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SECTION I

INTRODUCTION

This report presents the results for the second year ’s work on the

study of the dynamic response of idealized laminated graphite—epoxy fan

blades subjected to impact loads. Due to the complexity of the geometry

of the blade, detailed fiber—by—fiber , or ply—b y—ply , “micro—mechanic ”

stress analysis is not feasible at this time ; laminated plate theory must

be used. The primary purpose of this study is to demonstrate the accuracy

of the equations derived from lamination theory by comparing experimental

results with those calculated from these equations.

Both in—plane and shear—bending impact results are included in the

t Report. The experimental phase of the present study consists of impacting

the edge of the specimen plate with a striker plate. The experiment is

designed to permit measurements of a one—dimensional response. The velocity

of the impact is maintained at a low level such that the respons.~ is pure ly

elastic. The pulse shape of the impact loading function is approximately

rectangular . The duration of the resulting impac t is con trolled by vary ing

the striker plate length. The strain histories are used for comparison with

the analytically predicted wave velocities and strains . Additional gages

are mounted on the plate specimens to monitor simultaneity of impact and

uniformity of strains across the plate thickness as the wave propagates into

the plate. Three specimen plates are tested and the results compared to

analytical results. One specimen plate is fabricated from aluminum, and the

other two from graphite—epoxy , one is layed—up as a cross—ply and the other

as an angle—ply. The aluminum plate has been used to ascertain the accuracy

of the experimental set—up since wave propagation in aluminum structures is

reasonably well, understood . 

~~~~ --- - .- - - .- . --~~~~ . - -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S
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The laminated plate equations used in this report are those derived by

Whitney and Pagano [2]. As discussed in [3], this set of equations is more

accurate than that of (41, and may be considered as a representative “first

order ” laminated plate theory . Several analytical and numerical solutions to

the laminated plate equations have been presented recently . Wang and Tuckmantel

[5] , m d  Moon [6] have discussed the wave surfaces based on the laminate J plate

equations due to ab rupt change in stress. Chow [71 applied the Laplace trans-

form technique and calculated the deflection of a laminated plate under a con-

centrated load. Moon [8] solved the problem of one—dimensional wave propaga-

tion due to a prescribed line load by the fast Fourier transform technique .

Recently, Sun and Lai [9] analyzed the response of a unidirectional fiber—re-

inforced layer subjected to lateral loading by applying transform techniques

to the laminated plate equations and exact equations . Several experimental

studies on the dynamic response of composites h ave been reported in Ref. [10—131.

However, the major emphasis of these studies has been to determine the elastic

moduli and dispersive nature of composite materials ; no work involving the tran-

sient strain histories of realistic laminated plates subjected to impact has

been presented.

Detailed description of the general set—up of this program can be found

in the first annual report , Ref. 14 and will not be repeated here. This in-

cludes the governing equations used , the numerical procedures , the specimen

preparation , the in—plane impact experiment arrangement , and the results of

the in—plate aluminum plate impact. Many of the results reported here have

also appeared in previous quarterly progress reports , Ref. [15—17].

Results of this study demonstrate that the laminated plate theory used

here adequately predicts the wave velocities and transient strains in symmetric

2
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cross—ply and angle—ply composite p1at~ s unde r either in—plane impact or

transverse shear—bending impact.

Also included in this Report is a discussion of our progress in the use

V of HEMP, a finite—difference computer code , to predict material responses ,

and NASTRAN to predict structural responses. In addition , we present pre-

liminary results of an impact parametric study utilizing NASTRAN for the cal—

culations . The goal of this study is to identify which of the loading function

parameters (pulse duration , pu lse sh ape , object kinetic energy , and imp ulse)

are most important for the structural response of a laminated beam subjected

to impact loading.

3
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SECTION II

PLATE IMPACT

1. IN—PLANE IMPACT STUDY

The descripti on of the experimental set—up and the theoretical calculation

of the in—plane impacts have been reported previously in Ref. 14. Here we

shall present directly new results obtained for the composite specimens .

a. Results for Cross—Ply Laminate

Typical results from the strain histories monitored on the graphite—

epoxy cross—ply laminated plate are shown in Figures 1 and 2. Figure 1

includes the results for the 76.2 mm striker and Figure 2 the 25.4 mm striker.

The s train gage numbers are shown to the right of the pho tographs. Observa—

tion of the strain histories from gages 2, 4, and 5 show that good s imultaneity

of impact has been achieved for both strikers. The maximum difference between

wave arrival times at the three gages was approximately 6 ~isec; the magnitudes V

of the strain pulse at each of these three gages were nearly identical.

Gages 2 and 2R demonstrate that little bending was induced by either of the

impacts . The average wave velocities (7.71 mm/iisec for the 76.2 mm striker

and 7.70 mm/~Jsec for the 25.4 mm striker) measured from the pulse initiation

at gages 1, 2, and 3 agrees with the theoretical velocity , (A11/P) ½ = 
V

7.55 mm/usec, with A11 = 0.713 MN/mm and P = 0.0125 gm/mm2 for the laminated

specimen. These three gages also show that the initial pulse has little

attenuation or dispersion. 
V

Comparisons of the experimental and analytically predicted strain

histories are shown in Figures 3 and 4. The analytical results are based on

the solution of equation (4a) of Ref. 14 subjected to zero initial conditions

and a boundary condition at the impacted edge of

4
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V
c
0

(0,t) = 
0 

1 for  0 < t < t
0 

(1)
2(A 11/PY~

= 0 for t
0

< t

where = 20.19 lisec and V
0 

= 2.423 rn/sec for the 76.2 mm striker and

= 6.73 osec and V
0 

= 2.617 rn/sec for the 25.4 mm striker.

Observation of Figures 3 and 4 show that the strain magnitudes of the

experimental and analytical results are in good agreement. For the 76.2 mm

striker the average experimental pulse duration was 35 psec as compared to

the theoretical value of 20.19 usec; for the 25.4 nun striker the experimen~ a1

value was 18 psec versus a theoretical value of 6.73 psec. Much of this

difference is due to the delay in the strain gage circuit response. The

experimental shape is approximately that of a sine
2
, whereas , the theoretical

pulse shape is rectangular. This discrepancy in shape is to be expected

since the strain gages can not measure discontinuities in loading or u:iloading .

b. Results for Angle—Ply Laminate

Typical results from the strain histories monitored on the grap ’~i t e —

epoxy angle—ply laminated plate are shown in Figures 5 and 6 for the 76.2 mm

striker and 25.4 mm striker, respectively. Observation of these s rain

his tor ies from gages 2, 4, and 5 show that good simultaneity of impact has

been achieved for both strikers . Also , gages 2 and 2R demonstra ?~e that l i t t l e

bending was induced by either of the impacts. Gages 1, 2, and ) demonstrate

that the average measured wave velocities , 7.54 mm/psec for the 76.2 mm strik i

and 7.32 x io6 mm/u sec for  the 25 .4  mm striker , agree well with the  theoretical

velocity of 7.39 mm/psec where A11 = 0.584 MN/mm and P = O.OYO7 gm/mm2. Those

three gages also show that the initial pulse has little attenuation or

dispersion.

9
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Comparisons of the experimental and analytically predicted strain

histories are shown in Figures 7 and 8. The analytical results are based on

the solution of equation (3a) of Ref. 14 subjected to zero initial conditions

and the boundary condition given in equation (1), with t = 20.62 psec and

V = 2.55 rn/sec for the 76.2 mm striker and t0 = 6.87 psec and V = 2.55 rn/sec

for the 25.4 mm striker.

Observation of Figures 7 and 8 show that the magnitude of the experimental

and ana ly t i ca l  s t ra in  pulse agree well , while the pulse duration and shape

do no t .  The discussion of the possible reasons fo r  those discrepancies has

been given in the previous Section.

2. Shear—Bending Impact Study V

a. Pendulum Impac t System

The basic pendulum impact system previously designed for in—plane

impacts is utilized for the shear—bending impact system (see Figure 9 ).

The only d i f f e re n c e  is that  the specimen plate is oriented such that the

striker plate strikes the specimen along its top su r f ace  (near  the  edge)

rather than along its edge .

The spec imen plate, gage locations , velocity measuring system , and

strain gages are identical to the in—plane impact system. The only difference

is t ha t  gages 2 and 2R are used to ensure a uniform bending impact. The

s t r a in  t races from these two gages should be exactly opposite in magnitude

(e .g .  top sur face  in tens ion , bottom surface in compression).

12
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b .  Loading Function

The loading function f o r  t h e - s pec ime n in the t r a n s v e r s e  i m p a c t  case

depends on t h e ’ wave m o t i o n  in the  s t r i ke r  and cannot be s p e c i f i e d  exp l i c i t l y

b e f o r e h a n d .  Ins tead , the’ wave  m o t i o n s  in the  s t r i k e r  and the  spec imen  are

solved simultaneously , with certain matching c o n d i t i o n s  at  the c o n t a c t  in te r-

f a ce .  The striker is assumed to have pure in—plane nio t ion , governed b y the

s imple  wave e q u a t i o n . The motion of t he  e n t i r e  spec imen  p l a t e  is assumed to

be in the s h e a r — b e n d i n g  mode where  the thre e—dimens ional compression waves

in the region close to the impact  s u r f a c e  have been neg l ec t ed .

The three second order differential equations governing the shear_bending

motions of an angle—ply laminate , Eqs. (3c) of Ref. 14 requi re three boundary

conditions at tue impacted edge , x 0 . The simple wave equation of the strike r

needs one boundary condition at z0 , where the wave motion in the plate is V

along x—direction and in the striker along negative z—direction , as shown

in Fig. 10 . The four required boundary conditions are supplied at the impact

surface x O , z=O , by (a) matching the displacements of the striker and the

plate , (b)  equa t ing  the t o t a l  axial  force  in the striker to the total shear

force in the plate , (c) assuming the moment  f o r  the p l a t e  is equal to the f o r c e

in the strike r multiplied b y ha l f  the s t r i k e r  t h i c k n e s s , and (d)  assuming

the moment M,~, is zero. If ~ (z ,t) and u ( z , t )  are the stress and displacement

in the striker , then , these conditions a re ,

u(O,t) = w(0,t) (2)

~‘(O , t )  = Qx
(O
~
t)
~
’1) (3)

= ~ (0 , t )  h 2 / 2  (4)
‘1 (0 , t )  = 0

xv

where  Q , M , and N are the shear force and moments in the plate.

1 h
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For t > 0, a general relation beLween o(0,t) and u ,
~~

(O ,t) can be derived.

This is done by integrating the simple wave equation along characteristics

in the striker and accounting for the jumps in the variables across the I
transmitted and reflected waves in the striker , with the result

a(O,t) = - P C0 [ 
(_ 1) N

~~ V
O

_u , t (0 , t)  - 

n=1,2. 
2(_ l)

~~
u , t

(0 , t - 

~~)1(6)
for  2i (N—l ) 

< ~ < ~~
-
~~~~

-

c0 c0

where V
0 

is the initial velocity of the striker and (N—I) denotes the number

of comp leted round trip traverses of the wave in the striker. If the striker

and specimen are in contact during the firs t traverse of a wave , eqs. (2) and

( 3) can be subs t i t u t ed  in equation ( 6 ) (with N=l) yielding

b 
Qx

(O
~
t
~ 

= — pc
0

[V
0
—w , ( 0 ,t)], 0 < t < ‘

~~
-
~
- (7)

The three equations ( 4), (5 ) and ( 6 ) form a set of proper bo undary

conditions for the specimen during the time 0 < t < . Equations (3c) V

of R e f .  14 are no longer coupled expl ic i tly  with the s t r iker  equat ion.

If  the s t ress  at the i n t e r f ace  become s zero or pos i t ive , the strike r

and specimen separate , the matching  condi t ion  mus t be rep laced by f ree  edge

condi t ions , and the subsequent motion of the specimen can be solved directly ,

independent of the striker. The probable time for s e p a r a t i o n  to occur  is

a t N2~ /c 0, the time when the wave in the striker due to the orig inal impact

returns to the striker—specimen interface. To determine if separation occurs

at the se instanto , the normal otress must be found immediately after the wave

is r e f l e c t e d  and t r a n s m i t t e d  at the i n t e r f a c e .  This is accompl i shed  b y

assuming  t h a t  b o t h  bodies  remain  in con t ac t  and b y c o n s i d e r i n g  e q u a t i o n s  ( 2 ) ,

18
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( 3) ,  and (6) f o r  L = 
2N c~~ and the j ump r e l a t io n s h i p  be twee n and

= — Cc 3
h [ w t ] (8)

where the bracket denotes discontinuous values of variable 
enclosed. Thii-.

is a sys tem of 4 equations  at t = in the  4 unknowns -
~~~
, u , ,  w , ,  and

Q . The r esul t ing  expression f o r  the  norma l s t r e s s  is
x

~(o~ 
~

+) = 
c0

b+c 3
h 
[~~~~~~~~ 

~~~~~~~

‘ ) 
+ ~~~ ~~~ 

~~~~

, 

~~~~~~~

-) 
~~~~~~~~

— ~c0
(_l)

N_1
v
0 
+ 2~ c0 ~~~~~~~~~~~~~ 

u , t co, 
~~~~ -

If the value of the right hand side of equation ( 9 ) is equal to or

grea te r  than zero , separa t ion  occurs .  I f  not , the bodies remain in con-

tact.

The procedure for calculating the responses of t h e  s pe c i m e n  when

tion does not occur after the first traverse of the wave in the  s t r i k e r  is

s t r a igh t f o r w a r d . Equations (3c) of R e f .  14 are solved fo r  ~~
-
~
-- < t s

c0
subject to the boundary conditions (4), (5), and equation (6) with N=2 and

equations (2) and (3) inser ted .  I f , a f t e r  t = ~~~~~~ the strike r still doe s
C
O

not separate , equations (3c) of R e f .  14 are solved in the t i m e ’  reg ime

< t ~~
—
~

- s u b j e c t  to the  bounda r y  c o n d i t i o n  ( 4 ) , ( 5 ) , and eq . l t  I o n  ( h
Co Co
w i t h  N=3 and equat ions  (2 )  and (3) i ns e r t e d .  This proce dure is  r e p e ’ ;t e d

for  every ~~
—
~
-- in t i m e  u n t i l  t h e  s t r i k e r  is  shown to separate ’ hv equ;lt ion  ( 9

C o
or s u f f i c i e n t  c a l c u l a t i o n s  have been achieved.

The ’ p rocedure  f o r  the c ross —p ly l a m i n a t e  i s  im i lar to t h a t  ~t i s t  o u t  —

lined for the angle—ply laminate.
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c. Results for Aluminum Plate

ln order to check out the accuracy of the shear—bending impact

sy s t e m , a 2 024—T35 1 a l u m i n u m  p l a t e , r a t h e r  than a lamina te  specimen , was

tes ted  f i r s t .  Typical  p r e l i m i n a r y  r e s u l t s  f r o m  the s t r a i n  h i s t o r i e s

moni tored  on the a luminum p l a t e  are shown in Figure 11. The gage numbers

are shown to the r i gh t  of t he  p hotograph .  Obse rva t ion  of the st r a i n  h i s t o r i e s

f r o m  gages 2 , 4 , and 5 show t ha t  good s i m u l t a n e i t y  of impact  has been

achieved .  Gages 2 and 2R demons t r a t e  t ha t  we have achieved u n i f o r m  bending

across the thickness of the  p l a t e .  The wave velocity , as measured from the

pulse i n i t i a t i o n  of gages 1, 2 , and 3 was 3.264 mm/ p s e c . ;  t h i s  agrees wel l

w i t h  the theore t ica l  shear v e l o c i t y  of 3.11 mm / Iisec (k = 1 .0) .  The s t r a i n

t r ac es in Fi gure 11 also show the a r r i va l  of the wave r e f l e c t i ng  from the  back

ed ge of the plate . Based on these preliminary results , we have concluded

that this experimental system is satisfactory .

d. Results  for  Cross—Ply  Laminate

Appl i ca t ion  of eq. (9) to the impacts involv ing  the 76 .2  mm s t r i k e r

showed that it would separate after 2~ /c
0 
while the 25.4 mm striker was

shown not to separate (Section II—2b ) until 6Z/c
0
.

Figure 12a presents typical results from the strain histories on the

cross—ply laminate produced by the transverse shear—bending impact of the

76.2 mm striker. The trace numbers again refer to the strain gage

• in Fig. 1 of Ref. 14. At least four impact tests with almost identical strain

history traces were obtained for each impact case. Again the strain histories

f rom gages 2 , 4 , and 5 show that good simultaneity of impact was achieved.

The maximum d i f f e r e n c e  between wave a r r iva l  times at these th ree  gages was

approximatel y 5 usec; except for gage 4, the magnitudes of the strain pulse

at these  gages were found  to he es s e nt  h a t  I y i den t  lea!. The reason for the

2 1)
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slight discrepancy in the ni~gnitude at gage 4 is chat , at the impact surface ,

uniform contact during the impact was not achiev-~d, because of minute ripples

on the surface of the laminate. For instance , for an impac t speed of 2.5 m/sec ,

a 0.0254 mm (0.001 ”) irregularity on the impacc surface causes a 10 )tsec

discrepancy in arrival time . Gages 2 and 2R demonstrate that near perfect

bending was induced by the impact .

The laminated plate properties are calculated from lamina properties and

are listed in Table 1. The striker velocity V
0 
was 2.55 m/sec. The average

wave velocity determined from the peak strain at gages 1, 2, and 3 was

1.67 mm/)isec , which is much closer to the theoretical shear velocity of

1.53 mni/)Jsec, than the theoretical bending velocity of 7.69 mm/Iisec , indicat-

ing that the pulse is primarily a shear wave. There is some uncertainty

about the measured shear wave speed. For instance, if measured from the first

disturbance at the gages , the shear velocity would be 1.81 mnt/)Jsec.

Figure 13 shows that the pulse shape and magnitude of the experimental

results are in general agreemen t, with those from the theoretical calcuiation .

The analytical strain at 25.4 aim contains a precursor bending wave t r ave l l ing

wi th the pla te wave velocity ,  as indica ted by the abrupt wave front. (The

precursor at 127 mm is not plot ted). The strain gage did not pick up t h i s

— precur sor , probab ly due to its limitation in frequency response. However ,

the fac t tha t the bulk of the energy is travelling with a velocity nearly

equal to the shear velocity is evident.

The experimental strain histories of the cross—ply laminate subjected

to impac t by the 25.4 mm striker were similar in nature to those of the

76.2 mm striker and are shown in Fig. 12b . The previous discussion of the

experimen tal results also apply to this impact situation. Figure 14 present s

23
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Table 1. G r a p h i t e / E po~~ Laminated Plate Properties

Cross—ply An~~ e— p ly

Lay—up [(0
~

/9O0 )
8/O° ]s 

( (OO/450/O O/_ 4 5 0)
6
, 00 ]s 

. 

-

c (10~~ gm/rum
3
) 1.511 1.511

A11 (MN/mm ) 0.713 0.584

A55 (MN/situ) 0.0294 0.0269

A44 (MN /mm) — 0.0267

(MN—mm) 4.19 2.49

D16 (MN—mm) 0 -0.0491

D66 (MN—mm — 0.506

(rum/~isec) 7.55 7.39
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a compari son of the  25.4 mm s t r i k e r  induce 2 s t r a i n  h i s t o r i e s  on the c r o s s — p l y

laminate with a n a l y s i s -  We no te  genera l  agreement  be tween  the experimental

an d an a ly t i c a l p ul se sh apes and pu lse  m aga i t u d es .  The average ve oc i ’~v based

on f i r s t d i s t u rbance  was 1.90 mm / lJs e c  an d based on peak s t r a in  was 1.58  mm/ sec.

The t heo re t i ca l  shear  ve l o c i t ’  f o r  h~ cr oss - -ph’  was 1. 53 n lm/cse c .

e .  Resu l t s  for Angle—Pl y L a m i a a t o

Resu l t s  of the a n g l e — p l y  spec imen su b j e c t e d  to t r ansve r se  impact by the

76.2  mm s t r i k e r  are shown in !‘i gtir e 15. The s t r i k e r  impact  v e l o c i t y  V0 i s

2.55 rn/sec. Application of eq. (9) to the impacts involving the 7 6 . 2  tan

striker showed that i t  would separa te  a f t e r  2 c / c 0. T h e  ave r ag - ’ of th e

meas ured wave ve loci t ies, based on f i r s t  d i s t u r b a n c e  at gages 1 , 2 , aud 1

was 2.11 mm/~~sec .  The ave rage v e l o c i t ’-’ based on peak st ra in  was 1. ~ m m / .  sec.

The theore t ica l  shear  ve loc i ty  for  t h e  ang l e — p l y  was compu ted  to he 1 • 55 ant I .  sec.

The ag reement between the theoretical and experimental shear velo ’i I ies is not

as good as tha t  in the in — p l a n e  ve loc  i t  ~‘ , c0 . The shape and magn i t  tide of the

pulses , however , do show fa i r lv good ag r eement .

Fi gu re 16 presents  the  compar i son  of the 2 5 . 4  mm s t r i k e r  induced  s t r a i n

h i s t o r i e s  on the ang le—pl y l a m i n a t e  w i t h  ana l y s i s .  For t h i s  c isc , equat ion (9’)

p r e d i c t e d  sepa ra t ion  a f t e r  t = 4 ’ ic 0 . Ag a i n , we n ote the genera] agreement of

the  pu l se  shapes and magn i t  t ides . The i \-er age  ye I oc i t , - 1’ ‘sc ! on f i I s  ~ d 1st  01’ —

:t a nce was 2.00 mmi sec and h,io ’d ou pe,0~ ‘
- t i -a in was 1. 75 mm/ . o cc  . T he

tlteo i’c t i cal ~li e;, r velocit y t o r t Ito ing c—p lv was I . 58 mnh / t ~sec  

- ---5— -- - - -V- -5_ — V-- ‘-V-5 V - V - -



—- 
. -V V------ .- 

V

25.4 mm FROM IMPACT
c~ xx

I00~~E 6 I
_ _ _ _  

_______ ~~t ,~~sec

THEORY 
EXPERIMENT

~ xx
127.Omm FROM IMPACT

,
_ 

•%

100

• 
~~~sec

Figure 15. Theore t ica l  and Experimental  Strain Response of
Angle—Ply Laminate Due to Transverse (Shear—Bending)
l~~ act (76.2 Striker).

28

- —-5 ‘-5 V~~~~ V ‘ —- V  - -5--



25.4 mm FROM IMPACT

€xx
10 20 30 40 50 60 70 80 90 100

• 
~~~~~~~~~~~~~~~~~~~~_ _ _ _ ~~_ _ _ _ -—~~~~~~~~~ sec 

V

ANALYSIS-SEPARATION
AFTER 4JJc0

300 
(27.0 mm FROM IMPACT

200 -

S.
/ _‘1t ‘S

0 0 -  / •~~

~~~~~~~ J ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~,~ sec

~~_I00

— 200 . 
40 7JJ F43 ~0 I~XJ I~0 I~0 I~0 I~~ I~0 I~0

Figure 16. Theoretical and Experimental Strain Response of Angle—Ply
Laminate Due t o  Transverse ( S h e a r — B e n d i n g )  I mpact
(25 .4  imii S t r i k e r )

29

_______ —-V ‘ - - 5 -r-- V -~~~ V V ---- -- -



-5 -5~~~-5V~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~ -

3. Summary and Conclusions

We have obtained , both experimentally and analytically ,  the transient

responses of aluminum and graphite—epoxy cross—ply and angle—ply laminates

due to in—plane and shear—bending impacts. A comparison of the wave speeds

is summarized in Table 2 and a comparison of strain histories is presented

in Figures 3,4,7,8,13,14,15, and 16.

Based on these comparisons between experimental and theoretical results ,

we conclude that the laminated plate theory used here adequately pred icts

the wave velocities and transient strains in symmetric cross—ply and angle—ply

composite plates under either in—plane impact , or transverse shear—bending

impact. The wave length to plate thickness ratio for the results reported

here is approximately 8.
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111. STATUS OF LOCAl AND STRUCTURAL RE SPONSE CALCULAT I ONS

1. HElP — Local Response

We have made progress  in m o d i f y i n g  HE !~1P to accommodate a n i s o t r o pi c  
- 

V

mate r i a l s .  We have incorpora ted  i n t o  the code c o n s t i t u tiv e  equa t ions  f o r

general  t r i c l i n i c  mate r ia l  in plane s tr a i n  p r o b l e m s , and for  t r ansve r se ly

i so t rop ic  mater ia l  for  ax i symni e t r i c a l  problems . W i t h  s l i g h t  f u r t h e r  modi-

f i c a t i o n , the case of p lane  s t ress  carl be hand led .  We are  in the  process

of debugging  these m o d i f i c a t i o n s  by runn ing  a sample prob lem.  The fo l low-

ing is a summary of the  equat ions  used in the an i so t rop ic c o n s t i t u t i v e  re—

la t ions .

In as much as HEMP traces the position of the particle , it can be

cons idered a Lagrangian program. However, the governing equations such as —

the equation of motion , constitutive relations , etc. are written with respect

to coordinate system fixed in space. In this sense , HEMP could be considered

as a hybrid Eulerian—Lagrangian computer code.

A composite can be “smeared ” and t r ea ted  as a homogeneous an i so t rop ic

material. The constitutive re1~irion of H EMP has been modified to handle such

cases in the elastic range. The new constitutive relations are
• 1 V
S . .  — [ 3 L . • 

— 
~~~ . 1 €

ij  3 ijk qqkl- ii k.

(10)
1+ —  [ 3 c . .  — c ~.,] 

c + f ,
3 t j k k  qq kk 13 m ij

3
m 

= 
~ k ik 

ek,fc . .kk 
~m ~ (11)

where S . . are the c o m p o n e n t s  of t h e  d e v i a t o r  of t he  s t r es s  t e n s o r ;  e
ii

are t h e  ( . V~~~ 1t p ( ~~n~~~n t  s of the  d e v i a t o r  of the  s t r a i n  t e i t ’a ’  r i s  the  sp h e r i c a l

component  of s t r e s s ;  V Is t h e  m ea n  no rma l  st t a  i n ;  and c - - a re the  s t i l  f n t ’ss
i j k ’

I 2 
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— 
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c o n s t a n t s  r e l a t i n g  s t r e s s  and s t r a i n .  The t e r m  f . .  is fo r  t r a n s f o r m i ng  t h e

p r e v i o u s  s t a t e  of s t r e s s  in to  the c u r r e n t  c o n f i g u r a t i o n  and is given by

f . .  = a , a , S~ - S? . (12)ij  in ,jn mm 1,]

w h i € - r e  a
im are t h e  d i r e c t i o n  cosines  and the s u p e r s c r i p t  “0” s i g n i f i e s  the

p rev ious  s t a t e .  The dot i n d i c a t e s  the  t o t a l  t ime  d e r i v a t i v e .  All i nd ices

in equations 10—12 run over 1,2, 3. The other governing equations of HEMP

remain  e s sen t i a l ly  unchanged .

E q u a t i o n s  10—12 have been programmed to handle axisymmetrical and plane

strain problems . Some slight modifications to h EMP still have to be made in

order to handle plane stress problems . The axisyrV~ietrical problems are limited

to transversely isotrop ic materials ; whereas , the plane strain case can handle

up to a triclinic material . However , the plane strain case may later be

modified to handle only up to a monoclinic material in order to save computa-

tion time.

As a means of debugging, an isotropic problem consisting of an iron

cylinde r impacting another iron cylinder has been run . Early indications are

tha t Drexe l ’ s version of hEMP containing the previously mentioned anisotropic

elastic constitutive relations gives good results. The nex t  s tep in the  de—

bugg ing  process w i l l  be to run a p rob lem of a r ig id c y l i n d e r  i m p a c t i n g  a
4

semi—infinite composite of [0, ± 45 , + 90] lay up. This compos i te  can he

“smeared” to give a homogeneous transverse ly isotrop ic material. Then the

p r o b l e m  can be so lved  by b b L S l h ’  as an ; i x i s v t n m e t r i c a l  case.

I I

L . • •
_
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2. NAST RAi~ — S t r u c t u r a l  Response

Three s t ruc tu ra l  impact problems are presentl y being calculated by

NASTRAN . One involves the transverse impact of a rod on a beam , the second

involves the transverse impact of an angle—p ly laminated plate (similar to

• the problem discussed in Section 11—2) and the other involves a late—stage

equivalence study in structural impact utilizing a laminated beam. The progress

of each is dis cussed in t h e fo l lowin g pa r ag raphs.

a. Transverse Impact of Rod on Beam—NAST R AN Anal y s i s

An impo r ta n t o b j e c t ive of D rexel ’s F . O . D .  research program is to ob ta in

the transient elastic response of impacted structures. Unfortunately, most

realistic F.0.D. impact problems are difficult to analyze due to the compli-

cated geometries and loadings involved. In addition , these problems are

further complicated by the use of anisotrop ic materials and laminated con-

struction. Traditional analyses which utilize partial differential equations ,

such as the theory of e l a s t i c i t y  or beam , p l a t e , and she ll t h e o r i e s , are

practically limited to simp le geometries and boundary conditions. Numerical

methods , espec ia l ly  the  f i n i t e  e lement  me thod , seems to be the o n ly  r e c o u r s e .

In the following sections an a p p l i c a t i o n  of t h i s  method to a two —bod y  impact

problem will be presented.

F.E.M. Computer Code and Impact Problem

To solve c o m p l i c a t e d  impa c t  p r o b l e m s  u s i n g  t h e  f i n i t e  e l e m e n t  me thod

a c o m p u t e r  code wh ich  possesses  the t o l l o w i n g  c h i , i r , , c t e r i s t  L s  i s  n e c e s sary : a

large number of t y p e s  of e l e m e n t s , an i s ot ~~o p i c  m a t e r i a l  c a p a b i l i t y , f l e x i h t l e

bo undary  c o n d i t i o n  m o d e l i n g  t ech i l  I ques , and  more t h a n  one I r ans  I ot t  t sol  U t  i ott

t e c h n i q u e s .  We be l i eve  that t h e  NAS 1RAN ( R e f .  18) c o mp t l l  e r code po~,s~’sses

thcsv chi a rae t e n st  i ~s .

IlL, --- -V- - rn  -- ~~~~~~~~~~~~~~ -~~~~_ _- _ V V _ _~~~~~~ _ _ - 5  ~~~~~~~~~~~~~~ ~~~~~~~~~~
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In order to compare our NASTR AN analysis with existing analytical and

experimen ta l res ul ts , we solved the problem of the norma l impact of a semi—

infinite isotropic rod on an infinite isotrop ic beam (Ref. 19). In the re-

maining sections, the details of the NASTRAN modeling of this impact problem

and a comparison with the results (experiment and analysis) will be presented.

NASTRAN Bo unda ry Cond i t i on Mode l in g

Because the rod is governed by the simple wave equation , the interaction

of the rod on the beams can be approximated by an appropriate boundary condition

on the beam . In addition , the symmetry condition is used. At the bar—beam

• interface , the local deformation of the beam is neglected , only the beam mode

of deflection is considered. The force at the impact end of the bar , which is

assumed to be equal to the shear in the beam , can then be calculated as a product

V of the acoustic impedance , cross—section area, and the velocity (V
0 

+ 5,). In

terms of the coordinate system shown in Fig. 17, the boundary conditions of the

beam are x = 0

2Q = — p cA (V
0 

+ ~) , )  (13)

and

9= 0 .  (14)

In equation (13), Q is the shear force , ~ is the deflection of the beam ,

and p , c, and A
r 
are respectively the density , wave speed , and cross sectional

area of the rod.

Equations (13) and (14) can be recast into finite element form by con-

sidering the impact to occur at node 1 and by making the following substitutions.

Rep lace Q1 0 
by an external force acting on node 1 in the y—dir., F2 ”> ; also

rep lace 5 by the translational degree of freedom in the v—dir , at node I ,

and rep lace b y the ro tationa l degree of freedom about the z—ax ls

at node 1 , U6~
’
~~. The equivalent finite element form of equations (13) and

(14) ar e  then
35
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2F2W + cA r U2~~~ 
— cA rV0 ( 15)

and

U6~~~ 0 ( 16 )

For most finite element computer codes a b o u n d a r y  c o n d i t i o n  of the  f o r m

of equat ion (15) cannot  be used , howeve r t h r o u gh the  use of NA S ’I RAN ’s t ran sf e r

function capability equation (15) can be recas t  i n t o  an acceptable f o r m .  In

essence , Equation (15) is t reated ,is t h e  gove rn ing  equa t ion  of a f i c t i t i o u s

element, with F2~~~ and peA V
0 

as the  two d i sp lacements  of the e l e m e n t .  Due to

the ~~~~~ term, the viscous damp ing matrix must be used a l t h o u g h i t  has on ly  one

non—zero term. This fictitious element adds two additional rows and columns to

all matrices.

To accomplish this , we first augment the matrix gove rning e q u a t i o n s  by two

rows and columns. This is accomplished by using an EI’OINT bulk data card. Call

these non—structural degrees of freedom ~~~~ and e200, and take e100 
equal  to

and e200 
equal to PcA r

V
0
. Second , from the finite element equation for

F2~~~ in terms of the discrete degrees of freedom obtain an equation which re-

lates e100 
to the a p p r o p r i a t e  d i sc re te  degrees of f r eedom.  This  e q u a t i o n  has  t h e

following form

M2 (~~ U2 ,t1) + M2~
2
~ U2 ,~~

2
~ + M6~~~~U6 ,~~

2
~ + K2 ~ tt2~~

1
~ + K2

(2)
U2

(4 )  
+

t t  
2 

(17)
+ K6~ ~~~ — e 100 

= o
where the M ’s are the cons i s t en t  mass t e rms  and t h e  K ’s ire  t h e  s t i f f n e s s

terms . Thi rd , use e 100 and e200 to recast  equa t ion (15) i n t o t h e  f o l l ow i n g

2e
100 

+ ccA U2 ,W + e200 = 0. (18)

Finall y def ine  an exte rnal  l o a d i n g  on suchi t h a t

e , ccA V . ( l - ~)
r I )

The resul t  of th i s  p r o c e d u r e  Is t h a t  1~2 ( 1 )  is  i l e t  m e d  in ip h Ic i t  l v  is a f t t n c t  Ion

of U2, ~
1)
, Equations (17) and ( 18) a r e  ~~‘ tt& ’ r i t ~~d in NAS’I’RAN by use ot ‘IF h u l k

data cards. Equation (19) is generated In two steps. F i r s t  a I t  bulk data card

is used to genera te  the l e f t  It n id  s i d e  o t t h e  equ a t  ion , and second ‘l ’h ~~A t )  I

Ih

V 
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TABLE I , and DAREA b u l k  d a ta  cards  are  used to  generate t h e load P C A V~~. Note

f o r  q u i e s c e n t  i n i t i a l  c on d i t  ions  t h e  value of c A V
0 

mus t  be f a s t  ramped.  The

p receding procedur e  was u t i l i z e d  to a f f e c t  b o u n d a r y  c o n d i t i o n  (15) in our

NASTRAN a n a l y s i s .

NASI’Ri\N P r o b l e m  and Compar i son  w i t h  E xp e r i m e n t

The f i n i t e  element  geometry  used in the ana lys i s  is shown in Fi g. 17.

The d i s c r e t i z a t i on was chosen in o r der  t h a t  we could a c c u r a t e l y  i n c l u d e  al l

modes up to tile f i f t e e n t h  s y m m e t r i c  mode , and the  o v e r a l l  l e n g th  of the  beam

was chosen so t ha t  the s o l u t i o n  at x = 2 5 . 4  mm and 7 6 . 2  rum , w o u l d  no t  he in—

f l u e n c e d  b y wave r e f l e c t  ion f r o m  the boundary f o r  a t  l e a s t  100 sec.

T h e  s t i f f n e s s  m a t r i x  was f o r m e d  f ron t  beam e lements  w h i c h  have a sh e a r  de-

f l e c t  ion c o r r e c t i o n  and the  mass mat r i x  w - i - ~ I o rm e , ! v t~ - c o n s i s t e n t  a p p r o a c h .

The t r ans i en t  equa t ions  were so lved  u s ing  NAS ’I ’RAN ’s d i r e c t  in t e g ra t i o n , r i g id

f o r m a t .  The t ime  s t ep  chosen it  At = 0 .5  sec .  wh ich  i s  ap p r o x i m a t e l y one

t h i r d  of the  per iod  of the  f i f t e e n t h  mode .

In  Fig. 18 a compa r ison is presen ted be twee n t h e  NA STRAN s o l u t i o n  and t h e

a n a l y t i c a l  and experimental results of R e f .  [ 1 9] ,  f o r  the  normal  i m p a c t  ot  a

V rod and beam. The NAST RAN s o l u t i o n  is in good ag reemen t  w i t h  t i r e  e x p e r i m e n t a l

results. The ,rualvt i cal  so m t  ion of R e f .  [19 1 was oh t i i  ned f rem nunr e r i c a l  in-

v e r s i o n  of the  Lap lace t r ins  fo rma t ion of the  Ti moshienko beam eq nat ions w i t  Ii

bounda ry  condi  t ions (13) and (14 )  . The N .-\~ I RAN so I U t  ion does p i c k  up t h e

change in shape o I the  response a t  x = I and x = I ’ , and i t  does e’ , t ~~o i i , rb  lv

y i e l d  t ire peak response It t res t ’ I ‘-So I n c a t i otis . Ose i l l  a L i  ens in  t i r e  NV \ ~~ I RAN

so 1 Ut ion ma be e I im I ira ted by i t s i n g  .r sm a l l e r  t i me - i t  ep

On t ire has is  of  t i r e  good a g r e -c m o n t  b e t  W1 ’e ’ll  t b i t ’  N \ ~- I RAN so lu t  Ion and t i re

e x p e r i m e n t a l  da ta  f o r  t i r  i s  two body  m m p . r - t p r o h  h i m , ‘ S i ’ ~‘I I I ;rpp iv  t b r  i s  t e c h i r i  i q u t ’

t o  more eomp I i  ‘ : r t  ed t w o— h i o d ~’ I i rp ri - I p r o ~e h ems .

17
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POSITIVE 5, 112 :
F2~
’
~ POSITIVE 9, U6

2 3 4 5 6 7 8 9 j  j25 26 27 28 29 30 31
, $ e 1 S S j  1% ~~

_t I — r 
~t i r

25.4 mm liii.......

76.2 mm I

— 30 ELEM.@l2.7 mm = 381.0 mm p

BOUNDARY CONDITIONS

NODE 1: 2F2~
1’
~ + p cA. U2 ,~

1
~ = — p cA v

— r t r 0

= 0 (SYMMETRY )

NODE 31: 112(31) 
= U6 01

~ = 0 (FIXED)

INITIAL CONDITIONS

t = 0: U2~’~ = U6~
1
~ = 0 i = 1,2,.. .,3l

U2~~~ = U6~~~~= 0

Figure 17. Finite Element Geometry and Auxiliary Conditions
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25.4  mm FROM IMPACT

i x

100

20 40 60

100 t(~ se c )

ANALYTICAL , NASTRAN

—300 — — — — -  EX PERIMENTA l . ,  REF.  4

— ANA LYTICAL , REF 4

* ANALYTICAL SOL . of REF 4
NOT EVALUATE!) AT THIS
LOCATION

76.2  mm FROM IMPACT *

5-’

—200 - 20 40 60 80 100 “ 121)
I I I I I I t (ssec)

Figu re  18. NAST RAN SOLUTION OF 1’H E IMPACT OF A SFJ ’II I N F I N I l ’ E

STEEL RO!) ON AN I N F I N I T E  STEEl. BEAN
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b. Transverse Impact of Laminated Plate

The response of a graphite—epoxy 
~~
°‘45101 45

~6’°~s angle—ply laminated
plate (609.6 mm x 355.6 mm x 7.11 mm) subjected to a transverse shear impact

by a semi—infinite striker is being calculated by NASTRAN . The material and

lay—up of the striker is identical to the impacted p late; the prob lem is

identical to tha t descr ibed in Sec tion II—2e except that the striker is semi—

infinite rather than either 25.4 mm or 76.2 mm long. Our initial run utilized

NASTRAN ’s plate element (25.4 mm square) with the direct transient solution

technique. We have used the transfer function capability to prescribe the

two—body impac t boundary cond itions and a time step of 5 p sec. For comparison V

purposes , we have solved the same problem by applying the MCDU—22 code [20]

to equations (3c) of Ref. 14 subjected to the semi—infinite striker impact.

Figure 19 presen ts the comparison of the transien t strain histor ies at the

25.4 mm and 76 .2  mm locations. The results of this comparison demonstrate

that the NAS TRAN computation qualitatively predicts the response (e.g. shape)

but not the magnitude at the earlier times. We are presently recomput ing the

NASTRAN strain histories using 12.7 mm square elements. The goal of this phase

of the study is to assess the adequacy of NASTRAN ’s pla te eleme nts, impac t

boundary condition prescri ption , and solution technique for structural impact

response predictions .

40 
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~~~~~~~ NASTRAN (25.4mm
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~~~~~ 
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Figure 19. NASTIMI Solution of Transient Response of Angle—Ply
La inate to Transverse Shear—3ending lapa ct
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C . L a t e— St a g e  Equiva lence  S t u d y  in S t r u c t u r a l  Impact

This phase of the program involves a parametric study of a

laminated beam model of a fan blade subjected to d i f f e r e n t  impact loadings

on the end of the blade . Tire purpose of this study is to determine the late—

stage equivalence of structural responses caused by impacts defined by

s i m i l a r  or d iss imi lar  paramete rs  (e.g. kinetic energy , impulse , pul se shape ,

and pulse duration). Figure 20 describes the  overall problem and NASTRAN

modell ing being utilized in this study. Figure 21 describes the loading im-

pact parameters used for each part of this study . To date we have obtained

1000 psec of transient response at the 5”, 10” and 19” locations of the blade

model for each of loading conditions described in Figure 21 . Some of these

preliminary results are presented in Figures 22 thru 25. Fi gures 22 and 23

present the transient shear and moment responses for the loading conditions

having equal impulses. We see from these Figures that the magnitude of the

responses due to the larger magnitude (but smaller pulse duration) input

pulse is i n i t i a l ly much larger , b u t , wi th t ime t h i s  d i f f e r e n c e  in response

magn itudes decreases. This trend is particularly evident at the 19” location.

Figures 24 and 25 present the transient shear and moment responses for the

loading conditions having equal kinetic energies (elastic strike r — unequa l

impulses). For this case we see that the pulse with tire hi gher magn i tude

(lower impulse) produces responses which are much smaller at longer times.

These preliminary results indicate that the impulse is an important para—

meter in any impact boundary condition 9pecification. We are presently

computing some ot the responses for 1500 psec to verify the aforementioned

trends and are plotting tire results for the pulse duration and pulse shape

~ t ud I es •
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~~~~ 6. 35mm

I77 .8mm~~~~~~~~~~~~~__ 5ORmm

• MATERIAL = GRAPH I TE EPOXY

LAY-UP = [ (0/ + 22) 8 10] s
• ELEMENTS = 40 BEAM ELEMENTS

LOADING = SHEAR
• LOADING IMPACT PARAMETERS

IMPULSE
KINETIC ENERGY
SHAPE
PULSE DURAT ION

• SOLUTION MODAL TRANSIENT (NASTRAN)

20 MODES

Figure 20. Late—Stage EquiV alen ce in Structural Impact—Problem Descri p tion 
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Figure 21. Load Impact Par ameter s  Used in Late—Stage Equiv al en ce Stud ”

44

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--_ -.-__--_-



Q(03 t) F1 • - 8637.2 1bs

FI ~~~~~~ F2 
s — 43I8.6ms

Q, lbs 
F2 

~ ~ ~~~~~~~~ ~~ sec

V 

4)00

2000 - 

:
‘

~~ ~

‘ 
~~ 
;‘ ‘

-2000 

0 t~~sec

x • 51$
-4000

— 2000 I ,

-~ 00

I

V 

~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _

Figure 22. Trans ient Shear Response for Loading Conditions Having
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Figure 25 . Transient ~tment Response f o r  fo;lching Condi t 1 51- . H a v i n g
Unequal inpulses .
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