 specimen impacted at 5.95 
ft-lb of impact energy. 

Section views of the O2/9O2/O2/IIOWF/O2/9O2/O2 specimens reveal that the thick 

face sheet and high-density foam creates a more impact-resistant structure. Virtually no 

damage is visible in the image of a 2.64 ft-lb energy impact. Foam crushing is initiated at 

5.95 ft-lb in Figure 71, and becomes significant at 9.26 ft-lb of impact energy in Figure 

72. Again, no shear damage is visible in any specimen. Face-sheet cracking is visible at 

impact energy levels above 9.26 ft-lb. 

Figure 71. Cross-sectional views of a O2/9O2/O2/5IWF/O2/9O2/O2 specimen impacted at 
5.95 ft-lb of impact energy. 
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Figure 72. Cross-sectional views of a O2/9O2/O2/5IWF/O2/9O2/O2 specimen impacted at 
9.26 ft-lb of impact energy. 

The honeycomb samples were sectioned in the same manner as the foam 

specimens. The diamond blade used to cut the samples creates fuzz on the edges of the 

honeycomb paper and thus somewhat obscures the view. Although made of different 

materials, the honeycomb and foam samples have similar responses to the same values of 

impact energy. The damage in a thin-face sheet/low-density-honeycomb-core specimen 

is quite local to the impact site, and was in the form of cell buckling. It was also noticed 

that since the resin-lean side is impacted, the cell damage occurs at the core/face sheet 

interface. 

The effect of impacting the resin-rich side versus the resin-lean side is revealed in 

Figure 73 and Figure 74. At 5.95 ft-lb of impact energy, the resin-lean side of the thin-

face sheet/low-density-core specimen experiences significant damage in the form of cell-

wall buckling and crushing adjacent to the core/face sheet interface. While damage in the 

specimen that is impacted on the resin-rich side is similar, the damage location has 

moved to the interior of the panel, adjacent to the point where the extra resin pools. In 

effect, these resin pools are acting as fillets, diffusing the stress to the interior of the core. 
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These fillets are therefore responsible for the increased damage tolerance of the laminate. 

At energy levels above 5.95 ft-lb, the damage to the laminate was obvious on the surface 

of the face sheet. 

Figure 73. Cross-sectionai views of a 0/90/0/HRH3.0/0/90/0 specimen impacted at 
5.95 ft-lb of impact energy on tiie resin-lean side. 

Figure 74. Cross-sectional views of a 0/90/0/HRH3.0/0/90/0 specimen impacted at 
5.95 ft-lb of impact energy on the resin-rich side. 

The thin-face sheet/high-density-honeycomb-core specimens showed minimal 

increases in their damage tolerance. Again, at levels above 5.95 ft-lb of impact energy, 

the damage to the specimen is apparent on the surface of the panel. However, very little 

impact damage is observed in the specimens impacted with 2.64 ft-lb impact energy. At 

5.95 ft-lb, the damage visible in Figure 75 becomes more significant and occurs in the 
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form of cell-wall buckling. As the specimen was impacted on its resin-lean side, the 

impact damage occurs at the core/face sheet interface. 

Figure 75. Cross-sectional views of a 0/90/0/HRH6.0/0/90/0 specimen impacted at 
5.95 ft-lb of impact energy on the resin-lean side. 

As expected, the O2/9O2/O2/HRH6.O/O2/9O2/O2 specimens proved to be the most 

damage tolerant of the honeycomb specimens. Figure 76 displays cross-sectional views 

of a specimen impacted at 9.26 ft-lb energy. At levels above this, the damage was visible 

on the surface of the laminate in the form of cracks. All specimens of this configuration 

were impacted on the resin-rich sides. As the figure demonstrates, resin pooling is very 

significant for the thick-face sheet specimens and can be up to 1.5 mm deep. For all 

specimens of this type, the damage occurs interior to the fillets, which experience no 

damage. A significant level of core damage occurs at a level of 9.26 ft-lb of impact 

energy for the thick-face sheet^igh-density-honeycomb samples. 
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Figure 76. Cross-sectional views of a O2/9O2/O2/HRH3.O/O2/9O2/O2 specimen impacted 
at 9.26 ft-lb of impact energy on the resin-rich side. 

Subsequent to the impact experiment, the foam and honeycomb specimens were 

also examined to determine their residual indentation. A micrometer, as displayed in 

Figure 77, was used for this measurement. Figures 20-25 detail these results, displaying 

the depth of residual indentation as a function of the impact energy. The depth of 

residual indentation proved to be highly dependent upon the type of failure the specimen 

experienced. In this investigation, failure can be described in one of two ways: a 

localized spherical dent, or a face-sheet tear that runs from the center of the impact area 

to the edge of the specimen. Several types of specimens experienced the two different 

failure mechanisms at the same impact energy level and possessed very different 

permanent indentation depths. This phenomenon occurred in both the honeycomb and 

foam specimens. Unfortunately, when the specimen cracked severely from the center to 

edge, the maximum residual displacement occurred at the edge of the specimen and was 

therefore not incorporated into the results of this study. 
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Figure 77. Photograph of indentation depth micrometer. 

In the case of the thin-face sheet/low-density-foam specimens, severe damage was 

encountered at levels above 9.75 ft-lb of impact energy. At this level, the panels failed, 

with cracks from the center to the edge of the panel, and maximum residual indentation 

occurred at the edge of the panel. For this reason, it was only possible to attain data for 

one specimen above 9.75 ft-lb of impact energy. Previous to this level, however, the 

variation of residual indentation as a function of the impact energy roughly follows an 

exponential relationship, as shown in Figure 78. 

Due to the Type II specimens' higher density core, the panels were able to 

withstand a higher level of impact energy. In general, the residual indentation increased 

to a maximum value of approximately 0.020 inch at 9.26 ft-lb of impact energy. Figure 

79 reveals that increasing the impact energy beyond this level within the range tested 

appears to have little effect on the residual indentation. 
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Figure 78. Variation of residual indentation as a function of impact energy for tlie 
0/90/0/51WF/0/90/0 test series. 

The thick-face sheet/high-density-foam-core specimens exhibited even less 

impact damage over the impact energy range tested. Only the highest energy levels 

display cracking to the edge of the specimen. The behavior displayed in Figure 80 is 

basically a linear relationship between the impact energy and the residual indentation 

through the range tested. 
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Figure 79. Variation of residual indentation as a function of impact energy for the 
0/90/0/1 lOWF/0/90/0 test series. 
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Figure 80. Variation of residual indentation as a function of impact energy for the 
O2/9O2/O2/IIOWF/O2/9O2/O2 test series. 
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The effect of which side of a honeycomb panel is impacted was examined using 

the 0/90/0/HRH3.0/0/90/0 specimens. As described previously, when a honeycomb 

sandwich is co-cured, the extra resin in the top face sheet flows down the honeycomb and 

pools in the bottom of the cells. In effect, this causes the bottom face sheet to be "resin-

rich" and the upper face sheet to be relatively "resin-lean." Samples were impacted at 

four increments of impact energy between 2.64 and 12.56 fl-Ib on the resin-lean side. For 

comparison, other samples were impacted on the resin-rich side at the two intermediate 

levels of impact energy. As revealed in Figure 81, the effect at these energy levels 

appears to be quite minimal and the damage produced is similar. 
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Figure 81. Variation of residual indentation as a function of impact energy for the 
0/90/0/HRH3.0/0/90/0 test series. 

The thin-face sheet/high-density-honeycomb-core samples were also used to 

examine the differences in impact resistance of the resin-lean and resin-rich sides of the 
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panels. Again, samples were impacted on the resin-lean side at five increments of impact 

energy between 2.64 and 15.87 ft-lb. At each of the upper three increments of impact 

energy, a sample was impacted on its resin-rich side. As Figure 82 reveals, each of the 

resin-rich samples exhibited a higher residual indentation than the resin-lean sides. At 

15.87 ft-lb of impact energy, the differences in failure mechanisms become very 

apparent. Samples that were impacted resin-lean side up all had significant face-sheet 

cracking to the edge of the panel. The specimens that were impacted resin-rich side up, 

on the other hand, experienced an increased residual deformation but no significant 

cracking. All damage was contained in the impacted area. 
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Figure 82. Variation of residual indentation as a function of impact energy for the 
0/90/0/HRH6.0/0/90/0 test series. 

The thick-face sheet/high-density-honeycomb-core samples proved to be very 

resistant to the impact energies used in this investigation. The relationship of residual 
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indentation to the impact energy, as shown in Figure 83, remains linear within the 19.01 

ft-Ib impact energy range, and the specimens exhibit very little visible damage in the 

region of impact. 
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Figure 83. Variation of residual indentation as a function of impact energy for the 
02/902/02/HRH6.0/02/902/02 test series. 

Moire shadow interferometry was also explored as a means of characterizing the 

residual indentation of the surface of an impacted specimen. Figure 84 and Figure 85 

display the surface of a O2/9O2/O2/IIOWF/O2/9O2/O2 specimen impacted with 2.97 ft-lb of 

impact energy and a 0/90/0/HRH6.0/0/90/0 specimen impacted with 2.64 ft-lb of impact 

energy, respectively. Using a contour interval of 0.0005 inch, the out-of-plane 

displacement is estimated to be 0.0025 inch for the foam specimen and 0.0041 inch for 

the honeycomb specimen. These residual indentations are consistent with those attained 

mechanically with the micrometer. Furthermore, they demonstrate that the micrometer is 
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an accurate, cost-effective means to determine out-of-plane displacements. As the 

figures show, the displacement pattern in the honeycomb sample is much more 

symmetric than that of the foam sample. This is also consistent with observed results, as 

damage in the honeycomb panels remains more localized than that in the foam panels. 

Figure 84. Shadow Moire image of the surface of a O2/9O2/O2/IIOWF/O2/9O2/O2 
specimen impacted with 2.97 ft-lb of impact energy. 

Figure 85. Shadow Moire image of the surface of a 0/90/0/IIRH6.0/0/90/0 specimen 
impacted with 2.97 ft-lb of impact energy. 
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Using the impact energy/residual indentation relationships and the section views 

of the damaged specimens, it is possible to develop an idea of how much damage is 

contained in a sample for a specified residual indentation. For Type I and Type II 

samples, significant damage occurred at 6.27 ft-Ib and above of impact energy. To keep 

the damage to minimal levels, the residual indentation should then remain at 0.005 inch 

or below. Similarly, for the thick-face sheet/high-density-fbam samples, considerable 

damage occurred at levels of 9.26 ft-lb of impact energy, corresponding again to 

approximately 0.005 inch of residual indentation. 

The Type IV and Type V samples also developed substantial damage at 5.95 fl-lb 

of impact energy. In both cases, a residual indentation of 0.010 inch would indicate 

similar levels of damage. The Type VI samples can withstand higher levels of impact 

energy (9.26 ft-lb) and a residual indentation of 0.012 inch would indicate significant 

internal damage. 

3.6 Static Indentation Tests 

3.6.1 Experimental Procedure 

To examine the contact force-indentation behavior, two different sandwich panels 

were fabricated with graphite/epoxy (LTM45EL/CF0111) face sheets (Advanced 

Composites Group, Inc.) and Rohacell™ 1 lOWP foam (Rohm, GmBH). Rohacell foam 

is a closed-cell polymethacrylimide foam. The panels were fabricated to the 

manufacturer's specifications without an additional adhesive layer. The specimens were 
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then sectioned into 76.2 mm x 76.2 mm samples using a diamond-coated abrasive cutting 

wheel. Additional information regarding the materials used is found in Appendix A. 

The first panel configuration consists of 0.0158-mm face sheets with the lay-up 

[O2/9O2/O2] and the second panel configuration has face sheets of half the thickness and a 

lay-up of [0/90/0]. The material properties for the specially orthotropic face sheet 

material are E\ = 54 GPa, £2 = 54 GPa, £3 = 4.84 GPa, Gn = 3.16 GPa, G13 = 1.78 GPa, 

C723 = 1.78 GPa, V12 = 0.06, V13 = 0.313, and V23 =0.313. 

The l2.7-mm-thick Rohacell IIOWF foam core is assumed to be isotropic with 

Young's modulus, £ =180 MPa, and Poisson's ratio, y = 0.29 . Also, a thin resin-rich 

layer whose behavior is dominated by the properties of the neat resin is assumed to exist 

between the face sheets and the core. This resin-rich layer is 0.01 mm thick and has a 

Young's modulus of £ = 2.7 MPa and Poisson's ratio of =0.42 . The overall sandwich 

specimen dimensions are 76.2 mm x 76.2 mm. 

With the exception of the simply supported end conditions, the fixture utilized for 

the static indentation tests is similar to that used by Tan and Sun (1985). The sandwich 

specimens are supported in a simply supported manner for better comparison with the 

analysis. With the testing fixture shown in Figure 86, only the relative motion between 

the top and bottom surfaces is measured, thereby eliminating the effects of machine and 

fixture compliance. The diameters of the spherical indentor and the simple support 

rollers are 25.4 mm and 3.175 mm, respectively. The sandwich panel is centered over the 

support rollers, which are located 69.85 mm apart. 
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Figure 86. Schematic of the quasi-static indentation fixture. 

Indentation tests were performed on an electromechanical testing frame. The load 

and indentation measurements were recorded throughout the loading increments up to 

core Gnashing. The digital indicating device used to measure the depth of indentation has 

a resolution of 0.001 mm and an accuracy of 0.001 mm. Six different sandwich 

specimens of each face-sheet configuration were tested in the static indentation fixture. 

3.6.2 Results 

The results are presented in Figure 87 and Figure 88. As apparent in these 

figures, the contact-force relation has a bi-Iinear behavior. The initial linear response 

ceases at load levels of approximately 300 N and 750 N for the thin and thick face sheets. 
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respectively. It is speculated that the divergence from the initial linear response at these 

load levels occurs because of the onset of material damage in the form of core crushing. 
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Figure 87. Measured contact force-indentation relationship for tiie panel 
configuration [0/90/0/110WF/0/90/0]. 

Analyses were performed on the sandwich panel configurations considered for 

testing. The contact force-indentation results of each analysis are displayed in Figure 89. 

As expected, the sandwich panel with the thick face-sheet has a higher stiffness than that 

of the thin face sheet. A power-law contact force-indentation relationship of the form 

F = MQa^^' 

proves to fit the analytical predictions well. In this relationship, F is the contact force, a 

is the depth of indentation, and MQoadMi are coefficients specific to each panel 

configuration. Based on a curve-fitting technique, the values of these coefficients are 
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determined to be Mq = 2107 and Mi = 1.186 for the panel configuration 

[0/90/0/1 lOWF/0/90/0], and Mq = 4160 and M\ = 1.209 for the panel configuration 

[O2/9O2/O2/IIOWF/O2/9O2/O2]. The curve fits have correlation coefficients of 0.99998 

and 0.99994 for the thick face sheet and thin face-sheet configurations, respectively. 
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Figure 88. Measured contact force-indentation relationship for the panel 
configuration [O2/9O2/O2/IIOWF/O2/9O2/O2I. 

Since the analysis contains no means for incorporating material damage, the 

analytical predictions over-predicts the stiffness subsequent to damage initiation observed 

in the experiments. In other words, the measured bi-linear behavior is not captured in the 

analytical predictions. Comparison of the predictions with the measurements taken 

during the initial loading before significant material damage occurs is shown in Figiu'e 90 

and Figure 91. It is evident that the predictions are in agreement with the experimental 

results within the linear material response or up to the onset of material damage. 
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Figure 89. Predicted contact force-indentation relations for the panel 
configurations 10/90/0/110WF/0/90/0| and (O2/9O2/O2/IIOWF/O2/9O2/O2I. 
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Figure 90. Predicted and measured contact force-indentation relation for the 
[O/9O/O/110WF/0/90/0I specimens before the onset of damage. 
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Figure 91. Predicted and measured contact force-indentation relation for the 
[O2/9O2/O2/IIOWF/O2/9O2/O2I specimens before the onset of damage. 
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4. SUMMARY AND CONCLUSIONS 

In this dissertation, an experimental and analytical investigation of sandwich 

composites subjected to low-velocity impact is presented. Experimental static-

indentation tests and low-velocity impact tests are performed to determine threshold 

parameters to indicate damage and to validate the analytical models. The two analytical 

methods described present a quasi-static solution to loading with a rigid sphere and a 

dynamic solution to a specified impact loading. 

In order to predict damage due to an impact, the analysis provides a three-

dimensional analytical solution for the stress and displacement fields under specified 

surface loading resulting from transverse impact. A multi-layer rectangular panel 

consisting of elastic, homogeneous, and specially orthotropic layers is supported by 

rollers and is subjected to an arbitrary transverse loading distribution. The governing 

equations derived from Reissner's functional are solved by applying the Fourier or 

Laplace transformation in time while enforcing the continuity of tractions and 

displacements. In this manner, the stress and displacement fields are deteraiined 

analytically. 

The present solution method was verified by computing the static results from this 

analysis with those provided by Pagano (1970). The comparison yields remarkable 

agreement between this analysis and Pagano's solution and demonstrates the CLT's 

inability to accurately model relatively thick laminates. 

To validate the dynamic formulation, the finite element method was used to 

construct the transient solution of a thin multi-layer panel subject to a transverse loading 
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distribution. The transverse displacement results of the inverse Fourier and inverse 

Laplace transformations were compared with the results of the finite element analysis and 

are in favorable agreement. Because the plate elements used in the finite element 

analysis are incapable of determining the transverse normal stress, this quantity could not 

be compared. This analysis also demonstrated that the damping parameter e, if treated as 

small, provides an essentially elastic solution. 

An important subject that needs to be addressed in the fUmre is material damping. 

The sandwich panel analysis of Section 2.2.4 contained elastic face sheets without 

damping laminated to a core with damping. As demonstrated by the response of the 

sandwich panel, the stress and displacement fields are highly dependent upon the 

damping factor. As the matrix used in poljoner composite materials is a viscoelastic 

material, accurate characterization of its damping properties needs to be addressed. 

Through an extension to the static formulation described in Section 2.2.3.1, the 

solution to a composite sandwich panel subjected to transverse loading by a rigid 

spherical indentor is constmcted. The contact area and the contact pressure distribution 

between the rigid sphere and the sandwich panel are determined as part of the solution. 

The accuracy of the predictions is established through comparisons with experimental 

measurements of graphite/epoxy-foam sandwich panels. As demonstrated by the results, 

the predictions of the present analysis are in remarkable agreement with the experimental 

results until damage initiation in the face sheets and core. 

With the complete stress and strain fields, an appropriate failure criterion can be 

utilized to predict the onset of damage. In the present work, the maximum strain energy 
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density criterion is applied to predict the size of delamination between the face sheet and 

the core. As the results reveal, the predicted size is reasonable but without further 

investigation, the validity of the proposed failure criterion as applied to impact loading is 

not determined. 

The results from these analytical studies will serve as a basis for developing other 

numencal solution methods with a wide range of applicability. The analytical solutions 

will also serve as a benchmark solution for the validation of more-simplified numerical 

and computational studies. In particular, the accuracy of new and existing finite elements 

used to model composite plates and shells could be determined for cases of contact and 

low-velocity impact. 

Also included in this study is the low-velocity impact testing and inspection of 

foam- and honeycomb-core sandwich panels. Correlation of the residual indentation and 

cross-sectional views of the impacted specimens led to a rough relationship that can be 

used to estimate the extent of the damage. In the foam-core samples, significant damage 

was found to be present for residual indentations over 0.13 mm (0.005 inch). Although 

the high-density-foam core and thicker face sheet increased the energy required to 

generate the damage, the damage nonetheless was virtually the same for similar levels of 

residual indentation. For the honeycomb samples, 0.25 mm (0.01 inch) of residual 

indentation indicated significant levels of internal damage. The surfaces of both the 

honeycomb and foam samples revealed very little damage at these levels of impact 

energy. Only the section views revealed the significant amount of internal damage. 
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Examination of the damaged samples at the conclusion of testing revealed that 

many of the low-density-foam core samples experienced significant shear failure near the 

periphery of the sample. It is expected that this type of failure was due to the small 

specimen size of 76.2x76.2 mm (3x3 inches) and that this type of failure would not be 

present in a larger sample. Also, both the honeycomb- and foam-core specimens 

experienced cracking (or tearing) from the center of the impact site to the edge of the 

sample. Again, it is expected that this type of failure was only due to the small size of the 

specimen and that this would not occur in larger samples. As the impact energy 

increased, these samples experienced one of two types of damage: a tear or crack from 

the center of the laminate to the edge, or significant damage consisting of a dent localized 

in the region of impact. It is suggested that larger sized specimens be utilized for future 

investigations. 

If both face sheets of a honeycomb sandwich panel are co-cured, the resin from 

the upper face sheet and the lower face sheet pools in the bottom of the cells. In effect, 

these pools were shown to create fillets at the core/face-sheet interface. To examine the 

effects of the resin pools, several samples were impacted on opposite faces. Although the 

resin-rich sides generated higher peak contact forces, the surface at the impacted site 

revealed a reduced level of damage. Upon inspection of the section interior surfaces, it 

was found that the damage in the resin-lean specimens occurred immediately adjacent to 

the face sheet/honeycomb-core interface. The samples that were impacted on their resin-

rich surfaces, however, contained damage interior to the resin pools. With its increased 

damage tolerance, the resin-rich surface proved to be the more desirable. 
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PVF2 sensors were also incorporated into some specimens to evaluate their use in 

the detection of low-velocity impact. Although a limited study, examining the results of 

the sensors does indicate that they are capable of sensing impact damage. As 

demonstrated in the figures of sensor voltage and contact force histories, a large spike in 

the sensor voltage indicates the occurrence of damage. In this study, the sensors were 

located directly beneath the site of damage and the next step would be to locate the sensor 

away from the site of damage. An array of these sensors could not only indicate that 

damage occurred, but also the location of that damage. 
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APPENDIX A: CONSTITUTIVE PROPERTIES 

The analytical portion of this investigation requires the three-dimensional 

properties of the materials. However, these 9 independent material properties are rarely 

available. As most analysis techniques for laminates focus on the in-plane or bending 

behavior, only the four in-plane properties (Ei, E2, G12, and V12) are readily available for 

the face sheet materials. Likewise, as the shear stiflhess of sandwich core is of main 

importance, generally only the shear stiffness data is supplied by the manufacturer. 

Because of these factors, two options were available: perform experimental tests or 

analytically estimate the constitutive properties. Because testing is extremely expensive, 

the missing material properties were estimated using micromechanical models and 

engineering judgement. The following sections provide detailed information on the 

material systems used in this study. 

Appendix A.I: Honeycomb Core 

The HRrf®-lO honeycomb core utilized in this study was purchased from Hexcel 

Corporation, Inc. (Pleasanton, CA). The core consists of a Nomex® aramid fiber sheet 

and a thermosetting phenolic resin. The hexagonal cell size for this study was chosen to 

be 1/8 inch and two densities were utilized: 3.0 Ibfi'ft^ (48.05 kg/m^) and 6.0 IbC^ft^ (96.11 

kg/m^). Hexcel product codes for these configurations are HRH-10-1/8-3.0 and HRH-10-

1/8-6.0. The thickness of both cores is 12.7 mm. 
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To describe a specially orthotropic material in three-dimensions, nine material 

properties are required. Bitzer (1997) provides six of the material properties of the HRH-

10-1/8-3.0 honeycomb as 

= 0.051 ksi = 0.352 x 10® Pa 

£2 =0.026ksi=0.179xl0'^Pa 

£3 =20ksi = 137.9x10® Pa 

(7,2 =0.064ksi =0.441x10® Pa 

G23=3.5ksi = 24.13x10® Pa 

G,3 = 6.5 ksi = 44.82 X10® Pa 

where the "1" refers to the honeycomb ribbon direction, "2" refers to the in-plane 

direction normal to the ribbon direction, and "3" refers to the through the thickness 

direction. It should be noted that Bitzer (1997) provides only compressive moduli Ei, E2, 

and E3 but for the purpose of this investigation, they are treated as the tensile and 

compressive moduli. As the Poisson's ratios are not provided for this material, an 

approximation is made. Because the out-of-plane strains due to an in-plane strain are 

comparatively small, it is recommended that the out-of-plane Poisson's ratios, V13 and V23 

be approximated as equal to zero. Due to the geometry of the hexagonal cell and the 

interaction between cells, the in-plane Poisson's ratio is inherently dependent upon the 

in-plane strains (Bitzer, 1997). Using the geometrical formulation for Poisson's ratio 

proposed by Bitzer (1997), the in-plane Poisson's ratio, V12 is determined to be 1/3. In 

summary, the properties of the HRH-10-1/8-3.0 are taken as 

£, =0.352x10® Pa 

£, =0.179x10® Pa 

£3 =137.9xlO®Pa 
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G,2 =0.441xl0''Pa 

G23=24.13xI0®Pa 

G,3 =44.82x10® Pa 
v,,=l/3 

v,3=0 

V23=0 

and 
p = 48.05 kg/m^. 

Similar difficulties are encountered when determining the constitutive properties 

of the HRH-10-1/8-6.0 honeycomb. The only source for the constitutive properties was 

the product information sheet provided by the Hexcel Corporation, Inc. The data sheets 

state: 

£3 =60ksi=413.7xl0''Pa 

G,3 =13 ksi= 89.63x10® Pa 

G23 =6.5ksi = 44.82xlO®Pa 

which leaves six material properties to be determined. Using similar arguments for the 

Polsson's ratios, V13 and V23 are approximated as equal to zero and V12 is set to 1/3. Since 

there is no data provided for Ei, E2, or G12, a rough approximation is utilized. With the 

HRH-10-1/8-6.0 core being twice the density of the HRH-10-1/8-3.0 core, the properties 

will be scaled accordingly. Therefore, the properties for the HRH-10-1/8-6.0 core are 

taken to be 

£, =0.703xl0®Pa 

E. =0.359x10® Pa 

£3 =413.7xl0®Pa 
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G,2 =0.883x10® Pa 

G23 =44.82x10''Pa 

G,3 =89.63X10''Pa 
v,,=l/3 

v,3 =0 

V23 =0 
and 

p =96.11 kg/m^. 

All properties used for the honeycomb core satisfy the restrictions for orthotropic 

material constants (i.e., the stiffness matrix is positive definite). 

Appendix A.2: Foam Core 

The Rohacell® foam core utilized in this study is produced by Rohm, GmbH 

(Darmstadt, Germany). The core is a closed cell polymethacrylimide (PMI) foam. Two 

densities were utilized: 51kg/m^ and 1 lOkg/m^. Rohm product codes for these 

configurations were 110 WF and 51 WF. The thickness of the cores used in this study is 

12.7 mm. 

The Rohacell product literature states that the foam is isotropic and thus two 

material constants are required to fiilly characterize the elastic behavior of the foam. In 

the case of the 110 WF core, the product literature states that 

E = £, = £ , = £ 3  =26100 psi = 180x10® Pa 

and 

G = G,, =G23 =G, 3  =l0150psi=70.0xI0®Pa 
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with the Poisson's ratio therefore equal to 0.286. As this Poisson's ratio satisfies the 

requirements for an isotropic material (-l<v<0.5) the properties are acceptable and the 

values used for the 110 WP foam are 

£,= 180.x 10*^ Pa 

=180.xl0^Pa 

£'3=180.xl0®Pa 

G,2 = 70.x 10® Pa 

G23 = 70.x 10'Pa 

<7,3 = 70.x 10'Pa 

v,2 = 0.286 

v,3 = 0.286 

Vjj =0.286 
and 

p = llOkg/m . 

Unfortunately, the derivation of the properties for the 51 WF foam is not 

straightforward. The product literature again states that the 51 WF foam is isotropic and 

provides values of £=10875 psi and G=3480 psi. If the Poisson's ratio is then calculated 

using these values, the result is that v=0.563. As the bounds on isotropic materials limit 

the maximum value to 0.5, this value is unacceptable. Using relations provided by 

Gibson and Ashby (1997), it is found that approximations for G and E agree well with the 

results provided by the manufacturer. It is felt that the effects of Poisson's ratio on the 

overall behavior of a panel are minimal compared to the effects of the stiffness, E. 

Because of this, and in an effort to keep the material properties close to the material 

manufacturers, the value of Poisson's ratio is simply reduced to 0.499. In sunmiary, the 

results for the 51 WF foam are specified as 
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£, = 72.x 10® Pa 

£2=72.xlO^Pa 

£3 = 72.x 10® Pa 

G,2=24.xlO®Pa 

G23 = 24.x 10® Pa 

C,3= 24.x 10® Pa 

V,2 =0.499 

Vi3 =0.499 

V23 =0.499 
and 

p = 51 kg/m 

Appendix A.3: Face Sheet 

The carbon/epoxy face-sheet material utilized in this study is produced by The 

Advanced Composites Group (ACG), Inc. (Tulsa, Oklahoma). The fabric consisted of a 

4x4 twill fabric with three-thousand T300 filaments per tow. The face sheet material 

was obtained preimpregnated with a thermosetting epoxy resin matrix designated 

LTM45-EL. This resin is a toughened, high temperature service, low temperature curing 

epoxy for intermediate to high temperature service structural parts. 

Product literature from ACG provides data on the neat LTM45-EL resin. The 

resin is found to have an elastic Young's modulus (£^) of 2.7 GPa and a Poisson's ratio 

(v") of 0.42. The resin is also found to have a maximum tensile strength of 31 MPa and a 

maximum tensile strain of 0.0114. Using the maximum stress and strain data, one can 

determine the maximum strain energy density as 17.67x10'* Pa. The density (p") is stated 

to be 1200 kg/m^. 
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The fiber used in the twill fabric is of type T300. Using data provided by Chamis 

(1987), the fibers have the constitutive properties 

220.6 GPa 

Ei =13.79 GPa 

G,{=8.96GPa 

=4.83 GPa 

vf, =0.20 

vi:=0.25 

=1765 kg/m 

where "1", "2" and "3" denote the longitudinal and transverse fiber directions consistent 

with Figure Al. 

Figure Al. Orientation of the coordinate reference frame for the flbers. 

The analysis requires nine material constants for the specially orthotropic 

properties of each material system. However, only the in-plane constitutive properties 

can be obtained fi-om the product literature provided by ACG. The in-plane material 

properties provided by ACG are 

£,'=57.86x10' Pa 

£,"=50.14x10' Pa 
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£^=57.86x10' Pa 

=50.14x10' Pa 

G,2=3.16xlO'Pa 

v,2 =0.06 

where superscripts "t" and "c" denote tensile and compressive, respectively. As the 

preceding analysis cannot incorporate different moduli for tension and compression, the 

material properties provided by ACG are averaged to determine an effective modulus. 

Thus, 

£, =54x10' Pa 

£2=54x10' Pa 

and 

G,2 =3.16x10'Pa 

v,2 = 0.06 

are utilized as the in-plane properties. Since five more material properties are required to 

accurately characterize the three-dimensional behavior of the lamina, micromechanical 

model based approximations will be made for the remaining constants. 

A simple inverse rule of mixtures approach is utilized to determine the transverse 

modulus £3. Using the relation 

£3 E( £" 

a modulus of 4.84 GPa is determined. Due to the weave pattern, the in-plane directions 

have half the fibers rurming in each direction. As a result, a modified rule of mixtures is 

utilized to determine the out-of-plane Poisson's ratios. The relation 
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v,3 = V23 =y vfj +(1-^^^ 

is used to obtain a Poisson's ratio of 0.313 for both V13 and V23. A similar methodology is 

applied for the shear moduli where a modified inverse rule of mixtures is applied. Out-

of-plane shear moduli of 1.78GPa are determined using the equation 

Gi3 2G(^^2G^^ C" 

Lastly, a rule of mixtures approach is used to determine the density of the composite 

laminate. Using the relation 

p = rX+(l-J7)P'" 

yields a density of 1511 kg/m^ for the composite lamina. In summary, the constitutive 

properties of a lamina are 

£, =54.0x10' Pa 

£*2 =54.0x10' Pa 

=4.84x10' Pa -•i 

',2 

'23 

'.3 
v,2 = 0.060 

V23 =0.313 

V,3 =0.313 

G„ =3.16x10' Pa 

G„ =1.78x10' Pa 

=1.78x10' Pa 

p = 1511 kg/m 

and the thickness of each layer is 0.264 mm. 
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APPENDIX B: TABLES OF IMPACT DATA 



O 3/5IWF / O 3 ,  WITH SENSORS 

/ Test 
ff 

Panel 
ID# 

Height 
(In) 

Weight 
(lb) 

Energy 
(ft-lb) 

Date Comment Peak Contact 
Force (lb) 

Observed Dannage 

1 56118 1 18 6,27 4/1/98 439,06 BVID, no lacesheel or loam cracking 
2 55118 2 18 4.177 6.27 4/1/98 no sensor 442,77 BVID, no lacesheel cracking, small transverse cracks In loam 
3 51118 3 18 4.177 6,27 3/30/98 474,92 BVID, no lacesheel cracking, one small transverse crack in loam 
4 4 Broken wires alter curing 
S 50118 5 18 4.177 6,27 3/30/98 no sensor 467.5 BVID, no lacesheet cracking, no transverse cracks in loam 
6 49118 6 18 4.177 6,27 3/30/98 no sensor 452.66 BVID, no lacesheel cracking, one small transverse crack in toam 
7 57(18 7 18 4.177 6.27 4/1/98 455.14 BVID, no lacesheel cracking, one small transverse crack In loam 
8 58128 8 28 4.177 9,75 4/1/98 492.24 lacesheet cracked to edge along wire, signilicanl toam crushing near wires 
9 59128 9 28 4.177 9,75 4/1/98 499.66 lacesheel cracked to edge along wire, signilicanl loam crushing near wires 
t o  60128 10 28 4.177 9.76 4/1/98 580.05 BVID, no lacesheel cracking, one small transverse crack in loam with crushing 
11 61128 11 28 4.177 9.75 4/1/98 578.81 BVID, no cracks in lacesheet, transverse cracks In toam. core crushing 
12 65148 12 48 4.177 16.71 4/1/98 601.08 lacesheet cracked to edge not along wire, signilicanl loam crushing/cracking 
13 66148 13 48 4.177 16.71 4/1/98 489.77 Blew both wires, lacesheet cracked along wire to edge, loam crushing/cracking 
14 67148 14 48 4.177 16.71 4/1/98 588.71 Blew one wire, lacesheet cracked along wire to edge, loam crushing/cracking 
I S  69108 15 8 4.177 2.78 4/1/98 337.64 BVID. no visible cracks or crushing ol loam 
16 68108 16 8 4.177 2.78 4/1/98 no lorce BVID, no visible cracks or crushing ot loam 
17 70(08 17 8 4.177 2.78 4/1/98 343.83 BVID. no visible cracks or crushing ol loam 
18 71108 18 8 4.177 2.78 4/1/98 374.74 BVID. no visible cracks or crushing ot toam 

Table Bl. Tests of the OySlWF/Oj specimens with PVF2 sensors. 



0/90/0/51WF/0/90/0 

/ Test 
« 

Panel 
ID« 

Height 
(In) 

Weight 
(lb) 

Energy 
(It-lb) 

Dale Comment 
Depth of 

Indentation 
(In) 

Peak 
Contaci 

Force (lb) 
Observed Damage 

t 96108 4.4 8 4.177 2.76 4/7/98 0.002 330.22 BVID, no visible cracks In lacesheet or loam 
2 97108 4.5 8 4.177 2 78 4/7/98 0.001 333 93 BVID, no visible cracks in lacesheet or loam 
3 98108 4.6 8 4.177 2.78 4/7/98 0.002 341.35 BVID, no visible cracks in lacesheet or loam 
4 87118 3.1 18 4.177 6 27 4/7/98 bad data 0.006 BVIO. no visible cracks in lacesheet or loam 
5 88118 3.2 18 4.177 6 27 4/7/98 0.007 442.87 BVID, no visible cracks In lacesheet or loam 
6 89118 3.3 18 4.177 6.27 4/7/98 0.005 442 77 BVIO, no visible cracks In lacesheet or loam 

7 90128 3.4 28 4.177 9.75 4/7/98 0,027 539 24 BVIO, no cracks In lacesheet, small transverse cracks In loam, core crushing 

8 91128 3.5 28 4.177 9.75 4/7/98 0.0245 535.53 
BVID, macro delormation of topsheet, no cracks in lacesheet, small 
transverse cracks In loam 

9 92128 3.6 28 4.177 9.75 4/7/98 no data 0.001 BVIO, no visible cracks in lacesheet or loam 

10 99138 5,1 38 3.984 12.55 4/30/98 a 555.31 
lull crack to edge in lacesheet, significant cote crushing and transverse 
cracking 

11 100138 5.2 38 3.964 12.55 4/30/98 a 571.39 
lacesheet crack 2/3 to the canier, slgnlilcant core crushing and transverse 
cracking 

12 101138 5.3 38 3.964 12.55 4/30/98 0.098 535.53 
delormation of lacesheet, no cracks In lacesheet, minor core crushing and 
transverse cracking 

13 177138 5.4 38 3.967 12.56 6/29/98 a 641.89 lull crack to edge in lacesheet. ma or core crushing and transverse cracking 
14 178138 5.5 38 3.967 12.56 6/29/98 a 634.47 lull crack to edge In lacesheet. ma or core crushing and transverse cracking 
IS 179138 5.6 38 3.967 12.56 6/29/98 a 623.34 lull crack to edge in facesheet, ma or core crushing and transverse cracking 
16 93148 4.1 48 4.177 16.71 4/7/98 a S82.S2 lull crack to edge in lacesheet. ma or core crushing and transverse cracking 
17 94148 4.2 48 4.177 16.71 4/7/98 a 550.37 lull crack to edge In lacesheet. ma or core crushing and transverse cracking 
18 95148 4.3 48 4.177 16.71 4/7/98 a 578.81 lull crack la edge In lacesheet. ma or core crushing and transverse cracking 

Table B2. Tests of the OySlWF/Oj specimens with PVF2 sensors. 



0/90/0/11OWF/0/90/0 

/ Test 
» 

Panel 
lOf 

Height 
(In) 

Weight 
(lb) 

Energy 
(fl-lb) 

Date Comment 
Depth of 

Indentation 
(In) 

{>eak 
Contact 

Force (lb) 
Observed Damage 

1 243108 14.1 8 3,967 2.64 10/7/98 0 004 518.21 BVID, no visible cracks In lacesheel or loam 
2 245108 14 2 8 3.967 2 64 10/7/98 SItaIn Gaqe 0 0035 524.4 BVID, no visible cracks in lacesheel or loam 
3 244108 14.3 8 3.967 2.64 10/7/98 0 0045 516.97 BVID, no visible cracks In lacesheel or loam 
4 246118 14.4 18 3.967 5.95 10/7/98 Strain Gage 0 006 819.99 BVID. small crack In lacesheet, no visible core cracking or crushing 
5 247118 14.5 18 3.967 5.95 10/7/98 Strain Gaqe 0 007 811.33 BVID. small crack In lacesheel. no visible core cracking or crushing 
6 248118 14.6 18 3.967 5.95 10/7/98 Sitain Gaqe 0 004 807.62 BVID. several small radial cracks, no visible core cracking or crushing 

7 2S0I2B 15.1 28 3.967 9.26 10/7/98 no trigger 0.014 
VID, one crack to edge, one crack 1/2 lo opposite edge, core cracked under 
lacesheel cracks 

8 249128 15.2 28 3.967 9.26 10/7/98 Strain Gaqe 0 008 907.8 VID, three cracks 1/2 to edges, no damage oi core 
9 251126 15.3 26 3.967 9.26 10/7/98 0.019 986.95 VID. one crack 1/2 to edge, one small radial crack, no damage ol cote 

10 2S2I3B 15.4 36 3.967 12.56 10/7/98 0.021 921.4 
VID, one crack to edge, one crack 1/2 lo opposite edge, transverse crack in 
loam 

It 2S4I38 15.5 38 3.967 12.56 10/7/98 Strain Gaqe 0.0175 995.61 VID, one small radial crack, core slightly crushed 
12 2S3f38 15.6 38 3,967 12.56 10/7/98 0.0185 1005.5 VID, minimal damage to lacesheet, core slightly crushed 
13 256148 16.1 48 3.967 15.87 10/7/98 0.075 1022.8 large dent, liber fracture with no large cracks, core crushing 

14 256148 t6.2 48 3.967 15.87 10/7/98 Strain Gage 002 871.93 
VID. one crack to edge, one small radial crack, transverse core cracks and 
crushing 

IS 257148 16.3 48 3.967 15,87 10/7/98 0.018 967.16 
VID, one crack to edge, one crack 1/2 to edge, transverse core cracks and 
crushing^ 

16 256133 16.4 33 3.967 10,91 10/7/98 0.0215 920,17 
VID, two cracks to edge at 90deg, one crack 1/2 lo edge, transverse core 
cracks and crushing 

17 259133 16.5 33 3.967 10.91 10/7/98 0.016 1016.6 VID. two small radial cracks, core crushing 
18 260133 16.6 33 3.967 10.91 10/7/96 0013 904.09 VID. two small radial cracks, coie crushing 

Table B3. Tests of the OySl WF/O3 specimens with PVF2 sensors. 

vO 



02/902 /02/110W F/02/902/0 

/ Test 
f 

Panel 
ID! 

Height 
(In) 

Welgtit 
(lb) 

Energy 
(tt-lb) 

Date Comment 
Depth of 

Indentation 
(In) 

t>eal( 
Contact 

Force (lb) 
Observed Damage 

1 264118 17.1 18 3.967 5.95 10/7/98 0.0045 957,27 BVIO, very small crack In (acesheel, no visible damage to core 
2 266118 17,2 18 3.967 5.9B 10/7/98 Sirain Gaqe 0.0025 953.56 BVID, very small crack in (acesheet, no visible damage to core 
3 265118 17.3 18 3.967 S.95 10/7/98 0.0055 954.8 BVID, small radial cracks in (acesheet, no visible damage to core 
A 268(28 17.4 28 3.967 9.26 10/7/98 0.006 1217 VID, one crack 1/2 to edge, no visible damage to core 
S 267128 17.5 28 3.967 9.26 10/7/98 Strain Gaqe 0 005 1200.9 BVID, no visible cracks In lacesheel or core 
6 269128 17.6 28 3,967 9.26 10/7/98 0.0075 1213.3 BVIO, two small radial cracks, no visible damage to core 
7 270138 18.1 38 3.967 12.56 10/7/98 0.007 1267.7 VID, two small radial cracks, no visible damage to core 
8 272138 18.2 38 3,967 12.56 10/7/98 Strain Gaqe 0.004S 1334.5 BVID, small cracks In (acesheet, sdght core crushing 
9 271t38 18.3 38 3.967 12,56 10/7/98 0.0085 1355.5 VID, one crack 1/2 to edge, slight core crushing 
10 274148 18.4 48 3.967 15.87 10/7/98 0.008$ 13S9.2 VID, small cracks In lacesheel, slight core crushing 
11 273148 <8.5 48 3.967 15,87 10/7/98 Strain Gaqe 0,008 1296.1 VID, two radial cracks in (acesheet, slight core crushing 
12 27SI48 18.6 48 3.967 15,87 10/7/98 0.007 1323.4 VID, one crack 1/2 to edge, small cracks in facesheet, slight cote crushing 
13 261(08 19.1 8 3.967 2.64 10/7/98 0.004 606.02 BVID, one small radial crack, no visible damage to core 
14 262I0B 19.2 8 3.967 2,64 10/7/98 0.004 606.02 BVID, no visible cracks In (acesheet or core 
IS 263(08 19.3 8 3.967 2,64 10/7/98 0.0035 610.97 BV(0, no visible cracks In (acesheet or core 

16 276(43 19.4 43 6.004 21.51 10/7/98 0.0175 1588 
VID. on crack to edge, two small radial cracks, core crushing and transverse 
cracks under (acesheet crack 

17 277(43 19.5 43 6.004 21.51 10/7/96 0.0125 16B6.6 VID. one crack 1/2 to edge, small transverse crack In core, slight core crushing 

18 278)43 19.6 43 6.004 21.51 10/7/98 0.0195 1549.7 
VID, one crack to edge, two cracks 1/2 lo edge, sIgnKicant transverse crack In 
loam, core crushing 

Table B4. Tests of the Oj/51 WF/O3 specimens with PVF2 sensors. 

Ul 
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O 3/HRH 3.0/03,WITH SENSO RS 

/ Test 
« 

Panel 
ion 

Height 
(inl 

Weight 
(Ibl 

Energy 
(It-lb) Date Comment 

Peak Contact 
Fotce (Ibi 

Observed Damage 

1 72h18 1 18 4.177 6.27 4/2/98 533.05 BVID, no lacosheel cracks, one side with tiuckled core 
2 73h18 2 18 4.177 6.27 4/2/98 568.92 BVID, very small crack along one wiro, no visible damage ol core 
3 74h18 3 18 4.177 6.27 4/2/98 539.24 BVID. no lacesheel cracks, no visible damage ol core 
4 76h28 4 28 4.177 9.7S 4/2/98 650.55 BVID, no lacesheel cracks, Iwo sides with buckled core 
S 771)28 5 28 4.177 9.75 4/2/98 618.39 lacesheel crack lo edge along wire, core buckled on side wllh crack 
6 78h28 6 28 4.177 9.75 4/2/98 607.26 lacesheel crack to edge along wire, cote buckled on 2 sides 
7 7gh48 7 48 4.177 16.71 4/2/98 659.2 VID, small lacesheel cracks, core buckled all 4 sides 
8 80h48 8 48 4.177 16.71 4/2/98 640.65 lacesheel cracked lo edge not along wire, core buckled all 4 sides 
9 81h48 9 48 4.177 16.71 4/2/98 657.97 lacesheel cracked lo edge along wire, core buckled all 4 sides 

10 82h08 10 8 4.177 2.78 4/2/98 no data 366.09 BVID, no lacesheel cracks, no visible damage ol core 
11 83h08 11 B 4.177 2.78 4/2/98 377.22 BVID, no lacesheel cracks, no visible damage ol core 
12 84h08 12 8 4.177 2,78 4/2/98 369.8 BVID, no lacesheel cracks, no visible damage ol core 

Table B5. Tests of the O3/5IWF/O3 specimens with PVF2 sensors. 



0/90/0/HRH 3.0/0/90/0 

/ Test 
« 

Panel 
10* 

HelgOt 
(In) 

WelgOt 
(lb) 

Energy 
(ll-lb) Dale Comment 

Deptti of 
Indentallon 

(In) 
Peak Contact 

Force (lb) 
Observed Damage 

1 225ti06 13.1 8 3.967 2.64 9/29/98 0.003 411.85 BVIO. no visible damage lo lacoshool or core 
2 226h08 13.2 8 3.967 2.64 9/29/98 0.0035 420.51 6VI0, two small radial cracks In lacesheel, no damage lo cote 
3 227h08 13.3 8 3.967 2.64 9/29/98 0.003 410.61 DVIO, no visible damage to lacasheet or core 
4 2281)18 13.4 18 3.967 5.95 9/29/98 0,007 608.5 BVIO. no visible damage lo lacosheel or core 
5 2291)18 13 5 18 3.967 5.95 9/29/98 0.007 609.73 BVID. no visible damage to lacosheel or core 
6 230h18 13.G 18 3.967 5.95 9/29/98 0.0055 627.05 BVID, no visible damage lo lacosheel or core 
7 2401)18 15.4 18 3.967 5.95 9/29/98 1 0.0105 599.84 BVID. no visible damage lo lacosheel or core 
8 241h18 15.5 18 3.967 5.95 9/29/98 ; 0.0095 601.08 BVID. no visible damage lo lacesheel or core 
9 242h18 15.6 18 3.967 5.95 9/29/98 / 0.0265 581.29 lacesheel delormadon, minimal tiber breakage, no visible damage lo cote 
10 231028 14.1 28 3.967 9.26 9/29/98 0.069 654.26 signllicani lacesheel delormalion. liber breakage, no damage lo core 
11 232h26 14.2 28 3.967 9.26 9/29/98 O.OOB 688 69 BVIO. no visible damage to lacosheel or core 
12 233h2B 14.3 28 3.967 9.26 9/29/98 0.06 711.15 signillcant lacesheel delormalion. liber breakage, no damage lo core 
13 237h28 15.1 28 3.967 9.26 9/29/98 1 0.067 704.97 signillcant lacesheel delormalion, liber breakage, no damage lo core 
14 238h2B 15.2 28 3.967 9.26 9/29/98 1 0.075 711.15 signllicani lacesheel delormalion. liber breakage, no damage lo core 
15 2391)28 15.3 28 3.967 9.26 9/29/98 1 0.0935 640.65 signillcant lacesheel dBlormallon. liber breakage, no dama^ to core 
16 234038 14.4 38 3.967 12.56 9/29/98 0.167 645.6 lull penetration oi lacesheel. no damage to core 
17 2351)38 14.5 38 3.967 12.56 9/29/98 0.01 697.54 one large crack lo edge, coro buckling 4 sides. 
16 236038 14.6 38 3.967 12.56 9/29/98 0.144 662.91 lull penelrallon of lacesheel. no ilamaoe lo core 

Table B6. Tests of the OySl WF/O3 specimens with PVF2 sensors. 



0/90/0/HRH 6.0/0/90/0 

/ Tost 
1 

Panel 
IDt 

Height 
(In) 

Weight 
(lb) 

Energy 
()i-lb) Dale Comment 

Depth ol 
Indentation 

(In) 
Peak Contact 

Force (lb) 
Observed Damage 

1 207h08 16.1 B 3 967 2,64 9/26/98 0 005 538.74 BVID, no visible damage lo lacasheel or core 
2 208h08 16.2 8 3,967 2.64 9/28/98 0 005 559.92 DVID, no visible damage lo lacosheel or core 
3 209h0B 16.3 8 3.967 2,64 9/28/98 0.005 552.1 BVID, 1 small crack in lacesheel, no visible damage to core 
4 210h18 16.4 18 3.967 5.95 9/26/98 0 009 820.73 BVID, no visible damage to lacosheel or core 
5 211hia 16.5 18 3,967 5,95 9/28/98 0 0095 605.69 BVID, 1 small crack in lacesheel, no visible damage lo core 
6 212h18 16.6 16 3.967 5.95 9/28/98 0 009 793.52 BVID. 2 small cracks In lacesireel, no visible damage lo core 

7 213h28 17.1 28 3.967 9,26 9/29/98 0017 904.83 
2 cracks in lacesheel lo edges in opposite directions, no visible damage lo 
core below cracks 

8 214h2a 17.3 28 3.967 9.26 9/29/98 0,0165 874,16 
lacesheel cracking, 1 lull craci to edge, 1 crack 1/2 lo edge opposite ol lull 
curack, minimal core damage below lull crack 

9 215h28 17.3 28 3,967 9,26 9/29/96 0,0125 958,75 
lacesheel cracking, 1 lull crack lo edge, 1 crack 1/2 lo edge opposlle ol lull 
crack, one small radial crack, minimal core buckling below lull crack, no other 
visible core damage 

10 222h28 18.4 28 3,967 9,26 9/29/98 1 0 0185 973,35 lacesheel cracking. 2 at 90deg reachlng^ 1/2 lo ed^e, no core damage 

11 2l6h38 17.4 38 3.967 12,56 9/29/98 0.021 906.31 
Ihree cracks lo edges, minimal core buckling beneath all cracks, no damage 
on 4lh side 

12 217h38 17.5 38 3,967 12.56 9/29/96 0,0205 942.92 
Iwo cracks lo edges, opposite sides, minimal core damage under crack, no 
damage on olher sides 

13 218h3B 17.6 38 3,967 12.56 9/29/96 0.0225 874.16 
Ihree cracks to edges, minimal core buckling beneath all cracks, no damage 
on 4lh side 

14 223h38 18.S 38 3.967 12,56 9/29/96 1 0.023 1065.9 lacesheel delormalion, 1 small crack 1/2 way lo edge 

IS 2tgh48 18.1 46 3,967 15,87 9/29/96 0.027 965.16 
three cracks lo edges, core buckling benealh all cracks, no damage on 4lh 
side 

16 220h48 18.2 46 3,967 15,87 9/29/96 il 0.0215 1012.7 Iwo cracks lo edges, opposilo sides, minimal core damage under cracks, one 
olher small radial crack perp. lo olher Iwo cracks, no damage on olher sides 

17 221h48 16.3 48 3,967 15,67 9/29/98 II 0.02 1012 7 
lacosheel cracking, 1 lull craci lo edge, 1 crack 1/2 to edge opposlle ol lull 
curack, minimal core damage below lull crack 

16 224h48 18.6 48 3.967 15,67 9/29/98 1 0.0315 1176,2 
lacesheot delormalion, one small radial crack, libers only liaciured al ciack, 
no core damage 

Table B7. Tests of the OySI WF/O^ specimens with PVF2 sensors. 



02/902/( Ij/HRH 6.O/O2/9O2/O2 

/ Tosl 
1 

Panel 
I0« 

Heighl 
(in) 

Weight 
(lb) 

Energy 
((t-lb) Date Comment 

Depth ol 
Indentation 

(In) 

Peak Contact 
Force (lb) Observed Damage 

1 161h8 10.3 8 3.967 2,64 6/30/98 0.004 577.58 DVID. no visible damaqe lo lacesheet or core 
2 1B2h8 10.4 8 3.967 2,64 6/30/98 sectioned 581.29 BVID. no visible damaae to lacesheet or core 
3 183116 10.5 8 3,967 2.64 6/30/98 0.004 572.63 BVID, no visible damaqe to lacesheet or core 
4 16Sh16 10.1 18 3.964 5,95 5/17/98 bad data 0.008 BVID. minimal lacesheet cracklnq. no visible damaqe lo core 
5 166h16 10.2 18 3.964 5,95 5/18/98 0 008 920.17 BVID. minimal lacesheet cracklnq. no visible damaqe lo cote 
6 184h18 10.6 18 3.967 5.95 6/30/98 sectioned 899.14 BVID, minimal lacesheet cracklnq. no visible damaqe lo core 
7 16Sh16 11.1 18 3.967 5.95 6/30/98 0.007 912.74 BVID, minimal lacesheet cracklnq. no visible damaqe lo core 
8 18Gh28 11.2 28 3.967 9.26 6/30/98 0.011 1130.4 BVID, minimal lacesheet ciackinq. no visible damaqe to core 
9 187h28 11.3 28 3.967 9.26 6/30/98 sectioned 1135.4 BVID, minimal lacesheet cracklnq, no visible damaqe lo core 
to 188h28 11.4 28 3.967 9.26 6/30/98 0.011 1123 BVID. minimal lacesheet cracklnq. no visible damaqe lo core 
11 1891)36 11.5 38 3.967 12.56 6/30/98 sectioned 1303.6 BVID, lacesheet cracklnq, no visible damaqe to core 
12 190h36 11.6 38 3.967 12.56 6/30/98 0.013 1309.8 BVID, lacesheet cracklnq, no visible damaqe to core 
13 191h38 12.1 38 3.967 12.56 6/30/98 0.013 1325,8 BVID, minimal lacesheet cracklnq, no visible damaqe to core 
U 192h48 12.2 48 3.967 15.87 6/30/98 sectioned 1421,1 BVID, tacestieet cracklnq, no visible damaqe to cote 
15 193h48 12.3 48 3.967 15.87 6/30/98 0.016 1391,3 BVID, lacesheet cracklnq. no visible damaqe to core 
16 194h48 12.4 48 3.967 15.87 6/30/98 0.017 1406,2 BVID, lacesheet cracklnq, no visible damaqe lo core 
17 202h3B 12.5 38 6.004 19.01 6/30/98 ill. sectioned 1512.6 BVID, lacesheet crackino, minimal core bucklinq on 1 side 

IS 203tl38 12.6 38 6,004 19,01 6/30/96 ill 0.019 1494 
BVID, lacesheet cracking, one to edgo. one 3/4 to edge, core buckling below 
lull crack lo edqe 

Table B8. Tests of the OySlWF/Oa specimens with PVF2 sensors. 

Comments: 
/-impacted resin-rich side up 
a - peak load out of AD converter range 
Hi - impacted with higher mass 
a - maximum indentation found at edge 
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APPENDIX C: FORCE HISTORIES FOR FOAM CORE PANELS 

Appendix C. 1: Type I Specimens 

(V9(UQ/51WFA)/9(V0 
8", 4.1771b, 2.78« lb 

350 

—0— 096(08 
—=— 097(08 
^1^098(08 

300 

250 t" 

200 r 

g 150 |r 
O t 

100 

50 

-50 -
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 

Time (sec) 

Figure CI. Variation of contact force as a function of time for 2.78ft*lb impacts on 
0/90/0/51WF/0/90/0 specimens. 
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Figure C2. Variation of contact force as a function of time for 6.27ft-lb impacts on 
0/90/0/51 WF/0/90/0 specimens. 
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Figure C3. Variation of contact force as a function of time for 9.75ft-lb impacts on 
0/90/0/51WF/0/90/0 specimens. 
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Figure C4. Variation of contact force as a function of time for 12.56ft-lb impacts on 
0/90/0/51 WF/0/90/0 specimens. 
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Figure C5. Variation of contact force as a function of time for 16.71ft-ib impacts on 
0/90/0/51WF/0/90/0 specimens. 
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Appendix C.2; Type II Specimens 

Appendix C.2.1: Contact Force Data 

600 

500 

400 

300 

u. 200 f-

100  ̂

0/90/OniOVVF/(V90/0 
8-, 3.9671b. 2.64n-lb 

—o— 243f08 
—a— 244f08 
—9— 245f08 

-100 

0.001 0.002 0.003 0.004 0.005 

Time (sec) 

Figure C6. Variation of contact force as a function of time for 2.64ft-lb impacts on 
0/90/0/110 WF/0/90/0 specimens. 
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Figure C7. Variation of contact force as a function of time for 5.95ft-lb impacts on 
0/90/0/110WF/0/90/0 specimens. 
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Figure C8. Variation of contact force as a function of time for 9.26ft-ib impacts on 
0/90/0/110 WF/0/90/0 specimens. 
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Figure C9. Variation of contact force as a function of time for 10.91ft-lb impacts on 
0/90/0/110WF/0/90/0 specimens. 
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Figure CIO. Variation of contact force as a function of time for 12.56ft-lb impacts 
on 0/90/0/110\VF/0/90/0 specimens. 
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Figure Cll. Variation of contact force as a function of time for 15.87ft-ib impacts 
on 0/90/0/110 WF/0/90/0 specimens. 
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Appendix C.2.2: Contact Force and Strain Gage Data 
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Figure C12. Variation of strain and contact force as a function of time for a 2.64ft 
lb impact on a 0/90/0/110WF/0/90/0 specimen; test 245f08. 
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Figure C13. Variation of strain and contact force as a function of time for a 5.95ft-
Ib impact on a 0/90/0/110WF/0/90/0 specimen; tests 246fl8, 247fl8, and 248fl8. 
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Figure C14. Variation of strain and contact force as a function of time for a 9.26ft-
Ib impact on a 0/90/0/110WF/0/90/0 specimen; test 249f28. 
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Figure C15. Variation of strain and contact force as a function of time for a 12.56ft-
Ib impact on a 0/90/0/1 lOWF/0/90/0 specimen; test 254f38. 
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Figure C16. Variation of strain and contact force as a function of time for a 15.87 
ft-lb impact on a 0/90/0/110WF/0/90/0 specimen; test 255f48. 

Appendix C.2.3: Strain Gage Data Comparisons 

0/9(V0M10WFAV9a/0 
18-, 3.967lb. 5.95ft-lb. Strain Gage 

0.0025 r ^^ I 

246t18 
247118 
248fl8 

0.002 

0.0015 

c 
S 
" 0.001 

0.0005 

0 0.0008 0.0016 0.0024 0.0032 0.004 0.0048 0.0056 

Time (sec) 

Figure C17. Variation of strain as a function of time for a 5.95ft-lb impact on a 
0/90/0/110WF/0/90/0 specimen; tests 246fl8,247n8, and 248fl8. 
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Figure C18. Variation of strain as a function of time for all impacts on 
0/90/0/110WF/0/90/0 specimens. 
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Appendix C.3: Type EH Specimens 

Appendix C.3.1: Contact Force Data 
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Figure C19. Variation of contact force as a function of time for 2.64ft-lb impacts on 
O2/9O2/O2/IIOWF/O2/9O3/O2 specimens. 
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Figure C20. Variation of contact force as a function of time for 5.95ft-lb impacts on 
O2/9O2/O2/IIOWF/O2/9O2/O2 specimens. 
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Figure C21. Variation of contact force as a function of time for 9.26ft-lb impacts on 
O2/9O2/O2/IIOWF/O2/9O2/O2 specimens. 
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Figure C22. Variation of contact force as a function of time for 12.56ft-lb impacts 
on O2/9O2/O2/IIOWF/O2/9O2/O2 specimens. 
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Figure C23. Variation of contact force as a function of time for 15.87ft-lb impacts 
on O2/9O2/O3/IIOWF/O2/9O2/O2 specimens. 
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Figure C24. Variation of contact force as a function of time for 21.51ft-lb impacts 
on O2/9O2/O2/IIOWF/O2/9O2/O2 specimens. 
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Appendix C.3.2: Contact Force and Strain Gage Data 
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Figure C25. Variation of strain and contact force as a function of time for a 5.95ft-
Ib impact on a O2/9O2/O2/IIOWF/O2/9O2/O2 specimen; test 266f08. 
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Figure C26. Variation of strain and contact force as a function of time for a 9.26ft-
Ib impact on a O2/9O3/O2/IIOWF/O2/9O2/O2 specimen; test 267f28. 
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Figure C27. Variation of strain and contact force as a function of time for a 12.56ft-
Ib impact on a Type III specimen; test 272f38. 

OjSOM^n 10WF/Dj/90j/Dj 
48*. 3.967tb. 15.87ft-4b, Strain Gage 

•/^ ' 
0.0035 

1400 

1200 -

1000 r 

r 
•=• 800 r 5 
O 

600 -

400 -

200 -

-200 

force-273(46 

Strain - 273(48 

0.003 

0.0025 

0.002 

2? 
0.0015 S 

0.001 

0.0005 

-0,0005 

0,001 0.002 0.003 0.004 0.005 

Time (sec) 

Figure C28. Variation of strain and contact force as a function of time for a 15.87ft-
Ib impact on a Type III specimen; test 273f48. 
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Appendix C.3.3: Strain Gage Data Comparisons 
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Figure C30. Variation of strain as a function of time for impacts on Type III 
specimens; tests 266f48,267f38,272f28, and 273fl8. 
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APPENDIX D; FORCE HISTORIES FOR HONEYCOMB PANELS 

Appendix D.l: Type IV Specimens 
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Figure Dl. Variation of contact force as a function of time for 2.64ft-Ib impacts on 
0/90/0/IIRH3.0/0/90/0 specimens. 
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Figure Dl. Variation of contact force as a function of time for 5.95ft-ib impacts on 
0/90/0/HRH3.0/0/90/0 specimens. 
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Figure Dl. Variation of contact force as a function of time for 5.95ft-lb impacts on 
the matrix-rich side of 0/90/0/HRH3.0/0/90/0 specimens. 

0/9Q/0mRH3.O/O/9<VO 
18". 3.9671b, 5.95n-lb 
—!—' • ' I • ' : 

—o—228h18 
— 2 2 9 h 1 8  
—o—230hl8 
—ir— 240h18 • 
—'^241h18 * 
—s— 242hl8 • 

600 

500 

400 

g 300 

o ti. 
200 

100 

-100 

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0 

Time (sec) • - impacted resin 
rich side up 

Figure D4. A comparison of the contact force histories for 5.95ft-ib impacts on both 
faces of 0/90/0/IIRH3.0/0/90/0 specimens. 
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Figure D6. Variation of contact force as a function of time for 9.26ft-lb impacts on 
0/90/0/HRH3.0/0/90/0 specimens. 
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Figure D7. Variation of contact force as a function of time for 9.26ft-lb impacts on 
the matrix-rich side of 0/90/0/HRH3.0/(V90/0 specimens. 
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Figure D8. A comparison of the contact force histories for 9.26ft-lb impacts on both 
faces of 0/90/0/HRH3.0/0/90/0 specimens. 
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Figure D9. Variation of contact force as a function of time for 12.56ft>lb impacts on 
0/90/0/HRH3.0/0/90/0 specimens. 
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Appendix D.2: Type V Specimens 
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Figure DIO. Variation of contact force as a function of time for 2.64ft-lb impacts on 
0/90/0/HRH6.0/0/90/0 specimens. 
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Figure Dll. Variation of contact force as a function of time for 5.95ft-lb impacts on 
0/90/0/HRH6.0/0/90/0 specimens. 
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Figure D12. Variation of contact force as a function of time for 9.26ft-lb impacts on 

0/90/0/HRH6.0/0/90/0 specimens. 
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Figure D13. Variation of contact force as a function of time for 12.56ft-lb impacts on 
0/90/0/IIRH6.0/0/90/0 specimens. 
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Figure D14. Variation of contact force as a function of time for 15.87ft-lb impacts on 
0/90/0/HRH6.0/0/90/0 specimens. 

Appendix D.3: Type VI Specimens 
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Figure D15. Variation of contact force as a function of time for 2.64ft-lb impacts on 
O2/9O2/O2/HRH6.O/O2/9O2/O2 specimens. 
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Figure D16. Variation of contact force as a function of time for a 5.95ft-lb impact on 
O2/9O2/O2/HRH6.O/O2/9O2/O2 specimens. 
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Figure D17. Variation of contact force as a function of time for a 9.26ft-ib impact on 
O3/9O2/O2/HRH6.O/O2/9O2/O2 specimens. 
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Figure D18. Variation of contact force as a function of time for a 12.56ft-lb impact 
on O2/9O2/O2/HRH6.O/O3/9O2/O2 specimens. 
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Figure D19. Variation of contact force as a function of time for a 15.87ft-lb impact 
on O2/9O2/O2/HRH6.O/O2/9O2/O2 specimens. 
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Figure D20. Variation of contact force as a function of time for a 19.01ft-ib Impact 
on O2/9O2/O2/HRH6.O/O2/9O2/O2 specimens. 
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APPENDIX E: FORCE HISTORIES FOR FOAM CORE PANELS WITH PVF2 
SENSORS 

Appendix E. 1: 2.78 ft-Ib Impact Energy 
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Figure El. Sensor voltage and contact force as a function of time for a 2.78ft-lb 
impact on a 03/51WF/03 specimen; test 69f08. 
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Figure E2. Sensor voltage and contact force as a function of time for a 2.78ft-lb 
impact on a O3/5IWF/O3 specimen; test 70f08. 
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Figure E3. Sensor voltage and contact force as a function of time for a 2.78ft-lb 
impact on a O3/51 WF/Os specimen; test 71f08. 

Appendix E.2: 6.27 ft-Ib Impact Energy 
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Figure E4. Sensor voltage and contact force as a function of time for a 6.27ft-ib 
impact on a O3/5IWF/O3 specimen; test 51fl8. 
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Figure E5. Sensor voltage and contact force as a function of time for a 6.27ft-lb 
impact on a O3/5IWF/O3 specimen; test 56fl8, 
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Figure E6. Sensor voltage and contact force as a function of time for a 6.27ft-lb 
impact on a O3/5IWF/O3 specimen; test 57fl8. 
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Appendix E.3: 9.75 ft-Ib Impact Energy 
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Figure E7. Sensor voltage and contact force as a function of time for a 9.75ft-lb 
impact on a O3/5IWF/O3 specimen; test 58f28. 
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Figure E8. Sensor voltage and contact force as a function of time for a 9.75ft-lb 
impact on a Oa/SIWF/Oa specimen; test 59f28. 
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Figure E9. Sensor voltage and contact force as a function of time for a 9.75ft-lb 
impact on a O3/5IWF/O3 specimen; test 60128. 
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Figure ElO. Sensor voltage and contact force as a function of time for a 9.75ft-lb 
impact on a O3/5IWF/O3 specimen; test 61f28. 
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Appendix E.4: 16.71 ft-lb Impact Energy 
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Figure Ell. Sensor voltage and contact force as a function of time for a 16.71ft-lb 
impact on a O3/5IWF/O3 specimen; test 65f48. 
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Figure E12. Sensor voltage and contact force as a function of time for a 16.71ft-ib 
impact on a O3/5IWF/O3 specimen; test 66f48. 
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Figure E13. Sensor voltage and contact force as a function of time for a i6.71ft-lb 
impact on a O3/5IWF/O3 specimen; test 67f48. 
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APPENDIX F: FORCE HISTORIES FOR HONEYCOMB CORE PANELS WITH 
PVF2 SENSORS 

Appendix F. I: 2.78 fi-Ib Impact Data 
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Figure Fl. Sensor voltage and contact force as a function of time for a 2.78ft-lb 
impact on a O3/HRH3.O/O3 specimen; test 82h08. 
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Figure F2. Sensor voltage and contact force as a function of time for a 2.78ft-lb 
impact on a Oa/HRHS.O/Os specimen; test 84h08. 

Appendix F.2: 6.27 ft-lb Impact Data 
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Figure F3. Sensor voltage and contact force as a function of time for a 6.27ft-lb 
impact on a O3/HRH3.O/O3 specimen; test 72hl8. 
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Figure F4. Sensor voltage and contact force as a function of time for a 6.27ft-lb 
impact on a O3/HRH3.O/O3 specimen; test 73hl8. 
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Figure F5. Sensor voltage and contact force as a function of time for a 6.27ft-lb 
impact on a O3/HRH3.O/O3 specimen; test 74hl8. 
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Appendix F.3: 9.75 ft-Ib Impact Data 
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Figure F6. Sensor voltage and contact force as a function of time for a 9.75ft-lb 
impact on a O3/HRH3.O/O3 specimen; test 76h28. 
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Figure F7. Sensor voltage and contact force as a function of time for a 9.75ft-lb 
impact on a O3/HRH3.O/O3 specimen; test 77h28. 
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Figure F8. Sensor voltage and contact force as a function of time for a 9.75ft-[b 
impact on a O3/HRH3.O/O3 specimen; test 78h28. 

.A.ppendix F.4: 16.71 ft-Ib Impact Data 
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Figure F9. Sensor voltage and contact force as a function of time for a 16.71ft-lb 
impact on a O3/HRH3.O/O3 specimen; test 79h48. 
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Figure FIG. Sensor voltage and contact force as a function of time for a 16.71ft-lb 
impact on a Oa/HRHS.O/Os specimen; test 80h48. 
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Figure Fll. Sensor voltage and contact force as a function of time for a 16.71ft-lb 
impact on a O3/HRH3.O/O3 specimen; test 81h48. 
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