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SHIP SHOCK

TWO-DIMENSIONAL SHOCK RESPONSE OF A MASS

ON ENERGY-ABSQRBING SKOCZ MGUNTS

R.. E. Fortuna, Research Assistant, The Pennsylvania State University
University Paxk, PA 16802

V. Hs Neubert, Professar, The Pennaylvania State Univmﬁy
' University Park, PA 16802 :

The paper presents results of eiperimental ard analytical studies of
side~loaded, annealed, low carton steel rings used as shock mcunts.

In a irevicus paper, reference (1], experimental static losd-deflection
curves were resented for side-loaded tubes loaded in three directions,
called ‘he compression, shear and roll directions. The twe~inch
diameter rings ware driven deep into tre plastic range, with deformation
in each direction up to 70=80 pexr cen’. of the ring diamster.
Thearetical solutious in the plastic range exis: only for the rings -
in oompression, in refexrences (& Jari [3] + The losd-deflsction

ocurves for side~loaded rings or tubes were compared with those for
axially-loedel t.ubul aluninua honeycomdb, and a double~Teverse

corrugated metal in

1]. An advaatage of the side-loaded tubes is

that the load-deflsction curves are almcst flat after ylelding occuns.
Axially=loaded tubes and honeycomb show an initial high peak and a
subsequent sharp drop-off in load, associated with bduckling.

Dynamic teat results for the side-loaded rings under one~dimensional
loading in compression were also presented in refersnco [1], obtainsd
in a drop-table shock machine, Attenuation of tranamitted acceleration
similar to that achieved with Asroflex mounts was achieved with only
about half the rattle space required because of the permanent deformation
of the side-loaded rings, The purpose of the present wark was to
obtain experimental data aml carry out an associated analysis for the
rings under combined losding, in compression (or tension) amd roll,
The study was supportod by the Office of Naval Research under i

Contract: No, NOOLU=79=c=0149,

, INTRODUCTTON

In a previcus paper, Neubert [1], discussed
the behavior of some metal configurations
which could be used as nonlinear, energy~
absorbing shock mounts., The configurations
weze aluaimm honeycomb aml low carbon steel
end-lcaded tudes, side-lceded tubes ard a
double-reverse-corzrugated metal, The side~
loaded tubes appeared to have two advantages:
(1) they could be used as three-dimensional
nounts deforming in coapression, shear ard
roll and (2) in these three directions, the

- load-deflection curves wers smooth with
always positive slupe and could be represented
aprroximately as bilinear curves, with
eslastic stiffnoss k. anl plastic stiffness kp.

Iz {1], analytical and experimental
reaults were given for the dynamic response
of a single-degree~of-freedca systea on .
parallel and ssries arrangements of nonlinear
aounts. '

' The Iresent paper represents an extension
of ref, [1], Additiomal data is included

for rings and U-shaped mounts in compression,
to show how variations in k_and k_ may

be achieved in practice. The majof partion
of this paper Z2eals with the two-dimensional
experimental ard theoretical response of

& asss on side-loaded rings excited in a

_ drop~-table shock machine, It 1s demonstrated

that the dynamic behavior oan bs predicted
well during the loading phase of the

‘Tesponse, This material is sumsarised from

reference [2],

EXPERIMENTAL STATIC BEHAVIOR OF SIDE~
LOADED RINGS

Experinental statio load-deflection '

[

curves for three directions for side-loaded

tubing were given in Fig, 21 of Ref, [1].

The rings were 2* dia, x 1/2" long x 0,065
thick. Four tubes were arranged in mounting
claaps snd tested in the clamps, as they aight
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be used in a practical application. The
directions of loading are depicted in

. . vgeew e
N LELEN] ".",5.'< R
AR TR KT

Fig,. 1. . e
' ‘ﬁ' :::'

: . N \ ;. -

ey — o

e 79 / Py

——— P

' {a) Aing between twn plattens (®) Leformed ring betwesn :,'
. efore deformatise two plattens :-"_:

o

-y

Conpression Tension !

" .;:-:‘

: b d e

YT — \ : -

v l w
{¢) Undefarued rings with (d) Defarmed ring using . .
leading bearisga ia place lowding desrings . f

" Figs 2 - Deformed Ring
77777777 A
Rell v | Shear ' ' ' ‘ ._E'
Fig. 1 = Response directions for side~ o ' Y
loaded rings ) 000 . .

2"

AN

A thecretioal scclution fa the behaviar
of a ring in compression was [wresented by
Ewang {3] and DeRunts and Hodge [4] . ' 200
mortguloddbotmtvophttmuin
unhwn.butuﬂaonngdotmmtotho 2000
characteristic peanut shape, there are four
point loads which move out from the center )
Im“mrm'“ﬂhmmricozbo A :
‘point loading may be maintained by applying the

7
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load through saall steel cylindrical bearings as Wit
in Fig. 2c and 24, This affects the plastioc '
stiffness k_» To demonstrate this effect,. N
a test was with a ring between two plattens C 1o00p prer
as shown in Fig. 3 amd defcrmed about 1/2°, ‘ o
when the losding was terninated and the ring - o v oan
unloaded, Then the cylindrical bearings were ) ‘
inserted and the same ring re-loaded, Of ’ 500
primary interest is the fact that after ylelding
the slope of the load deflective curve uzing the .
bsarings is much less that when the rirg was Y L1
.eimply between the two plattens without the ° (X 1.0 1.5 2.0
boarings. When mcunting clamps are used, the load - Defleetion (1a.) o
stays at the center-line and the situation N -
approaches that of Fig, 2¢. The ring used far Fig. 3 - m‘“‘“ Surves for rings amd
Fig. 3 (note inset) had radius Re1®, length Bounts in compreasion
" " » L]
tl:.z &mw; “F:'u:::n. " also shown for two double~U shaped mounts; made +
F& ' z.. and ki-. the oross-section is m or . - ot low cardon .ml. The .Mio Oti.tf“ .'_‘. .
& "double~U” shape. load-deflection curves are and the plastio stiffness are both decreased ele,
) DT g by increasing W, Equations for predicting , Te e,
. : - N
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the elastic stiffness and yield load of
U-shaped metal mounts were given by Burns [5].

For the present two-dimensional tests
on the ghock machine the rings were tilted
at a 307 angle, s0 two coardirate systems
were used, as in Fig. 4.

30°

Fig. la - x and y loading directions

20°

Fig: 4b = u and v loading directions

Fige bt = lnuung directions far nu!nua
Mw-um

The x aul y directions (Fig. 4a) ccu-upenl
tc the roll am. compression directions, '
‘'respectively, while the u and v directions,
Fig. 4b, are the harisontal and vertical direc-
tions, 'In Fig. 5, load-deflsction curves are
shown for the roll (x direction) and tension
and conpression (y direction), As expected,
the slopes' in the elistic range for tension
or COMpTess.on are approximatsly the same.
The x-y axes are principle directions of

. l.ading for the ring, such that. i the
elastic range, the foroes and deflections
would be related by a disgooal ncxibi..ity
aatrix.

L bl R

On the other hand, the u«v axes are uot
Jrinciple, and & load in the u direction
produces deflections in both the u amd v
directions, 80 the flexibility satrix is fulls

{r“. 8, 5.1 (%) 0 @
lr' B, S8+l (%) '

L S s e & ae g 3 —y
R A R, S e Sl Sttt

400.0 -
J

Tenslom (Y Dir,)

LOAD (1BS.) ’
200.0
- i

i
o
5 :
¢ 1}
2 / .
R c-mau;l {Y par.) i
3 e
0.100 9.300 0.500
©.000 . 0.200 0.400

RELATIVE DEFLECTION (:%.}

Fis. 5'= Plot of relative defarmation versus
load for one ring in three directions

The laad-deflection curves far the u and v °

directions are shown in Fig 6, In matrix

LoAD (Les.)’

T i g * "

1 1
0.100 0.300 " 8.300 . 0.700
0 Moo 0.200 G.400 © T 0.800 ’
RELATIVE DEFLECTION (iNn.)

0.9

F!s. 6 = Flot of relative deformation versus .
lodmthountlvd.imuouta'
" one ring -

terainology, the flexidilities were measured in

the u and v directions rather than stiffnesses,
since measwremsnt of true stiffnssses requires

" applying constraints against sotion, Foxr

the x-y axes, the ohsuc :loxibnity matrix

" 18 diagonal, so S;i® h,,and 8,7 kyy, where

the k's are stiffnecssa,

The theoretical reps . mucn of the loade
deflection cuxves, a8 shtu.. um. 7. wa
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taken as bilinear, Thers ars three tranches of
the curve in tension and three in caompression,
designated Ti, T2, T3, Ci, C2 and C3
respectively, The stiffnesses are

x” = ¢lastic -tiffnou of tranches T1
and T3, during loading and unloading .

_x’t-.ph-tic stiffness in branch T2

‘durin; losding |

K, = elastic stiffnéss in beanches C1 and
c3 , .

K__ = plastic stiffness in btranch C2

: pc

The yleld deformations aTe y,amd y.and the
maxisum defarmations are y.,..sd y_ .. st
which point unloading begins.

The valuos of k gand ko used in the theoarst.
1cal amalysis are given in Table 1, The
unloeding stiffness in branches T3 and C3
varies with the y.,, schieved befors unloading
begins, decause the ahape of the deformed
specimen varies considerably with y,_ ...

The amalytical unloading stiffness was taken
as k.o ’ : - .
THECRETICAL AFPROACH

The theoretical analysis was done using
the couxrdinates of Fig. 8. The location C is
the center of mass of the rigid body mounted
on the, rings, which in turn are attcched to
a rigid suppart, The swriace af the rigid
suppart is inclined at an angle with the .
harisontal, The support experiences a prescribed
motion vy in the vertical direction, The
absolute coordinates for the point G are
designated as xjy and the aotiona of the .
attachment points between the rings and the nass
- are X407, and x,:yu. The relative displacements

!
!
'
X |
[
|
y

asxt

TABLE' .
values for a single ring
(1=1/2%, R=1', t=,065")

Tenaion} ’
Elastic stiffness = 1967,0 1b/in
Plastic stiffness = 357.0 1b/in-
Unlociing stiffnees = 17000,0 1b/in
Yield defarmaticu = 0,075 in .

Compresasion;
Kastic stiffness = 2075,0 1b/in
Plastic stiffness = 14,0 1b/in
Unloading stiffness = 28082 1b/in
Yield defarmation, = 0,0602 in

Rollg .
Rlastic stiffness. = 270,67 1b/in
Plastic stiffness & 61,53 in
Unloeding stiffneas = 14588,0 1b/in
Tield deformation & 0.2 in .

across the rings are then,
Xip ® %y - VoSine
y& =y, = v cosu
x}r - 33 - voninet
Yur ® y'“ - v cosec

-(3)

Simthobdyo‘fm-nhlundru‘.d.

and using the distances as marked on the frve

body diagrams, the displacements are related -

as follows using a small anglo approximation
X, * x = batnd

2%y + asine’
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Xy ® x - dsind L (»)
7, %7 - csind ’

Ruations '(k) nay oow be subatituted imte
squations (3) to exrress che relative displace-
mmtborimhun-dx. Yo O and,
vo!

xn,-x-bom-yooual
ya-y"nm-vomd

x’r-x-w-volu« )

y‘m-y-um-vemu

mmnrmumnmm
of sags at G are shown in Pig, 9 as a¥X,ay,
and J§, where J is the rotational insztia of
the sase, For the expsriment, the valuse were
a® 20 1n/g and J = 0,280 in,1b.800 , The
free=body diagraa shows the fnioee F, ]
transmitted to tl.e mass from the rings and the
weight ¥ of the mass. The three dymamic equaticns
are .

aieF +7,-Vaine .

.3'-7207“-““« 6)

JOO-I‘bO l‘z.-"d-'“o
The forces are them Telated to the relative

'dupho-om-mmumm«:m

load-deformation ourve as designated in
Fige 7 A typioal set of quuou for the .
oompressive loading ares ,

T2 ® Eoc¥rer ca €1
" Xogtra * (Rpq 2 007, ok C2 (7)

Fpm (k= k)0, - ’m) o C3
KocTre1

Here, ¥, - v cos .Thmmnhm )
quuon far ; S‘,.. and F, o ,

The equations wers solved usirg the Foixrth
Order Rfunge-kutta mmexical integraticm meyhad,

EXPERIMENTAL APPROACH

The experimental arrangement is shown in
Fig. 10, 'rhouuneoumddthotm steel

" plates, each 1/2"x8x8.75". Four rings, each

having 1»4*, R=1" and t=0,065", were used and
nounted symmetrically with respect to G, so
the dimensiona wers -

amscm 2"

8
bed- 1.6 (8)

The values of -uud were «usg’ m«-;c.}
with the sapport foxr «=30°ghown in Fig. 10,
The supporting plates and angles were rigidly
welded togsther and the $"x12°x8" ateel plate
was bolted to the top of an IMPAC Drop Tadle
Shock Machine, manufactured by Mootsrey
Reasarch ladbs. i . ) |

The 3. -itions of five acoelercmeters, at
looations & <au B, are shown om Fig. 10, |
Tbouoolm-rl-mﬂtboanhaﬂ.v..
Tbox-noh‘mtm»eolm«hy )
mmmc.motmmxm

B anxd D,

The base acceleration ¥, Schieved s
shown in Fig. 1. The duration of the main
pilse 1is about 0,0150 aeconds with & maximsum
value of about 52g. The machine is equipped -
nthmmntomomtomuw
doss not ooour,

‘ Toests were aade first for «el, without the
rigid cupport system of Fig. 10, HRelated ,
thecxretical and experimental results are showm
in Figs. 11 thru 1), The experimental and .
theoretical results for ¥ are Iresented in
Pig. 11. T™he maxisus tranrmitted acceleration
u.mzs..mmuvnuomum
of decreased simply by increasing or decressing
the yleld load of the rings. The yleld lced
may Yo chwunged by using longer or shorter
rings, o Rore or less rings. The results for
relative displacesent versus time are shown in
Pig. 12, The appareant frequency of motion after
ylelding indicatee that actual plastic - i
stiffness was lees than the value used for the
theoretical amlysis. The associated theoretioml
load~displacement ourve is given in Fig, 1), . ;
The loading is eantirely compressive, tension is '
nevex achieved, which is one of the primaxy
advantages of ylelding mounts, Ounly about
half the rattle space 1s required noapared to
memmnuwdxunmu )
scunts,
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Results for tests for w=30*
are shosm in Figs.14 thxu 21, The input

. acosleration is now in the vedirectiva (Fig, 4),

30 there are resulting accelerations X amd y.
the ¥ is shown in Fig, 14, The result is

predicted reascnably well up t0 and including
the saximm of about g, but then there i3 .
considernble disagresment, The X are graphed
in Fig. 15, The base accelerstion maxiais is

predicted and meamied valuss 1is Teasonsdly
» But the spread at 0,0100 seconmds indiocates

" The
midul’

+0300
The umlu' dupuo.slt m tine
is given in Fig. 17, 'The saximm angle
is 0,07 redians » 4,0 degress, which

ily
ite
H
;
i}

ottained by integrating twice the scceleration=

tine curves, 80 they are subject to error,

_most wsually dus to exrror ia looating the sero

mlmucn on tho recoxd,
SUMMARY m eowumou
"The dyranic response wms Metd uaing

load-datlection propertiss obtained from one-
dimensional teets in compressico-iension axd

roll, JFar the cne-dimensional Aynaais response, .

when sm0,0° the agresmemt dstween loted and
neasured aoceleration is exocelleat (see Figure
11), indicating very little material rate
offect on yield loads, The thearetioal

experimental relative displacement is 15%
higher than the maximum thecretical value,
The thsaretical plastic stiffness appears

to be too high. In any case: the results from
the one~dimensional dynamic test show that the
thearetical amalysis is reasonably accurate
for this simple case,

The two-~dimensional dynanic test was
pexforaed with the angle of tilt e« set at 30,
The thearstical accelerstions obtained for
this test were fairly accurats. The accelaxation
in the x direction and the angular acceleration
rndﬁ.ctd the experimental results very well

7igures 15, and 16), In the y direction,

" the thecretical response is very accurate

during the initial loading, After tnis
maximm point, the aocuracy of the thearstical
results begin to detaricrate, The thecretical
relative displacesents in both the x and y
directions are socwrate up to the maximum
aoceleration, These results show that the
conbinsd compression«tension and rcll motions
have a distinct effect on the load-deflection
propertise beyond the yield defoxrmation.

The stiffnesses in the combined directions of
motion are very difficult to prslict dut are
vexry important after ylelding of the ring.

The theoretiocal computer approach is very
versatile, and is linited in aocuracy
primarily by the input parameters. Once the
reliadls stiffress teras are obtained, the
computer .prograa is an extremely affective
amalysis tool, FRurthermare, the cmputex
prograxz does rovide a general rejresentation
of a shock acunt's abdbsarding charactaristiocs
ovel. weing the siaple in-dimensinal stiffness
tarnsg,
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The two-dimensiomal adscrbing charac-
tazistics of the side-loaded xing are suamarised
in tatlar fara for varicus values of aaxisum
anmtcmtmmmmo
of t1lt was 309

In both the x and y directions, Table 2
shows that the side-lcadsd tube is a very
offective energy adacrdez. This tube oould
be used iz many applioations where protection
frva shock loading is importait. The

- tyanmmitted acceleration ooculd be further

Tudvoed by using rings with a lower yleld
m.mmnhunanw-md .
inarease, The yleld loed P_ in compression
1s related to the tube thicknees t, the yield

stress o3 , the tube radius x, and the tude
length L by (Ref. [1]) .
e atl
'.’o T (9)

The tube acts 1ike a ae.nanical fuse and the
aximm transmitted auocleration is directly
proportional to the paximm yield lead,

Af the plastioc stiffness kg is small, The
plastio stiffness ia lower for point losding
than for spread 1uu¢. as achievadle bdetween
Pattens (see Fig, 3)’

Ixoept for references [z]m [3], there
has tyen little amalysis of side-loaded
rings deformed into the plastio range in the
three directions, Mare thecretical research
is needed,
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. . TABLE 2 .
Experinental and theorstical acceleration results
Maxisum acceleration in the x direction
Input Transmitted Tranemitted
Base Thearetical Experinental
Cane #1 28 g' 16 g -
Case #2 278 17¢ 17 ¢
Maximum acceleration in tho y direction
' Input | Tranemitted Transmitted
Basge Thearstical Experimental
Case #1|  h6.5¢ E-X %g
Case w2 |  u85¢ %g 27¢
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DISCUSSION
Mr. Whang (David Taylor Naval Ship R&D

Center): Your forcing function was an
accelaration with some rise time, and then it
was flat. Then it decayed to zero.

Mr., Fortuna: Yes.

Mr. Whang: Your resistance function bothers
ne. First, you have a liner portion, then you
have an elasto-plastic portion, and then {it
decays to sero. Could it have gone below zero?

Mr. Portuna: Yes. It would have gone below
gevo, and it would have circled back
plastically. You questioned whether the
resistance function stops at zero., The analysis
lets it go down below zero, and it would also
let it go back elastically. However, when we
tan it, it would never do anything other than
oscillate elastically at its unloading point.

Mr. Whang: So if you had a velocity rise, then
a linear decay and then rise again, it is
possidle that you could you have your maximum
displacement in three different ways; the
initial phase then on 1ta way back and possidliy
a third phare.

Mr, Portuna: Yes, it would allow it to do that,

Mr. Vhang: We did something simtlar.
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OPTIMUM DESIGN FOR NONLINEAR SHOCK MOUNTS FOR TRANSIENT INPUTS

K. Kasraie, Research Scientist

Firestone Tire & Rubber Company

Central Research Laboratories ’ '
Akron, Ohio 44317 -

" ' and

V. H. Neubert, Professor
. The Pennsylvania State University
University Park, PA 16802

The State Space Method for Optimal Design of Vibration
Isolators given by Hsiao, Haug and Avora [1] is used and
advanced to include a more general class of problems
encountered in the optimal design of shock absorbers. In
contrast to the State Space Optimization of (1], in which
forecing functions, cost function and performance constraints
are oxrlicitly independent of the state variable vector at

some f

vating boumdaries, in the new formulstion of the

problem, forcing functions, cost function and performance
constraints can be a function of the state variable vector

at some moving boundaries. An examp

le cf this type of

problem is the design of the elastic-plastic shock absorbers
_for optimum performance during lcading and unloading.

Sixteen different shock absorbers with viscous damping and
a bi-linear spring are designed for optimum response to a
shock of finite duration imposed by the supporting base. The

(C

ob;ective of the design is to determine the value of damping
and elaatic and plastic stiffness of the bi-linear spring

(ke,Kp), such that the absolute value of the maximum absolute
accelération is minimum, while the maximum relative displace-
ment of the mass M is less than a specified valus. Finally
the effects of varying tne mass M and yield deformation of
the bi-linear spring 4re discussed. : o

: The specific problem is the
optimum design of the single-degree-of-
freedom system undergoing ground shock
as shown in Fig. 1. A linear spring of
stiffness k and a dashpot c are in
garallcl with a bi-linear spring. The
i-linear spring load deflection curve
ia shown in Fig. 2, where k, is the
elastic stiffnass and k, the plastic
stiffness. The input 18 applied as a
known base motion y,(t) and the absolute
displacement of the mass m is y(t). :
The practical problem is to choose c,

k, kg, and k, such that the relative
dtlptpumn: yr(t) = y(£) -~ yo(t) will
be within specified bounds mS the
transmitted acceleration y(t) is a
Tit;il.m The paper is based on Ref.

1

</<

BACKGROUND

The problen mentioned in the

‘introduction is a type of mathematical

programming problem, which are .
generally specified as follows: ° T
Determine a vector Z* = (Z ,... Zn)
that minimizes the cost function ¢,(2)
whiJe satisfying the constraints. of
the form ¥4(2Z) >o i'= 1, ..., m and
zeroing the surface equations

74(2) = 0, § =1, ..., p. 1If all the
Y oblem functions ¢,. ¥y and Cy. are
.inear, the problem 1is called i )
linear programming problem; if any of
these are nonlinear, the problem is
called a nonlinear programming

~_problem {2].

The method used in the paper is an
extension of the State Space Method of

revgerew
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gramming problems. Schmit and Fox use '
the synthesis concept and the non-

linear programming method is called

the Steep-Descent Alternate Step '
Method. Kamopp and Trikha ([7] pointed'
out the difficulties in selecting the o
performance criteria for optimum per- -

" ' formance of shock and vibration . :
—I— isolators. They represent the force

on the mass by f(t) and then try to
II
i

minimiza the function ¢ = g(fy) +
p:h(xy) where fn = max |£(t)| and
T] the relative

P

: , Xm = max | (x(t)
' ¢ Hj Bi-Limear displicement.
Spring .
: Willmert and Fox (8] studied. the
optimization of linear multi-degree-~
y - . of-freedom shock isolation systems.
. dast ’ . They dealt with optimization of the
! system, but also the number of elements
$ : in the system. First a system with
" only one element is optimized and the
Fi ' results stored. Then having in mind
g. i1 — One degree of freedom that increasing the size of the system
representation of a Machine and will make it less desirable (more
Foundstion . expensive; réquires more space) the
"objective function for a system with. '
two elements is compared with that for
~one element. If the reduction in the
~ objective function for the larger
' system compensates for its less
"desirability, the second system is
optimized and compared with a system
with three elements, etc. Otherwise
the process terminates. They. also
showed that for multi-degree-of-
freedom-systems the optimum mass,
stiffness and damping cnefficients are
. not necessarily unique. In addition
SRLATIVE they related the number of elements in
pIsPLACENRST i the system to the number of degrees of
. freedom. .

TORCL IP TUE AI-LINGAR

SeRING {L78))

. The writers of [8] have success-
fully demonstrated the feasibility of,
their techunique to the problem of
topology of the linear shock isolation

aal .- , . ' systems and use the basic approach of
the détermination of the topology of
Fig. 2 —Theoretical force- displacemem: . the system to improve the optimization
curve for the bi-linear spring - © ‘technique .for a fixed number-of- :
, degrees-of~freedom shock isolation
Ref. [1]. The field of nonlinear i - system. Still their technique fails
programming is evolving rapidly with a to separate the time minimization or
complete historical survey of mathemati- maximization from space parameter
cal programming given in Ref. [2]. A optimization and consequently it {is
review of the literature in optimum .. not economical for a system with more
design of structures since Galileo to . degrees of freedom. In addition as
1963 can be found in Ref. [3] and from - . they have mentioned in their paper, it
1963 to mid-1968 in Ref. ([4]. required a congiderable amount of ~—
Structural optimization subjected to - computer time to optimire a three- o
dynamic constraint from 1968 to 1972 is . degree-freedom shock siolation system. TR
reviewed in Ref. (5]. o Toaay
' In 1974, Afimiwala and Mayne [9], s
Schmit and Fox [.6] addressed the adopted nonlinear programming to study PR
round shock problem for a mass on a the optimum design of a nonlinear: A
) %ine‘r 'Pring and dashpot_ . One apptoach shock absorber with nth order stiffﬂess 3.
is to formulate the dynamic problem to _ and mth order damping due to an T
fit into the class of mathematical pro- acceleration impulse imposed by the .

14
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support motion, with the objective
function teing maximum acceleration,
having an upper limit on the maximum
relative displacement. Through a non-
dimensicnal curve they have shown that
the optimum system can be achieved
with n = 0, regardless of m, or m = 0
regardless of n. And also for large n
and m the optimum system becomes less
desirable and poorly performed. Also
through this study they have shown the
comparison between the approximate
Jesign method suggested by Sevin and
Pilkey and more advanced mathematical
programming technique.. They point out
the computer time needed for a simple
wconstrained optimization required by
Sevin and Pilky method was less than.
one second while using their technique
it was one minute.

Other writers such as Sevin and
Pilkey [10] presented a mathematical
statement 'of the problem of optimum
design of shock isolator systems and
discuss the two computational methods
applicable to the problem (direct and
indirect methods). They also gave an
extensive bibliography related to the
literature published in this field.

Julian Wolkovitch [11l] reviewed
some of the published optimization
techniques applicable to the optimiza-
tion of the mechanical system to shock
and vibration and pointed out the gap
between the theories of relatively
new field of optimization of ‘mechanical
sgstem to shock and vibration, and,
their application to the practical
systems. :

In 1971, D. L. Bartel, E. J. Haug
and K. Rim [12]) introduced a new tech-
nique called The Merhod of Constrained
Steepest Descent With State Equations,
CSDS, to the field of optimum design of
epatial frames. Following that they
optimized several three member friames
each of which had nine design
variables, 18 state variables and 27
constraints, and successfully demon-
strated the feasibility of the new
technique to the field of structural
optimization. -

In the same year, D. L. Bartel and

‘A. I. Krauter {13] applied the method"

of constrained steepest descent with
state 2quations to the problem of

optimum design of a vibration absorber - .

system. Through two examples of the
effectiveness of the method to the
field of optimum design of dynamic
systems was shown.

In 1972, ®. J. Haug, Jr.,
XK. C. Pan amnd T. C. Streeter [i14]

15

presented a computational method for
optimal structural design, using the
steepest descent method with state
equations. Through extensive numerical
examples they removed any doubt about
applicability of the CSDS method to more
practical systems. :

In 1976, J. S. Arora and E. J.
Haug, Jr. [15]}, presented some refine-
ments to the State Space Optimization
Technique and carried out three test
problems and compared the computational
time of these three test problems with
the computational time reported in the
literature for the same problems. They
reported that using the State Space
Optimization Technique, computer time
needed for the first test problem (25
member transmission tower) was reduced
by 16 to 37%; time for the second test
problem (72 member tower) was reduced
by a factor of 2.3 to 2.5 and finally
for the third test problem (200 member
plane truss), computational time was
reduced by a factor of 14 to 18.

) In 1977, T. T. Feng, J. S. Arora
and E. J. Haug, Jr. {16] presented an
algorithm for optimal design of elastic
structures, subjected to dynamic
loading.

Following that in 1978, E. J.
Haug and J. S. Arora (17] employed the
adjoint variable methods to develop a
unified method of sensitivity anzlvsis
for mechanical system design. And also
., they presented some numerical examples.

In 1979, M. H. Hasiao, E. J. Haug,
Jr. and J. S. Arora [l] developed a
State Space Methdod for  Optimal Design of
Vibration Isolators and. applied it to
two test problems and pointed out that
computational time required to achieve
the optimum systems was one ténth of
. the time reported in the previous -
studies [8,9). .

STATEMENT OF THE PROBLEM

'

First the general mathematical
formulation will be presented and then
‘it will be applied to the specific
‘one-degree-of-freedom system of Fig. 1.

The parameters of the system are
' identified by a state parameter vector
b = [b], bz, PP bm)T.'Whel‘E

b, = ¢ . by =k .
9, ‘ ., e (1)'1
Oy = k .bu - kp '
The differential equations are of the g
form. - ' B 8
LS HGZ() bya®)




vhere P(b) is a square matrix and Z and
F are column matrices. The usual second
‘order differential equations are re-
duced to this form by defining addition-
al variables, such as .

2, =y and 2, = y.

. Here

ad) = B(Z(t)) (3

meaning that a 1s a function of 2 at
time t, at the floating bourdary, which
is the time when the first maximum
relative displacement is reached.

The initial conditiovns are
_ 21(0) =0 . - ('Y
and there are additional conditions at
te such that
22t 2(t) .t ,b) = 0 &)

The cost function ¢,, which in
this case is the maximum cransmitted
acceleration of the muss, is to be
minimized and is represented as

¢, = max £,(t22(t) ,b,a(b)) o s<tsr (6)
There are performance constfaints.
representing the maximum relative
displacements 7] of the fcrm

6, = max £;(£,2(t), b,a(b))

%)
= o3 £ 00 gtsr .
and explicit bounds on the system
parameters of b; of the form
L u - - :
bf <b; <by 1 1, ... m . (8)

requiring the system parameters to be
in a certain range. For example, for
practical damping c is greater or equal
to zero, -and since b: = ¢, the bounds
on b: are - '

0<b, s (D

Now the fullowing the idea of
Ref. {1]. the maximuim value of the
- cost function is designated b..y, 8o
- ‘that Eq. (6) may be restated as

CEg(£y2(8), b, a®)) - by £ 0
0sesT . ae
The inequalities (10, 5)’may

be expressed in Integral form by Fqgs.
(11) and (12), where the H( ) are the

16

T .
[ ATrpez- 25 sz + ?31’2 s - 3 o
. .
’ . . (1%
- %5 Gul_dc -0 - .

unit step functions:

‘ .
vy = J (£,(,2,b,a(b))-byp)?
) o (11)
H(fo-bm+1)dt =0
and

T
vy = L(fi(t;z,b,o(b))-ei)’

(12)
H(fi-ei)dt =0
Recall that the unit step function
H(r), for example, is such that
H(r) = Q r<0 i (13)

H(r) = 1 r>0

so, in Eq. (11), if £f{ < 64, then
H(£;-64) = 0 and the integral yj = 0.
If £y > 63, then yi ¥ 0 and the
inequality 1is not satisfied.

Now the equivalent problem is
summarized as: Minimize the cost
function bpel, subject to the con-
straint of Fqs. (8), (11), and (12),
the differential equations (2),
initial conditions (4) and the surface
equations (5).

Next it is necessary to calculate
the derivatives of the constraint,
integrals with respect to the design
parameters and eliminate their
dependence on the state variables. To
do this the adjoint variables
vector AT is introduced as in ref. (1],
through the identity ' '

T
[ AT (P2-F(t.z,b,a(b)]dt = 0 1) -
. : ' ,

A small change 6b in the state para-
meters will. cause a change 82 in Z
and 8o in a. Expanding the left
size of Eq. (14) to the first order,
we obtain

—
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o o[l e 3] H

T
.-w°+6w°sf (< £,

where
aF _i°F1 aF |1
kYA 32; b 353’
nxn nxm
aa ELYY 301,l
day, day (16)

aan 3a.n
|36, 3b_

The last of Equations (16) involves a
“floating boundary matrix", defined as
Nrxm. -OF §c. may be written as

o = noom Oy ”
. nxm
Now Eq. (15) becomes
. s
AT tpe - 3 sz + AFE) 4 o
o ' (18)
-%{. sb -?Enabld:-o

Integrating (18) by parts, noting
from initial condition Eq. '(4) that
£(2(0)) = 0, and requireing X(1) = O,
Eq. (18) becomes

. .
T

[ @5+ 25 0Tz ar -

o

. » (19)

[x‘t[-??z-%g-%gnlabdc'

o
Now due to changes &b in b, we have
small changes in yo and vy ras follows:

- b »2
o m+1

"t - ey (T 2 (20)

3f
—-F &b + ——a néb 46bm+1]dt"0

+

and
v v
by * 8y = [ (<fi-eis’ + 2 <fi'ei’ ‘
o i
Bfi Bfi ) Zh
(‘-37 82 + _35. b +

aai .
353- {6b} an

~= néb)dtwo,
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To eliminate the explicit dependence
of Eqs. (20)and (Zﬂ on §Z, we can
use the identity of Eq. (19) as the
following:

T s , oFT a£y
Frhe * 7 Yo T 2> 57 (22).
T
v SPOR) L 3y :
P Xi + 32— Xi 2'<fi‘91> -a-z— 1'1,. .k
, (23)
md \ (1) =0 1=0,1...k

Then Eqs. (20) and (21) reduce to
T
Vo *+ ! Do RER 3 _2FE

[

. of, af, ,
+ 2 <fo-bm+1> (-a-F— + —-a—an)éb]dt (24)

- J 2 <f°-bm+1> 5bm+1 de = 0
and (] X .
L
T ap? aF  3F
*1*[“_; HE-E- e .
° (25)

f 3
+2 <f -8;> (—5""_"“3:: Yéb dt = 0
Now, if we let

: t €T o af'r
Ly = [ 2 <f -bpyy> (55- +n —)
' ° (28)
T M o
a(P3)" _ 4pT _ 1 D aglde
¥ " Fa
and : ]
€] g of]
Ly = J (2 <£-0,> (g + 0T 5t
° @n
T N
N ( P2y _ %g nT ar ) A
then I.:'.qs. ) (24) and (25) become:
by + LT e - [ 26, > dt Gbm_n'(é 2
and '.r ' o
2 +L & =0 29)

Equations (28) and (29) writ:t:en in
matrix fom as

I 2<fg-bm¢1>de
Lir °

' IWJ E




—— Step 8.

rA-.[A]-

where the sensitivity matrix A of
referenc~ (1] is

T T
Lo [ 2¢fo- butl>de|  (31)
LyT °‘ 0

and Eq. (30) may be written
YrASb = 0 . ' (32)

Algorithm for Systems with Floating .
Boundaries

: e gradient projection method of
Reference [l] may now be presented, as
modified to account for flcating bound-
ary at te. '

Step 1. Start the iteration by select-
ing ar estimated design b(j) and solve
equation (5) for Z(te).

Ste . Using equation (3), calculate
a(bg for the design vector b(j) and
state vector Z(tc).

Step 3. Knowing a(b) from step 2, solve
equation (2) for Z(t).

Step 4, For the design vector b(j),
calculate the Floating Boundary Matrix
n of the equatioa (17)

Step 5. Proceed as step 2 of reference
{1 by evaluating the constraints of
equations (11) and (12) and set up the
index set

1= {po £4(t3z(t),b u(b))>611

for some t<t

Step 6. For each 1cl, calculate the
?gggin: variable of equations (22) and

Step 7. For each iel, calcula:e Li
using equations (26) and (27) and con-

- struct the sensitivity matrix A’ of

equation (31).

Feduce. AJ (the objective func-
tion) and calculate

Yo = m eT[_I -A(ATA)']‘ATIe : (33)"

. where

e-[b.o. e 1]'1'

Step 9. Cpmpute"
‘A u= ~(ATA)-1(2v,? -ATe) . (34)
Step 10. Compute '

§b= 27%‘l5bt+§bz ' _ (35)
where sb,= (I-A(ATA)"!AT)e - . (36)

13
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sba= -A(ATa)"ly 37

and put b(j+1)=b(j) + &b
-Step 11.

If all constrainrs are satis-
fied, terminate. Otherwise, return to
step 1 with the new design estimate
B3+ .

Application to the S;mple Shock Absor-
ber

Now the modified State Space Method of
optimal design of shock absorbers will
be used to design a bi-linear single-
degree-of- -freedom shock absorber, as

. shown in Fig. 1 and 2, for optimum per-

foruance during loading and unloading.

The design objective is to mini-
mize the acceleration of the mass m
from a shock of finite duration, Yyo(t),
such that the relative displacement

‘between the mass m and the base will

not exceed & given limit, The design
parameters (or space parameters) are k,
ke, kp, and c.

 Using the free-body and inertia
diagrams of Fig. 3, the differential
equation of motion is:

W + c(F-Jo) + k(y-yo) + L(t)=H (38)

with i{nitial conditions -
y@©) =0 y(0) =0 (39y

Letting yy'= y'- vo. Eq. (38) becomes .
myy + eyr + kyr + L(t)=W-my, 40)

To reduce to the first order form of
Eq. (2), let
Z,(t) = ype(t) and Z,(t) = yp(t)
' . .o o (41)
with Z,(t) = y.(t)

Substituting into Eq. (40) and setting
in mstrix form

m

with intitial conditions

{Zx(O)l “lo I
Z2(0) 0 - :
T
}
T
o ettty 1 r‘l;",!
L] Lis) -
Fig. ) = Force Mass Inertia Disgram for a

Single-Degree-of-Freedom Shock Absorber

l (42)
Z2 (Zz-kz,-myo + W -L(t) )
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Note that Eqs. (42) ond (43) are of
§he form of Eqs. (2) and (4) respective-
y. - .

From Fig. 2, the force L(t) in the
nonlinear spring is as follows:

Li(t) = keyr U<yrsve

La(t) = {ke-kplye *+ kpyr
yr>0;yt<yrsye

Li(t) = (ke-kp) (ye-ye) + keyr

| ¥r<o;: yesyrsye (44)

= (Ye-ye) (1-KD) -

Yt Ye-ye) ( E%) yd

L,(t) = (ke-kp)(ye-yc-ye) + k,yr
yr<0 Yr<¥yt

where

Using the idea of the unit step func-
tion, Eqs. (44) may be written as one,
Eq. (45). '

L) =(Li+ (Li-L)H(yp-ye) HGp) +
[(La-L)HGye-yp) + LiliL-H(yp1 (43D

The Eq. (45) is good for only one
cycle. The end of one cycle is deter-
mined by noting that after yc occurs,
L(t) is decreasing and a cycle ends
when L(t) changes sign.

The equations may then be cast in
“erms of the system parameters b%, as
45

in Eq. (1). Then Eqs. (42) and
become:

0 m‘ ‘Zz -b‘Zz-sz;-my°+W-L(t:)
with

L(e) = [(bubb)(ye-z,)u(z -ye)+bs2]
H(Z,) + [(by-by) (ye-ye) (1-D%) - y4-z
2 [ 1-94) (ye Ye'l 5?1 Yd {]
n((Yc‘Ye)(}-;%) - ¥dZ,)- (b,-b,)
(Ye-ye) +'bsZ1](1-H(Z3)) L 47)

Therefore a;(b) = 0 and ay(b) = y.
For the problem on hand, it is deaired
to minimize the maximum absolute: accel-
- eration, so an artificial design para-
meter bs is defined by

‘ %;' [’b;Zz’bzzl"' W-L(t)]—b;fﬁ ) (49)

- The cost function to be minimized is
J=bs. Finally, a constraint on

" extreme value of relative displacement
is {mposed as.

21(t)] - Zimax 0, Ostst (50)

Therefore, for the probiem on hand, one

has the following:

o) = |- 0] GL
L m
F(tyZib1a(d)) = | 4.7, -b,2,- my+W-L(t)
' - (52)

and

fo(t;Z,b,a(b))-- [ lzz’bzzl+ W-L(t)]

(53)

One now hus to find the derivatives of
F(t»Z»bra(b)) with respect to state
variable Z(t)» design parameter vector
b and a(b) ac follows:

AF _ |9Fi| . aF, F
iz azj 32; 9& 3 (54)
an 3F o
3Zy 3L,
+The result is:
0 1 )
& - ' (55)

. aL(t)
b, + 32, by

where é%é%l = [(b~' bs) H (Z1- ye) + 5’]

H(Z,) + [(b~- by)B(ye-21) + bn] .

(1 - H(Z:)) - - (56)
oF . '
Tho derivative 35 is:

aF, &F, 9F: 3IF

afF aFi - k .
Bi|a,,  |TBr B2 T Tl (5,
' aF, aF, aF, aF, '
35, 36, 3b; 3b.
sF,. | © 0 0 ) ,
B/B-JO ~Z, 3F: 3F, - (58)
' 5'5; F 3 .
where

‘%E:' - [kYe'Zx)H(Z{~ye)+z]H(zz)

'[(yt‘zx*(Yﬁ*Yd)g:)H(Yg~Z;) + (595
- (ye-ye)+2i] [1-8(22)] -

and
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an" [(zl Ye)ﬂ(é ‘Ye)] R(Z,) "

-[(“x‘Yt'Yd)H(Yt'Z1)+(Yc'Ye)]
(1-H(Z2)) (60>

aF )
For 32 the result is

3, 3F,
%5 =30, 303 (61)

3F, 3F,
F1: 3% da;

. .

0 0 . (62)

T L) ey 2i) 4 (basby)
(-H(Z1)]

The next step is to calculate the par-
tial derivatives of f, and £ with re-
spect to the state variable vector Z,
state parameter vector b and function
vector a(B). To do that. one has to
use equation (53) and differentiate it
with respec: to Z, b, and a(b) as
follows: '

. _
322 = 22 Hego)- 1) [b2-[((b-by)

, - (63)
H(Z;-ye)*"b:)H(Z‘)*((b.-b:)
u(y:-z.)+b,)(1-u(zx))11

afO - 'E’ - {

=z " s (2 H(fo)-1) (64)
#a = B2 - . (65)
3t ‘ |
s2e-Za H(fo)-l) : (66)

£
g‘S‘,‘ - é (2 H(fo)-1) [(y,-zn)ﬂ(za-h)“zll

HZ)+[(ye-2, Oy H(e-2,)

ey ] A-HEY) (e

e - (2 H{fs)-1) [(ZI"YO)H(Z)')!.)]
"(zl)*[(zf‘?:'Y:'Yd)"(Y:-Zn)b'
+(vc~y.)] (1-H(Z2)) (68)

3ty -
@y

2. f'O . o (69)

e h N2
%5? - *% 2 H(fo)-l)iﬁég:kii H(y, -Z,)+
(bu-bs)] (1-H(Z2)) 0

Row, {f we defire
£.(tyZyb)=[Z, () =(2 B(Zy) -1)Z,(r)  (7D)

Then the condition on the extrema value
of relative displacement can be written
as

£1(£:2,5)- 012{2,00)] -21 20,0582t (72)

Deflning

9= Zimax (73)
then equation (72) becomes
(2 H(Z12-1)Z:(t) -8, ¢ O, Oger (74)
Therefore, partial derivatives of f,(rd
Z,t,a(b)) with vespect to state variable:

vector Z, state parameter vector b and
a(b) become

%gl- 2 H(Z)) -1 g% -0 (75)

af . If, of 3, of, N
DI 1t ol N N ¢ )

Thus the differential equations for the
adjolnt variables

) X . )
“o‘[):) and ’HOL::}' an

become ’ .
[l O][ ] 3f Al - (18)
0 m Ao2 - . .
af
z(1fox-bJ)H(1£°1 “bs) (2 H(fg)- 1)152“)
. -b,

[\ J { : ro af, A

0. m . ‘M: )

m.
'zacz.‘-e.xf.-enlgé;]
' 0

(79)
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The cases studied are listed in

Table 1. Case 16 is
and Fox (6] for a linear system, with
the base input the rectangular pulse

that of Schmit

€ Fig. 5, designated Input 11. Cases
1 thru 15 are for the nonlinear system

and the excitation used is shown in |
Fig. 7, with ¥,(t) specified as fol-
lows, and designated Input 1:

Yol(t) = -414.0g
90(‘) - 6-38
Yo(t) = O - ¢

i

1g. 4. The S

2000 (104},

‘mple System '

0<t<0.00075 sec.
0.00075¢t<0,050 sec.

>0.050 sec.

Ties (hee.)
Te0. 8y

Fig. S-The Square Pulse, Input No. II.

Linear System with Damping

The linear syst

Case 16, is a specta

linear system with ke=k
acceleratfon is, as in gig 5:

PYo(t)=2000 in/sec
}‘o(t)-O

em with damping,
1 case of the non-
The lnpu:

0<t<0.01 sec.
©>0.01 sec.

b}

In Table 2, the results of Schmit and

and ¢=3.0 lb.sec/in..

{(yr)max™ 0.6 inches. The final design,

" Fox {6] are compared with results ob-
tained with the present method.
both optimizations,

. of the parameters are: k=1000 1lb/in.

For

the initial values

The specified

representing the optirun values, are
In Fig. 6

also listed in Table 2.
' -Table i.

Caszes 1 to 16.

List of the Design

otgsa |

fasives

>
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L stee 1 Sleptone= | sownde |
LR ¥ eser (et 1
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At o) [ R 1.0 1 Ceges. | 1
3 b e 1100 ] t.e i Sewe ] L}
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3 1 e t%e } 1.6 I veee ) 1
¢ 1 e fieoe t . 28 I see Vo
? 1 e $ 10009 ¢ 3.0 I Seee 1 ) -
e 1 e, 1 tee t 3.0 L Wess [}
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11 e X 2.6 | sees 1 1
[T ] Viee 1€ 1 seee 1} .;".:
[T X twe & 1.0 [ TTS ...i...f:::
W Ol e e b 3.8 ceces. 1 1 |
[ I A % ) tie i T8 1 veee I 1
[] [} [} 1 gpegped ; .......
[ 13 : e : 3.8 : [ N : cestars : ]

a derign graph is shown as.a plot of k
The curve with the shading
shows the displacement constraint of

0.6 inches.

versus

maximun acceleratton,
units of in./sec.?

c.

The arch-~shaped curves are
¥ (t), curves vith
The initial design

point 1is <warked and the design paths
followed uy the two different methods

are plotted.

cient than that of (4).

The more direct path {is
. that of the State Space Optimization
Method, so it appedrs to be more effi-

' Nonlinear System with No Damping

For Cases 2 and 14, the value of damp-

ing constant was specified as c=0. In

addition, it happened that for Case 15,
" where the bounds excluded only negative

¢, the computer program chose c=o, be-
cause the mass vas very small.

For all the nonlinear cases, since

the linear »

T
combined vt:g k. and ky,, the program was

ing sciffness k could be

run with keb,=o.
the only parlnctors romatntng woro ke

. and kp.

"Thus, for no damping,
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Table 2. Comparison of the Results Obtained by the Writers
of (6) and the Results Obtained by Using State
Space Optimization Method - Case 16.

¥

. TYPE OF THE PROBLEN
Intatmise Naxisum Accelerscion such that Max. Relative Displacesment be less than 0.6 (In.)

i KETLOD | INITIAL DESICH | FINAL DESICY

| vsEd |

1 . I &8 1 ¢ ] (tr)max.i(acc.dran.] & } € ! (Tr)max. § (Acc.)max.
ISchate aad Fex J1000. | 3.0 | ~e= | s&0 I 10| 15.91 0.8 : 864 |

] NHethed | i | | | ] I B I
I - | i | | i I } i
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| Nechod | ! [} { | i ! |
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¥el36.4 Lde.

Jisplacemenis ave is lnches
Accelerstions are In Inchus/Second®s:

In Tadble 3 the optimum values are
given for Cases 2-A and 2-B. First for
Case 2-A the acceleration was minimized
at the initial peak only or during the
loading phase of the nonlirear spring.
For this situation the optimum ke=1889
1b./in. and optimum kp»o. The initial
peak acceleration was -4.67g but an ex-
tension of the timewise solution showed

the second maximum acceleration at 6.67g

as seen in Fig. 8. The timewise rela-
tive displacement is given in Fig. 9,
whizh shows the bound of +2 inches was
reached. To minimize the maximum posi-
tive acceleration the program was re-run
' through both the loading and unloading
phase of the non-linear spring, or one
complete cycle, for Case g-B. The re- '
sulting acceleration-time curve is shown
in Fig. 10. The new peak values were
-3.31g and 6.57g, so by producing the
minimum’acceleration over one whole
period, the negative peak was increased

and the positive peak decreased slightlyl

It should be noted that for Case 2-B,the
optimum value of k,=70, rather than zero
The load-deflectioh curve for the non-
linear spring for Case 2-A {s shown in
Fig. 1l1l. .

l

3

For Case 14 the best value of kp-o
as summarized in Table 4. Case 14°dif-
fers from Case 2-A in the size of the
mass and the maxtmum relative. displace-
ments. For Case 14, and all the Cases
except 2-A, the optimization was over a
complete cycle.

Design Case 15 was done to study ef-
fect of weight vartation. Again kp=o,
as shown in Table 5 and the case 13
discussed further under effect of varia-
tion of mass.

Nonlinear System with Dawping
As a proof of the validity of the

-method for the general system, Case 1

wds done two ways: first: by a long
process of trial and error and then by
the computer programs. The value of
damping was set at c=4.0 1lb.s./in.. Then

‘a design {raph was plotted as ke versus

kp, with lines of constant (Yr)max and
max. 48 in Fig. 12. From these curves
it can be seen that for (yr)max=2 inches,
the minimum (Y)pax lles between 4.4 and
4.5g, and further analysis showed that

Table 3. A Compicison Betwesan the Optimum Quantities Obtained
: for Case No. 2 Based on: ’ :
8) Optimum Performance During Loading Only
b) Optimum Perforpance During Loading and Unloading
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Fig. 10, Plot of the Absolute Accele-

ﬁgftg?bVersus Time for the Design Case

the 4.46g curve just touched the (yr) -
max™ 2 inches curve. The computer pro-- .
gram based on the State Space Method
followed the design path indicated by ..
the line with arrows, in the direction
of decreasing displacement until it :
reached the 2 inch bournd.

For Design Case 3, a design graph
wes also made, as in Fig. 13, for .
(Yr)max*2 in., but for various c. The -
arrows on the '"constant ¢ lines”_are
in the dicection of decreasing (¥y)max.
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Fig. L1. Plot of the Force in Elastic-
Spring VS, Relative Displacement-Case 2-A

The effect of variation of mass 1is
shown by comparing Cases 3, 4, 5, 6,7 and
15 (see Table 1), where the bounds set for
c are only that c be non-negative, that
is c>0. Plots of ¢, ke, and k, versus W
are given in Figs, 18, 19 and 30 respect-
ively. Rote that the plots shcw almost
iinear variatfon, The value of ¢ goes
to 2ero at about W=6 1b,, and then stays
at zero for o<W< 6 lb, The results are
summarized in"Table 5. Note that the
transmitted acceleration is pracztically
constant, except for very small mass,
when ¢ = o. .

Table 5. Optimum Quantities For
Cases 3 to 7 and 15.

In addition, two computer design paths e
are shown with the arrows indicating

Icase me. (b)) Ickﬁi{ ;Q&iua\;ﬂr)-u 7(Aee)-ollu“

the direction of decreasing (Y)mgx-»ln
s

Fig. 14, a three-dimensicnal design plot
{s shown. As summarized in Table 4, '

optimum c=4.04 and ke=164.7 1b./in.
with k,=189.8 1b./in. for Case 3. Sirca

’ kp is greater than ke, a hardening

sgring system is required, as shown in
the load-deflection curve for Case 3,

Fig. 15.0ne important point is that the
' " Table &.

decccsnse.

13 )} 16 lie.s 1o | 2.0048 1 6.640 1
3 100 14.06 lies.7i189.80 2.0603 | 4.461 |
) 200 . 18.36 1223.31 389 | 2.0001 | 4.456 |
] 300 112.68 1279.51 589 | 1.9999 | 4.438 |

L) 1ee0 142.9 1680° | 19881 2.0001 | 4.43 I

!
]

r ! 10,000 1431.3 13848 199661 2.0001 | 4.4

Inftial and Optimum Design For the Design Case No.l4

Case Se.) Inftisl Dectige

I Optiave Destga

£ 83 1 83 ) us | (Yr)mexn. | (Ace.)man./g) 31 | ¥3 1 IQ-.! (Yr)uas.| (Acc.)man./g
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slope of the unloading curve was taken
as ke, recalling Fig. 2, which result:c
in a load-displacement curve in Fig. 15
which may be difficult to achleve in
practice, after the maximum deforma- .
tion has occurred. 1In Figs. 16 and 17
the y, versus t and ¥ versus t curves
are givon fcr Case 3.

For Case 3 and Cases 8 thru 13, the
yield deformation y, was varied from '
0 to 2 inches (see Table 6). The situa-
tion for ye=u and ye=2 are exactly the
same, with the same linear load-deflec-
tion curve. The optimum ¢ increases and
then decreases as y, increases. The

‘transmitted maximum acceleration i{s mini-

muz when yg=l1 inch, which is one-half
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Fig. 12. Geometrical Paths of Constant

Acceleration and Maximum Relative Dis-
placement for the Design Case No. 1

CLASTI® STIPYILSS o7 THE BI-LING SPPING (LD./1.)
: 0.0 .

178.0

BASTIS STIFPNESE &F THE .H.lu WRING (1LD./10.)
1880.0
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. Fig. 13. Plot of the Optimum Points
for the Design Case No. 3. The Arrows
on Each @-line Show the Direction of
Decreasing Maximum Acceleration for that
Line and Arrows Between the c-line show
the Direction of Decreasing Maximum
Acceleration in going from one a-line
.to the next e- =line.

1

Fig. 14. Three Dimensional Presentation
of a Four Dimensional Design Space and
Path of the Optimum Points for the
Design Case No. 3. The Arrows Show the
Directior of Decreasing Maximum Accele-
ration.
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Fig. 15. Plot of the Force in Elastic-
Plastic Spring Versus Relative Displace-
ment for the Design Case No. 3. AN
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- Pig. 17. Plot of the Relative Displacs-
ment Versus Time for the Design Case No.3.
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Fig. 18, Plot of the Optimum Damping
Coefficient Versus Weight of the Mass
(u) for the Design Cases 3 to 7 and 13,
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Fig. 19. Plot of the Optimum Elastic
Stiffness of the Bi-linear Spring Versus
Weight of the Mass (u) for the Design
Cases 3 to 7 and 13. :
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Fig. 20. Plot of the Optimum Plastic
Stiffness of the Bi-linear Spring Versus
Weight of the Mass (u) for the Design
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the maximum relative displacemént. In
general, a hardening spring is required
when the spring is nonlinear.

Table 6. Optimum Quantities For
Cases 3 and 8 to 13.

Case Wo.' Yelw) € | ke | Kp I(Yr)max I(Ace)max/g
i I o 13.9¢ |aesw j1389.01 2.00C7 | s.462
s b o [3.997 1169.11138.41 2.0000 | 4.485
) 3 t o.3 ls.04 llos.rlxq;jzl 2.0003 | 4.481
10 ) 0.3 14.258 1107.51209.41 2.0001 | 4.424
i } 1o l4.16 [14s.7]240.61 2.9001 | 4.331
12 I S 13.97 fizo.el292.51 2.0002 | a0
113 | po 13.96 1189.0] eee | 2.0007 ! vaer

Summary and}Conclusion

The theory is outlined for the State
Space Method as extended to include
floating boundaries and applied to a
shock mounting system having four un-
known parameters: k, .c,ke and k,. Since
the linear spring is in paralleg with
the nonlinear spring, the stiffnesses
may be combined, so most o: the practical
results are given for k=o, for the non-
linear system. A computer program was
developed such that, in one computer
run, the optimum values of ¢,ke, and k
are determined such that the transmittgd
acceleration (y)max is a minimum while
the relative deformation remains with-
in specified upper. and lower bounds,say
+ 2 inches. The following conclusions
are offered: .

. (1) The State Space Method seems to be
more efficient than the Steep-Descent
Alternate Step Method used by Schmit and
Fox (6] when applied to the 'same linear
one-degree-of-freedom systems in that
the path followed is more direct.

(2) For the excitation designated as

the Ingut.l. which includes a very severe
inictial impulse, the optimum values of
ke, kp and. ¢ vary almost linearly with
the sgze of the supported mass, while

the maximum transmitted acceleration
remsins  nearly constanct. For very

small mass, c=o and k, approaches zero.
For larger masses,c=o and & hardening
spring is bes:.

When the ratio of .yield deformation to

maximum deformation is varied from zero
to one, it ts found that the (y)max is

least when the ratio is one-half.

(3) The computer time for each run de-
pends. on the nearness of the initial
guess to the final deslgn values.

7
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The method could be applied to more
complex problems, such as multi-degree-
of-freedom systems on nonlinear mounts.
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The development of a method
- for the shock-resistant securing of
large batteries in submarines

By:
A. Jansen,
Royal Netherlands Navy, The Hague
Pro;ect-offxcer, Shock, Noise and Vibration

The paper describes the different tests carried out for the development
of an adhesive material (polyurethane) for ronding a hook-construction
' to the deck and the battery, to prevent the upwards movement of
large batteries in a submarine during an underwaterexplosion.
Test results are presented and discussed.

This bonding method can be a powerful tool in specific situations
for reducing (labour) cost, to improve the shock resistance and
for snmphfncahon of structures.

Some examples are given.

Introduction

~ Securing methods

A In the course of time several navies have
developed their own system for the securing of
large batteries in submarines, to prevent the
vertical movemant during an underwater-explosion.

. If there is insufficient clearance between the top of

the battery-and the ship’ structure and no securing

device, the vertical shock motion will cause a short
circuit: a disaster for the submarine.

Due to a design modification of the batteries,
the Roval Netheriands Navy had to reconsider the
securing of the batteries for her new submarines
under construction. The height of the battery
increased considerably and reduced the available
clearance to a few centimetres. The existing

II"IE mn of vertically placed wedges, which

v on between the batteries, became

unacceptable and a modification was necessary.
The Royal Netherlands Nawy, together with
Bolidt B.V. Alblasserdam (NL) and with -
assistance of Varta, Hagen (FRG), developed a
-bonded polyurethane (PU) joint, which fully meets
all requirements.

with batteries fastmo-.'l with wedges.

A) A resiliently mounted battery storage
compartment is the:solution which has been
applied [1}

The resilient mountings decoupled the
batteries from the ship and the accelaration
levels transmitted via the mountings are
too low to cause a vertical displacement

. of the batteries relative to the rwhently
'mounted compartment. :

B) An old method, which has been applied
many times, is the use of wedges, which
press the batteries to each other and to
the bulkheads and prevent horizontal
movements during seaway and shock

- motions. It gives no vertical protection.
" The friction, between the battenes and the
' compartment butkheads, reduces the
vertical displacement only a-little during
an underwater explosion. .

In 1978 the Royal Netherlands Nawy did a
number of shock tests on the IWNECO-TNO
medium weight shock testing machine (ﬁgure 1)
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This shock testing machine can simulate
rather accurately nearly all shock motions,
submarine shock motions as well, by adjusting the
stifiness of the acceleration and deceleration
springs.

For the shock test the batteries and wedges
‘were positioned and pressed to each other in
" exactly the same arrangement as on board
(figure 2) [2
High speed cameras and measurements indicated
already displacements up till about 250 mm, at
moderate shock motions (figure 3). These large
movements are unacceptable and dangerous.
Notice the large difference in acceleration level
between top and bottom of the battery.

Figure 2: Batteries with wedges on medium
* weight shoc:: testing machine

[
|
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Figure 1: Medium weight shock testing machine
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] C) Holding down straps between the top of
: the battery and the compartment’s bottom
were studied, but found to be unacceptable
and unpractical. -

D) ﬂood and practical solution is a hook, -
- bolted to the shlr structure, and -
PN : counterhook, boited to the battery bottom
{figure 4). Shock testing in a submarine
: test section, to a level just without plastic
% deformation of the hull, proofed its rather
good shock resistance |3 [ 3

Together with Varta Battene AG, Hagen
(FRG), who provided the batteries, the Royal
Netherlands Nawvy investigated a hook construction
{figure 5) on the medlum weight shock testmg
machine [4

Figure 4: Hook construction

¢

The battery met the maximum-shock
requirements without any damage and expected
hull lethal levels with some damage (figure 6).

This hook construction was in principle
adopted by the Royal Netherlands Navy.
However, it was not possible to apply bolted hooks
to the shnp structure because the compartment
was already nearly finished, the increased chance
of a short-ircuit via the bolts was not accepted,
the required puncturevoltage for the (whole)
compartment was very difficult to reach and the
risk of corrosion problems was too high. In .
connection with the available space the heigh of
the hook had to be reduced. :

Figure 6: Damaged battery housing




Development of a bonded ]olnt'

Except for the modern GRP minehunters, it
is not common in ordinary naval ship design to
apply adhesives like epoxy, polyurethane and such
in the ship® structure or for heavily loaded
constructions. But in this situation it could solve
miost of the problems at the same time; if an
adhesive could be found which met the
requirements.

Purpose of the R&D programme

The purpose was to select an adhesive, in
combination with the fr--idesign of the hook
construction and th.e given ship’ structure (i.e. the
nearly completed battery compartment), which
fulfils the requirements at a minimum of costs.

R&D programme

With the emphasis on the mechanical aspects,
: ;hﬁ R&D programme was in broad outlines as
ollows:

A) The selection of one or more adhesives.

B) Static strength tests to determine:

1. tensile strength of adhesive with

appropriate primer;

2. influence of plate stiffnesses and layer
thickness; ‘ ' '
3. bonding strength of the primer to

g%:lt;las steel, High Tensile Steel and

Dynamic tests, i.e. shock tests, to

determine:

1. dynamic tensile strength of adhesive;

2. dynamic/static strenit: ratio;

3. weakest link in the chain: steel-
primer-adhesive-primer-steel.

Re-design of the hook construction:

1. to reduce height, available space is
50 mm; . '

2. to reduce costs;

3. to obtain a uniform load distribution
over the total bonded area.

E) Shock testing of the battery with .
' possible solutions of the hook construction.

“F)  Shock testing of final ook construction
bonded to battery and simulated deck
structure.

D]

Selection of the adhesive

The possible adhesives were selected on a
number of criteria, like: : -

A) Applicable in thick layers (5 - 10 mm) to
Levithe unevenness of the compartment
eck;

RN
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_PU has a lower shear and tensile strength than

" epo
(2-5x) and, depending on the specitic type, an

B) Resistance against battery-acid, water,
aging and such;

Suitable to meet severe shock loads and
large deck deformations, causing high
stresses and high peel forces;

Highly flexible (elongatior: >> 100%) to
average the differencz in stresses, caused’ :
by the large di¥fzrences in deck stiffnesses : -
and adhesive layer thickness, and to ’ '
nrzvent high shear stresses caused by the
hull deformation, due to the high
waterpressure;

E} High puncture-voltage value; _

F) Long lifetime, preferably equal to the

. ship’s life-time. _ ‘
After a first selection of different types of

"adhesives it was decided to continue wit|
polyurethane-type adhesives. Generally speaking,

&)
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xies, but a considerably higher strength
extremely high elongation at break, up till about
096. However, the mechanical and chemical
“strength” decreases with an increasing elongation
percentage; an optimum has to be found.

Finally. 3 PU adhesives were chosen for
further investigations. These three were:
Bolidt LP2578, Bolidtec and Bolidt LP2711.
The most important mechanical properties are

presented in table A

PU tensile [elongation| shore

.| strength’| at break™| , ®"V

type (N/mm? (%) hardness
Bolidt -2 : ‘
LP 2711 (280 psi) 250 55 A
Bolidt 14 o
LP2578 | (2000ps)|. 60 | 60D
Bolidtec 13, ' |

~ | 1s40psy | 400 77A
Table A: Mechanical properties of tested PU
adhesives. '

* In accordance with DIN 53.455.

It should be noted that each PU requires
different primers for a good bonding to different
materials. ‘

Staiic strength tests

Taking into account mechanical and chemical
properties, the Bolidtec PU seemed to be the most
appro_})ﬁate adhesive and &s next best Bolidt .-
LP2578. The properties of LP2578 were better
m Bolidtec, but the strain was considerably

— ’
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Bolidt I.P2711 had lower mechanical and chemical
properties, but the strain was about twice as high
as Bolidtec. Sealing of this adhesive by a better
acid resistant PU would be necessary. Therefore
most of the tests were coricentrated on Bolidt
LLP2578 and Bolidtec.

A) The static tensile strength was determined
fo: three different types of testpieces and with
di'{fda';‘nt PU layer thicknesses, see figures 7
a

The mean ultimate tensile strength about
4,7 N/mm? for Bolidt LP2578 is somewhat
better than Bolidtec with about 4,2 N/mm?
tensile strength. [5] :

The influence of layer thickness and steel
end-plates stiffnesses is neglected.

Relative to the mass ot u e battery
(assumed to be completely rigid) and the
available area for the bonded joint, these
values were sufficient. :

To get some insight in the relative
importance of the stiffnesses of the steel
end-plates, the thicknesses were changed
for the different testpieces (figure 7).

Test results showed that a relatively icw
stiffness. of both end-plates decreased the
tensile strength with about 10-20% and with
“infinite” stift end-plate= the tensile strength
increased about 15-25%, both values
relative to the mean ultimate tensile
strength.

The influence of the layer thickness was
considerable, which could be expected.
Figure 9 shows the trend, ic~ring some '
other possible parameters.

Figure 8: Testpiece during tensile tect °
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A Figure 9: Influence of layer thickness on tensile
strength

D) Extensive tests with dolleys were carried
out with different types of primers on
various materials (stainless steel. GRP,
high tensile steel, etc) to be sure that the

'+ bonding strength of the PU to the various

- materials was higher than the tensiie
sirength of the PU itself (see figure 1u).

The static tensile strength of the different
primers was about 6 - 9 N/mm*,

k)

y
B NP




Figure 10: Testing of primers with dolleys

Dynamic testing of adhesives

A) It is well known that under a dynamic
load 1ne material’s properties can differ
largely from data determined statically.

To determine the dynamic properties of the
adhesive, a small mass (10 kgs) was bonded
(layer thickness 5 mm) to a steel. plate (figure
11) and shock tested on the light weight
shock testing machine of IWECO- . This
machine is identical to the medium weaght
shock testing machine. From the measured
accelerations and the given mass the stresses
in the adhesive were calculated E.g. for the
' Bolidtec PU thfy vaned between .

12 - 15 N/mm*.

B) The ?namk:/staﬁc ratio varied between
depending on the type of PU. It
means that either the area of the bonded
int can be reduced or that there is a
- large safety factor comparing the required .
* (calculated) minimum strength and the
'(dynamlc) allowable stress.

C) The weakest link in the cain is the bonding
' between steel and PU. In particular the
combination stainless steel - PU requires
“attenticn {the hook will be made of stainless
steel). By means of hammer drop tests (figure
12) this has been investigated. 'ﬁ\
investigation was necessary because the
primer is a brittle material (strain about 1'M).

Figure 11: Shock testing with small mass

From these tests it could be concluded that
with an increasing stiffness of the PU layer the
fracture will shift from the PU to the primer. This
was found after the first shock test series, with the
dummy batteries on a simulated deck structure, on
the rmedium weight shock testing machine. During
these shock tests some hook constructions failed,
due to the brittleness of the very thin {20 - 30 p)
primer layer. The fracture staned and remained in
the primer |tself

Figure 12: Hammer drop test lor testing of
pﬂmer




Re-design of the hook construction

In this specific situation {a modification of the
batteries during the construction phase) it was
necessary to re-design the hook construction
because only a very limited space was available.
The hook construction. as normally provided by
the battery supplier. Varta. was too large as far as

height is concerned and. due to the manufacturing

process (extrusion), rather expensive.

Optimisation of the hook by means of finite
element stress analysis reduced the height from
19 mm to 14 mm (figure 13). In the final design -
two hooks instead of one will be used. The
advantage of two hooks is that a more uniform
load distribution can be obtained and the "bottom
plate” of the hook can be thinner.
If the hook construction could be bonded to the
battery bottom the height of the nut in this bottom
could be gained as well.

On the basis cf a stress analysis. with two
small hooks welded to a thin steel bottom plate.
the Roval Netherlands Nawvy decided to design. to
fabricawe and to (shock)test a number of different
hook constructions; it was cheaper and more

.reliable information could be cbtained In total 7

different designs were tested (6]

For these tests old submarine batteries were
used The hooks were bonded to the batteries and

- bolted to the shock testirig machine (figures 14

and 15).

Six of the batteries failed at moderate shock
levels. The (GRP) batterybottoms appeared to be
severely weakened by water and acid and some
minor structural damage (due to transpont).
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Figure 13: Original hook and nptimised hook

. Design no. 7 (figure 16)-survived above hull
lethal levels, withcu! any damage as far as the

. “hook™ corwemed. | :te bonding of the hook to

the battery consisted cf 580 gr'm> glass roving
mat and the PU adhesive Bolidt LP2578.

This PU will protect the battery bottom
against mechanical damage and weakening (due
to its flexibility and resistance against impact
loading). acid and water, and guarantees the shock
resistance over the battery life time. The bonded
hook was at least 2 times stronger than the bolted
hook. concerning the connection to the battery.

A hook bonded to the battery. compared to
a tited hook, gives also an increase of 1 - 1.5%
in the battery's capacity for the same height. The
battery bottom becomes thinner by leaving out the
nuts. -

" Figure 14: Detail of attachment batterres 3 and 2

»




Figure 15: Detail of attachment batteries 5 and 4. Notice the hook construction bonded to the battery casing .
no. 4 and the simulated counter hook which is bolted to the shcck machine

Figure 16: Detayl of attachment battery no. 7

The final hook construction (figure 17) was
a synthesis of stessanalvws. manufactunng pracess,
shock tests, avarlable space. installation
requirements and cost.

36

Figure 17: Final hook:construction :

'

Shock testing of battery and final
hook construction o

'

Two series of shock tests with the final hook
construction on a simulated deck structure were
* carried out {6} :

One series with a GRP battery housing. with
the lead plates replaced by two masses of 20 kgs
each. The two masses were welded together by
means of steel rods and bolted to the top side of
the battery (figures 18 and 19).

The second series was with the mass only,
welded to the hook construction (figure 20).

.
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ngm 18: Dummy batteries with fina! hook . -
construction on shock testing m_achine

‘ Figure 19: Dummy mass in the GRP battery
housing

For the first shock series some, and for the

- second considerable, overtcsting was introduced.,
due to the rigid mass. It was known from previous
tests that the flexibility of the battery hcusing-and
the flexibly mounted battery poles and lead plates
reduce the shock loading considerably. .
Acceleration levels on the bottom were 2 - 4
higher than the levels on top of the battery.

: ., For the first series the PU adhesive Bolidt
- LP2578 and for the second series Bolldt LP2711
had been applned

' Figure 20: Masses welded to hook on shock

" testing machine

The PU Bolidtec was preferred. because it
has the best mechanical and chemical properties
for the bonding layer. but it has two disadvantages
as far as bonding process concerns:
A) the very short potilife {about 15 sec):
B) it requires special equipment for injection

(at that time not available).

The shert potlife makes it sensitive for defects

in the bonding- layer. due to the:small thnckness 5 -
10 mm).

When the potlife can be extended without
loss of properties, it will be the most suntable PU
for this appiication.'

For the first shock test series 3 plates with

. 2 hook constructions. suitable for 2 batteries and a

plate with one hook construction for one battery,
were bonded to a simulated deck structure.

. Different PU layer thicknesses (3 - 6 - 9 mm) were

used. The thinnest layer at the most flexible
{centre) part of the deck siructutre. The 6 and 9
mm layers were on locatioris with about equal

stiffnesses (figure 21).

As expected the centre hook bonded joint
failed first, due to'the high deck flexibility and

* the rather low strain (about 60") of the Bolidt

PU LP2578. But it met the minimum shock
requirement. The bonded joint of the other two
double hook constructions failed at the maximum
required shock level.
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Figure 21: Top view on simulated ship’
structure

All three bonded joints failed in the primer
layer and not in the PU. due to the brittleness of
the primer and the limit2d capability of this PU
to flatten the stresses in the bonded joint.

R L T TN N A L LR SRR Vemaa

The single mounted original battery, on a stiff
location of the deck, remained in position and the
"bonded joint met above hull lethal shock levels.

Four dummy batteries were severely
damaged. During the last shock test, the hook
plate punched out the bottom of the battery
housing (figure 22}. Comparing this result with the
shock test result of the original battery {also the
original battery of figure 8} it will be clear that the
four dummy batteries and the bonded joint were
overtested. The hook construction showed ne
damage.

- Although the first shock test series
demonstrated that the PU Bolidt LP2578 adhesive
met the requirements, three out of four, joints
failed. The second series with the far more flexible
PU Bolidt LP2711 was very convincing. The shock
:evzlls were far above the expected hull lethal
evels. . ‘

The centre hook construction on the
simulated deck structure deformed {benced) about
12 ma over a distance of 900 mm, the bonded
joint was not affected by this deformation. The
gg?k construction was deformed as well (figure

No peeloff effect could be determined, even
with an asymmetric loading of the hook
construction at the most severe shock
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Figure 22: Crashed bottom of battery housing after shock test
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" surface coat

Figure 23: Detail of deformed deck hook

The average tensile stress in the bonded jolnt
was about 609 of the “dynamic” ultimate {ensile
stress denved from the shock tests with emall
masses. Comparison of the shock test results and
tmk requuanmts indicates a safety factor far-
a

Shock testing wnll proceed with the 500 kgs
masses to determine the ultimate strength of the
Bolidt LP2711 PU.

Evaluation and conclusions

quxforitsaddr&stancc‘hePUBolidt
LP2711 meets all requirements and is fully
acceptable when covered with a flexible protecting
layer like the PU Bolidtec or equal. In principle this
‘slﬁa'n will be applied on board of the submarine.

battery compartment bulkheads and tondeck
will be covered with (2 mm) PU Bolidt 78,
which. replaces at the same time the 2x3 mm
rubber layer at the bulkheads.

The manufacturing process will be carefully

controlled. Bond stz ength tests for the primer and o

the first thin PU-coating layer will be carried out .
on each hook The bonded joint, metal-PU-metal, .
will be checked on bonding by means of echo-

acoustic. This method also will beappliedtocheck _

a possible decrease in bonding during the lifetime
o( the ship. A development programme is planned

) nnvesﬂgate the possibility to apply echo-acoustic

for determination of the bonding-strength.

Fromthccostpolntohdewithasbeen _
calculated that a bonded joint between hook and
Lattery wiil be 40-60% cheaper than a bolted
hook, under the condition that it is incorporated
in the manufacturing process of the bartery. The
bonded joint between compartment deck and hook
eor\strm:ﬂornmok can be 254095 cheapet than a bolted

: The “battery-hook” is re-usabie, it can easily
be cut off and cleaned. The counterhook to the
deck is difficult to remove, only by electric heating
or such. However, the expectations and the

experiences in other applicatons are such, that the

PU will have sufficient strength during the whole
- ship's life-time. Besides that a very large safety

factor has been built in and i deterioration takes -

place, then it will most probably start at the

e TS PR PN SR IIRL IR IV S Vi P Came

between two hooks and the PU
there can be repaired.
The hook bonded to the battery bottom,

compared to the bolted haok, has the following
advantages:

j A Anlncreaseinﬁnbattaympadtyof

1 - 15% for the same battery height.

B) The shock resistance is at least two times
better, at less cost (more severe testing was
%poaiblcdnbhﬁurcofﬂn:baﬁay

- C) The PU layer (Imm) around the bottom

part of the batiery gives an extra protection
agalmtheuﬂmdmacxm
possible mechanical impact. =~ ,
The bonded joint of the hook construction

to the compartment deck has the advantage of:

A) A high electrical insulation value of the
hook from the deck (the deck has a
puni:huevoltagcvalueof about 20 kV/
mm :

B} Ashockradstame.whichkmpuiorto
the existing bolted hook.

'C) A good protection of the ship’ structure

against water and acid (the chemical
1 stability of the PU assures a long lifetime
and can easily be repaired).

D) m?accundunathﬂnbattayanbe
stongctanhotsud).mstead
of seatings for the bolted hooks.

mmwﬂhd\hR&megmmmc
enabled the Netherlands Nawy to solve other
problems. E.g the GRP fairing of the bow-thruster
of a new GRP minehunter, delaminated from the
hull during the shock trials and also due to
slamming. It was not possible to add boits or other

Figure 24: Fal of bow-thruster bonded to
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fasteners to make a mechanical joint, because the
fairing was too thin. Figure 24 shows how this
problem has been solved.

The shape of the fairing has a built-in start -
_ for delamination. The flexible layer (5 mm) of PU
prevents this.

A ship’ shock trial is planned to prove the
shock resistance of this solution.

- Another example is the porcelain toilet.

Previous shock tests and ship shock trials showed

fractures at very low shock levels (about 25 g).
Bonded with a 10 mm PU LP2711 layer to a steel
plate, which can be bolted to a deck or bulkhead,
shock tests showed an improvement of about a
factor 4. High enough to meet the most severe
shock levels for tweendecks and superstructures of
surface ships.

Shock testing with a toilet on a 50 mm
PU layer (figure 25) showed an improvement of
about a factor 6. -

The savings compared to the stainless steel
lavatories, in use at this moment, are about
DA. 1.500.- (US dollar 550.) per item.

-

.
.
-
.
-
-
.
-

Figure 25: Porcelain toilet bonded with
50 mm PU to steel plate

Under study at this moment are a joint
between bulkheads (sandwich) and deck structures
and the r;placem;?t of :d bolted water- tlgl‘at habg:h
cover, with a complex and expensive sealing, by a
PU bonded joint. .

Continued research will be necessaryto .
improve the quality and properties of bonded joints
and to investigate profitatle application
possibilities. Still it can be concluded that once
the use of adhesives in naval ship design has been
accepted it can be a powerful and costeffectlve
tool for specific areas.
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DISCUSSION

Mr. Hermsn (Naval Sea Systeas Command): In
looking at your shock test machine set-up, it
looked 1like the bdlow was primarily in the
wvertical directiou. Did you ever load these
glued on, or epoxied on, hooks in the horizontal
direction to get a shear load on them?

Mr. Jansen: It is not necessary because we have

the compartaent buikheads in the transverse and
the axial directions. There are still gaps
between the betteries. We have certain gaps to
rsmove the batteries from the hooks which are
filled by wooden pieces or something like

that. So in the transverse direction you don’t
weed the hook cons‘ruction.




SHIPROARD SHOCK RESPONSE GF THE MODEL STRUCfURE DSM;

EXPERIMENTAL RESULTS VERSUS RESPONSES PREDICTED RY EIGHT PARTICIPANTS

R. Regoord, TNO-IWECO

Delft, the Netherlands

A simple structure has been shock tested. Both the fnput and the three
‘dimensional response have been measured. Usin: only the input, the
response was predicted as well by eight supplicvs. shipyards, etc. The
results of this participation which were obtainel with different
aethods and computer programmes, are described in t™is paper. They
throw some light on the state of the art. This may be useful for the
renewal of shock design specifications of naval equipment which must
resist the effect of noncontact underwater explosions.

INTRODUCTION

" The Netherlands naval shipbuilding specifica-
.tions for shiphoard equipment require a certain
resistance against the -effect of noncontact
.underwvater explosions. Raphasis in these speci-
fications 1is lasid on passing a shock test. As
soon as possible and prior to this test the
‘supplier of the equipment is obliged in moat
cases to examine this resistance by, performing
calculations which must be made available to
the purchasing suthority. Even if this .analysis
is approved the supplier can be held respon-
sidble later on for possible damage during the
test. Ia those cases where for practical

" Teasons no shock test is held, shock calcula-
tions only should prove the shock resistance.

. The supplier up till now is free in choosing
his favourite analysis wethod out of the two or
three sethods sentioned in .these spﬂclficltiono
for shipbonrd equipment:

(A) Static g—methnd. ' ’
The distributed mass of tha equipment is -
multiplied with a specified accaleration in
a. specified direction. The resulting load
distridution shouid be exaained statically.
This msthod is chosen in over 90% of all
cases.

(!) Dynswmic analysis in the time domain.
. ‘The shock is specified as a prescribed
shock motion of the foundation points. The

_equations of mution sre solve’ numerically -

step by step in the time domain. To finclude
the effect of various types of strorgly
non-linear shock reducing mountings, the
programme SROCK3D is available (7], which-
"is combined with the general purpose !lnitc
element pro;rl-o ASKA. :

~done on a very simple structure

(C) Spectral response analysis.
Recent specifications also present lhock
response spectrs as an ‘nput for a spectral
{or modsl) response analysis. Such a method
is mentioned in the relevant NATO standar-
dization agreement. It is.essentially the
same method as widely applied by the US
Navy under the name DNDAM. Some theoretical
background i{s preaented in Appendix 2.

In the future Netherlands shock specifications

will be reconsidered in order to reflect the

capabilities of the more accurate and powerful

methods now available. Such a revision shoulld

‘be prepared carefully because it w-y have great
11

impact on cost and delivery schedules of equip-
ment. Undoubtedly the simple static g~method
will be maintained for most of the¢ equipsent.
The difficulty ie to describe in yhat cases a
more accurate but more expensive gnalysis of
equipment seens to be of so much interest that
such sn analysis is mandatory. ’
As a preparation to this revision pieces of
equipaent have to be both shock-tested and to
be analysed by methods of varying | complexity in
order to gain the necessary insight and
experience. The first of these exercises was
de up from
bcann and rigid masses, vhich looks a bit .like
" ship's davit. Becanse s¢ far it has been
solidly nounted on top of the shotk testing
‘machine, the structure is named DSM (see .
Fig. 1). Once having coapared (see (1)) the
experimental results and the predictions as
obtained dy TNO with the afore tioned
methods, the question srose if suppliers of
naval equipment are also able to perform such
calculations. To get informed about the state
of the art the NDepartment of Ships of the

"ReMl.N. invited s susber of suppliers, ship-

PREVIOUS PAGE
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yards and universities to carry out shock
response calculations of whatever kind for this
same test structure DSM with the same shock
input as measured on top of the shock table.
The paper summarises the contributions of the
participants as reported in [3].

TRE MODEL STRUCTURE DSM

The prise interest being the comparison of
results from various analysis methods and not
the merits of a very large finite element
sodel, the test structure should be a rather
simple one in order to avoid large modelling
efforts. It should respond in a multidirec~
tional way to a unidirectional excitation as
most structures tend to do.

Fig. 1 shows the steel structure which consist
of two identical welded frames (IPE 120) ‘
erected in parallel vertical planes and inter-
connected by means of bolts to a long and to a
short horizontal beam. Mass plates can be
attached to the frames and to the long beam at
various places by means of threaded rods. The
plates cause large local inertia forces. By
changing their location the dynamic charac-
Leristics of the structure can be varied.

Two different configurations have been
investigated. In addition to the one shown in
Pigures 1 and 3 during shock test no. L 1543, a
second configuration has beaen tested during
shock L 1540, In the latter case the mass pla-
tes vere attached to the vertical ends of the
frame as is shown schematically in Pigure 2.
Por both configurations there is .a plane of
sysmsetry. The total msss is the same and
amounts to about 100 kg. The largest dimension
is 1,195 m. . )

‘The way in which the frames are mounted on the
shock table {s shown in Figures 4 and 6.

rig. 1 DSM on top of the shock table during .
test L 13543,

. S y.u

Fig. 2 L 1540-configuration

e

it

Pig. 3 L 1543-configuration

Fig. & Attacheeat of the frame

THE SHOCKS APPLIZD

DSM has been mounted on the light wefght shock
testing machine as designed by TNO and in-
stalled since 1972 for normal acceptance tests
of shipboard equipment. It can be adjusted to
sinulate shock motions of the ship’s bottom,
the decks and the superstructure. Some figures
{llustrating the maximum damaging potential for
a test nass of 100 kg are: maximum acceleration
6000 no/s”, saxtnum velocity 11 m/s, time to
max. velocity 3 ms, displacement at max. velo-
city 30 sm. Pull particulars are in s report
[5] presentiag the calihration as required by
the relevant Nato Standardisation Agreement,




After preliminary calculations, DSM appeared to
be a rather wesk structure. Therefore, to avold
plastic deformation, & mild shock vas simu- '
lated. One that could occur in the super-
structure during a fairly mild attack.

The motion of the chock table is not neces-
sarily s pure vertical traaslation. Small rota-
tions of the table and small translations in a
horizontal plane may occur. These motions may
be Induced when the center of gravity of the
equipment to be tested 1is eccentric and/or when
the dynamic reaction forces have horizontal
components. Normally these small motions are of
no interest whatsoever but for these par-
ticular tests they were measured us well, to
obtain complete fnput data. Locations of 8
accelerometers Al-A3S on the shock table are
shown in Figures 5 and 6. In the horizontal x-~-
directtion (see Fig. 5) the acceleration signals
appeared to be very small. They therefore were

§AR

neglected. Por both the configurations during
shocks L 1540 and L 1543 the signals 5 and 6
were at a guess of some importance (see Fig.
7). The vertical sccelerstion signals are
slmost identical in pairs: signals 2 and 4 and
signals 1 and 3 (see Fig. 8).

Apparently the yz-plane is a plane of syametry
for the excitation and NDSM csuses the table to
rotate a little around an axis parallcl to the
x-axis. There was no rotation during a thicd
shock test L 1544 with an eapty table as shown
in Fig. 6. For all three tests the adjustsent
of the machine was precisely the sase. Shock
motions of the table, however, were vather dif-
ferent as can be seen from the {ntegrated acce-
leration signals 2 (see Fig. 9). Consequently
shock response spectra .(see Pig. 10) as derived
from these signals also differ considerably.
Appendix 1 presents some comments on these
feed-back effects.
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Fig. 7 Acceleration in y-direction of the shock table during test L 1540

INVITATION FOR PARTICIPATION

Once the predicted response had been compared

[1] with the measured response it was decided

to invite other parties o also predict the

shock response of DSM. They were not informed

in advance on the meagsured response or the pre-

dictions of TNO. ‘

The information as distributed comprised f{.a.:

(1) Detailed drawings of the model structure
NSM. ’

(2) Description of transducer locations

' (Fig. 5). ) ' '

. {(3)'For both configurations of NSM the shack
input information in three different ways:
(3.1) Por a dynamic analysis in the time

domain the signals 1 and 2 as
" prescribed mctions of the two support
 points in the vertical direction.
Moreover the signal 5 as the
prescribed motion of doth support
points in the horizontal y-direction.
The sampling frequency {s 1010 He.
(3.2) For a quasi~-static analysis the
following shock design numbers in the
\ vertical direction.

KR R N i e B NN R B i i WA L AR LI N L

Shock . AcceleEatlon Deceler,tibn
(a/s7] (a/s”]

11540 7

L 1543 | 44 . T 56

These are maxims from signal 2 sfter
having been multfplied by a factor of

. 0,82, vhich 1s a rather arbitrary
.value vhich stems from s more or less
established proredure of interpreting
shock signals by the R.N1.N. (and
also other. Navies). Instead of taking
the maxi{mum acceleration which cannot
be representative because it lasts
caly for an infinitesimal short time,"
some sort of average value {3 taken.
Prescribing specific shock design
nunbers as given above seems to be a
better starting point, instead of
letting every participant free in
interpreting the acceleration
signals. The weight: of the structure
wvas not to he raken into account
additionally.




(3.3) Por a spectral response analysis 44
saximax, undamped, shock spectral
values (pseudo velocities) as derived
from signal 2 were given for frequen-
cies between 10 and 195 Hz (see Pig.
10).

(4) Some suggestions [6]:
(4.1) Perticipsnts ware recommended to ana-
. lyse oaly that part of DSM for which
x~coordinates sre positive, if they
agreed with the almost syametry of
the ‘structure and the excitation.

(4.2) They were recomseanded to neglect
damping.

(4.3) They were told that in case of a
spectral response analysis the most
interesting mode summation procedures

were
ROOTSUM = }ffj and

' 2 _ 2
FLRSUM = £;snax * }fij £ jmax

Signal 2

Signal &

~40
0
o 1
. Signal 1
0 .m g
© .
0
- Signal 3
.m K

80 120 10 200 240 280 320
. e Time [ms]

‘rig. 8 Aceoicntio_n in :-ditcct!an of the
shock table during test L 1540

. .0
C a® ave.w ¢‘ PR TS LR ! FRERN "4-“; A W WL e N % % e 2% 57 WV T,

in which fy4 are the elements of a
response matrix containing as colusns
the contributions of the various
msudes to strains, accelerations, etc.
f14max 18 the largest e¢lement in the
i{-th row of the response matrix.

(4.4) Participants were told thet the
experimental results available for
comparison are the strain signals
14-21, the acceleration signals 0, 9,
10 and 11 and their derived velocity
and displacement signals.

{4,5) They were left completely free in
choosing their own methods and their
favourite computer programae(s).

(5) Some forms to be filled in by participants
concerning the progranme used, the finite
.element model, number of degrees of _
freedom, etc. as well as the predicted
first peak and second peak of a signal.
‘Natural frequencies of vibration wmodes of
DSM were slso asked for, b ,they can
be considered important interim results.

'
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Fig. 10 Shock spectra of signal 2 — === SHOCK L 1540
. L SHOCK L 1544
sesenanes == SHOCK L 1543
‘ Shipyavds Suppliers Research
' Table 1 Nu-ber of invitations 5 22 "9
Survey of replies Hrittenv'replie. 2 ' 6 3
! of which were positive l 2 3 2
\ THE RESPONSE OF THOSE INVITED TO PARTICIPATE
Invitations have been sent to 36 'add.reues, A P. Lamsens
almost all of thém in the Netherlands. They can CRIF, Heverlee, Belgium
be grouped into three categories: '’ B J+. Thomas ,
a) The main shipyards which are buudlng naval BV Kon. Mij. "De Schelde”, Vi{ssingen
" ships. ) c Re. van Tijn, U. v.d. Wal
. b) .Suppliers of all types of equipnent. Nearly : Hollandse Signaalapparaten RV, Hengelo
\ \/ all of the larger firms were included. How= 0 A«A.M. Ranke
_ever also some smaller firms have been in- Thilips ~ ISA TIS/CARD, Eindhoven
4

vited which have hardly any knovlgdge about -

dynaxic analysis sethods.

‘c) Thres technical universities, some research

: ln-titutec and engineering bureaus.

The tonl number op participants appecred to be

- : 8. They are mentioned in Table 2, together with ’

- letters A to I, denoting the .olutions. The
original prediction by TNO-IWECO, as reported
in [1], is included for cowparison under the
letter R.

Regrettably there were only a few repltn wen -

tioning the reason for not participating. In
wost cases there seemed to de no sufficient

knowledge of dynamic analysis methods and in
some cases it vas caused by s lack of time,

dayvay there was a ten sonth period for pre-
paring nlutlonh. '

a ' R
, .
)
)
. > t ' !
. AL A J YA N, %yt \ ‘e P ¥ LI Y I 0‘.';‘-'-’&'a*-“‘o"o’-‘o'f’o'o'o'-
'3.0.'- o st e .p“’)'l‘»,'.“ A ...J c‘. c".n--f.\.o'."\-,-.-.'.'."-'-1’ ‘-‘ e et ATt T T et ettt e e e e ey
———— N - N X i L . \
' o . . , x v . .
B .- - J ) . e - - ! ~

P.A.H. Bracké, A.J. Kempes.

Holec Sait, Slikkerveer .

P . Y.A.M. Brekelmans, P.P.T. zuyenc .
Eindhoven Uaiv., Dept. of Mech. Eng.

6 Je van Geldre, J.L. v. Kuyvenhoven

Rietschoten en Rouwens, Rotterdn .
‘R T.H. Korse. R. Regoord

TNO-IHPCD !
1 P. Pruissers, D. snperm

Neth. United Shipb. Bureaus, The Hague

Table 2 Liat of participants




'THE APPLIED METHODS AND MODELS

Reccamendations regarding the symmetry, sbsence
of damping and shock input were accepted by all
the participants. Table 3 shows the smethods.
Fortunately all those (A, C, D, E) who znalysed
only a single configuration have chosen shock
L 1543,

Participant G ¢alculated by simple formulae the
deformations and strains. All other solutions
were obtained with Hnlu element programmes as
listed in Table 4.

‘All participants, except B, used besa elements,

deforaing under the action of normsl forces, of
bending, of St. Venant torsioa sand sostly also

. of shear effects in bending. This shear stiff-

ness vas neglected dy Z and H. Participant D,
having solved the problem twice with end
without shear sciffness, teports the influence
of shear deformation to be negligible.
Participant % used plate elements which cen
take membrane forces, bendinz snd shear. Conse~
quently the total nuaber of degrees of freedom '
(d.o.f.), the unknowns, is about 10 times
larger than for the more sisple beas models.
Examples of models are showa f{a Figures ll and
12. . .

At the points of attachaeat to the shock tadle,
the assused boundary cooditions are somewvhat
different. Suppressed and/or prescrided degrees
of freedom are listed in Table 4. 1, 2 and 3
denote the translations in he x-, y~ and
z-directions; 4, 5 and 6 the rotations srcund
these axes. The differences only concern the
rotations, which were left free Dy sost
participants. In model B rotstions are locslly
suppressed at a single nodal potnt of the cross
section, coinciding with the coansecting holt.

-So 1{a this model the whole croes section of the

frame need not necessarily bde prevented from
totating. Contemplating the actusl atZachment
(Tig. '4), one might conclude that the plate

sodel offers better opportunities to simulate

the houndery conditions than the models msde up :

from beem elements do. ,
Por each of the respective mt'ribut'lm the
following decails md pecularities seem worth
nntlonin..

A The shortest horizoatal hees simply «as not
wodelled bdecause its presence was sssumed
to have no effect at all om the respomse.
8y static condensation the system vas
teduced to 3 ¢.0.f. Por the spectral

_ response analysis vidration eodes 1-9 were
consfdered.

8 This wodel, deing much more detailed than
the others offers the opportunity fer eore
correct modelling zertsin parts of the
structure, for ifnstance, the connection of
the frame to the long bees. Sve Pig. 13.
Points e end £ (1 = 1,...,4) vere forced
to have the same displacementes end rota~
tions. A eimilar techaique wee applied for
the attachment of the small mese pletes. -

No static condensation was applied. Fec the
dynamic response {n the time domainr a
3-point integration scheme was used uith s
time step of 0.99009 ms. Though all 1325
vibration wodes were determined, only the
respoase of the modes 1-25 were superim—
posed in the time domain.

’

T Mo static condensstion was appliea. Por the

spectral respoase analysis vibration nodes
1-8 were used.

D That part of the long beam which is claaped
to the frame was given a much larger stiff-
ness by specifying a separate beam element
over thst length.

No .static condensation was applied. For the
spectral response analysis vidration modes
1~9 were used. ’

B Nefther static nor dynamic condensation vas
applied.

7 No static condensation was applied.
Vibration sodes were only determined to
compare natursl fregquencies with those of
other participants. The response of the
separate wodes was not determined decause
of problems with the wode superposition
part of the computer programme. So the
coupled squations were solved by mesans of
the Houbolt integration procedure. The time
otep sl ms.

R Static condensation wes spplied, resulting
fn A8 d.0.f. for the spectral respoanse ana-~
lysis and 18 d.o0.f. for the dynamic
response analysis in the tise domain, Por
the spectral respunse acalysis sodes 1-R

. wate comdined. Por the analysis in the tine
domat.: 8 Runge Ruttas integration procedure
wes used vith a tiwe step of 0,2 ms. More
details are nporto‘ ta {1].

I Thet part of deam No. 2 which wae clamped
to the frase wae given an infinite stiff-
ness by specifying a separate besm element.
(RSAR) over that length. Neither static nor
dynemic condensation was agplied. Tor the
dynanic response in the tise domain a
3-point fntegration schewe wvas used with a
tise step'of 0,99009 ms.

NATURAL FREQUENCIES AND VIBRATION moDES - )

7ixzed base naturel fnquondn of DSM as they '

* ware eslculated for the eymmetric wodee sre.

collected i Tadles 5 ani 4. Apparently fre-

quencties for sll dess models for modes 1-5 are
rather close. Differences may have been caused
by the various boundary conditfons, the intro-

ductton of some stiff elewents, a 3lightly dif- '

fecent mses dietridution, etc. Vidration modes
are more difficult to compere decauss only a
1t{etited amount of (nformation was made
avallable. As an .example for the L 1543 con-
figuration Pigures 14 to 17 show the lower

sedes as calculated dy T™O {l]. The modes from.
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Shock L 1540 Shock L 1543
spectral ,
Partici~ spectral dy- dy-
pant | sta-| ABS-| ROOT- | NRL- | na~| sta- ABS- | RNOT-] NRL~ | na-
tic | SUM SUM suM | mic | tic SuM | sum SUM mic
A x
B X XiXx ! X
N X X X b 4
D X h 4 b 4
E X X
F ' X b
G X X
(] X X X X X I X X X X X
i p X |x ' X
Table 3 Used mathods
o Suppressed Number of d.o.f.
Participanty|  Pro- Model Element | and pre- before static or
' gramme | compo- | type scribed d.o.f.] dynamic conden-
sition at support sation
' points
A SUPERB | beams | BEAM 1,23 201
8 NASTRAN pﬂtup QUAD4 1, 2, 3 1325
. QuADS | 4, 5,6
c aNSYS| | beams | sTiFFa | 1, 2, 3 )
D ASKA beam's gecoc | 1,2, 3 180
BECOCX
E NASTRAN beams BAR‘ . ,2,3 84
S, 6 '
F ‘MARC beams 1,2 3 .
H ASKA besms | BECOS 1,2 13 127
‘Q
SHOCK 30
i INASTRA beams | BAR 1,213 192
i RBAR '
- Tablé & Model description
30




Plafe model B
1325dof.

 Fig. 11 TFinite element model of participent B

Beam model E

19 4

662

Pig. 12 Pinite elesent model of participant P

s

Fig. 13 Detall of model B

A NI




- Vibration mode no. Vibration -od? noe _ .
1 2 3 4 5 6 7 ) 1 2 3 . 4 5 6 7
B |15,7 28,2 38,0 121,46 130,1 195 264 A 14,1 20,8 22,0 37,9 90,7 125 132
rji15,9 20,6 27,8 38,4 62,4 97 122 B 15,5 22,8 37,4 77,2 105,5 145 166
#}15,8 20,6 27,7 38,4 59,0 118 157 c|14,3 21,5 22,8 38,2 ¢ § 118 128
I115,6 22,5 27,3 41,4 72,9 120 167 p{15,3 21,8 23,0 40,3 87,2 96 135
E{15,0 24,2 28,8 39,3 83,1 116 137
. ?|14,3 21,6 22,8 37,8 8,2 97 117

Table 5 Natural frequencies (Hz) for the H|14,3 21,5 22,9 27,6 83,4 116 128 R

L1940 continmertaa) 1[14,7 21,4 23,0 39,6 93,0 125 135 ' i

' TR  T W0 66 &3 1 i S5

TT{15,6 21,8 39,8 83,2 * 97,6 127 168| -

i

Table 6 Fatural fnquenciu (l!:) for the L 1543 - @

conflguratlon : B

ol
S e

. _ : - e
Fig. 14 Vidration mode 1, 14,3 Hs, ' Tig. 13 Vibration mode 2, 21,5 Re,
Shock L 1543 - Shock L 1543
' A
P
AR

v,
s

7ig. 16 Vibration wode 3, 2,9 ue, ' _ wig. 17 Vibration wode 4, 37, J H:. B
. Shock L 1543 _ , Shock L m:

2 N
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Fig. 19 Predictions of strains (pesk no. 2) in
percentages of the measured values for

shock L 1540 shock L 1543 .
Participants
Measurements A c D B r ¢ R 1

Stgnal ' . 0 x ‘b o o a v 3

Max. rel. {am) . }

"..zlo . . .

‘ ’ 6,4 54,7 45,3 |%6,2 |%6,3]
12 2,4 66,7 54,2 66,7 |66,7

Max. abs. (wm] :

‘1.2!. )
() 0,8 6,2 0,0 [10,0 | 8,7
oy |2, 3,2 ' 2000 | 0,8 | 1,2

Tible 7 Static analysis. Predictions ia nrconngn of

nunud ulun. shock L 1540,
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T

Participants
e Measurements c ] 4 ]
Signal x > o v
. .
Max. rel. {am)
displ.
4 -9 7,6 84,2 80,3 85,5
11) 2,0 85,0 80,0 85,0
Max. abs. [mm)
disci. !
S28%3. .
.0 2,0 58,0 60,0 55,0
(10) 1,3 2,3 30,8 2,3
Table 8 Static enalysis. Predictions in percentages
of -uound values. Shock L 1543,
Participants
' Measurements ' [ D | 3 ]
Signal x > o v
Ace. [l/‘zl
1 13
0 peak 2 -32
3 &0 47,5] 97,5 72,5
&4
9 pesk -78 83,3 ! 92,3 82,1
. 1 a3
. 10 peak 2 r )
'3 -31 109,7 | 112,9 112,9
. B | i8
11 pesk 2 ~64 35,9 | %47 43,8
Max. rel. fom]
displ. ) .
9 7,6 102,86 { 101,3 102,6
1 2,0 100,0 | 115,0 95,0
Max. abs. {om])
diepl. .
: 0 2,0 80,0 67,0 85,0
10 1,) 138,95 | 116,9 123,1

. . Table 9 Spectral nulyull. Predictione in porcnnugn
of -“uud valuen., Shock L H‘)
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Participants
Messurements A | B c D e ? G " I
Signel ® =] x > ° .} a v .
-2
Ace. l.’. ]
. 1 2 100,0 100,0 150,0 | 50,0
0 peak 2 -5 120,0 100,0 160,0 | 80,0
3 s 87,5 75,0 87,5 | 37,5
1 6 100,0 : 9,4 128,6 | 94,6
9 pesk 2 =120 9,0 80,0 86,7 | 73,3
1 -2 125,0 107,1 107,1 {100,0|
10 pesk 2 62 : 109,7 | 79,0 88,7 | 75,8
3 - 68 151, 101,S 132,3 | 98,5
1 3% 113,9 263,9 105,6 |102,8
11 pesk 2 - 60 103,3 "286,7 78,3 | 68,3
Yel. . . (m/s}
1 -0,05 40,0. 60,0 | 20
0 peak 2 0,06 ‘ 50,0 ‘1 50,0 | 33,3
1 0,76 93,4 | : 92,1 | 90,8
Speak 2 | 0,87 77,0 19,3 | 73,6 .
1 -0,12 | 100,0 91,7 | 9,7
10 peak 3 0,3t "1 116,1 103,2 [106,4 '
, 1 0,49 102,0 - , ' 102,0 |108,1 2
‘|11 peak 3 0,42 83,7 ; 81,0 | 78,6 K St
Max. rel. {wa)
displ. _ :
’ 1 6,4 8,2 8,4 ,79,:1
12 2,4 - ] 100,0 100,0 | 95,
Max. abs. {um)}
‘1.!‘. ) -
0) 0,8 12,8 25,0 | 25,0
Q0) . 2,3 - | 100,0 96,0 |104,0

‘hb,h 10 Dynaaice nulyoh‘ 1a the time domain. Predictions fn
percentages of msssured values. Shock L 1540 &

s




Participants
Measuremants _ A B c ] | 1 4 G H 1
siml . . L] =] b 3 .o ° [ A v L
Ace. . Elllzl i
1 13 92,3 96,1 84,6 92,3| 76,9
G peak 2 1 -2 100,0 101,2) 87,5 - 13,8 84
3 40 87,5 e 104,2| 35,0 60,0 | 42,5
1 “ R 98,2| 93,2 9s,5| 97,7
9 pesk -8 9,9 102 73,2 76,91 76,9
1 -13 69,2 ] _ ‘ 53,9 | 61,5 46,2
10 peak 2 28 96,4 75,0 82,1 82,1
3 -3 A 135,5 93,6 | 96,81 96,8
1 48 ‘ 87,5 . - | 91,7 225,0 9,7| 9,7
| 11 peak 2 - 64 ' 107,8 71,7 211,0 87,5 78,1
Vel. (n/s) "
1 | o,07 100,0 42,8 128,6 | 114,3
0 peak 2 | 0,24 70,8 62,5 79,21 66,7
1 0,66 100,0 104,6 97,0 97,0
9 pesk -0,75 96,0 - 100,0 8,3 88,v
1 | -0,00 55,6 166,7 55,6 55,6
10 pesk 2 0,19 | 105,3 168,4 89,5 | 94,7
: 1 0,50 104,0 100,0 : 102,0 | 102,0
11 pesk 3 -0,32 | - 100,0 62,5 . 18,1 Nn,9
Max. rel. [-’]
diepl. ' -
9 7.6 94,7 109,2 89,51 89,3
(11) 2,0 110,0 90,0 80,0{ 95,0
Max. abs. . l-}
‘1.210 ' . : .
0 2,0 . 60,0 110,01, ’ 90,0 85,0
(10) 1,3 146,1 . 223,1 138,5 | 146,1

. ' _\ -“‘--
- ' . )

Table 11 Dynamic snslysis in the time domain. Predictions Sia -
in percentages of messured valuss. Shock I 1543 AT A
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umu_! 14 for ahock U 1540

600

Lo
pm/m "
200+

Predicted
Measured

=200

. 200

=200}

-400 -

-‘00‘ VR VN VOO VOO WO DL (S DU TN W |
80 120 160 200 240 280 320

et Time {ms]

!ig; 21 Predicted varsus messured strain
_signal 14 for shock L 1343 -




+200
pm/m 0
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—— predicted by B
- «200
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—— predicted by H
+200
0 |
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. — . predicted by I

i L1 1 1 i 1 i Il 3 1 ]
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s Time {ms]

rig. 22 Predicted nnh nudnd_ strain
signal 20 for shock L 1543

participants A, T and 1 look very similar.

The plate model from participant B, however, '
does not possess a vidbration mode comparahle to
the secound mode of the beam models for the

L 1540 configuration and the third mode of the
bean models for the L 1543 configuration. In -
these beam models the deformation by torsion s
very lacge. Appendix 3 shows that In fact the
torsional stiffness of the beam models is much
too low because the rigidity agsinst warping

* has been wrongfully np(lcct«l.

58

10~
{m/s]

oy Predizted
05" Measured
0
=05
-1'°|- 1 Il 1 i L 1 1 L [ | 1 1
80 120 160 200 2,0 280 320

———p Time (ms}

Fig. 23 Predicted wversus msasured nloéity

signal 9 for shock L 1543

THE ACTUAL SHOCK RESPONSE .

Peak values of the signsls as predicted in the
various entries have been compiled partly in
figures and partly in tables.

Strains, vhich are considered to be the most
{mportsat response quantities, have been

. collected in Pigures 18 and 19 for shocks

L 1540 end L 1543 vesp. Predictions are
expressed ss percentages of the messured peak
values. The second peak of the measured strains
alvays sppeared to be lsrger ‘than the first
pesk and for that resson Pigyres 18 and 19 are
related to the second peak. In these Figyres
signal nusbers are shown horizontally. Symbols
indicats the various participasts. Lines con-
neciing equal symbols are merely for sase of
resding. .
Predicted peak values of motions, {.e. acce~
lerations, velocities and (relstive) displace~
ments, show more sptead and they asre presented
here oaly in Tables 7~11. They contain the pre=-
diction as obtained by the static method, the
spectral analysis end the dynamic analysis in .
the time domain.

Some examples of predicted time hisiories, to-
gether with the actusl recordings, sre shown ia

'Figuires 20 to 24.
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T : —— measurad
-0,5 [- —— predicted by B

<05 e Measured
L — predicted by H

measured
predicted by I

L L1 P 1 1 1 H 1 | 1 L
80 120 160 200 240 280 320
" e Time [ms]) -

rig. 24 Predicted veraus measured velocity
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DISCUSSION OF THE RESULTS

Accuracy of static anslysis

At first sight it is rather striking that par-
ticipant G, using only .the simple formulae
instead of s finite element model, has obtained
the best strain predictions. However, in
checking G's calculations, it was found that
the results for signals 14-19 are related to
the outer fibres of the heam;, 32 ma from the
neutral axis, whereas the strain gauges are 25
am from the neutral axis. Becsuse bending is
the doainant deforeation G's results should '
still be multiplied by a factor of approx. 0,8.
This correction howaver, wvhich would lead to
approximately the ssme strain levels as found
for all other beam models, was not carriced
through. If so, all other solutions should have

to bde scrutinized ss well which was neither the .

intention nor practical. It is now to bhe noted .
that all the beam models have led to strains
which mutually differ only a few per cent.
Rowever, the predictions are much too low. They
acre about 50X of the measured values for shoek
L 1540 pd 72 lor shoek L 1563.
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As far as the strains in the frame are con-
cerned, plate model B shows somevhat better
results than the beam models.

1t is worth noting that for shock L 1543 the
prediction percentages of the strain signals
16-12, which are all in the same cross-sectfon,
show a typical zigzag line (see Pig. 19). This
persistent deviation occurs for all bean models
hut not for the plate model. The same holds. for
the results of the spectral response analysis
and the analysis in the time domain. Appendix 3
throws light upon this phenoaenon.

The predicted displacements are slso too low.
The horizontal ones in particular hava teen
poorly predicted.

Accuracy of spectral response -nnlznvin

From the cntries received it is concluded that
the NRLSIM procedure givee results mostly far
in excess of the measured values. Strains ly
between 100 and 140% of the measured ones. The
ROOTSUM procedure produces better results for
this test structure snd therefore the following
is related to the ROOTSUM values.

When we look at the calculated strains, for the
L 1543 configuration, three of the four solu-

tions, viz. A, C and H are very close with dif-

ferences of only a few per cent. For these
solutions the average prediction of strain is
about 90X of the measured response, with per—
centages varying between 75X and 100X.

The fourth solution from participant D shows
the best results with an average percentage of
98% and values ranging from about 85X tot 110%.
Though both contributions D and H were produced
by the same computer prograame, the strains of
D are voughly 10% higher than the ones produced
by H. A possible explanation aight be that the
natural frequency of the first vibration mode
(15,3 Hz) is roughly 1 Hz higher than those of
the three other participants A, .C, and H (14,3
Hz)(see Table 6). This first vibration mode
dominantly contributes to the deformation of
the frame. But at 15,3 Hz the excitation in the
form of a shock spectral value 1s about 10X
larger then at 14,3 ﬂ:, vhich say explain the
larger shock response ‘as found by parti~-
‘cipant D.

One of the main reasons for this higher natural
freq y 1is supposed to be the difference in
modelling the connection between the frame and
the long horizoantal beam. That part of the beam
which is clamped to the frame is supposed to
behave rather rigidly, and was consequently
allocated a modulus of elasticity 100 times
larger then the real modulus. D reported this
stiffening to increase the lowest natural fre-
quency from 14,0 to 15,3 He. Other participants
A, C, and H neglected this local stiffening.
The pl.te model of participant B takes into
account this local stiffening and as & result
produces also a rather high first natural fre-
quency of 15,5 Hz, though there may be clao
other reasons for this.

Very close results were obtained, as far as the
displacements in the vertical direction are
concerned. Mostly they differ less than 5% from
the measured values. In horizontal divection
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the differences are larger, but, in contrast to
the static analysis, they agree much better
vith the measured values. The acceleration is
the quantity which differs most from the mea-
surements, nrobably because a rather large
pumber of vibration modea 1s ne.ded for a good
prediction of accelerations. For instance the
spectral analysis from TNO resalted in the
following mode contributions st the location
where the accelaration signal 11 was measured:
15,0 0,3 11,1 5,9 10,4 0,0 0,1 12,3 2,7
1,3 1025 0,3 2,7 4,5 3,1 0,0 0,0 and
0,0 n/s”.

Accuracy of dynamic analysis in the time domsin

For the L 1540 configuration the hest strain

predictions are from the plate model, exceeding
the measured values only by some 5%. The three
bean models produce strains which are generally

‘some 152 too low. The results of these three

models are very close with differences often
less than 5. When we look at the predicted
time histories of which Fig. 20 is a typical
example, there is a striking similarity with
the measured signals during the initial phase
of the shock (about 150 ms)-

For the L 1543 configuration this picture

differs. The best results as' far as strains are

concerned have now been produced by the beam

.model of participant 1 with percentages between

89T and 115%. The other beam models produced
values mostly between 70X and 100Z. Most of the
strains as produced by the plate model B exceed
the measured values by some 30Z. When we con-
sider the full signals, of which Figures 21~-24
are examples, and leaving the actual peaks out
of the consideration, the plate model R never-
theless shows a better similarity with the mea-
sured signals than all heam models. It seems as
if vibration modes of DSM are represented more
accurately in the plate model than in the bLeam
models. Azain the shape of the signals as nro~
duced dy the three beam models is very similar.
As far as peak values of accelerations, veloci~
ties and displ s are rned, the
spread fn results is slightly wider than for
the strains. Ahout 3/4 of all peak values of
‘both shocks 1s within the range of 75% to 110X
of the measured values.

" It i{s a remarkable fact that for the signals 10°

and 11 there are some & exceptionally high pre-
diction percentages (over 150%). They are
obtained by the spectral and the dynamic
sethod. The reason for these deviations, pro~

dused by different participaats (A, E, ¥ and-H) -
and different computer programmes, is still un~

knowa.

PREFIRENCE . .

It 1s concluded that the spectral and the dyna~

mic method produce much better results than the
static method. It is clear that the amplifica~
tion in the response, duie to the near coin-

c¢idence of the main excitation frequency and a '

natural frequency of a vibration mode, cannot

_be taken into scount by a purely static sna~

f

v

lysis. For an arbitrary plece of equipment to
be placed on board of a naval ship, it would be
helpful to know approximate values for the
lowest fixed base natural frequen:ies of the
equipment. A comparison with the expected exci-
tation frequeuncies for the particular shipboard
location together with other velevant aspects
may then lead to the decision whether or not to
carry out a spectral or a dynamic snalysis.

The number of participants using & spectral
method and those using the dynamic analysis

in the time domain is about the same. So from

that point of view there does not seem to be a

preference for one of these two methods.
Probably most participants are oaly fuuiar
wich the method they used.

When we coapare both methods, the results of
the spectral method that uses the ROOTSUM pro—
cedure are slightly better than those of the
analysis in the time domain. This is rather
surprising b the resp analysis ia the
time domain in general is expected ta sroduce
wore accurate results. For other structures or
pleces of equipment the picture may very well
be the opposite. Anyhow the spectral response
analysis has some advantages. In gemeral it
will be somewhat cheaper and the amount of
response data will be not so large and lead to
a8 better survey. Interim results can show to -
vhat extent the various vibration wodes are
sensitive to excitation.

STATE OF THE ART

Most participants are rarely doiang a shock ana-
lysis and some of the persons involved had not
much experience in doing finite element cal-
culations. Against that background we consider
the results of the calculations to be very
good. It i3 to be noted that in fact there {s
not a single contribution which has to bde
judged inferior.

In general the people involved were quite '
enthousiastic though in some cases it must have
taken them quite some time to master the method
and programme.

It is difficulet, {f not impossible, to extrapo~
late this positive experience from a limited
nunber of parties to the wide range of sup~
pliers and shipyards. That there is scope for
improvements ia the shock design of naval

" equipment is affirmed by this favestigation,

which showed good predictfon possibilictles v!th
various programses and methods.

RECOMMENDATIONS

a) The crestice of training possibilities. An
-exanple is the “shock course” which was
_recently prepared st TNO. It offers aa
opportunity for trainees to becowe familiac
with the ‘principles of these anslysis
methods.

b) A carefully considered description 1n

mnunls and specifications as to vhat type

of equipment s worthwile to be mlyud

dynamically. .

¢) Guidelines for reporting the modelling, and

interim and finsl results.
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APPENDIX 1

Accuracy of testing

Shock specifications for equipment consisting
of either calculations and/or acceptance tests
are based on the existence of standardized ana-
lytical shock motions, which depend on the
location in the ship, the weight of the equip-
ment, etc. These motions increase linearly with
the so-called shock level factor f (B <'1).
After a shock acceptance test which is aimed at
simulating such a specific motion, the 8~value
ia determined in an approximate way hy a proce-
dure in which the measured maximum accelera-
tion, deceleration, the peak velocity and the
first peak of displacement are compared with
the required analytical ones. When passing the
test, the equipment is said to be shock
resigtant for that location up to the 8-value
thus obtained. '
For the tests L 1540, L 1543 and L 1544, for
which there were no differences in adjusting
the machine, these f~values were determined. It
appeared that for shock L 1544, the shock table
being unloaded, the B-value is slightly higher
than for the two other ghocks. For these two
shocks the "equivalent™ standardized shock
motion is shown as part of Pig. 9. The shock
spectrum of that motion has been used as an
input for a spectral response analysis of DSM
using the ROOTSUM mode summation. Having in
mind the good experience with this methoé and
the finite element model in predicting for
ingtance peak strains which are roughly 90 of
the real strains, we expected that the predic-
tions of that new analysis should be at least
obtained during the tests. However, Fig. 25,

in which are now presented the measured values
as percentages of the required theoreticsl
strains, shows serious undertesting. For
signals 14 and 15 the test level is only some
40% of the required level. Por this discre-
pancy there are two equally important reasons.
Turing the test the table motion decays more
rapidly than the standardized shock motfon.
Consequently, as shown by the corresponding
shock ‘spectra (P1g. 26) the response in the
frequency range between roughly 10 and 20 Az {s-
lower than it should be. The lowest vibration

‘mode of DSM which contributes for the major

part to the strain response has a frequency in-
the middle of this range.

The second reason is the feed~back effect from
the equipment to the shock table, producing the
shock spectrum dip as discussed esrlier by
O'HARA [6]. In this case they are of con-
siderable depth (Fig. 27 and 28) and they occur
very cloge to the lowest fixed base natural
frequency of NSM. It should be noted that 1in
those rare cases in which shock spectra waes
produced during normal acceptance tests vith
this shock machine, such ‘important dips have
not been found. -

Prou this study {2} tt is concluded that for
this plrticullr test structure the accuracy of
testing i{s far less than the accuracy of an’
analysis. Shock spectra should be derived

“during scceptince tests as a standard procedure.
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structure given by

. APPENDIX 2

Theory of spectral response analysis

Genersl matrix equations governing the forced
response of an unda-ped system are

ﬁt.,, "H-dﬂ ix,,.. Rap| 2] l'

‘_w b “P_j “w Kpo| % | 'L!..

in which satrices are partitioned according the
freedom families,

)

I
1
]
i
[

u for unconstrained d.o.f. or unknowns

p for prescribed d.o.f.

M i{s the mass mstrix

K 1s the stiffness matrix

q is the vector of absolute displace~
ments and rotations of nodal points of
the structure

R 1s the vector of reaction forces at
the prescrided d.o.f.

P 1s the vector of given external forces.

In order to simplify these equations the exci-

taction should meet the following requirements

which are typical for a spectral response ana-

lysis i

(1) Txternal forces are ahbgent or F = 0 (2)

(2) The structure is connected to a single
rigid foundation which translates according
a given function of time p(t) in a certatin
fixed direction defined by the unit direc-

: tion vector 1 having as compoaents c¢1, €2

and c3. Consequently the vector 9 only
contains trans.astions which are connacted
to the time function p(t) by the formula

ap =35 1 p(E) | W

An which B, s a Boolesn matrix.
Tha introduction of motions relstive to the
foundation fs also typical for « spectral
response analysis. They are defined by

2,® 9y - af ' ‘ )
in which qf 1o o r(glé body aotion of the

qf « %, 1 p(c) ' B (S)'

1n which 8, {s another Boolean matrix. ¥or such
a rig{d body motinn

Xuu ‘Kupl [45 . 6 !
Xou "pv] {9 |
- (9 . .- .
and thue X, qff ¢ Yp qp » 0 L (6)

suhctlcucnng (2) through (6) into the upper
part of Fquation (1) gives

M fy * Kuy Tu = =gy Ry#Hyp Bp) 1 p(:)‘:_ M

" Once the efgenvalue prohles as do'léod by the
natrices M, and K, hes been solved the vibra-

tion modes ¢* are collected as columns in the
matrix X. The intensity of the modes is chocsen
such that

xTkX « I (unit matrix)

Angular natural frequencies wg are presented in
the diagonal matrix

fa 7
o} .
o - B,
l— \vn
Now the Equations (7)'nre decoupled bdy ‘substi-~
tuting z = X n, in which n is the column vector
of principal coordinat-s, and by pre-ultiplying
by the transposed matrix X

N+ 02y = Q2T (B, + Mo B) 1 B(E) (8)

For vibratfion mode s we have

2 2, ¢
LR (12_1 Ty ) B(V)

in which 1,4 are coefficients of the so-called
participatics matrix

FoxT (no by + Yz Bp)

For each vibration mode s the three par-
ticipation faciors t,, tg) and 1,3 reveal how
sensitive this scde 1s for excitation.
Equation () is very atmilar to the "quation
(9) for & simpie one mass spring system sub-
Jected to the same hase motion p(t).

t+uze-p(r) - 9

That probles 1s solved for a variety of fre- .
quencies by the shock spectrum concept, giving
for instance the maxismum values of the relative
motion £ and the ahsolute acceleration

% = w® 5. Por corresponding. natural frequencies
of the multf{ degree of freedom system we can
directly use these shock spectral values:.

"g vax ~ “asx ”c (1 ot cl)
wibe ' o 2

s uax inl

Tor each separste vibration mode the moximwm
respanse in terms of stresses, strains, etc.
can now he deternined hecause the maximum value
of the princtipal coordinate ng is known.
Inherent in the shock spectral analysis, {s the
loss of information regarding the time of
occurrence of maximum mcde intensities. This
appears from the final step vhen rcde contribu-
tinne are added according to some snrt of sum~
mation procedure se ROOTSUM or NRLSIM,

-
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APPENDIX 3

Modified boundary conditions -

The persistent deviation of strains in cross
section A predicted by all beam mndels (zigzag-
line in Fig. 19) as well as the hetter predic-
tion of full time signals by the plate model RN
(see Fig. 21-24), wvas a chsllenge to improve
‘the beam model. Por shock L 1543 spectral
response calculations with model W have bdeen
repeated under several different assuaptions
[6]. 1t was found that. in addition to the St.
Venant torsionsl stiffness of the frame the

stiffness due to corstrained warping is of sowme.

influence. If & bar with & non-circular cross-
section s tvisted, the cross~sections do not
rensin plane, but they warp. If this warping s
prevented the torvionsl stiffness {s incressed '
ss - explained for instance in [8). This wstping
rigidity of the frame was taken into account by
the BRCOP element of ASKA, which has a seventh
degree of freedom at ueh nodal point, the
first derivative 4' of the angle of twist of
the crose section. At thet end of the frame
which {8 connected to the long horizontsl deam
¢' has deen suppressed.
.Nstural frequencies for this aodlﬂod wodel are
presented in Tahla & under the letter T. Modes
"1 and 2 hardly chenged thelr frequency as com~

B

B
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pared to the original solution H. Also the
shape {s similar. The frequency of the third
oode {ncreased, however, from 22,9 Rz to 31,0
Hz and the shape {s now more like that of the
former mode & (Fig. 17). Due to the introduc-
tion of werpiug rigidicy, beginning with th-
third mode, the frequencies deviate from t

of ail other bSeas models. There is s bette
sgreement now with the frequencies of the , .
sodel B. Strains for solutivae W and T are

+ shown ia Pig. 29. The sigsag »ffect now appears

to be much less pronounced. Signal 14 in cross
section § of course (s not affected by bending
due to constrained warping hecause st the two
. strsin gsuge locations (see Pig.S) the effects
are equal and of opposite s'gn, leaving no
effect vhen averaging., The sane holds for
signal 19,
Having improved the model dy the. tntroduetton
of warping rigtdity an additional second modfi-
fication was carried through. The rotation of
‘the frame ot the polats of support (see Pig.d)
is now suppressed around the y-axis, ss was
also done .by perticipants B and E. The eolution
is indicated by TT. Natural frequencies sre
rather close nov to those of the plate model B
.(see Table 6). Pig. 29 shows that strains also
changed eignificantly., Though it fe felt that
suppressing this rotacion {e hetter than
leaving tt free, it {s only by s such more de-
tailed finite element mesh thet the resl bdoun~
dary conditions could he simulated.
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DIRECT ENFRGY HfNIMIZATION APPROACH TO WHIPPING
ANALYSIS OF PRESSURE HULLS :

Kenneth A. Bannister
Naval Surface Weapons Center
White Oak, Silver Spring, MD 20910

This paper addresses the lacge deformation behavior of
cylindrical shells executing low frequency, but large
' amplitude, whipping-type vibrations. This problem is
irportant in the practical design of cylindrical shell

structures to resist failure due to in-service bending loads
combined with pressure., Suhbmarine pressure hulls, aircraft
fuselages, and industrial pipinag applications fall into this
category of structure/loading combination. A new methodology
is described for dealiny with such nonlinear shell analysis
problems. A symbolic manipulation system is first' applied
alone and then coupled with two appropriate minimization
algorithms to solve for the local large deformation response
as the cylinder undergoes whipping. A previous potential
energdy based analysis of the problem has heen extended for
the purpose and the mathematical labor is greatly expedited
with tre aid of ‘he symbolic manipulation aystem. It is
shown that in cases where explicit algebraic solutions for,
say, the moment-curvature relation of the shell are .
impractical to generate, onrly a potential enerqgy expression
and its first derivatives need to bhe constructed, Prom the
energy and derivative expressions, nonlinear optimization
algorithms can be brought to bear to minimize directly the
potential energy by methodically and efficiently adjusting
the displacements (or other appropriate basic quantities).
Having solved for the basic quantities, derived quantities,
such as strains, stresses, and moments can then be computed.

INTRODUCTION

" This raper is concerned with the
development and deronstration of a new
rethodology to aid in the solution of
ncnlinear problems in mechanics, The
particular application discussed here
is a very specific case of nonlinear
shel]l response connected witn whipping
rotions of a submarine pressure hull.
The underlying methodoloqy actually has
a much brecader range of application for
lroth shell vitra“icn problems and in
structural mechunics at large, It is
thown how the methodology can he used
to extend a previous nonlinear shell
analysis and then facjlitate practical
solutions, e¢xact and approximate
(nurmerical), of the rerulting
equations, The large amount of

6

’,natherqtlcal labor typically associated

with obtaining nonlinear shell _
solutions is grestly reduced and the

" analyst has wmuch greater freedom to
rodify or. extend the analysis without

the penalty of redious, time-consuming
algebraic nanlpu;attona.

- We consider the large deformation

behavior of a cylindrical shell

executing low~freauency, hut large
armplitude, whipping motions. This
problem {s important in the practical
design of cylindrical shell structures
to resist failure caused hy combined

in-service bending and prescure loads.

Submarine pressure hulls, aircraft
fuselages, and piping systems are
included in this category of
structure-losding combination.
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An earlier paper [1] gave a fairly
detailed discussion of explosion
butble-induced whipping of srrface
ships and submarines. Basically,
whipping is defined as the transient
beam-like response' of a ship to some
form of strong hydrodynamic loading, in
this case the accelerating fluid flow
field surrounding a pulsating and
migrating explosion gas products
bubble. Fiqures 1-8, taken from [1],
show typical whipping response
hbistories for a uniform elastic beam
floatinag in the free surface and
subjected to hubble loadings from a 100
kg TNT charge.placed at a depth of
30.48m (100 ft) directly below the C.G.
of the beam. Figures 2-4 show the
tubble parar~ters while Figures 5-8
she.s the various vertical whipping
responses irduced in the beam. These
whipping analyses were performed with a
simple lumped mass-elastic finite
elerent structural model coupled to the
bhubble ecuations of motion. Typically,
only the first few modes of vibration
of the ship are needed to satisfactorily
capture the whipping response, i.e.,
the heave and pitch rigid body modes
and the first 2-3 cdistortion modes.

If the whipping motions achieve
large amplitudes, then any attempt at
predicting the local hull plating
response (that is, shell response) must
account for possible large out-of-plane
cdisplacements of the shell which cannot
be handled within the context of
elerentary heam theory. Fortunately
the motions are low freauency, at least
at locations remote from where the
bubble loads impinge, hence a
quasistatic shell analysis is
appropriate., 1In the region of intense
bubble loading, because of the high
frequency shell motions, shell.inertia
terms become important and thus a more
sophisticated transient anslysis is
recuired. 1In this paper we will focus
on the problem of analyzing the large
deformation hehavior of a submarine
pressure hull in response to. low
frequency whlpping-type motions.

ENMERGY AMALYSIS OF SHELL UNDER BENDING
AND PRESSURIZATION' :

We consider the large deformation
response of an elastic thin-walled
circular cylaudrical shell subjected to
pure bending and either internal or
external pressure. Fioure 9 showsa the
cross section of the shell and defines
pertinent geometric and pressure e
parameters used in the analysis.” ay
'thin we mean that a/t>50 and since
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most pressure hulls are of the order
a/t=100 we can regard them as thin
shell structures. Because the shell is
thin, we say that the state cf affairs
in the shell wall can be adecuately
represented by conditions in the middle
surface (r=a), .For the sake of
convenience, we further assume that
moment and curvature do not vary over
the shell length so that all cross
sections deform in the same manner. A
side view of the shell is shown in
Figure 10.
bent into an arc of circle with radius
p due to the terminal moments.

Fiqure 10 also defines d, distance from
the neutral surface to a given point on
the deformed shell middle surface.

This parameter. is used in computing
stress and strain quantities in the
shell wall. Linearly elastic material
behavior is assumed, thus F (Young's
modulus) and v.(Poisson's ratio)
completely characterize the material
response.

The thinness of the shell wall
relative to other shell dimensions
leads to Jurge (when compared to the
thickness t) displacements normal to
the shell wall during bending,
rendering the problem geometrically
nonlinear. Therefore, any attempt to
accurately Getermine the shell response

‘must account for these geometric

nonlinearities, There is a smooth
transition from small to large
displacements in this problem, Thus,
nonlinear effects must be anticipated
starting at fairly low load levels
compared to the peak (maximum possible)
moment ‘that the shell can carry.
Furthermore, pressure has a remarkable
effect on, the 'load-displacement
response, as will 'be shown. ]Internal
pressure tends to'stifien the shell in
a way that increases the peak moment
while external pressure weakens the
shell's ability to withstand bending.

The problem will be analyzed by an
enerqgy rinimization approach, .
facilitated by the use of » symbolic
manipulation system (MACSYMA, developed
at the MIT Computer lLaboratory). The
total potential energy function is
formulated for the shell with loads and
is cast in terms of middle surface
displacements at a cross section of the
shell. The ghell is assuma2d to be
infinitely long and moreover that no
variation of conditions occurs along
its length. Truncated Fourier ueries
terms with a priori unknown
coefficients are Included in the
displacement functions to account for
nonlinear effecta, The goal of the
analysis is then to deterrine the
coefficients of these additional terms

The shell's neutral axis is




TTTNTY LA it e et N ‘vr~.,s-‘.‘—‘ '-._,......-'-.-,,_\,;

DI S

which minimizo the potential energy.
The strategy followed is to generate
an expression for the potential energy
involving the unknown coefficients and
the curvature parameter defined by

€ =a/p, ¢ will also be unknown

for given values of moment and pressure.
Then, for each choice of bending moment
and pressure, the minimizing set of
unknown displacement coefficients and
curvature parameter ia found by ‘wo
methods:

{1) Use of MACSYMA to oktair
explicit solutions for the coefficients
in terms of ¢ and svbsecuently M(e¢);
this we will call the "exact® solution;
and

(2) Generation of the nonlinear
moment-curvature relation by direct
application to the potential energy of
two different computer algorithms
designed to minirize nonlinear multi-
variate unconstrained functions; that
is, the potential energy will be
minimized directly with the aid of
optimization algorithms. .

The purpose for the second method
is to show that if an "exact" morent-
curvature cannot easily be ohtained by
the first method, then accurate
nurerical results can he produced
through Jdirect energy minimization.
This notion has broader implications
for situations where a large number of
unknowns, say 200, are involved in a
particular nonlinear mechanics problem,

As in most nonlinear shz11
analyses, the sheer amount of
mathematical manipulation can be
enormous. In the present case, the
symbolic algebraic manipulation
language MACSYMA is used to
substantially reduce the mathematical
labor. This is, to the author's
knowledge, the first time such a tool ,
has been applied in a comprehensive
manner to a nonlinear shell analysis.
MACSYMA is excellently suited to the
task as it can handle 211 of the
necessgsary mathematical crerations
involved such as functional evaluatior,
trigonometric expansion and reduction,
differentiation, integration, and
eauation solving., It has a syntax very
similar to other standar¢ programming
languages such as ALGOL, PL/1, and
FORTRAN, along with file manipulation -
features., These properties make
MACSYMA extremely convenient to apply
to the problem at hand. -

Using a powerful mathematical tool
-Auch as MACSYMA, it is now possible to
carry out analyses of nonlinear .
structural mechanics problems ‘and avoid

6
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many ad hoc simplifications authors in
the past found necessary to make the
effort tractable. In the present work,
a MACSYMA code has been constructed
which reproduces step-by-step the
rathematical analysis of the shell
bending problem beginning with
displacement function generation,
derivation of stress and strain -
quantities, proceeding with
construction of the potential energy
function, and finally ending with
solution for the unknown Fourier
coefficients and generation of a
moment-curvature parareter relation.

It is possible, within this code, to
include or exclude quita readily
certain nonlinear displacement terms .
that previous authors felt compelled to
drop due to rathematical complexity.
Thus, the usual simplifications invoked
in shell work suggested by the phrases
*neglect aquantities of small magnitude"
and "neglect cross product amd squared
quantities®" can be freely adopted,
ignored, or modified as the analyst
wishes. The extra calculational burden
is carried by the computer, not the
analyst. As an example of the savings
in time and labor that can be realized
with such a aymbolic language tool, the
author applied FURMAC-73, an older
language, to a two-term Fourier series
displacement function analysis based on
a nonlinear shell theory in order to
ohtain the integrand of the strain
energy (bending and sttetchlng of the
shell middle surface) expression.
Manually, this effort required two
weeks with a considerable amount of
time consumed in checking for and
correcting errors. With FORMAC-73, the
same exercise recuired less than one
day with the algebraic operations done
correctly throughout., For three, four,
or more Fourier terms.or, let us say,
alternative displacement functxons of
greater complexity, it was clear that '
band-computations would become very
costly in time, and the likelihood for
errors very great. In addition, the
-coding could be stored if desired and
modified and re-run for different cases

- and the results retained on files for

listlng or for later appljcatxons.

One of the eatliest studies of the
cylindrical shell in pure bending
(without pressurization) was the
classic papet by Brazier [2). Brazier
simplified the analysis greatly by the
accurate assumption that the shell
middle surface 'is extensible. He also

'

,pointed out that the problem becomes

fundamentally nonlinear due to the

"thinness of the shell wall relative to

other dimensions of the shell., Thus

. the linear relationship between moment
.and curvature derived from St. Venant's
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theory of bending of bheams of solid
cross section is invalidated since
local wall deformations are large and
thus strain cannot be a linear function
of original position. PFigure 11 shows
the disparity between the linear (St.
Venant) and large deformation
{nonlinear) predictions of moment vs.
curvature. Also, in Figure 12 we see
the ovalization mode that the shell
cross section takes on; this rode was
assumed by Brazier in his analysis.

In the small displacement range,
superposition holds, hence the moments
and presgsure can be applied in any
order. Then, following the approach of
Prazier [2) and Wood [4], the
possibility of nonlinear deformations
is allowed by introducing truncated
Fourier series terms in the displacement
components v and w (defined in Pigure
9). These terms have uncdetermined
coefficients which are to be found by
application of the Theorem of Minimum
Potential Energy.

The potential energy 'V is given by
VsesU+HW, (1)

U is the strain energy stored in the -
shell due to banding and W represents
the work of the pressure and bending
loads. In order to account for the
bending strain enerqgy, the change of '
curvature at any point on the shell
must be cnmputed.’ Brush and Almroth

- [3] show this to be given by (after

- accounting for a sign change due to use

of a difterent convention for w)

R . 2 *
x =1l v Qmﬂ) . (2)
"9 aZ \ay a¥/) '

Next, the strain energy U is given by
2%

U= D X 2 . t(o i
3 D Xoo xx€xx
Q . . .

* T00t00 * Tagtee * Txxlxx (3)

.+ 2 ax*tx* + 2 30“’0)] de.

An important geometric parameter’
is &, the distance from the shell
neutral surface to a given fiber in the
shell middle surface (as shown in
FPiagure 10). The usual assumption of

" thin shell theory is applied here,

namely, that stressess and strains do
not vary through the wall thickness and
that the normal stress through the
thickness vanishes, Therefore, the
middle surface stress-strain state
adequately represents the response of
the shell. The parameter d is given by

ds= (a-~w)cosé - v sin.

The circumferential 'and axial stresses
and strains in the small displacement
range are given by wWood [4]) for bending
and pressure as follows:

for bending

Cxx g ’

Oxx = =
(4)

o¢ * -'§9 '

% * Os

. |
and for pressure

--Exx ..g. (l-iv)p‘ i

Oxx * ;3 ’

C.‘ "§ (ZOU)Q

(s

6‘.* = Ea.

Although the deformations may become
large, straing remain small; this is
typical f{n thin shell structures. A
large strain analysis would require




accounting for plastic material
response-this problem is not considered
here.

In these equations, the pressure
enters through the parameter a given
by ’

= Pa 6
a £t (6)

Sokolnikoff (5] reports the linear w
and v displacement components for
bending and pressure are given by:

for w

w = !%é cosé ,

(7)

ws - 13%!1 aa 3
- and for v

vV = 0 (symmetry) ,
(8)

'

vg ™ - !%2 gin¢ {

We have introduced the curvature
parameter ¢ in Equations (7) and
(8}, It is defined by -

(9

The total displacemente v and w are

then the sum of bending, pressurization,
and additional terms v), w) needed to
account for large deformations of the
shell. Thus we have

v = vg + vy :
: (10)

wewewy 4 Vl;

n.
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Following Brazier [2], we assume that
the additional ¢isplacoments vy, w)
are inextensional; thus we have

! ‘ (1)

According to Wood [4], vy and wy can
be expressed as the infinite series
given by

(12)

I B, sin n¢
ns2

v, =

and, following Equation (ll), we must
have

av -
I nAp cos né.
n=2

(13)

Note that v and w do not vary with
position along the shell axis, that is,
all cross sections must deform in the
same manner. -Also note that the choice
for vy satisfies displacement continuity
and symmetry conditions on v. Hence, .
the total displacements become

-
v e - VEA gin ¢ + I Ap sin ng
- 2 n=2 .

wa ~ (2=¥)ag + NEA cos ¢
: 2 - 2 (14)

- .
+ I nAp cos nd..
n=2

The work done by the pressure -and
applied moments is given by Wood [4) as

W= ;l (v2a2¢2
(15)

-»
-z

(n4=n2)a 2) - ¥ ¢,
‘n=2 oa




We see then that the potential energy
V can ultimately he written'as a
nonlinear function of the coefficients
Ap and the current curvature

pataneter ¢ in the general form

'4v =V (A2,A35 « « <0 €). (16)

The strategy followed from this point
is to seek values for the coefficients
A2,A3, + « . which minimize the

total potential enprgy of the shell and

the leoading.

Wood [4) proceeded with the
solution by neglecting certain terms in
Vv involving v], wj, viwy, then expanding
V and applying the theorem of Minimum
Potential Erergy: V is stationary when

WV =V ., , ., = =0.(17)
3, 3A3 dAp

Wood l(], for example. has carried out
the simplification (or linearization)
o2f V just mentioned and has found that
the coefficients Aj; and A3 become

Ag = acz(l-vz)"-i+ uim]‘a

2(t/a)2 + 8(1~-v2)a

(18)

Ay s magd (1-v%)

48(t/a)2 + 72(1-w)a

The reraining coefficients vanish, i.e.,
Ag=Kg=...=Bhy=0,  (19)

However, these terms do not vanish'if
the linearization is not carried out,

as will be shown later. Unfortunately,
the amount of algebraic manipulation
associated with including sguared and
cross product terms grows enormously as
moce *eims in the Fourier expansions
are taken. This difficulty is greatly
lessened by use of symbolic manipulation
system such as MACSYMA.

- It iz useful to derive ﬁ general
form for the moment-curvature relation

- of the shell. We have sgeen earlier -

that the coefficients A can be expressed

" .as functions of the curvature parameter;

hence, the potential energy V may be
written .

V = G(A2(€) ,A3(€)s + o «,€). (20)

For V to be stationary with respect to
€, we must have

waxe P,
ae  9A; de
) (2.°
+ 4G =0,
de
But gince
W o« 3V . av_= 0, (22)

i.e.,
3G =26 &, , ., =36 =p. (23)
: A2 9A3 dAp

Equation (21) reduces to

46 = g ., C(24)
de . . : ,

This last equation may'be rewritten
quite easily in the following form

_g.% = f(Az,Aj, o o 22€)
(25)

'
ez
]
(-]

or, solving for M, we have
M= a £(A2,A3, . . <oApe€).  (26)

Wood has found in his flnearized
analysis [4) that Equation (26) becomes

M= thx € [2 + N !t‘a!
: 6(1~v2)

+ 2.£2§Jﬁ2 al ¢+




+ 4 {2-V) o - 2v2a -
Gpreoa

31 vz) 1+ (2"’)0)2]
+ e3 V2 - -_2—

(t/a)2 + 4(1-vd)a |,

+ ¢S -2 (1-v%) .
24(t/a)2 + 36(1-)a

Equation (27) may be written, for
convenience, in the simpler form

M = cye + cae3 + c3ed. (28)

Note that peak moment values are
readily found corresponding to roots of
the quartic given by

5c3ed + 3c3e2. + ¢; = 0. (29)

Since Equation (29) has four possible
roots, the root desired must he real
and positive. This value of ¢ can

then be substituted in Equation (28) to
get the corresponding peak moment.
Other quantities of interest, such as
the deformed cross section profile and
stress and strain dependence on angle

é can also be generated at this peak
moment value.

This .analysis has beer. extended
with the aid of MACSYMA to include the
quadratic terms in vy and wj which
Wood neglected in his energy function.

It is shown also that Wood's entire

analysis can be reproduced by use of
MACSYMA. By including the guadratic
terms previously neglected, we show
that these terms have significant
effects on the moment-cuvature hehavior
of the shell. Explicit solutions, in
algebraic form, are given for two,
three, and four term trigonometric
expansions of vy and w) (see

Eguation (4)). It turns out that the
coefficients Ay and Ag calculated in

this case do not vanish as Wood found

in his linearized analysis. As an
alternative to straight-forward solution
for the moment-curvature relationship
through the use of MACSYMA, two
different gradient method-based
optimization algorithms are applied
directly to the potential energy
functional. These algorithms were
designed for the minimization of
nonlinear unconstrained multivariate
functions. They require only explicit

expressions for the function to be
minimized (in this case the. potential
energy) and its first derivatives with
respect to the independent variables
(A2, « « «o Ag,€). We show that

both algorithms give excellent -
agreement with the “"exact" moment-
curvature results calculated through
MACSYMA-generated expressions. Thus in
situations where it may not be
practical to solve directly for a
moment-curvature relation, useful and
accurate numerical results can be
obtained by direct minimization so long
as expressions for the potential energy
functional and its derivatives can be
obtained.

RESULTS ,

By use of the MACSYMA symbolic
manipulation system, guadratic and
cross-product displacement terms can
easily be retained in the energy
expression (Equation (3)) and the
necessary algebraic operations carried
out. To do this by hand would prove to

he a formidable task, even for a few

terms in the Fourier expansions.- Such
routine mathematical operations as
trigonometric reduction, expansion of
products, differentiation, and
integration can be done with MACSYMA.
A further useful application of this
tool, equation solvxng, is 111ustrated
in Appendix A. ;

A useful way to characterize the
shell response is to display its
moment~curvature behavior similar to
the generic curve given in Figure 11.
Two computational procedures are
available: Direct generation of an
explicit equation relating moment M and
the curvature patametet €; or direct
minimization of the total potential
energy expression %y numerical
minimization (i.e., optimization)

" methods. MACSYMA-generated solutions

for the coefficients Ay, . . ..Ap

have been obtained for the fully
nonlinear energy expression. - With
these coefficients, we can then compare
plots of M(e) for Wood's linearized
analysis with results from the present
nonlinear analysis. This will show
clearly whether neglecting the
quadcatic terms (as Wood did) affects
the moment-curvature behavior. Figures
13 and 14 show respectively comparisons
of M(e) for Wood's analysis with the

present analytical results for moderate

jinternal and external pressure (300
psi). The shell is made of steel and
has dimensions typical of a submarine
pressure hull. The curves for the
fully nonlinear analyses (two, three,
and four-term Fourier expansions) are




' _ could arise in the present work, for

very nearly the same; hence, all three
curves appear to coalesce to a single
line (upper curves in Figures 13 and
14). Computations for the nonlirnear
cases were done with the MACSYMA code
listed in Appendix B. Additional
comparisons like those in Figures 13
and 14 can be found in [6] for other
pressure values and shell gecmetries.

As an alternative to explicit
generation of the moment-curvature
equation, the energy expression for the
system can bhe minimized directly
through use of a numerical optimization
technique. 1In this case, of course, we
must forego seeing the explicit
algebraic solution form and must
instead settle for "approximate"”
answers, albeit with a controllable
accuracy. The purpose here is to .
demonstrate that in those cases of ,
nonlinear shell analysis where even the
assistance of a tool such as MACSYMA is
not completely effective in obtaining
"exact” solutions, extremely accurate '
numerical results can be easily be
gotten if the energy functional can at
least be generated. This situation
example, if a large number of Fourier
expansion terms were desired or if the
underlying shell theory formulation was
made more complex. We will, without
loss of generality, illustrate this
approach for only the simplest of the
Fcurier expansions (i.e., two terms);
more terms could easily be accomodated

" but with a greater expenditure of

computer time in performing the MACSYMA
manipulations. .

. Two gradient method-based
algorithms have been used to minimize
the enerqy functional. Both are
designed to minimize aquite general
nonlinear unconstrained multivariate
functions. At presznt V, the total
potential energy functional, is the
objective function for which a global
minimum is sought for given moment and
pressure. The minimum is found Ly
gystematically adjusting ¢ and the
coefficients A, ‘until V is
ninimized., The user must supply
explicit expressions for V and its
first partial derivatives with respect -
to €,A), » « +,Ap. Also, reasonable
starting values must be supplied for
these parameters from which the
algorithms hegin with iterative search
for the minimum of V. Both algorithms
are conveniently contained with;n the
FORTRAN subroutines CONMIN developed by
Shanno and Phua [7].

The first algorithm.incorporates a
variable metric technique, {.e.,
initially. it resembles the Steepest

Descent Method in performance while
resembling the Newton-Raphson method as
the minimum is approached [8). The
second algorithm is based on the
conjugate gradient method. 1In this
case, the procedure is to seek the
minimum by successive linear searches
along mutually conjugate directions.

Of course a major task then becomes the
generation of sets of such directions.
The particular implementation used here
is one due to Shanno [9]. As is shown

“in [6], both algorithms were first "put

through their paces” by testing them
acainst suitably difficult functions;
hoth were found to be satisfactory.
FORTRAN routines were then written,
built around MACSYMA-generated FORTRAN
coding for the energy expression, and
coupled with the CONMIN subroutine to
compute moment-curvature results
similar to the previous “exact
solution™ procedure.

Moment-curvature plots, simila: to
Figures 13 and 14, were computed for
the same shell geometry but for an
internal pressure of 3000 psi by -use of
both algorithms. Results for the
conjugate gradient and variable metric
methods are shown in Figures 15 and 16,
respectively. The upper line in both
figures was generated from the exact

.solution for M(e¢) discussed earlier

while the triangles represent the
discrete points where the algorithms
supplied approximate values. Both
algorithms gave excellent agreement
with the exact golution, typically to
three or four digits' accuracy on
moment values. Further calculations of
this kind are given in [6). It is
expected that the excellent performance
vbtained. for the simple two-term
expansion carries over to the higher
expansions as well. 1In general, in
both the test problems and in the
moment-curvature calculations, the: .
conjugate gradient method required more

‘function evaluations. (of V and its

partial derivatives), that, is, more
computer time, than the variable mettic
method to converge to a solution.

CONCLUSIONS. RECOMMENDATIONS FOR FUTURE
WORK -

- A new methodology has bheen
developed for the solution of
geometrically nonlinear shell problems
and is illustrated by application to
the specific case of a large deformation
analysis of a thin elasrtic circular
cylindrical shell subjected to pure
bending and pressurization. We have
shown that a symbolic manipulation
language, such as MACSYMA, is a powerful

) analyti¢a1 tool. The massive alqebtatc'




‘work attendant with nonlinear shell
work is greatly expedited with the aid
of such tools. It is demonstrated that
two optimization algorithms (one
conjugate gradient, one variable
metric) originally Gesigned for
minimization of nonlinear unconstrained
multivariate functions can be used to
compute extremely accurate results
‘where MACSYMA-generated explicit
solutions may be impractical. The
function minimized in this case isg the
total potential energy of the shell and
external loads.

Several assumptions and limitations
are inherent ih the shell analysis
considered here. The main assumptions
are that: (1) The possibility for
bifurcation (buckling) from the
nonlinear deformation states leading up
to the limit moment is omitted; (2)
Initial imperfections, or deviations
from the true circular form, are not
considered; (3) The shell is infinitely
long and thus all cross sections deform
the same way (also the influence of end.
boundary conditions are neglected; and
(4) The additional displacements vy,

w) are assumed to be inextensible.
These effects can all be considered by
reformulating the analysis from the
start. It was felt that the complexity
associated with analyzing these effects
would unnecessarily obscure the purpose
here which is to illustrate clearly a
new methodology. Of these assumptions,
parhaps the most important to relax in
extending the work, is the assumption
concerning bifurcation. Other
investigators have pointed out that
bifurcation into a pattern of axial
wrinkles on the compression side of the
shell occurs just before the limit
moment. In real shells, this wrinkling
behavior is greatly affected by the
presence of imperfections. Also,
material nonlinearity (plasticity) may:
become important as the wrinkles
increase in amplitude.

There are several avenues for:

further research. Clearly, the entire
"subject of shell buckling anayléis can
benefit from the introduction of tools
"such as MACSYMA--this applies to finite
element-type work as well. An °
interesting alternative to starting
with the displacement-hased energy
approach of Brazier and Wood is to
begin with strains as discussed by
Reissner. This would allow the use of
series of polynominal functions such as
Legendre or Chebyshev polynominals. In
fact, Chebyshev polynominals appeat
very attractive for this application as
they are known to possess certain
- optimal propetties.

4]

The analysis can alsc be extended
to include stretching of the shell
middle surface, influence of the axial
dimension (i.e., three dimensional
analysis), the presence of stiffeners,
or plasticity effects. Again, the
strain energy functional may turn out
to be very nonlinear, including '
non-smooth behavior if plascicity rules
are invoked; but practical solutions
may be computed by treating the problem
as one in ¢constrained minimization. or
if need be, an equivalent succession of
unconstrained problems. :
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DISCUSSION

Voice: The triangle seems ‘to stop at the end of
the curve,

Mr. Bannister: It tuins out that the last poinmt

I showed is very close to peak. In fact 1 had
hoped to find the actual peak value, but
unfortunately, time ran out at that point, and I
was not able to do that., But I think it could
be easily done by bracketing and going beyond
the peak and then going back and forth. This is
something that I hope to do later.

Voice: The depth of your explosive charge was
30 meters. What happens to the radiation

damping 1f the depth of the charge goes d wm to
the depth of the bubble? How does thet affect
the hull vhipping? v ‘ )

Mr, Bannister: You mean if the depth of the
bubble is very large?

Voice: No. Suppose the same explosive charge
was deeper, say 500 meters or 1000 wmeters. How
does that affect your whipping analysis?

Mr., Bannister: 1 showed some results like that
in an earlier paper, the 50th Shock and
Vibration Bulletin, but at a shallower depth.
The bubble Ifrequency goes way up. I would say
it is vary fast and very high frequerncy,
particularly at 1,000 meters,

Voice: How does the bubble load the target?’
Mr. Bannister: There are two effects.
the radial oscillation that the bubdle
contributes to, and there is also the upward
aigration. At great depth migration is
ainimal. So all you have is the very high.
frequency oscillation. Also, hecayse the
vhipping response of the target usually involves

- as low as four or five modes of vibration, there
is a problem with the tuning between these modes

There ia

" and the high frequency bubble motion.

Therefore, you get very low vhipping amplitudes.

Voice: Hull vhipping occuﬁ at the lower end of
the spectrum. '

Mr. Bannister:  That is .co:rect.

Voice:

Would the vhippiug damage

Mr. Bannister: When you get to a
wvhere you have high frasquency bubd
then the problem comes in predicti

because you have to have higher am

the target?

situation

le loadingc,
ng motion

d higher modes

in the wvhipping model. After about the tenth
mode you will have trouble with this particular
sodel that I used, vhich was a sinple lumped
sass elastic beam madel.

Voice: As you go dcépor. you night have the

effects of radiation damping.’ Di.
for the effects of the greater de

e e K e oy e e i W By
g : b

you analyze
the?
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Mr. Baunister: No, T did not consider those -2
depths. o '
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APPENDIX A

. APPLICATION OF MACSYMA TO ROOT-FINDING

Brazier's analysis [2] leads to an
Euler equation for the circumferential
displacement. . component v in the
following form

asv + 2 d v e dzv
ae ast g2
(A-1)
5 L
= - 18a_gin 24

92t2

The solution to Equation (A-1) can
easily be obtained by the theory of
ordinary differential equatiors, but it
is instructive to employ MACSYMA in
obtaining the homogeneous solution.
Although MACSYMA can solve ODE's by the
Laplace Transform method, it turns out
that sixth-order differential equations
exceed the present capability. .
However, by inspection we can write

~ down the characteriatic eauation for
(A-1) as

R6 ¢+ 2R + B? w o (A-2)

which obviously han.;ﬁg repeated roots

R =0 ‘
1A=3)

ﬁ': V’o,
MACSYMA can be used to obtain the same

ronts. The input commands and replies
to theze commands are shown next,

L

rais is a MACSYMA 303

FIX303 1 DSK MACSYM bexng loaded
Loading done

(C1) EQU:R®*6+29RO*4+R®*2;

(p1) RE + 2R4 4+ 22

(C2) SOLVE (EOU,R);

SOLVE FASL DSK MACSYM being loaded

Loading done

{D2) fR= - 8, R=8I, R = 0]
After a preliminary nessabe. the
righthand side of the characteristic
equation is input to MACSYMA on the
line (Cl) and is stored in the variable
named EQU. After this point, any
reference to EOU is equivalent to -
referencing the polynominal evpression
in R. In line (Dl), MACSYMA merely
"plays back” or displays the contents
of EQU in standard algebraic format.
On line (C2), MACSYMA is instructed to-
tolve for the roots of the R-expression;

it {8 assumed EQU = ¢ in this case.

After priting a brief message
concerning loading of files to perform
the root search, the roots are computed
and then are¢ displayed on line (D2).

- Note that MACSYMA uses the convention

- \/=i © 1. {A-4)

Having found the roots, tht homoqeneous
‘solution can be wrtttcn

v(e) = (B) + B2¢) + (B3+Bye)cosy

{A-5)
. ¢ (Bg + Bgd) sing.
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APPENDIX B

LISTING OF MACSYMA CODE USED TO GENERATE NONLINEAR SOLUTION

FOR THREE-TERM FOURIER EXPANSION

N:38 .
MATCHDECLARE(22,TRUE) $
DEFRULE (R1,SIN(22),0)$
DEFRULE(R2,C08(22),0)$

EBCTH (XX,YY) : *BLOCK ( [RESULT] ,
RESULT:TRIGREDUCE (EXPAND (XX) , YY),
RESULT:APPLY] (RESULT,R1,R2),
RETURN (RESULT))$

ARRAY (AA,10)8

V:VO+V1S$

W:WO+W1+WBARS

D: (A-W) *COS (PHI) -V*SIN(PEI)S§

DD:D*D$

VO:VVO*SIN(PHI) S

WO :WWO*COS (PHI) $

WBAR: WWBARS

v1:0$

wWl:08

V1:V1+SUM(AA{I}*SIN(I*PHI),I,2, N)s

Wl: Hl#SUH(I'AA[I]'COS(I'PHI).I 2,N)$

VIiEV(V) $ .

W:EV(W) S

D:EV(D)$

DD:EBOTH (EV(DD) ,PHI)$

CHI: (DIFF(W,PHI,2)+DIFF(V,PHI))/(A%A)$

UlI:DC*EBOTH (CKI*CHI,PHI) *AS$

ST:E*D*EPS/AS

sP:08 . . C,
STB:E*AL/28 :
SPB:E*ALS

ET:D*EPS/A$

EP:-NU*D*EPS/AS '

ETB:AL* (1-2*NU) /28 - . ' . .
EPB:AL* (2-NU) /28 , . .
U2I:DD*EYEPS**2/A**20A* TS

U3r:ns

UAI:SPB.EPB*A*TS

USI1:STB*ETB*A*TS

U6L:EBOTH (STB*ET*A*T, PPX)s

U71:A*T*EBOTH (SPB*EP,PHI) $
UI:(UlX*UZI*U3X0U4I*USI)/2006100713

Us2*sPI=UIS

TT:((AL'E'T/A)'.PI/2)'((A'NU'EPS)"Z*SU"((!"C-I"Zb‘lhlll"Z.'

1,2,N))8

WW H'E?a/k’

VV:U-TT-WWS

STORE ( [KBAN, ENERGY, DSK, usen341 vv,ulr,u21,
U3I,uU41,USI,U6I,U71,TT,WW,V,W,ST,5P, swa,
SPB,ET,EP,ETB, aps N)t
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normal coordinates

v, w = y and z-direction displacement components at the
point P of the sheti midcie surface

Figure 9. Definition of Cross Section Parameters and
" Coordinates for Circular Cylindrical Shell

P = Radi* . of
curva.ure

d = Distancs from neutral axis to point # of
shell middle surface
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SHOCK

WATER IMPACT LABORATORY AND FLIGHT TEST RESULTS

FOR THE SPACE SHUTTLE SOLID ROCKET BOOSTER AFT SKIRT

D. A. Kross
NASA/Marshall Space Flight Center
Marshall Space Flight Center, Alabama

N. C. Murphy
United Space Boosters, Inc.
IHuntsville, Alabama

'

E. A, Rawls
" Chrysler Corporation
. New Orlcans, Louisiana

A series of water impact tests-has been conducted using full-
scale segment representations of the Space Shuttle Solid Rocket
Booster (SRB) aft skirt structure. The baseline reinforced ¥ . '
structural design was tested as well as varxious alternative :
design concepts. A major portion of the test program consisted
of evaluating foam as a load attenuatior material. Applied
pressures and response strains were measured for impact veloci-
ties from 40 feet per second (ft/s) to 110 ft/s. The structural
configurations, test articles, test results, and flight results
are described.

INTRODUCTION ' ' with the sixth flight set of bcosters

being the first with a complete comple~-
A significant cost saving feature . ment of reinforcements. These boosters
of the Space Shuttle launch vehicle is contain about 1,000 1lb of 2ft skirt ring
the recovery, retrieval, refurbishment, reinforcements. As structural! modifi-
and subsequent reuse of its two SRB's. ‘cations were being developed, a parallel
To date, SRB hardware value at over 450 effort was started with the objectives
million dollars has been successfully of quantifying the effect of these de-
vetrieved. This demonstrates that the sign improvements ard identifying alter-
overall SRB recovery approach of first native, mcre cost eifective means of
decelerating the booster by deployment solving the aft skirt water impact damage
of parachutes and then entering the problem. The primary results obtained ’
ocean in a tail-first attitude is sound,. frcm"the test program portion of this .
The majority of the primary structural evaluation effort will be discussed here-
elements of the boosters have sustained in. : :
only minor damage due to water impact.
In the case of the SRB aft skirt, however,
major structural damage has been experi- . STRUCTURAL CONFIGURATION
enced. Specifically, the aft skirt ' -
internal stiffener rings have been s The general SRB configuration at
‘cracked and, on occasion, have had por- water impact is illustrated in Figure 1.
tions completely blown off due to the Each booster weighs approximately 166K
tremendous water .impact pressures, ) lb when it impacts. the water tail-first
. at a nominal vertical velocity of 88 ft/s.
Subsequent to the first Shuttle : The aft skirt of each SRB contains three
launch, efforts. were initiated to de~ internal stiffener rings as shown in
sign, fabricate, and install structural Figure 2. Detail dimensions are given
reinforcements to tihc SR3 aft skirt in- in Figqure 3 for the three baseline de-
ternal stiffener rings. Due to manu- " sign rings as well as a new proposed
facturing schedule and installation i candidate mid-ring design.  The aft skirt
accessibility constraints, these reinfor=- is constructed of 2219-~T87 aluminum with
cements were added in varying degrees a skin thickness varying from 0.42 to
L) {1_
Y i
. . "1
- - © T T emevious race ~
/ - ‘ - is BLANK -:":
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WEIGHT AT IMPACT = 166 K LBS
PITCH INERTIA = 8.7 x 108 SLUG-FT2

ET ATTACH CAVITY COLLAPSE CAVITY COLLAPSE
RING STIFFENER STUBS STIFFENER RINGS

CASE SEGMENT
JOINT (10PL.)
' -146.0 DIA.
o I
( -.1'— A —- e I - - - -4 | - \—-L{--208.2
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395 .
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1535 -
FIGURE 1

SRB WATER IMPACT CONTIGURAT!ON .

SRB AFT SKIRT GEOMETRY
FIGURE 2 '

to 0.50 inch and contains integrally
milled internal stiffeners located every

5° circumferantially.
flight boosters had gussets located be=~
tween the rings and aft skirt stiffeners
located at every third stiffener (15°).
Subsequently, for strength improvement

. purposes, additional gussets were added

The original first

. native design.

at each stiffener which had no previous
gusset. 1In addition, clips were added
between the ring web and ring flanges.

FULL SCALE AFT SKIRT SEGMENT TEST PROGRAM

As part of the aft skirt structural
modification evaluation, a series of
water impact tests was conducted using
full-scale SRB aft skirt segment test
articles, The primary objectives of
these tests were as follows:

o Obtain applied pressures and
associated structural dynamic strain re-
spongse data at fullrscale water impact
conditions.

o Evaluate effects of fcam and
foam contour shape on the dynamic re-
sponse. .

o Assess effects of removing
selected structural ring reinforcements
such as clips and gussets. : .

o Study a proposed mid-ring alter-

o Test the aft ring segment to
failure, .

. Two test articles were used in this
test program. ' The first simulated a
segment of the aft skirt mid-ring struc-
ture, whereas the second test article
represented a fullescale segment of the
aft ring structure. Both test articles
were constructed of 2219-T87 aluminum
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FIGURE 3

CANDIDATE DESIGN.
MID RING

9$ AFT SKIRT RINGS

material and included flight-type mech-
anical fasteners between the ring, clips,
gussets, and skin structure. , The mid-
ring test specimen, shown in Figure 4,
consisted of a wedge-shaped structure
which represented a 15° arc segment of
the aft skirt, but without cvrvature.
Located approximately half-way up on one
side of the edge was a full-scale aft
gkirt mid-ring segment configured with
structural reinforcements similar to

the current baseline SRB design. The
other side of the wedge contiined an:
alternative candidate design Zfor the
mid-ring. The skin panels were flight
design configured to include the inte-
grally milled stiffeners above and below
the mid-ring. The test article weighed
approximately 725 lb. The aft ring test
article represented a 30° arc segment of
the aft ring/skirt skin/stiffener con=
figuration, but, again without curvature.
As shown in Figure 5, the aft ring sey~
ment included both the original gussets,
which were present on every third string=-
er on the first flight boosters, and the
smaller gussets, which were added for
additional support at every vacant
stringer location. The aft ring test
article weighed 435 1lb.

Instrumentation consisted of press-
ure, strain, and accelerometer measure-
ments. The mid-ring test specimen had
12 pressure transducers, 3 accelerometers,
57 uniaxial strain gauges, and 28 rosette
strain gauges installed for a total of
153 channels of data, The aft ring test
article contained '12 pressure trans-
ducers,' 3 accelerometers, 27 uniaxial
strain gauges, and 31 rosette strain
gauges for a total of 135 data measure-
ments. On each individual test, however,

-only 13C channels of data, in addition to

time code, were recorded.

) The SRB aft skirt scgment water im=- .
pact test program was conducted at the
Hydroballistic Facility of the Naval
Surface Weapons Center located in White
Oak, Maryland. An air gun launch system
was used to accelerate the test article

‘to the desired 'mitial impact velocities

which ranged ' am 40 to 110 ft/s. 1In-
strumentatic: .railing wires and arresting
cables were attached between the test
article and the tank structure, A total

‘of :0 mid-ring and 25 aft rinq tests

werw perfcrmed.




FIGURE & MID RING TEST ARTICLE CONFIGURATION
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MID-RING TEST RESULTS

The mid-ring segment test condition,
summarized in Table 1, included varia-
tions in impact velocity, impact angle,
foam shape, and structural configuration,
The impact angle coordinate system is
defined such that a negative angle corre=-
sponds to- tilting the wedge side with the
baseline design ring segment down toward
the water. Foam contour shapes that were °
tested are shown in Figure 6. The foam'
used was a 2.7 lb/ft3 density sprayakle
Instafoam. Two types of structural modi-
fications were tested in addition to the OO
fully reinforced configuration, The Rt
first consisted of removing the inboard "’
and outboard clips near stiffener 2 and
3 on the baseline design ring and re-
moving the gussets at stiffener 2 and 3
on the new design ring. The second

' structural modification included those
made on the first plus the removal of
gussets at stiffener 2. and 3 on the
baseline design ring. : :

The effects of initial entry angle
' on pressures are shown in Figure 7 for
both the baseline design ring and new
design ring. Maximum pressures were
measured on the ring inner flange fole .
lowed by the ring web, ring outer flange,
and, finally, the skirt skin which had

FIGLRE S. AT RIUGIYESI ARTICLE CONFIGURATION the lowest pressure Vliﬂql. as expected.
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TABLE 1
MID RING SEGMENT TEST MATRIX

TEST ARTICLE STRUCTURAL CONFIGURATION
RUN v 8 FOAM BASELING 1ING DES'GN NEW RING DESIGN
NO. | (FPS) | (DEG) | SHAPE | (NGOARD CLIPS | OUTBOARD CLIPS GUSSETS GUSSETS
v[2[aJe [ [z Ja v T2Tsfaf  T2]aTs
w | 2s] o NO ON ON ON ON-
" w09 .
12 | e ,
1 | e NO
" | s l "
1. 3R] 0 [
7 | o] -8 NO '
1 10| o "
19 .| 87| +8 NO
2 | sl -8 WNO
27 | Q0 -8 " .
2 | 09| -2 NO '
29 04 -8 i
% | 04 ] e NO
3 | s0sl o " ON ON ON—
3% | sos | -8 " ON OFF OFF ON | ON OFF OFF ON ON OFF OFF ON
37 | sos | -8 '
» w3 -8 | ) - ON :
“ | s24f o ' ) ON OFF OFF ON .
o | ne] -s NG | ON OFF OFF ON 1 ON OFF OFF ON | ON OFF OFF ON | .ON DFF OFF OM
FIGURE 7
RID RING MODEL PRESSURES
ENTRY ANGLE COMPARISON
. VELOCITY: 80 FT/SEC NO FOAM
) * BASELINE RING DESIGN
] [ &
00 .
i
3™
£
. 200 4 +
: w4
!lﬂ RING FOAN CONTOUR SHAPE DEF INITION |
£IGUE 6 . . . .
. : ‘ , e ¢ -
As the skirt skin becomes less vertical, ENTRY ANGLE 1080}

on a given ring side, the associated

ring and skin pressures increase. For
example, the web pressure experienced . .

by the baseline design ring increases
from about 200 psi to nearly 500 psi as
the impact angle is varied from +8 to '
,~8 degrees, With the addition of foam,
this angular effect is also present as
shown in Figure 8. This figure alsoc
illustrates the significant reduction in
pressure with the addition of foam.

shape I foam is seen to be superior to
Shape II in that pressures are lower for o " '
the latter case. Figure 9 presents the - ¢ -

IR |

?
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FIGRE 9
" WID RING WOOEL PRESSURES
FONU/NO FOAY COMPARISON

NEW RING DESIGN
ENTRY ANGLE: 0DEQG.

effect of foam >n measured pressures for
the new d=sign ring. It should also be
noted that, in .;eneral, the pressures
experienced by the new design ring are
lower on the inrer flange area than for
the baseline design ring at comparable
initial conditions.

Relative maxirum normzl stress
levels are plotted as a function of
initial impact velocity in Figure 10.
The addition of foam is seen to signi-
ficantly reduc= the peak stresses and
foam contour Shape I is superior to
Shape II in reducing stresses. Figure
11 illustrates the relative stress dis-
tribution through the ring with and
without fecam. The ring web experiences
the highest stresses, whereas the gusset
stresses are lowest for the no foam

. condition., 'With the addition of foam,

the peak stresses occur in the inner
and outer caps of the ring.

The effects of removing selected
structural reinforcements from the mid-
ring .segment test rrticle are presenied
in Figure 12. These results indicate
that removal of four clips increases
the stresses from 10 to 30 percent,
whereas removing the four clips and two
gussets causes an additional increase of
20 to 70 rercent. A comparison of
stresses between the baseline design and
the new design rings without foam is '
given in Figure 13. 1Ir general, the
baseline desigr ring stresses are at
least doubie those experienced by the

' . new design ring.

02

AFT RING TEST RESULTS

The aft rihg segment test conditions
are jummarized 'in Table 2. In addition

* to varying foam contocur shapes, different

combirations of foam and cork were tested
as illustrated in Figure 14. The cork
had been applied to the flight booster
aft ring for thermal protection prior to
identifying foam as a load attenuating
medium. Thereforé, cork was included in
the test program to assist in evaluating
flight-type configurations. Also, the
foam application method was varied be-
tween layered and poured. The layered’
technique consisted of spraying approxi-
mately one-inch~thick laminaticns, where~
as the poured method used a single spray
application with mclds to define the
shape.

Peak pressures are shown in Fig-
ure 15 as a function of impact velocity
for the no focam configuration. Maximum
values over 4,000 psi were measured at
the higher velocities.. A comparison of
peak pressures with various foam shapes
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FOAM/NO FGAM COMPARISON - BASELINE MID RING

RING WES MIDDLE
10
' NO FOAM
79~
L
uax .90
roaM
- P '
) FOAMI
% L LJ L T
_ “« 7 0 %
VELCQITY (FT/3EC)
NEW GUSSET
1.0 -
) NO FOAM
7% =
¢
“max 50 o
FOAM I
2%~
LA FOAMI
| 4 L] 1 1] L
@ 0 80
VELOCITY (FT/SEC)
FIGURE 11
ALD RIS Mo0EL
[z
vELOCITY: PP ANGLE: -9 DEGARES .
STALC FURAL CONFIGURATION: 1
SHARENT LRI NORMAL TP
non car
voumu -
e == |
WS < NER ADOT :
0 00am .
rommn .| )
POAM .
wea - WOoDLE :
 mososs
roan N
POAS ) °
WS OUTEN ROOY
40 POAS
roam 4
reven
OUTER CAP
L 1" . 1
soam
#oaM 1
W SLUmEY
NO FOAM ]
PO 1
N =

FIGURE 12
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is presented in Figure 16. It is seen
that a significant reduction in press-
ures occurs with any of the foam con-

tours tested. As expected, the convex

~contour Shape V is superior to the

other shapes. The present flight con-
figuration closely resembles Shape VII
which indicates that the anticipated

peak pressure is between 175 to 250 psig

on the aft ring web. It is noted that
the external contours of Shape V and
Shape ViII are similar, yet the peak
pressures for Shape V are lower. This
is most likely due  to the presence of
the incompressible cork in the Shape
VII configuration, which does not act
as a load attenuator as the highly
compressible foam does.
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A comparison ‘of pressure time
histories with and without foam is
shown in Figure 17. The amplitudes are
seen to be reduced and the frequency of
the applied shock load is lowered with
the addition of foam. .

Maximum relative normal sfresaes
through the aft ring segment are :
summarized in Figure 18, The differ-

' ence between the poured and layered

application technique is seen to not
cause a significant difference in peak

~ stresses. Foam shape has a strong

FIGURE 17
FULL SCALE SEGMENT RING PRESSURES
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influence on the maximum stresses with
Shapes V and VII proving to be the best.
Strain time histories measured on a gus-
set and inner flange are presented in
Figure 19. The peak strain amplitudes
are seen to be significantly reduced,
the response frequency lowered, and the
ringout-type response eliminated with
the addition of foam.

Relative peak stress levels for
various aft ring structural configura-
tions without foam are shown in Figure
20. The removal of some of the clips
and gussets tends to reduce the maximum
stresses since additional flaxibility
is being introduced. The area of the
aft ring Letween gussets did experience
somewhat higher stresses when the clips
and gussets were removed, but this was
not nearly as significant as the stress
reductions noted in the area of the
gussets.

One of the objectives of the air
ring segment water impact test program was
to increase the impact velocity until a
structural failure occurred. This was
accomplished at a velocity of 110 ft/s
with the primary failure occurring in
the outboard flange as illustrated in
Figure 21. A similar failure was ex~
perienced on the third flight of an
SRB during water impact at the same

-'velocity. This higher impact velocity

was due to a fajled main_pazachute.
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FIGURE 18
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n..wnw

-

_J
1

Dhad Lo Lt L b g

[ s

WEB - INNER ROOT

A —— 1

-

D j 1
—
WES - MIDDLE
A .
) T ) VELOCITY: 88 FY/SEC
2 L N} A= FOAMSHAPE V POURED
B - FOAM SHAPE V LAYERED
C —~ FOAM SHAPE V) POURED
WES - W":'W’ D — FOAM SHAPE VI POURED
A= N0 DA ' . €.~ FOAM SHAPE V{ii POURED
C |
T
E ]
OUTER CAP
]
9 1.
1
1
J
NEW GUSSETS '
A
™ —]
]
D |
E J

FLIGHT RESULTS

Foam was added to the SRB aft skirt
rings beginning with the seventh flight
set of boosters. The foam contour
shape was similar to Shape .I on the
mid-ring and Shape VII on the aft ring.
Although some foam was missing from the
rings after SRB retrieval, post-flight
inspections indicate that the majority
of foam was intact just prior to water
impact,

Flight instrumentation consisted
of two pressure transducers located
apprcximately 180° apart on the aft,
mid, and forward rings of each booster.
These measurements were present start-
ing with the seventh Space Shuttle
launch (STS-7). Figure 22 contains
some typical. water impact pressure time
history data obtained from the flights,
Table 3 summarizes the flight results
obtained to date, The pressute values

| e e— ' ] FOAR

" Gusser

_~2.78 FOM-SHAP! V[

-

IER FLAWE

) om0 FOAM

FIGURE 19
FULL SCALE SEGMENT STRAINS

are seen to vary greatly, which is in-
dicative of a highly asymmetric cir-
cumferential digstribution. Also, the
exact amount and shape of foam present
at water impact is not accurately'known
since the major portion of  foam is
often missing when the boosters are
retrieved.

SUMMARY AND CONCLUSIONS

In summaty, a total of 45 water im=-
pact tests have been conducted on SRB
full-scale aft skirt ring segment test
articles at impact velocities from 40
to 110 ft/s. Pressure and strain meas-
urements were recorded to evaluate the
applied loads and associated dynamic
structural response., Significant trends
have been identified and are presented
herein.
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TABLE 3
S&3 AFT SKIRT PRESSURES (PSIG)
FLIGHT EXPERIENCE

| FLIGHT AND 8005 A
::‘Jas“'" AXS ATE-7 sT5-8 1 STS-8 sTS-11
LEFT RIGHT LY RIGHT LEFT LEFT | miow™

fwo ~ ez 300 506 140 s70 156 28 22
Fwo ~-2 s 0 200 2%0 m - a1e
Mo -z o s 508 125 ~ s00 - 36
MID - -2 s 20 16 40 28 e m
AFT T~z 15 4 as 185 320 200 -
AFT ' ~-2 8 *% 220 200 160 m 148
Vy (F1/8€C) -~ ~. ” - » 10 104
Vy (FT/SEC) -1 - ‘20 20 “ - o
ROLL - ¢ (DEG) ' 106 100 210 2 “ s 136

The following concluasions may be
drawn based on the results discussed
herein.

0 Initial entry angle has a signi-
ficant effect on maximum pressures and
stresses. For example, a change in
angle of 8 degrees doubles the pressure
and associated stress levels experienced
by the baseline design mid-ring without
foam. -

© The addition of foam to the
baseline design ring reduces the peak
pressures and dynamic stresses by 75 to
90 percent for both the mid- and aft
rings. . '

o0 Pressures and stresses increase
with velocity at a grsater rate than the
commonly used velocity squared .ratio.
For instance, the pressure and stress
values double with an increase in velo-
city from 80 to 90 ft/s.

© A convex foam shape is superior

- to & relatively flat wedge shape from a

viewpoint of structural loads and re- '
sponses. The convex shape reduces the
pressures and stresses on the baseline
ring by 50 percent.

© Removal of the structural re-
inforcement clips from the baseline
design mid-ring causes an increase in
maximum. stress levels up to a factor of
two. In the case of the aft.ring, how=
ever, stress reductions were noted when
some clips and gussets were removed.

9

© A structural failure occurred
on the aft ring outer flange and small
gusset in a fashion similar to that
experienced on the STS~-3 flight.

o Flight results consisting of
pressure measurements indicate that the

aft skirt ring web pressure environment -

is asymmetric circuinferentially and is,
it appears, highly dependent on the
exact amount as well as shape of foam
greuent at water impact.
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AN OBJECTIVE ERROR MEASURE FOR THE COMPARISON OF

. CALCULATED AND MEASURED TRANSIENT RESPONSE HISTORIES

Thomas L. Geers .
Lockheed Palo Altc Research Laboratory
Palo Alto, California

A simple error measure is proposed for the objective'
comparison of a calculated transient response history
with its measured counterpart. The measure assigns a
single numerical value to the discrepancy between the .
\ . | two histories over a specified comparison period. Com- '
putation of the measure involves the integration in '
time of squares and/or products of the calculated and
measured histories. Representative results are shown
for both idealized and actual response histories.

INTRODUCTION

Computar codes are now widely used to perform
response calculations for transfently excited
structures. Often, experiments are performed
to evaluate the accuracy of the calculations,
which inevitably raises questions concerning
evaluation criteria. The criteria used to date
have generally Leen subjective in nsture, fo-
cusing on the size of nearly simultaneous
pesks, the magnitudes of pronounced oscilla-
tions, apparent decay rates, and other geneval-
appearance characteristics. The impreciseness
of these criteria has made it difficult to in-
corporate them into systematic evaluations and,
88 8 result, to establish consensus positicns.

This paper descrides a simple, objective error
asasure for assessing the discrepancy between
a calculated and a measured transient relponoc
history. The measure is based on two "corre-
spondence histories™, each of which involves
the intogr-tion in time of squares and/or pro-
* ducts of computed and measured response histo-
ries. These corrc-pondcnco histories possess
‘ti.e following attributes:

1. Rach approsches a constant value st late
time,

2. One is sensitive to magnitude, but insen-
sitive to phtase, discrepancy,

3. One is sensitive to phase, but lnocnlltlv.
to -ngnitudo, discrepancy,

The ftrlt attribute allows one to 'compare two
response histories on the basis of two numbers.

The second and third attributes assure that .

‘these numbers discridbe orthogonal discrepan~

cio-, vhich allows one to construct a single
“comprahensive error-factor” by the vector add
dition of & -lgnitudc error~factor” und s
“phace error-factor”,

There is a vast amount of information involved
.0 a typical direct comparison of transient-
response calculations with corresponding exper-
izental data., Use of the comprehensive error-
factor gubstantielly reduces the comparison ef-
fort. For example, a direct comparison of two
different sets of medium-scale calculations
with corresponding experimental data might re-
quire examination of three sets of 50 response
historics, each with 200 time steps needed .for
adequate response resolution; such a comparison
therefore, would involve the assimilation of
30,000, ,data points., Use of the comprehensive
etror factor reduces the number of data points
to be assimilated from 30,000 to 100.

COMPREHENSIVE ERROR-FACTOR

Consider the temporal functions o -

. r ‘
Ocal(Tet) = [ cleer) m(e) de

1

.

- T .2 '
Oc?(.,t) - [ e (t+x) dt

where ¢(:) and a(t) are pilecewise continuous
functions of time. it is usually convenient to
define c(t) and m(t) such'that they are zero
for t ¢ 0, in which case the lower limits of
these integrals ace zero and =t for t > 0, and
ste both |t] for t < 0, 1In. terms of the func=
tions of (1), the “correspondence histories”
G(T,t) and H(T,t) are defined by the relations




-] z(T,T)
2(T,1) = ————; «rT
(T, %) Q‘z(T,O) {z }
(2)
&.q(T,
n2(-r") ICI( 1)1

[@.2(T,7) 0 2(T,00]1/2 ‘

where c(t) is a calculated respcase history,
u(t) is the corresponding measured response
history, and v is the (generally uncertain) de-~
lay hetween starting times for the two histo-
ries. As shown below, G(T,t) is sensitive to
sagnitude discrepancy between c(t) and au(t),
but is not sensitive tc phase discrepancy be-
tween the two. In conirast, H(T,t) is sensi-
tive to phase discrepancy, but 1is not sensitive
to ragnitude discrepsncy.

If both G(T,t) and H(T,t) are virtually con-
stant between the times T/2 and T, where

0 <T<.T, it is reasonable to calculat: the
“correspondence averages”

- 2 T
G(z) = = [ o(T,7) dT ,
T'flz .
(3)
R , T
H(t) = E [ w(t,v) 4ar

T2

from which one can readily compute the magni-
tude, phase and comprehensive srror averages

!-(t) = G(t) -1 !P(t) =1 - H(x)

ey

- =2 ‘ =2 172
B () = [B () + !p(t)l .

It is readily seen that both £,{t) and £,(v)
are unaffected by uncertainty remerding gho
the polarities of ‘c(t) and m(t), "It is also

" resdily determined that % (1) s virtuslly
unaffected by uncertainty in t, but that Ep(®)
may bde substantiaslly affected dy such uncer-
tainty. Inassuch as the comparision of two

" transient-response histories should bde unaf-
fected Dy modest translations of those histor~-
ies along the tine axie, it is zppropriate to
define the comprehensive error-factor as

., = HIN (ic(v)) ' _' 3

In addition, 1f 3_1- the value of t at which
Ec(t) reaches its minfmum, the magnicude and
phase error-factors are given as

e - Bp(t) (6)

om0

Equation 5 defines the comprehensive error~
factor for the comparison of a calculated re-
sponse history with its experimental counter-
part. For an engemble of N such comparisons,
one may calculate an average comprehensive
error~factor as :

. N
RO |
CEe =g L (e
n=l .

Because the (e.), are 2ll positive, this en-
semble average is not undermined by the can-
cellation of positive and negative contribu- .
tions. This alleviates the need to calculace
and interpret higher-order statistical quanti~
ties, such nl'ptandnra deviations, although
such quanticies may be worth calculating in
some situstions. Similar ensemble averages &,
and €, may slso be calculated; the former is
helpful in sssessing whether the calculated re-
sponse histories in a particular ensemble tend
to overestisate or underestimate tr2ir mea-
sured couiterparts.

DISCUSSION

The comprehensive error-factor defined in (5)
assigns a single nuserical value to the dis-
crepancy between £ calculated response history
and its measured counterpart. Information as
‘to the nsture. of this discrepsncy is provided
by the magnitude and phase error~-factors de-
fined in (6).. '

G(T,t) and H(T,t) are closely related to quan-
tities commonly used in time-series analysis
(see, e.g., [1]). 1In cits regatd, the former
uight be termed the "normalized energy history”
for o(t) and the latter might be termed the
“normalized cocrelation hiscory™ for c(t) and
a(t), Note that H(T,t) is defined such that
its numerator and denominstur sre of the same

. metric ae those of G(T,t); this is appropriate

for vector addition of E (<) and Ey(t) to ob-
tatn E (1) {see (4)]. _ '

Some interesting sspects of the preceding de-
velooment are discussed in the Appendix; they
may be summarized as follows:

Te B (0,2) & B (TH#t,=1) and 3,2(T,7) =
®:2(T+1,0); the former indicutes that it
satters little whethar c(t) or »/t) is
shifted % < in (2), as <(T. .

-y B s
.l"" .".‘-,-,T' . ',
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2.

3.

&,

5.

6.

7.

The second relation in the preceding item.
may be used for efficient computation of
8.2(1,1); Ocn(T,+) may be efficiently com-
puted a8 P.q(T,t) = F~!{Ep(w)Bp(-w)}, where
F-! denotes inverse Fourier transformation,
and where Gp(w) and Byp(w) are the Fourier
cranaforms of c(t) and m(t), respectively,
both truncated at t = T,

0 < H(T,t) € 1 for any c(t) and m(t).

If c(t) = (1l+e) m(t), where € > -1 1is a
consrant, eg = €, ey = 0 and thus e = [el.

If m(t) = sin 2nt for t > O and c(t) =
(1+€) sin [2x(1+y)t = 8] for t > &/2x(1+y),

= ¢, e, =0 and thus e ~ |ej for € > -1,
YT << 1 and T2 3> 1. :

1f m(t) = sin 2xt for t » O and c(t) = (l+¢)

sin [2n(1+v)t -¢] for t > ¢/2n(i+y), eg = €,

e » 1 and thus e, = (1 + €2)1/2 for € > -1,
» 1 and T2 » 1.

A previously coneidered error measure is
tlie root-mean-square error history E.(T,t),
defined. as . .

T
EXT, D) = [3,2(T,0]7! [ [eCesr)m(e)) ae
- ()]

It 1s informative to compare this with the
magnitude-, phase- and compreheasive-error
histories, defined as [cf. (4)!

!.(?,1) = G(T,t) - 1 29(7.1) s 1 - K(T,%)

) (8)
- (w2 . w2 172
E (T,%) _ [!.('l‘.t) + !':p(‘l'.t)l

Yor !:(1'.1) <« 1and BX(T,0 & 1, 1t ts
readily showa that .

g, - !:f‘r,t) +aEy (1,0, 5‘,:,(1-.1) >0

9

zf,(r.:)» - B (1,0 + 4 'm.(r.vr)-z,('r.x)l.' '

o © 8eg(T,0) <O

Hence E.(T,t) greatly exceeds E.(T,t) due
to the terms of order unity, E (T,t) and
‘Eg(T,t). This characteristic makes an
ras-ecror factor given by e, = Eg (1) too
stringent an error measure, as seen below,

—
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The comprehensive error-factor is the result of
many itcrations. The proposal for comparing
cs:culated and measured transienc response his-
tories on the basis of integral functions ori-
ginated with the author in 1978 [2]. O'Hara
[3] responded by pointing out the value of
G(T,0) and H(T,0) as magnitude-sensitive and
phase-sensitive correspondence measures, re-
spectively. This prompted the author [4] to
formulate a comprehensive error measure as the
vector sum nf a magnitude error mrasure and a
phase error measure and, noting the undesirable
dependence of H(T,t) on T, to introduce the er-
ror ainfnization operation of (5). Belsheim
[5] proposed the Fourier-transformation tech-
nique of Aspect 2 in the interest of computa-
tional efficfency. Finally, Baladil and Barnes
[6] have enhanced some of the author's inter=
mediate resulta [7] and have applied the error-
factor concept to ground-shock problems.

This fteration process has yet to converge,
especially with respect to two rather arbitrary
aspects, The first of these is the averaging
of C(T,t) and H(T,t) over the latter half of

' the comparison period T [see (3)]. The second
is the defirition of H(T,t) in (2) such that
its numerstor and denosiaator are ot the same
metric as those of G(f,1); in a previou: itera-
tion, H(T,t) was defined as the present
H2(T,<), which relaxes the requirement for tak-
ing the absclute value of the numetvator. The
author hopes that the present paper will en-
courage analysts to use the comprehensive
error-factor as & comparison tool and to pro~
pose further improvements in the mcthodology. v

)

IDEALIZED TRANSTENT RESPONSE HISTORIES

It is informative to examine some magnitude,
phase, comprehensive and root-sean-square
error-factors generated by a coaparison of
ideslized transient-response histories, Con-
sider, for example, the idealized measured re-
sponse history ’
a(t) = ‘o=t sin 2%t (10) .

©  1magine that a transient-response calculation
: is performed that s supposed to yield a result

identical to (10); instesd, however, the calcu~

lation yields :

e(t) = 0.8.0"/?'3 sin. 2xt (ll)‘

These two response histories are shown, along

with the associated error-factors, in Pigure 1.

‘As would be expected, the phase ervor-factor is

very smsll, the magnitude errvor-factor reflects

both the smaller peak amplitude and more rapid .
decay of c(t) relative to n(t), and the root~
sean-square error-factor is anly slightly lar-

ger than the comprehensive error-factor.
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Figure 1. Ideslized Response Histories with
Amplitude and Decay Discrepancies

Pigun 2. ldsalized "a'luponuvllutorloi
' vith Frequency Discrepancy

CoL ' 102

Insgine now that. snother transient-response
calculation, which is suppnsed to yield a
result identical to (10), produces instead

cit) = et gin l.6xt (712)

The response histories given by (10) and (12)
are shown, along with the associated error-
factors, in Pigure 2. It is seen that the mag-
nitude error-factor vanishes and that the phase
error-factor is small, too small, perhaps, for
some. The aforementioned previous iteration in

which H(T,t) was defined as the present R2(T,t) .

would have given e, = &, = 0.09 for'this com~
parison. Finally, the root-mesan-square error-
factor seems unacceptably large as & measure of
discrepancy 'for the visually satisfying agree-
sant exhibited by the two histories.

Pinally, imagine a third transieat-response
calculation that produces, instead of (10),

c(t) = 1.2 ¢ t/1:2 414 1,6%¢t (13)

This response history, along with (10) and the
associated error-factors, appear in Figuve 3.
1t 1s seen that megnitude error is the dominant
contributor to cowprehensive error, phase error
having been minimized by a suitable shift of
c(t) 1o time. Visusl comparison of the sreas
benesth corresponding half-sine segments of the
two response histories lends support to the

" wagnitude error-factor shown, while the value

for the root-mean~squars error-factor appears
too large.

o = 20%
s = 62
e = 30X

[ -

Yigure 3. Ideslized Rprponse Histories
with Amplitude, Decay and
Frequency Di{zcrepancies

NN
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PESPONSE HISTORIES FOR A HARDWARE TEST

Figures 4-7 show comparisons between calculated
and measured transient response histories asso-
clated with a hardware test series, The fig-
ures are ordered in terms of increasing values
of e.. Virtual constancy of G(T,t) and H(T,<t)
during the latcer half of the comparison pertod
T was monitored through examination of the de~
viational functions

G, () = Max(&(T, D} - 8D 5 yTered
6D = & - MNGG(T, D) 5 FTeT< T
B (%) = mx(ﬂ(r,i)). -WD; 3TereT
BB = BB = Wn(er, D) 5 37 <Tef

None of these functioas exceeded 0.12 for aay
of these comparisons.

Figure &, First Patr of Pesponse “i-'artc-
-for & Hardware Terc
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Figure 5. Second Pair of Respanse Histories
for a hardware Test
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Figure 6. Third Pair of lo-ponuc Histories
!or & Hardwvare Test'
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Figure 7. Fourth Pair of Response Historles
for a Hardware Test

CONCLUSTION

In this paper, the comprehensive error-factocr
¢, has been proposed av s simple, objective er~
- ror messure for sssessing the discrepancy de-
tween a cslculated and a messured transient re-
sponse history, This error-factor assigns a
single numerical value fo the Aiscrepancy ex-
‘4sting over s specified comparison period, In-
formation regarding the nature of the discrep-
ancy is provided by the megnitude and phase
error-factors ey and ¢, which cons-itute or=
thogonal components of eq. .

'
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2. o (1,0) = F! (E R (-0}

From (1):

an (1,%) -l %‘”"“&“"‘F

where the subscript T denotes truncation at

t = T, Now c (t+1) may be written asg an
inverse Pourier transform to obtain, with c,r(m)
denoting the Pourier transform of ¢ (t), '

[

jw(t )

o (T, -J f c (u)e do m(t)dt

-

Interchange of the orler of fntegration then
yields T

| B jm ® o (r)el¥E ;
.Qc-(’r,::)--z—n.if c.l.(w)e,_v l "t(t)e dt dw

But

I ay(ered e = I ar(ed Wt - 5 (o)
Hence
& (T,0) = L J' P (m)ll.l.(m)e““"_t
: whiéh proves the unten'e.,rft.
3. 0« n(f,%) &1 )
Cor.sil.der the ’quntityf
T [ ee+n) . alv) o'
- aléz(r.c) '@12?(1.:,) , o
IRCUR i

Expansion of the integnnd and utilization of

i (1) gives 1 7 2H%(T,<) + 1 > 0, which yields

H2(T, ‘t) <1 and 4%(T,%) ¢ 1. Hence, because

. 'G_z(T.Q) - f linZZtty de -_% T (i -

‘108

HZ(T,T) » 0 by definition, use of the positive
square root proves the statement.

“ 4o c(t) = (l+e) m(ty, e> ~ 1

8, (T,) = (1+e) &_(T,7)

S )
d)cz('r,r) = (1+¢) 0.2(]:.,1-)

s

' From No. 1, above, aﬂz('r,r) = an(T"'t,O); hence

Q'z(’r+1:,0)

2 2 =
6°(T,1) = (1l+€) -
' &az(T,Ol)

('l' 1)

uz(T'T) - . 172
0.2 ('1‘+10) 452 (TO)

But 8pa(T,0) = &;2(T,0%, so H(T,0) = 1, which,
from No. 3, above, is the maximum vaiuve f
H(T,t), yielding the minimum vaiue of Ey(T, 1) =
1 - B(T,t), Hence T = 0 and

"5 eP-O, e, - lel

'5.6. n(t) » sin 2xt, t30;

- e{t) = (l+e) sin (’21(1+v)t-¢1, t24/2x(+y)

T pindnt, .
S
o .
ch('f.f) - ecz("rﬂ,o)
T4t

- (l-m:)‘2 ) -m’[z«uﬂ:»_}d:
' 0/21!(14'1) .

- _ (“:) ™ u- unu(xnrr" ]
4x(14+y)T*

vhete T & T#1~4/22(14y). ‘




1f, in sddition, YT << 1, then H2(T,7) *
‘jcos(#+2%7) |; but 1if, instead, YT >> 1, then
H2(T,1) < 1. .

, T
& (T,7) = (l+e) [ sin[2x(1+y)(t+1)=¢] sin 2xt dt
to

where t, is the larger of zero anil

-1 ' .
$/2n(14+y) - t. With t t+t, this becomes Prom the preceding, if .1.2 »1, T T T

#/2x(1+y) and YT << 1, the error-factors are,

T+t for ¢ > =1, :
2 (T,1) = (1+e) | [sin 2x(1+Y)t' cosé
to '
- cos 2x(1+y)t' sind] €, € ~0, e = lel

On the other hand, 1€ T2 3> 1, T > 1, T >
¢/2x(1+y) but YT >> 1, the error-factors are,
for € > -1,

x (sin 2xt' cos 2xt

=~ cos 2xt' sin 2xx) dt'

eyt ,ep=1 ,ec'(lﬂ:z)“z,
where t’ is the larger of T and ¢/2x(l+y). :

Evaluation of this integral yislés !

7. B3(1,%) for EX(T,T) << 1 and EX(T,7) << 1
28 (T,7) T L] P :

= cos$ cos2xt {f[2nyT'] - f[,ZR(ZH)T'l
(1+€e)T! From (2) and (7)

- fg £[2 .o . to . .
o fl2mveg + fl2x(2+y)e) 1}

B(1,0 = 61,0 + 1

. = sin¢ sin2xt {£(2%yT'] + f(}21‘t(2+7)1"] ' ‘c(r.v) llz('f,t). oc-(r.t) >0

. . .
- L} 1]

o to : = 2l 2
: o fl2xve;] ~ I flzx(zw):;l}l ~G(T, ) BT, %), 2 (T,3) <0

The introduction of (8) into this then yields

- siné coe2xt {gixyT'] = gl{=(2+y)T'] -
~ ' '

-5 e fo o
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’ :g(r.ﬂ <« 1, (9).
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DISCUSSION

Mr. Coulter (Ballistic Research Laboratory): Tf

you had a single pulse, would your magnitude
error be proportional to the impulse? You
seemed to imply that it would be proportional to
the magnitude part oi the error. I am thinking
about applying this to a single blast pulse. We
have records just like yours, omnly they are
single blast pulses. Would you use tha same
kind of acceptable errors, /5%, 10% or 20%) as
you would with other measures? I am searching
for something that would be acceptable.

" Mr. Geers: That' is where the subjectivity comes
in. At least you can make the subjectivity

whatever you want. You can bring it in at one
point with this technique, because once you have
chosen an error measure that you consider
acceptable, then the computer does the rest.
But it is up to the person to make that
subjective judgement. That is strictly a
judgement call. My personal reaction has beeu
that anything better than 20% is really good.
When you get to around 20 or 30%, it is gettirng
falr, When you get above the 30 to 40% range,
that {s rather poor.

Mr. Coulter: So if you shoot for 30%, or maybe
20X, you are doing well?

Mr. Ceers: 1If you get within 20%, you are
close,

. Mr. Strauss (Rocketdyne): 1°d like to go back

to yout next to the last sample of data, In

*his example {t looks like your phasing wus very

close, and your amplitude was way off. In a
case like this, or in general, wouldn’t it make
sense to separate the phase and the amplitude?
If you have the phase right, it 1s a simple
error to correct. Whereas if your phase is off,
you have to recalculate gomething.

Mr., Geers: Yes, that is a good point. 'I am
glad you mentioned that. That {8 why I show all
thiee., But when we have many, maény comparisons
tc make, we cannot do it on a global hasis with
multiple errors. I was seeking one single
nunmber for a given comparison, and that ls the
top level. You can go down to the next level,
and you can look at the magnitude and the phase

‘errors separately. You can go dpwn to various
_levels, and I think that is a good idea.

Mr, Barsoum (U.S. Army Materials|and Mechanics
Research Center): If you are leopking at
responses in various locations in a structure,
you will have hundreds of numbers, Perhaps one
should look at energy which has rhe same kinds
of norms as these, From an engipeering joint of
view, you are looking at the response of most
critical locations. How do you find these in
the experiments? , ,

Mr. Ceers: You could set up a critical sroup.
If you had transducers that showed responses
that wers large, or that would subject the

structure to incipient failure, perhaps you
could select those as a subgroup of special
interests. Then you could make the comparisons
between the calculations and the measurements
for that group and draw the histograms that I
showed. You could say this i{s forf subgroup

"eritical, and this is an evaluation of the

errors made by the calculations at the critical
points, So you can make any kind of selection
that you want in the subgrcups and evaluate the
error, .

Mr. Frydman (Harry Diamond Laboratories, Session

Chairman): This kind of technique seems to be

very useful for shaker waveform synthesis
operations. We spend an enormous amount of time
trying to compare responses with predicted
results, and we essentially rely on manual
techniques, This would enable us to do it
electronically.

Mr. Geers: This doesn’t suit everybody. - Some
people don’t like it because they like to look
at peaks. They are only interested {n the peak
response, But what worries me about peaks is
that you can have a8 measured response. You can
imagine a case vhere the calculated response
would' just go  flat, up a spike, down, and then
hit the peak right on the nose, and that is one
hundred percent accurate? That wouldn’t satisfy
me. The first thing 1 considered was just
looking at peaks. But I ruled that out because
1 saw too many cases where a person could do

‘well on hitting the neak, but the frequency

content just was not there. . The time of the
peak wasn’t any good. It gets flakey fast with
peaks,

Voice: Have you considered applying tﬁis to
random vibration which may have a coherent
component to it? '

Mr, Geers: No, but {t’s your pleaaure; 1 was
interested in the transient response problem and
that 1is whet' I focused on.
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ALTERNATIVE SHOCK CHARACTERIZATIONS

. FOR CONSISTENT SHOCK TEST SPECIFICATION®

Thomas 'J. Baca . ‘
Sandia'National Laboratories
Albuquerque, New Mexico

Mechanical shock environments must be characterized in the most complete
manner possible if they are to be succesafully simulsted .in the shock test
laboratory. The objective of the research described in this paper is to
evaluate three methods of analyzing transient acceleration time histories
which represent promising alternatives to shock response spectra as the
basis for deriving consistent shock test specifications. A shock test
specification is defined to be consistent if it mesningfully relates the
operational and laboratory shock enviromments. The limitations of shock
spectra are discusced in this regard before presenting the advanteses of the
new alternative characterizations. These shock analysis techaiques include:
1) renked peaks in the acceleration time history; 2) root-mean-square
acceleration as & function of time; and 3) root-mean-square ucceleration as
a function of frequency. Theése shock characterizations provide the para-
meters necessary to develop a new shock test specification technique which
can replace the current practice of enveloping shock spectrs. Deta from a
simulated field shock environment are analyzed using all three shock charac-
terizations as well as ahock spectra. The new method of shock test speci-~
fication is demonstrated using drop table and decaying sinuscid shock test

~inputs. Test specifications using the standard method of shock spectrs

enveloping are also derived. The resulting shock test specifications are
compared and the implications of using alternative shock characterizations
in derlvnng consistent test specifications are identified. Beneficial
espects of utilizing these slternative shock analysis techniques instead of
shock spectra are presented with particular emphasis being placed on the
evaluation of conservatism associated with different shock test specifice—

tion techniques.

INTRODUCTION

Shock tests are specified to simulate
operational ‘shock environments. Aerospace
components are shock tested in the laborastory to
develop confidence that they will survive the
flight shock environm°nt. - The edequacy >f the
shock test as a consistent substitute for the
field shock can only be judged if both shock
envircnments are characterized properly. Shock
spectra are currently used in the serospace
industry to characterize shock environments and
to subsequently specify shock tests. A shock -
test input is taken to be acceptable if its
shock spectrum envelops the shock spectrum of
the field data. The objective of this paper is
to develop an alternative to shock spectrum

———— ———

*This work was supported by the United States pcpnrtnont'ot Ehergy.

enveloping for shock test sbne!licntion. The
proposed method of shock test specification
requires a more complete characterization of
both laboratory and field shock data. This
method requires calculation of raot-mean-square
acceleration as & function of frequency and
time, as well as the sorting of peak accelera-

,tion values in the shock time Kistory. This new

test specificetion technique is implemented for
decaying sinusoid and and haversins shock test
inputs which are two widely used typss of
laboratory excitation. , A comparison of this
method with the standard shock spectrum approach |
wil)l finally be undertaken through a study of
both the test inputs and analytically dcrived
responses iroe l tl-plo structure.
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LIMITATIONS OF SHOCK SPECTRA IN DERIVING
CONSISTENT SHOCK TEST SPECIFICATIONS

A discussion of the limitations of using
shock spectrum enveloping as the sole means of
specifying shock tests is useful in motivating
the development of a test specification tech-
nique based on alternative shock characteriza-
tions. An sabsolute acceleration shock spectrum
(SAA) is a plot of the maximum value of the
absolute acceleration response of a single
degree of freedom system (SDOF) having & speci-—
fied critical damping ratio versus the natural
frequency of the SDOF system. The concept of
shock spectrs was conceived by Bict [1,2) as a

means of characterizing the strong ground motion

of earthquakes by their effects on simple SDOF
model« of buildings. The key aspect of the
shock spectrum is that it reflects the effects
of a transient on a certain class of structures
(i.e., SDCF structures with a certain damping
ratio). It does not retain information about
the specific characteristics of the shock. In
spite of this intended use of the shock spectrum
concept. shock spectra are widely used in the
aerospace community as an acceptable means of
cheracterizing a shock environment [3]. Shotk
test specification has been implemented through
the selection of laboratory test inputs having
shock spectrs which exceed the shock spectra of
aveilable field data [4]). Objections to this
procedure have been raised previously [5-8],
particularly in the context of assessi.'g shock -
test conservatism [6-8]. The principal reason
for the acceptance of shock spectrum envelcping

" as a test specification technique is that com~

ponent structures which can survive tests speci-
fied in this manner, generally perform well in
the operational shock environment.

The implications of 'shock spectrum envelop-
ing can be demonstrated through the following
example. Consider the shock time history shown
in Figure la which was measured as the input to
the fixed end of & 12.7 cm (5 i1nch) long metal
cantilever beam mounted in a support structure.
Given that this is the operational shock en-
vironment, what kind of test pulse should de
applied in the shock ladoratory? The most
common answer would be the 1300 g x 0.33ms
haversine pulse shown in Figure 1b.

A haversine pulse is defined by the
following equation: . ’

‘ (1 - cos %ﬁi ) ; 0<t<TH

(t) = . - (1)
0 . elsewheére

N>

where A is the amplitude of the haversine pulse
and TH 1s the duratisn. These haversine pulsze
parameters are derived by selecting the haver~
sine pulse heving & vhock spectrum that envelops
the shock spectrum of the field deta, as showm
in Figure 2.

- 1000
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o .
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Figure la Time History for PieldvDate.
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o

00 20 0 60
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Figure 1b Time History for 1300 g x 0.33 ms
Haversine Shock Test Specification.
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Figure 2 Comparison of Shock Spectra for
" Field Data and 1300 g x 0.33 ns
_Haversine Shock Data.
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While the main advantage of the haversine
pulse is that it can be created repeatediy'on a
drop tabis shock machine, the obvious disad-
vantage is that it does not resemble the field
shock data f.: terms of its peak accel ration,
two-sidedness, or duration. These observations
can be made by an inspection of the time his-
tories in Figures la and 1b. Since the shock
spectrum (Figure 2) is not a measure of fre— -
queacy content, it is necessary to look at a
comparison of the energy spectra.(Fourier
amplitude spectrum squared) to see that the two
sho.k excitations vary markedly in terms of
frequency content (see Figure 3). One final
approach to evaluating these two sbock pulses is
to calculate the response at the end of a finite
element model of the beam when it is excited by
each pnise. The results of this calculation
performed us.ig MSC/NASTRAN are shown in Figures
4a snd 4b. A much higher response is produced
by the haversine pulse than by the field dnu
pulse. .

M.‘IWAT! SHOCK CHARAC‘I'ER!ZAT!NS

'nn alternative shock ehnncurtnuonn to
shock spectra employed in this papei 'ere
originally introduced as significant descriptors
of field and laborstory shock envi.ssuments which
could be used to meaningfully quantify and
actually control shock test conservatism [6,8]).
These characteristics of shock transien’s aim to
describe the distinctive features of a par-
ticular skock environment so that these same
characteristics will be preserved in a labore-
tory test shock puise. Consequently, these
alternstive shock characterizations are unl.f»
the shock spectrum which quentifies only the '
eftects of & shock on SDOF nructuru

Three main characteristics of the shock
time history have been preserved in the cltcr-
n-uvc shock characterjzations:

1) the variation of the averege
amplitude of the acceleration un
hutory as & function of time,

2) the frequency content of the shock
excitation,

3) the magnitude of the peaks in the
acceleration time history. -

Time domain root-mean-square ncccicntton.

- TRMS (r). is defined as a lcnuro of the first
of these characteristics:

R 4 1/2
TRMS(7) = [%/o i"’,mu]

0<rgTD i : (2)

where TD is the duuuoﬁ of the shock transient.
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Figure 3 Comparison of Squared Fourier o
. Amplitude Spectra for Field Data:
' and 1300 g x 0.33 ms Haversine
Shock.
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Figure 4a Time History of Calculated Response
et End of Cantilever Beam to Field
Data Input (Figurs 1).
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Pigure 40 Time History of Calculated Response
at End of Cantilever Beam to 1300 g
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‘ the shock time histury.

At time ¢ = TD, -the overal] RMS acceleration for
the time history, TRMSO, is an overall indicator
of the average acceleration level experienced
during the shock event. It is important to
remember thst each TRMSO value must have a
duration, TD, associated with it to be meaning-
ful. Overall TRMS values from two different
shock events must have the same analysis dura-
tion before any comparison can be made betlween
the two time histories. A plot of TRMS versus
time for the field data time history in Puure 1
is showm in Figure 5.

RMS ACCELERATION (G)

It was shown previcusly [6] that the con-
tribution to the overall TRMS acceleration
(TRMSO) by all frequencies less than the fre-
quency of interest F is given by a frequency
domain RMS acceleration:

F 1/2
2 3 2
= [jo 1%(1)1%1 } (3)

where X(f) is the Fouries transform of i(t):

FRMS(F) =

X(1) = f_': i (1) o 1%ty )

and j = /-1 E

Figure 8 shows a plot of FRMS for the field
deta shock (Figure 1). Note thet a sharp
increase 1n the FRMS level is indicative of
substantial frequency content at that frequency
(e.g.. ~1500 Hz in Figure 8). The FRMS plot has
the advantage over the Fourier amplitude spec-—
trum that it not only reflects frequency con-
tent, but also retains a readily interpretabdle.
numerical velue. The numerical value at a given
frequency of the Fourjer amplitude spectrum is .
not as directly amenable to physical interpre—
tation. It should dgein be swphasized that the
FRMS plats of two shocks can oniy be compared if
they both have a duration equal to TD. Keeping
track of the duration of a transient helps to
retain an :mportent characteristic of the shc k '
time history. (No more effort is involved than
that of specifying the critical damping ratio
associated with a particular shock spectrum.)
Finally, calculation of FRMS is accomplished
efficiently. Fast Fourier Transform techniques
{9] allow the rapid soiution of Equation (4),
while the integration specified in Equatjon (3)
can be accomplished numerjcally.

An scceleration peak is defined to de the
maximum value between changes in sign of the
time history. Once positive and ncgative peaks
have been identified, a sorting sigoritim [6] - -
can be applicd to renk: - all of the peak values;
the positive psak values; and the negative pesk
values. The ranked peek accelerations for all
pesks in the field data time history in Figure 1
are shown in Figure 7. This plot serves as & )
summary of the sxtreme acceleration values of
Plotting the positive
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'

" and negative ranked peaks on the same curve (see
FPigure &) provides valuable insight into the '
. two—-gidedness of the shock time history.
‘Comparisons of ranked peaks from two time
"histories should be done only if both records
have been filtered to ensure thet each will have
the same bounds on their frequency content.

. ALTERNATIVE SHOCK TEST SPECIFICATION METHOD

: It is important to emphasite that a com-
-plete understanding of a shock excitation
requires study of all three of the alternative
shock characterizstions. The goal of consistent
shock test specification is to match the shock
characterizations of the field data and the
laboratory test shock inmput to the gr-atest
extent possible. Knowledge of the failure
mechanisms of the structure being tested may de
of use in judging ‘he significance of each of
the shock characterizations, dut the approach
taken in this paper is to consider each o! them
to be equally important. 1t is also sssumed
thet the timc histories of the field shock data
ere available to the engineer responsible for
shock tast specification. The tLree parameters
used in the proposed shock test specification
require calculation of the overall RMS accelera-
tion (TRMSO). FRMS(F)., and the maximum pesk
acceleration. Novmally, it would be expected
that all of the shock characterizaticns pre-
viovsly mentioned would have been deterained for
the field dats. : :

Test specification procedures ere given in
the following parsg/aphs for decaying sinusoid
and haversine shock test inputs. A decaying
sinusoid shock pulse is composed of & sum of
de:aying sinusoids o] the form:

‘ A.f?l!lﬁ.‘n _2;_'- :

o .

Methods exist for specifying decaying
sinusoid shock test inputs on the basis of
enveloping shock spectre [10). The intuitively
sttractive feature of the decaying sinusoid
pulse is that it allows the shock input to be.
more “realistic looking” when one is attempting
to simulate pyrotechnic shocks which are two-
sided, decaying types of shocks (e.g.. Figure
1). The main restiiction on the use of the
decaying sinusoid shock pulses is that they are
Iimited to the force capability of the shaker
system on which they are implemented. Haversine
shock test inputs (as given by Equation (1)) are
commonly generated on drop table shock mechines.

. This test techaique has the adventage of deing
able to schieve higher peak accelerstion levels
than those of deceying sinusoid pulses produced
on shakers. The widespread use of haversine
shock test inputs motivates development of @

. test specificetion technique for tlese simple
pulses ia this paper. : ’
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. each predominent frequency cen be measured from '
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Pigure 8 Ranking of Positive and Negative
Peaks for Field Data (Figure i).

The paramete:rs of interest in the test
specification procysses discussed next are as
follows:

Z = Decay rate of the exponentia: term in
the decaying sipuscid componen:
A = amplitude of decaying sinusoid or
haversine pulse
- T = Period of decaying sinusotd component
(Tw1/1, where f is the frequency-of
the sinusoid)
TH = Baseline duration of the haversine
pulse
TD = Analysi: durstion of doth field shock
ond test shock
TP » Time for the exponential factor in the
decaying sinusoid to decay to P
percent of its original amplitude
TMSO = Overall RMS acceleration for duration
.

ikl

Decaying Siouscid Teai Specificatjion:

Selecting an appropriate decaying sinusoid
shock requires thet values of A, Z, and T be
selected for each frequency which is judged to
be significant in the FRMS plot. The procedure
descrided here is for a single component, bdut
the method applies to any number of decay:ng
sinusoid components. (Note that a low frequency
and Jow amplitude compensating pulse [10] must
be included to make the shock pulse have zero
final velocity and displacement.)

The value of T is first seclected by looking
at a plot of FRMS for the fi1eld data. The
predominant frequency of thr field data will be'
indicated by & sharp increase in slope in the
FRMS plot. More then one frequency may be
evident in the field dats, so that more decaying
sinusoid frequency components may be needed.

The contridbution Lo the overall TRMSO value of

the FRMS plot as weil.

. Observation of the field shock dets will
y:eld the time at which the shock has decreased




to P percent of its peak level. Defining the normalized duration for the deceying sinusoid
ratic of TP to T as: pulse:
RP = 2,;_ ' (8) -
Rs = (9)

the value of P is controlled by the exponential

decay rate. Z: ‘ . Solving Equation (2) in terms of R for a
—22n RP ' decaying sinusoid as. defined in Equation (5)
P =100 - (e 57 () gives a normalized TRMSO:
so that in genersl, ‘ TRMSO(R) 1 1__2
. , A * TBaR (Z 22+l
| P - .
RP = oz in ( 160 )‘ (8) .
. . 1/2
Figure 9 shows plots of Zquation (8) for + .“"ZR { %4 sin 4nR 5 Z_cos 4rR )
P=1.2.10.20. These curves can be used to select 2° + 1
a value of Z which will give approximately the
same effective duration of the shock for a .R>0. (10)

decaying sinusoid ccmponent having period T.
. This equation is plotted in Figure 10 for
several damping veiues. Knowing the desired

Oncy 2.is selected, a value of A i$ sought TRMSO value, Z, and R for the field data, A can
based on the TRMSO value. This can be accom— be found once the value of TRMSO(R)/A is deter—
plished in a general way by first defining & mined from Figure 10.
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o Figure 9 Normalized Duration (RPeTP/T) of &
. _ Decaying Sinusoid vs Decay Rate (2)
: : of a Decaying Sinuseid for Different
Values of P. .
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Figure 10 Normalized TRNS (TRMS/A) vs
Normalized Duration (R=TD/T) at
. Different Decay Rates (2} for a
' Decaying Sinusoid Pulse with
Amplitude A, Period T. and
Duration TD ’
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' The frequency domain RMS for the decaying
sinusc' 41 pulse can be found by first solvnug
Equatien (4) analytically to get.

(o
. AET . _1 _
IX(1)| = o [Cl cof C3 £ * C2 sin C3

Dl
- Dl Jos C‘ + —E_— D2 sxé C4]

c

AET
*’—G_‘cx

el

. -
s1n 3 + c2 cos C3

(11)

. , . oo D2
‘ ) + D1 sin C‘ - D2 cos c‘ + 3

-h;re. )
C = (T - 1) C. = 2

(11 - 1%+ 22 ar - % 28

C,=2s R (!T—l)' C‘ = 20 R (1T+1)

3

_J&:—)_. D. = z

(T - 1)% + 2° Ut + 1)% + 2°

E= '-ZnZR

and then solving Equation (3) numcrically to

* produce 8 plot of normalized FRMS versus
normalized frequency for & specified R value
such as thet shown 1n Figure 11 for verious
velues of Z ana R=9. The velues of. T, 2, and A
ere now determined for this decsying sinusoid
component. The procedure is repesied 1f other
components are necessary.

One final step i1n the definiticn of the
entire decsying sinusoidal pulse 13 equired 1f
the pesk sccelerstion of the test input 1s
different from the peak acceleration of the

"field dete. Should this be the cese, the values
of A are scaled by s constant factor so that the
peek sccelerstion of the decaying sinusoid test

pulse matches the pclk accelerstion of the field
date. .

S G R R N R 0T o AR )

L )
LN S0 A A

where,

1 1
K= ———————
nt [ 1 - (1m)?

“
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Haveriine Tesi Specification:

The duration ¢’ the haversine pulse is
selected by teking TH as the period correspond-
ing to the frequency below which all coatribu-
tions to the overall RMS are made in the FRMS
plot. [If there 1s s single predominant  fre-
quency, F, in the FRMS plot, one would take TH
as 1/F. ' )

Once TH is selected, then the normali ed
duration for the haversine pnlse can be cal-
culated:

Y
o Rﬂ=ﬁ (12)

Solving Equation (2) for a haversine pulse '
as defined 1n Equetion (1), the following
expression for normalized TRMSO versus RH is
obtained:

e 1/2

113,35 O<RHS1
. R ERERE ' <
TRMSO(RH

A
1/2

1 [ a3

3 | 3/ ] . RH> 1 (13)

\ 9 F |

where, . . '
C5 = (% sin 4nRH - sin 2nRM)

Figure 12 provides a plot of Equation (13)
which can be used to find TRMSO(RH)/A for a

given value of RH determined from Equation (12).
The value cf A necessary to match the TRMSO

value from the field data cen now be found by
simple nultxpllcutlon

s normalized PR“S plot as e function of
normalized frequency for various values of RH is
given 1n Figure 13. This plot wes gemerated by
first finding the Fourier transform (Equation
(4)) w1 the haversine pulse (Equstion (1)):

1X(1)1 = AK [sin 2r1TH) + A.-l( {eés'zn_l'nl - 1)
' YY)
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Figure 12 Normelized TRMS (TRMS/A) vs
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a Haversine Pulse with Amplitude
(A) and Baseline Duration (TH).
(TD = Duration of Input Time
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[ This result was then used in Equation (3) Three test specifications were evaluated

and the integration was carried out numeri~ally. and were denoted methods A, B, and C. Method A
, uses the proposed method without the final
A f:inal modification to the value of A 1s modification for the peak value. Method B

necessery 1f the value determined by matching includes the final modification for the peak
TRMSO di1ffers from the pesk value seen 1n the value. Finally, Method C derives test jnputs by
field data. The two peak velues are made shock spectrum enveloping. The test speci-
identical i1n this circumstance. fications are given in Table 1. The r sulting

sho'k test inputs are shown in Figures 14 and
[ 15. The corresponding shock characterizations

) are shown in Figures 16-19. For purposes of
COMPARISON OF SHOCK TEST SPECIFICATION METHODS , comparison with shock spectrum techniques, the
’ shock spectra for the derived shock test inputs

A comparison of the shock test specifica~ are shown in Figures 20a-c.

tion method introduced above and the standard
method of shock spectrum enveloping was com—
pleted. The time history 1n Figure 1 was tsken
as the field data having the following
parameters

Two approaches were taken 'm judging the
consistency of the three test specification
methods. First, the shock charscteristics in
Table 11 were compiled for the shock inputs
[ derived by each method. For ease of visual-~
TRMSO . Co 1zation. Figure 21 was crealed to show the shock

=108 ¢ input chsracteristics normalized with respect to

1D = 0.006 3 the field deta. Figure 21 shows that.
’ b Onfy Method B u§|n¢ a decaying sinusoid
T = 0.00067 s (1 / 1500 Hz) input is consistent i1n all categories.

TP = 0.0035 (P = 10} * Method C generally produces conservative
results except with regard to the
MAXIMM PEAK = 505 g maximum negative peak criterion.

®* Methods A &nd B more clogely match the
field dats then Method C in general.

Table ]. Test SPanncluo_ns for Methods A, B, and C.

- Shock Test Tec.niue
Decaying Sinuxoid® —_ Haversine

: A 1/7 & A ™ ,

Method** (¢g) {Hz1) ‘g) . (3)
A 43¢ 1500 _0 07 %57 . 00067
B $70 1500 0.07 i 309 ! . 00067
: 3 29¢ 1550 -, 0.5 1304 " .00033 . .
t . . 1300 400y 0.4 : .

* A compenseting pulse murt be edded to ensure tiet the :.aker
displacement and vblocny are zero st the end of the text
(no Reference 10). .

®* Method A ~ Metched FRMS Ind TRMSO . ’ '

Method B — Method A modified to malch maximum puk value.
Method C - Currcnt method of shock specirum enveloping.
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Table 11. Comparison of Shock Input Charecteristics (TD = .006s)

§§ock Characteristics
Test Spec Shock TRMSO | Max Peak | Max Positive Max Negative
Method* Excitation (g) (g) Peak (g) Pesk (g)
— Field Data 108 505 505 352
Decaying , .
. A | Sinusoid (AD) 108 383 383 315
Haversine (AH) | 108 527 527 -0
Decaying , .
B Sinusoid (BD) 142 505 505 418
Haversine (BH) 104 505 505 0
Decaying
[ ' Sinusoid (CD) 121 822 822 ’ 250
Haversine (CH)| 178 1300 i 1300 0

* Method A — Matched FRMS and TRMSO.
Method B ~ Method A modified to match maximum peak value.
Method C ~ Current method of shock spectrum enveloping.
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Figure :21 Normalized Shock Input - !
. Characterization, (Test Specification
Value / Field Data Value). T
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Table I11. Compariscn of Shock Response Characteristics (TD = .035s).

Ehock Characteristics

AR S I B KA o MR e SRS B s S DLSLS

[Test §pec §hock TRMSO Max Peak Max Positive | Max Negative
Method®* | Excitation (g) () Peak (g) Peak (g)
- -— Field Data 60 242 242 185
Decaying B
A Sinusoid (AD) 70 ' 232 232 185
Haversine (AH) | 242 463 ) 463 448
] Decaying
B | Sinusoid (BD) 92 308 306 218
Haversine (BDH) | 231 442 442 ’ 428
) Decaying
[ | Sinusoid (cD) 112 301 - 257 . 301
v, 'Y Haversine (CH)| 274 521 521 205

* Method A - Matched FRMS and TRMSO.
! Method B — Method A modified to match maximum pnk value.
Method C - Current method of shock spectrum enveloping.
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T . ‘ Figure 22 Norma!ized Model Response
. Characterization (Test Model Relponlo
Value / Field Dcto Model Responae
Value).
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As a second means of judging the consis—~
tency of the shock test- inputs with the field
data. each input was used to excite a
MSC/NASTRAN model of a ~12.7cm (5 inch) long
cantilever beam. Response time histories at the
end of the beam model as well as shock charec-
terizations are shown in the Appendix. These
dats sre summarized in Table 111 and Figure 22,
and correspond to the data in Table 1] and
Figure 21. The main observations from these
data are that:

* All methods are consistent in being higher
than the field data except Method A which
produces response peaks slightly lower
than the field data.

* Responses ﬁroduced by haversine inputs are
always higher thaa those produced by
decaying sinusoid inputs.

CONCLUSIONS

A new method of specifying decaying
sinusoid and haversine shock tests has been
developed and demonstrated. The method is based
on the more complete characterization of both '
f1eld and leboratory shock environments. These
shock characterizations include time and fre-.
quency domain RMS acceleration and ranked
acceleration peaks. These character:zations sre
shown to be very useful alternatives to shock
specirum cherecterizations which fail to retain
valuable information about the field shock t.me
hastory. Such information 1s essential if (e
f1eld shock environment is to be simulated to
the greatest extent possidble in the shock
laboratory.

Decaying sinusoidal shock tests specified
according to the proposed method are found to
produce both shock test inputs and responses
which are consistent with actua) field shock
data. This claim cannot be made by the single
shock test inpuls produced by the standard
method of shock test specificstion based on
shock spectrum enveloping. The characteriza-
tions i1n this veper show that decaying sinu-
‘'soidal shock test inpuis may be below field
environment levels while those produced using
.haversines may be considerudly higher. The

- degree of conservatism associated with all of

these test specification needs to be studied i
wmore detail. The methods of Reference 8 provide

" the basis for this type of analysis.
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'APPENDIX

This appendix includes the time histories
and response characterizations which were
calculeted using 8 MSC/NASTRAN finite element
mode! of & 12.7 em (3 inch) long cantilever beam
excited by the test inputs derived from all
three test specifications techniques using
decaying sinusoid and haversine inputs. The

rasponses are calculeted st the free end of the

beam. v '
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DISCUSSION

Mr. Strauss (Rocketdyne): Does it apply
prioarily to stvick or transient pulses that are
peimarily a single frequency? Many times
transient pulses have a hrosd bend frequency
coateat .

Mr. Baca: Mo, it can be applied for multiple
frequencies. The exsaple I showed was for one
frequancy for simplicity, but it is possible to
pick out which frequencies are ssking the
conteidbutions to the overall rvs level.

¥Mr. Strauss: Would you then spply aultiple
decaying simssoids superimposed on each other?

Mr. Baca: Yes. Currently, vhen w: synthesize &
decaying simusoid pulse, we are se.ecting
d4iffecent siousoidal rocaponents to sstch the ' ) .

peaks in our shock spectra. 1 woull match this . ’
pacticular frequency vhere I see siinificant .

emergy spplied in field data.

Mr. Strauss: One of the papers this morning
addressed some overtest and undertest problems
by using decaying sinusoids, or shakir type
tests, a9 opposed to pyrotechnic devices which
are the real source. Have you comps‘ed the
different kinds of results from actw:l test
cases ou hardware?

Mr. Bacs: WUWe are currently gathering data, and
we are applying both this method and the shock
spectra to try to come up with some kind of an
evaluatiomn.

Mr. Gears (Lockheed): I sssuvme the fIeld datas
in thees comparisons looked more like s decaying
simusoid than s haversine. Is that right?

Mr. Bacs: That firet plot is field data.

Nr. Ceers: That {e why the decaying simmeoid
looked much better in this case. You have to
lonk at the asture o the field data and make &
judgment as to vhether you will take s single
pulse type reprasentation or s decaying
sinusoid. 1ls that right? o

Mr., Baca: 1In wy experfence the dacisionm is
often mede for you, TFirst of asll, you do have
that judgemsnt to make just because ywu know ‘t
is a pyrotechnic typs shock versus mayde s
trameportations shock which has that oune-sided
asture, or maybe a blast shock, Even though we
would 1{ke to use a decaying simmecidsl pulse,
asny tines the G levels are such that we cannot
resch that on a sheker. S0, we sre forced to go

tc & drop table type technique just to resch : : . AT A
scme of the G levele we are concerned about. : . p‘,:-":-.,\;vf\ii
That {s why I feel it 1s important to ar least ] ) B AN
sddrese the 1ssus of how to specify a test using o :;\.h-cg?.,\
the sizple pulses, even though you know that {s . , -w:{v;,-nz:-.z
not the beet way to do it. o : : . » ?'\“.'-!.',ﬁ]
. o oYY

Mr, Ceers: But you try to do the best with wvhat &
you have. . \ DAY g
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SHOCK RESPONSE ANALYSIS BY PERSOHAL COMPUTER
USING THE EXTENOED IFT ALGORITHM

Charles T. Morrow, Consultant .
Encinitas, Califorma

This is the third in a series of papars on the development of the Indirect
Fourier Transforwm slgorithm for spectral “nalysis and shock response.analysis.
The tirst presented the basic theory and explored computation times and nemory
requiements. The sccond reported the development of a program for shock spec-
tral analysis by computer and disclosed that the phase characteristic of the
undamped residual shock spectrum coulkd be expressed in terms of an Apparant
Starting Time for shock transients. The present paper extends the algorithm to
response analysis by computer for single- and muitple-degree-of-freadom sys-
tems, with specific mathematical development through two degress.

In his report THE ENVIRONMENTAL SPECIFICATION AS A TECHNICAL MAN-
AGEMENT TOOL, the author tirst recommended, on the subject ct shock funda-
wentals, that description and specification of a shock be accomplished by the
undamped residual shock spectrum. (Note that damped residuals are not uniquely
detfined for shocks that do not have a detfinite ending.) Lack of a co~mercial
instrument to do this led to the publicatior of a paper on the IFT algorithm im-
plemented on a3 personal computer. In the same report, the author also recom-
mendec that responge compytation b3 carried out by 3 compyter with stored pro=

Mg for varions configurgtions ot inter sn as to permit convenent explor-
ation of benefits of proposed design changes in shock trangmission paths.
Agam, no commarcial inst:ument for the purpose is available -~ the analog
shock spectrum computar is limited t~ the simulation of only one degree of free—
dom and does not come to grips with the design prablem Extension of the IFT
algorithm, as in the present paver, can permit a personal computer to “ompute
and display responsaes of an arbitrary mechanical system to a shock axcitation.

In multiple-degree-of-freadom systems, it is possible for the response to

increase gftgr shock termination, to lavels that may cause failure or maltunc- |
tion. -

Once *'.a response has become neglizible, and the user has made an exit Yrom
the plotting routine, the computer displays the plot duration, the e«treme values
for the 2loty the Jifference between them, and a fatigue factor that s an indi-
cation of the number of cycles of increasing stress. This display is referred to
as the Fatigue Summary. ' 2

computations be carried out ém a computer with buiit-in

INTRODUCTION ' - :
’ . subroutines for various equipment dynamical configura=

) THE ENVIRONMINTAL ?ECIF!CAT!ON‘AS A TECH-
NICAL MANAGEMENT TOOL 'y based on 3 survey of the
state of shock and vidration dusign as influenced by
organizational considerations resulting inadvertently
from environmental specifications as now writteny had
primarily 8 nontechnical message. However, it did con-
tan two technical recommendations concerning shock.
The first, that descripton and specitication of shocks
be accomelished by the undamped residus) shock spec-

* trum rather than s damped maximax spectrum, was n-
tended to provide & be’.ter indication of shock effect on

muitiple-degree-of-freedom systems, (At the higher
frequencies, a maxmax spcctrum cannot fall below the

maximum acceleration of the shock.) The second techni-
cal recommendation, that mechanical system response

tions, was inlended to make it sasier to carry out @
systematic apeproach to design, especially whan this
must involve the crossing of organizational lines. Tak-
en together, these recommendat’ons amount to saying
that shock description and response computation have
somewhat different objectives and should be optimized
Icgovdingw. :

However, both can be accomplished by variations of
the same algorithwm, The Indirect Fourier Tunsfor,
algorstim, b,ud in rart on early papers by Southworh
and O'Hara™y takes its name from the facts that the
undamped residua) shock spectrum can be computed by
saquential consideration of data points in a shock time
history and tnat the Fourier transform, it desired, can
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be computed indirectly from this, with consequent sav-
Y N computer memory requirements, Extension of the
algorithm permits computation of the shock response of
any timexr mechanical system to an arbitrary shock,

without mairing an inverse Fourier transformation, The'

most basic fundamentals for both applications and the
development of a computer program for spectral anal-
ysis h"g been discussed in depth n two pu\nous
papers .

In brief, if 3 shock excitation can be aperoxinated -

by a finite secies of RAMPs plus possibly a few STEPS,
and if the rasionse of a lingar mechanical system to
both RAMPs and STEPs is known, then the response of
the system to the shock can be computed m terms of a
ganeral equation with several coefficwents, which are
. updated as time passes through the data points. Should

the mechanical system be an undamped simple resona—

tory the final values of the trigonometric coefficients
determine an undamped residual shock spectrum smely
related n both magnitude and phase (if 2 time shift is
made from t-t. to t in the axponentials and trigonomet-
ric functions) to the Fourier transform of the shock.

The theory starts with the differential equations
for the machanical system. Laplace transforms are
taken, term by term. The resulting simultaneous equa-
thons are solved algebraically for. the transform of the
variable of interest, in relation to that of the accale-
ration of the base. This transform is evaluated for
both RAMP and STEP. Inverse Laplace transforms are

then obtained by the Heaviside expansion theorewm. An .

equation sufficiently general to exeress the response
2fter time tk to any succession of RAMPs and STEPs is

l(t)tk) L Bk * Ck(t-tk)

n
oI D, 0%t cos2et fet)
ie1

"Rt 2t aety. M

IOIE¢
jmy K

i
'

For rnmo wamuon atts t ' thﬂ reduces to

m-zk)-auo 0, ' @
1.1 :

In this form, the equation, with t-t_ in the argu~-

ments of the exponential and trmn“rt functions,
. 18 suitable for 3 constant-time-increment At-t -t

" varsion of the algorithmy or for a hybrid version whh
dats nputs for some dut not all values of the mteger
k. The difference between constant and hybrid is not
primarily in the spectral or response computations dut
in the data inputs required by the computer and the

prompts supplied to the user. For hydrid-time~incre- .

ant inputs, there are prompts for Doth the integer k
' and the corresponding acceleration. For constant-time-
increment inputs, k is incremented automatically as
needed, provided the user identifies the meut as a
RAMP or STEP by adding, for a STEP, an S immediately
after the number representing the acceleration. Only

acceleration promets and acceleration ineuts ars re--

quired for constant-increment time. A varisble-time-
ncrament version of the algorithm is also available in

_.-the program, for spectral analysis only, so that any

significant spectral error produced by confining data.

inputs to muitiples of & constant time incrament can be

observead. . ,

In the absence of further datza inputs, Equatior (1)
would still be valid after t ... [0 benefit from the sim~
plicity of Equation (2), it akt Last receives a time shift
before evaluation of the next wstantanrecus response,
except when there is an initial STEP or a STEP after a
RAMP, A shift from t - t to t - 'i' +1 ic accomplished
by the equations: )

B ..~ Bk + ckM [

kel
G =& C@
0 -a At

~a At N ]
kot = D3 1 cos2fAt S E, @ Ui sin2et At (5)

- and !

cos2ryt ’A!. 6)

t . -a At
"k.‘ D 0 smzt_f,.At E;.k.

whirh follow from the obvious prmréiu of ‘he expo-
rential and from the formulas for trigonowetric func~
tions of sums and differences of angles.

I1f a STEP or tho beginning of a T4MP occurs at
" time t,, there must be a correspondine updating of the
ccefficients of Equation 1. Neither this operation nor '
the time-shift operation appreciably slows down re-
sponse computation or. plotting as system complexity
increases. However, for each mechanical sysiem thera
must be a determination of system natural frequencies
and system decrements and a determination of the

' amounts by which the coefficients must be changed for

each RAMP or STEP input. This one-time computa‘ion,
which rapidly becomas more complicated with increaaing
complexity in the mechanical system of interest, is the
primary focus of the present paper.

‘GENERAL CONSIOERATIONS concerning complex systems

Fortunately; there are a number of a-priori re-
quirements that can be used to check the validity of
numerical responses if not always tm tormulas on
which the computations are based:

1. A RAMP response is aluays the tiao integral of the
orumndino STEP response.

2. ASTEP rnnonu in always the time donvltw. of
the corresponding RAMP rnponu.

3. A STEF of acceleration can not produce in re-
sponse an absolute acceleration term groportional to
time,

4. Al steady’absolte nccohntm u»onsn inre=
sponse to a unit STEP are-unity,

S. A RAMP of accchntion can not produce a steady
response ucomatm. .

6 AN absolutc accalerations proportional to time in
respanse to a unit-slope RAMP have unit slope,

7. In any response to a STEP, the sum of the cosine
coefficients must sum to zern with the steady response
term in order to avoid a discontinuity. (For a simple
resonator, the cosine coefficient and tM steady ra-
sponse term mlt um to ero.) .




‘unit STEP is m_/k_or'l./e

8. In any resonse to a RAMP, the derivatives of all
response terms must dum to zero at tine zero in order
to avoid a slope discontinuily. In other words. tha sum
of the sine coefficients, aach divicded by the correspon-
ding system anguiar frequency, minus tng sum of the
cosine coefficiems, each divided by the corresponding
system decrement, must equal the coefficient of the
time-proportiona) term. (For the simele resonator, this
reduces to a reiationship among threae coetficients,)

9. In any response to a STEP, the total described in
Requirewent 8 must be zero, to avecid a change =7 slopa.

10. In any response to 2 RAMP, the sum of the cosine
coatficients must be zero in order to avoid a gisconti-
nuity. (For the simple resonator, tne cosine coefficient
must be zero.) .

11. For a simple resonator or terminal resonator in a

series, the steady nhtivg displacu’nt produced by a
o or 1/2¢¢°_ , wherte ¥ is

tha undawped par? nsonf (] frmﬁ\'év. There iR no

term proportional to time. Requirement 9 aiso applies.

12. For a simrle resonator or terminal resonator in a
sarias, the acceleration proportional to time pr od
by a2 ymt-siope RAMP has the coefficient 1/ or
1/72%t_ . Thera is no constant term. Requircmant o
applhias.

13. For the j'th resonator aiong 3 linear transmission
path with n resonators, the steady relative displace-
ment produced by a unit STEP is '

n 2 n . 2
N+l m/m)i/e- . s(1+L m/m)ast" , (4]
jer VP ie i) 4]

whare f__ is the undamped natura) frequency of the
i'th resftfator. Requirament 9 also apslies. :

14) For the j'th resonator along a lingar transmission
path with n resonators, the reiative displacement pro-
portional to time has as a coefficient the expression of
Equation (7). Reauirement 8 also «pplies.

i

Requiraments 1 and 2 are tw. ways of expressing
the same relationship, In checkiny the validity of re-
sults, differentiation may often be more convenient

than integration, but integration may be more suitadle -

in deriving some relationships. These requirements lead
n turn to Reauirements 3 and 5. Requirement 4 is 3
matter of statics, which apply after 3 shock is over

. 3nd any response transients have decayed. Any discon-

tinuity of response or response slope would require at

least a discontinuity in the displacewmant of the base, '

to make 3 sudden compression of a spring. This does
not happen with 3 KAMP or STEP. Requirement 6 follows
from Requtrements S and 1, Requirewents 11 and 13 are
2981n 3 wmatter of statics. With Reauirement 1, they
lead to Requirements 12 and 14, Requirement 13 de-

mands only that the resonators through the y'th be in a.

linear transmission path, For specisl cases that do not
comply with this, analogous but more comelicated ex-
preassions'can be devised. ‘

In practical melementation of the algorithm, the
computer inserts 8 RAMP to ‘zero slope after each

STEP, Should the actual excilation slope ba otharwise,

this w1l bé corrected by the next RAMP input,

¢

RESPONSE LAPLACE TRANSFORMS for damped simple
resonator

1t the displacement difierential equation for the
simple dawmeed resonator is diffarentiated through
twice to express it in terns of acceleration;
n Lo sat? ¢ ioay-a Vet + klar-agd » ®
wharec 2, 18 'thc responsa acceleration of the mas:
and a vl the excitation of the base. Take the Lapiece
transform term by term and sove for L., the transf..m
ot LY in terms of Lo' the transiorm of o H

2 2 2
L1 = U.P' + anll)l(s + Zap‘l + .’])JLO

.1 - szm‘? vam s om, . m

(3 ,

Obtain tha transform of the relagive displacement

by subtracting L_ and dividing by s° to exprass tha
aftect of double ifitegraticn with respect to tima:

-t ns? 2 a0
de s ~L1/(s .' 2¢P‘s + L )JLO .
The roots of cenowminator arel
. . )
31--¢10;'o1.s1--¢1-n1. an
with
' [§ 3]
¢1 = ‘p\ ]
and
2 2 2 )
B WS I ()
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These roots represent the natural fresuancies of
the sirple systam.

For unit STEP
Lo =)/ J ae
and for unit-siope RAMP
Lo . ,'2 . ! as

RESPONSES of damped simple resonator

Fe’ the unit STEP, substitute 1/s in Equations (9)
and (10) and apply the Heaviside expransion theorem L0
obtain: ) .

2, 21 - e *1tcosn t + (a /0, 2 "1 sine,t (16)
R . 1 i it | 1
and
- PR 4 2, &t
Xy Ty ® \/np‘ 0(1/.")0 1 cm’!
2 -a,t
+ (“/.3\.1). 1 llﬂo,! . an

_ For the unit-slope RAMP, substitute 1/32 for L_ in
Equations (9) and (10) and apely the Heaviside expin-
‘sion theoram to obtain:

a"t- u/u‘n’ﬁ tinw,t ae

and




o e

4 -a.t
]/up.l)e 'Icosw1t

)/o:]m.’Je_“itsinwlt . (1|9)

Replace t in the exponential and trigonometric ar-
guments by t-t for a RAMP or STEP starting at t The
resulting equations, multiplied by the actual step or
change of slope, show how much the coefficients D, and
€, in Equation (1), for absolute acceleration or relative
displacement, must be changed to reflect the addition
of the new response.

2
x‘-xol t/.p‘l (2x

+ t(of-af

LAPLACE TRANSFORMS for damped Jouble resonator

The differential equations for the damped two-de-
gree-of-freedom mechanical syst.m are!

2 2
nzd az/dt + czd(az-a1)/dt + kz'az-al) =0 (20
and )
m o, +c dl ) :

19 3y ¢d@,-a /dt ¢,c2d(a.|—a2) .
+ k‘l(a'l -aD) + kZ(a1 -az) =0, (21)

«

Taking the Laplace_ transform term by term yields:
2 .

mys L2 + czs(Lz-L‘) + kzle-H) =0 . (22)
and

zs(l.] -Lz)

+ k.l (L.' -Lo) + kZ(L.' -Lz) =0, - 23

Solving these two simultaneous squations algebrai-
cally yields as the transforms of the absolute acceler-
ationu! ;

mlszL., + c,s(L‘-Lo) +c

i 2 2
L2 = t(wp]+2ap‘s)(upzfzapzs)/DJL o
and

(24)

2 .. 2
Ly = (0, ozapzsuopgq%zoszvom.d . @%

- The Laplace traphsforms of the relative displace-
) ments are obtained by subtracting L. from L. and L
fronéL.l v and then dividing the two resulting equationf
by 57 to express the effect of a double integration:

el o '
Lle = [(OP‘OZGﬂs) VDZ’LO (25).
and
Lo x or(ren rm w2 2 I
~di0 = t(!mz/m] ;(wP !+Zapzsts L °/l:) o : (27)

The denominator of the Tast four equations is:

2 : 2,2 .
D "“,,1"2‘,;”‘,""4"’1" N +2a ,8)
2 .

2

2
+ (upl'rz«p'sﬂ s

. * »
= (s s‘ s s,)(s-sz)(u-sa
= (s.m.,-jo‘)(stﬁ-:‘ul)(s+u2-$uz)(s0c2ﬂoz) ' (28)
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. ting or a STEP gccurr'iﬁg at time ¢

where the roots represent the system naturzi or reso-
nance frequencies and the astarisk denotes a complex
conjugate. The mass ratio, m,/m, . which for small val-
ues can lead to .dangerousﬁ large responses in m,,
appears only in- the relacionships between part and
system complex frequencies. After avaluation of L _ for
STEP or RAMP, according to Equations (12) and ad, in
the inverse Laplace transformation of these equations
by the Heaviside expansion theorem, @ach root leads to
an exponential term of form
.(-aﬂw)t - .-at.wt @9

+

or

.(-a-jo)t - .-at.-jut‘ , a0

with the same complex coefficients for complex conju-
gate frequencies, so that the relationships

Ot g L 2Rt osut @an
and
oSt It giet, Ze-atsirmt‘ (32)

may be applied to Yield responses in the form of expo-
nentially decaying sinuscids. The variable t may be
replaced by t-t, to express the effect of a RAMP star-~

)

INVERSE TRANSFORMATIONS for the double resonator

In the performance of the inverse transformation,
the double resonator presents the problems of more
complicated mechanical systems. Yat it is simple anough
for two limiting cases to provide some valuable insight.
1f the mass ratio m_ /m. is negligibley, the transfer
function (ratio ot trafisforms of input acceleration and
output acceleration) reduces to the product of the

" transforms for the individual rescnators. (A similar

timiting relationship holds for a series of resonators
arranged saquentially alorlg a shock transmission
path.) The system resonances ara the tame as the part
resonances. This can be used as a check on the validity
of computer resuits for more complicated cases. Of
greater interest is the fact that th' : »ts can be
found in closed form, algebraically, if L.... resonators
are undamped. Saetting the denominztor D equal to zero
still yields a fourth-power equation, but the third-pow-
ar and first-power terms are zero, The system decre-

ments a, and «, are zerc. The system angular frequen--
cies my) be obtgimd from the formula
oZabr2+/an? - 40’2 (33)
and ' ,
o2 s vr2 - as2? - 40’2, (30
where
b=’ +ul (1em /m.) ' a9
pY p2 2°™ )
and | '
2.2 o
c= o?,upz . (36)

(Note that the roots are sctually of imaginary form ..
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s = fu . This is allowed for in the signs in the above
squations.)

In Laplace transform theory, it is pointed out that
the Heaviside expan<ion theorem has problems if two
complex roots are identical, but this need not be a con-
cern. Tha frequencies given by Equations (33) and (34
can not be icentical unless the mass ratic m,/m, is
zero, and a similar behaviour may be expected f%r Jnon
complicated mechanical systems., The smaller the ratio
(as in the case of a small sliding cortact within a mas-
sive potentiometcr) the closer the system frequencies
can ba in the event of bad designy and the larger the
consequent shock responsa in the second mass.

In the shock response program as it now stands, '

the computer prints out the numerical coefficients for
the various powers of s in D after the part frequencies
and Q's have Leen put in by the user, so that the roots
can be found by an independent purchasaJ BASIC pro-
gram. If this has already been done or the roots have
been measured, on continuation the coefficients disap-
pear from the video screen to provide a more compact
data record, and prompts appear for the system fre-
quencies and decrements.

SAMPLE RESPONSES for simple anq doubla resonators

Figures 1 and 2 show the data inputs, except for a
one-millisecond time increment already selectad but not
illustrated, with hytrid time increment data processing,
4or a 100-g 10-millisecond terminal peak sawtooth,
which is verified for accuracy in Figure 3. The shock-
and marker at the left, marking the last data input, will
also appear on all response plots. Figure 4 shows the
fatigue summary that would be applicable if the plot
were representative of the actual stress in the test
item. The fatigue factor is obtained by summing the
absolute values of all acc-leration changes that would
increase strass and dividing by the difference of the
extreme values. If there were two sawtooths in succes-
sion, the fatigue factor would be two. On the other
hand, if the second sawtooth were in the negative di-
rection, the difference of the extreme values would
double, but the fatigue factor would be unity. For the
response plots to follow, the fatisue factors are only
approximate, as responses were not comletely negli-
gible by tha ends of the plots. It should be possible Ya-
ter to devise a computer correction for termination
error. Response fatigue factors tend to be more char-
acteristic of the damping of the test item than of the
character of the shock, but they serve to remind one

. that a single large stress may not cause failure or
malfunction, (Have you ever tried to break an obsolete
cradit card by a single folding?)

One can at this point examine the undamped residu-
al shock spectrum of Figure $ to obtain some feeling
for the probable effect of the shock on tho test item
and, if one withes, examine the Apparant Starting Time
of Figure 6 to be sura that there is a degree of simul~
taneity of the effecis of the shock at various frequen-
cies.

Figure 7 shows data inputs for a nmﬂo tast item

with a single resonance at 100 Hz and a Q of 20, The :

absoluta acceleration response of the mass is plotted
in Figure 8. Most of the response of interest occurs
well after the shock is over. If the plot is allowed to
scroll upward to provide a frame such as Figure 9, the

[

r
-response eventually dacraases. The fatigue summary of ) .
Figure 10 shows a fatigue factor approaching 7 be- it
cause of the continuing oscillations. The relative dis-
p}acemnt response is shown in Figure 11; with a Fa- —
tigue Summary in Figure 12, Note that, even at 100 Hz, e
thc__disphcnmnt awmounts to a significant fraction ot .
an inch. L
This version of the extended algorithm could readi-
Y be made to Yield maximax shock spectra in absolute ol
agcelcra_t'ion or relative displacement. Computation T:":
time would be somewhat longer than for the undamped =
residualy, and maximax spectra are less indicative of : Lo
the coqtiming responsa avter shock termination, espe- L
cia'l!y in multiple-degres-ot-freedom systems. However, -

maximax relative displacement spectra could be useful w
in the design of shock .isolators for adequate sway T
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Figure 12. Fatigue Summary, Relative Displacement

Before proceeding to two-degree-of-freedom sys-
tems, the scale is changed as in Figure 13, to permit
plotting larger responses. Fiqure 14' and 15 show data
inputs for a double resonator with a frequency of 100
Mz and a Q of 20 for both resonators and a mass ratio
L) /"'15 of 1/740. The angular frequency and decrement
vi’luo are supplied by tha computer. After the mass
ratio is ENTERed, the computer immediately computes
and displays, as in Figure 13, the coefficients for the
various terms in the denominator of the Laplace trans-
forms. These can be put into an independerit root com~
putation, or if thig has already been done or the system
complex frequencies have been measureds pressing the
ENTER kay clears away the cosfficient information and
provides prompts for the root values. In Figure 16,
these have besen inserted, the computer displays also
the systewm frequencies in Hz and the Q values, and the
user has selected. the absolute acceleration of the
second mass for plotting. This is shown in Figure 17 as
a paper printout obtained as the plot scrolled up the
video screen. To make the curve more readable, some of
the points have been connected by pencil lines. Note
that the responsa amplitude actually increases after
the shock is over, then decreases and inCreases again,
and so on. This is a beating effect resuiting from the.
fact that there are two nearly equal system frecuen-
cies in the response with very nearly equal initial amp-
litudes. The energy for incr d response in the
second resonator comes {rom decreased response in the

" tirst resonator -- the decrease does not have to be

very much becsuse W, is much larger than m, and can
hold more energy. Figure 13 shows the Fatigue Summary.

Figures 17 and 18 should ba convincing evidenca
that shock spectral analysis and response estimation
have been too obsessed with the simple resonator and
with response dyring a shock. The application of damp-
ing in shock spectra has blurred the fundamentals of
shock description while not necessarily yielding more
realistic estimates of test hardware stress. Excessive
emphasis on the shock spectrum as a general response
esitmate has diverted attentiocn from beneficial.design
changes that might be carried out with nealigible cost
and schedule penalties. ’
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Figure 16, System Roots Entered
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Figure 15. Fatigue Summary, Second Mass

Tc dacreasa the shock transmission in this case

draping would be attractive in princiele. It would lower ‘
the fatigue facior, which would be beneficial if the :
mathod of dameing did not decrease the fatigue resis- ..
tance. But damping wight ba difficult to carry out in ' : 'y
practice. Figure 19 shows data inputs for a detuning of :
the part trequency of the second resonator to 200 Hz. H
Figure 20 shows the resulting plot and Figure 21 shows !
the Fatigue Summary. Almost the same results would be

, ~obtained if the first resonator rather than the second
were detuned to 200 Hz ~- the rasponse plots would be
almost undistinguishable. Depending on the circum-
stances, either apsroach could result in a beneficial 100,00
redesign, which could be carried out with confidence in Co
the benafit to be obtained. It the second mass should
not be accessidble for instrumentation during sheck, J
there might be no other way to obtain 3 gquantitative
estimate of the benetit than to use a computation algo~ 0.0
rithwm tike the IFT, )
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Terminal resonators at the ends of shock transmis-
sion paths are potentially most vulnerable to damage or
malunction, and therefore they tend to be the most
interasting resonators. However, the alyorithm is cap-
able of yielding absolute accelerations and relative
displacements throughout a dynamical system. Within a
multiple~resonator tranmswission path, relative dis-
placements are more indicative of potentizl damage.

FURTHER DEVELOPMENT

‘Many things remain to be done to the program, some
important and some more cosmetic in nature, before it
is suitable for use by other engineers. Of course, more
subroutines need to pe added for more equipment dy-
namical configurations, so that redesign explorations
can ba extended to configuration as wall as parameter
, changes. It would be & great conveniance to have a
" built-in progear: for finding the rocts ot the denomina~
tor of the resporise transforms, preferably using the
‘parts decremants and angular frequencies as initial
values S0 as to increase the computation speed. For
the two-degree-of-freedom system, interpolation from
tabies of complex roots could be faster, but the memory
requirements would rapidly become excessive with in-
creasing mechanicai system complexity.

The program stil) needs further imerovement ot
usee interaction and some general cleanup, together
with provision for more efficient RAM utilization in
anticipation of added subroutines.' The present inter-
aretive BASIC program was achieved in part by combin-
ing on disk three separate programs (variable-time-in-
cremant spectra, constant-time-increment spectra and
hybnd—tm-mcuunt responses) that had boen subject
to the limitatwns of 16 bytes of RAM wemory, in 2
Radio Shack Mode! 1 personal computer, and of tape
1storage. Together with disk operating system and ex-
tended BASIC, it is now running into the limitations of
48 bytes of RAM, Most of the this memory is not in-
volved directly in the sigorithm but in the program rou-
tines for printing, plotting and user interaction. Edit-
ing will hele some to decrease the memory requirement.
Compiting may halp aven more, while speeding up opera-
tions that are not handled by machine-language sub-
routings. It has recently become possible to compile
sachine code directly from programs written in inter-
- pretive BASIC. Before the IFT algorithm is completely
reduced to practice for tha Z-80 (8-bit) microporoces-
gor, it will undoubtedly be necessary to use some over-
lays in memory. This will be unnecessary for & computer
with 8 16-bit mcroprocnsoy and ample -Iouory.

The suthor has ccmeilers for sevaral computer lan-
guages, for exploration, measurament of computation
times etc. So far, it has been more important to develop
the program further than to translate’ it. Compared te
PASCAL, BASIC presents problems in the development
‘and debugeing of large programs: but it remains the
languase best adapted to interaction between computer
and user. At the other extreme, ASSEMBLY language: in
the hands o/ an expert programmer, generates the most
efficient code, but 1¢ is extramely tedious and, exceet

for occastonal subroutines, entirely unsuited to a pro-

ram development whose futurn asre still somewhat
oxploratory.

The ressonse plots of this paper have intentionally

been made with few points along the time axis in order -

. ' '
s R
RPN T R PN R R PR R

to make the illustrations compact. Higher-resolution
graphics, now available as an expansion kit for TRS-80
Mode! III and 4 computers, would ease this problem and
provide more rasolution in acceleration. However, as
equipment designers are cften off by a factor of two or
more n' their impressions of shock and vibration re-
sponse , and sumetimes off by a factor of ten, the
present resolution should be adequate for most purpos~
es.

When this work was first carried past the restric~
tions of a programmable calculator, the TRS-80 was
almost the only personal computer available. Even now,
there is more information readily available on program-
mirg it than for any other personal computer. Alternate
computers, perhaps more common in industrial laborato-
ries, may be considered after the program is more fully
developed, if user interest warrants it.

For complate reduction of the IFT algorithm to
practice, it is necessary that a computer be able to
accept into an array shock data from an A/D convert-
er. This can be very nearly the last refinement. It is
much more satistactory to develop and debug the pro-
gramming with the aid of simple combinations of RAMP's
and STEP's from the keyboard, whose responses are
more Predictable, at east for limiting casas of the
mechanical system.

CONCLUSION

This paper demonstrated the teasibility of using
the Indirect Fourier Transform algorithm both for
spectral analysis of an arbitrary shock and for explor=
ing any benefit, in decreased shock transmission, of
possible design changes in a mechanical systam. The
sxtended algorithm may be considered a supplement to

. popular modal analysis techniques now applied primarily
to structural problams. As the work still to be done is
mostly too detailed for affective reporting, the present
paper may be the last of the geries for a3 while. In the
meantimey the work reported here on the two-degree-
of-freedom machanical system will provide a program~
ming approach for more comphcatad system responses.

- After a sufficient number of subroutines for addi-
tional machanical systems have been added, it should
be possible to consider multiple excitations or the ef-
fect of a nonlinearity such ‘as a blowof? valve in an
automobile suspension or shock isolator. Tha latter

 would require changes of mechanical system configura-
tion in the course of shock response computation, ac-
cording to the velocity response of the damper.

The present paper should be 2 convincing demon-
stration that there are potentially much more powertful

tools and techniques for practical shock and vibration

enginearing, with minimal cost and schadule poﬁntin'
than have been used to date. Part of the challenge fac-
ing the aerospace and avionics industrias is to'to es-

tablish closer cooperation between engineers concerned -

with functional aspects of eauipmant and engineers

' concerned with shock and vibraq‘on. One of the findings
_of the author's pravious report’ was that environmen-
tal specifications as now written have inadvertently
tanded to separate these two groups of engineers in
such 3 way that the approvals required for the cross~
ing of organizational lines constitute a major roadblock
for efficiant shock and vibration .design. Reduction of
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algorithms such ss the extended IFT to practice should,
by permitting gsraphic Tow-cost iMustration of benefit
from & possible design ~hande, Rake approvais easier,
an that orgamizational boundaries bacoms less of an
obstacle. :
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survive the field inputs.

disadvantages.
the specification of tect innuts.

In the design of a structural system, a test input is sought to
conservatively represent an ensemble of measured field inputs.

3 structure survives the test input, it is assumed that it would
The method of shock response spectra is a
technique for specifying conservative test inputs, but it has some
In this 1nvest1gat10n a technique is developed for
it is based on the method of
least favorable response, and it overcomes some of the shortcomings
of the method of shock response spectra.
that the present technique' can be used in practical applications.

When

Numerical examples show

1.0 INTRODUCTION

In the design of a structuri] system the
engineer attempts to provide a plan for a struc-
ture that will survive one or more input excita-
tions. To do this the engineer must have some
means for analyzing structura) response, and for
Judging whether the system can survive an
excitation or & class of excitations. Most
realistic situations involve environments that’
are random, and in such cases design techniques
are sought to specify structures with pre-
established probabilities of faflure.

Short duration, strong motion excitations
excite extreme responses, and structural failure
can occur due to peak response;’ consequently it
is desirable to know what maximum response can
be caused in a structural system by a dynamic
Toad, For reasons of conservatism and design
safety, it s desirable to establish a procedure-
for computing a bound on the maximum structural
response caused by a shock fnput. Buildings
designed to survive an upper bound o1 the peak
response should respond satisfuctorily to the
actual 1nput.

A strucwnl fnput uciution used in an
analysis or physical test is considered conser=~
vative if ft excites a more severe response in a
structure than the individual fnputs.it s meant
%0 reprasent. Therefore, when measured environ-
ments representing a real shock source are
avaflable, and it s necessary to design a
structure to survive that source, 8 conservative '
tnput representing the measured shock ts sought.

143

The method of shock response spectra
provides a technique for the analysis and design
of structures subjected to short duration shock
excitations, The method of shock response
spectra s used to establish a test input that
can represent an ensemble of inputs conserva-
tively, in the sense that the peak response
excited by the test fnput is greater than the
peak response excited by any of the underlying
measured inputs. References 1 through 5 provide
reviews and some recent applications of the :
method of shock response spectra in structurﬂ
analysis and design.

The ‘method of least favorable response was
established by Drenick and Shinozuka in Refer-
ences 6 and 7, Its applicability was extended
to use in analytical and physical testing by
Smallwood in Reference 8, The method of least
favorable response provides an alternate method
for the specification of test inputs, - The tech-
nique allows the engineer to specify a test
input based on an ensemble of measured shock
{nputs. The test input will cause a response in

‘a linear structure tiat i3 a bound on the

response excited by the underlying measured
inputs. Therefore, this method is equivalent,
in concept, to the method of shock response
spectra. Reference 9 compares the methods of
least favoradble response and shock response
spectra and shows that the former has some
considerable advantages over the latter.

One of the main disadvantages of the .
methods discussed above 1s that shock environ~
ments are often representad using test 1nputs
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that are different in character from the origi-
nal shocks., This problem is discussed in detail
by Baca in Reference 10, He shows that this
problem can lead to overconservative tests,
especiaily in the case of the method of shock
res,onse spectra’ where simple waveform test
inputs can be used,

Another disadvantage is that the techniques
discussed above are mainly for use with linear
structures. Of course, the techniques are used
in connection with failure analysis of struc~
tures, but the theoreétical developments are
usually concerned with linear equations. One
exception occurs with the method of shock .
response spectra; ‘a few papers concerned with
test speciiication for nonlinear structures have
been written. (See, for example, References 11,
12, 13.) o .

In view of these problem areas, it is
desirable to develop a technique for the speci-
fication of test. inputs for the analysis and
design of structures that 1) yields inputs
simitar in form to the underlying measured

" fnputi. 2) accounts for the potential- for non-
linear response in a structure, and 3) can be
used when failure is related to peak response,

The objective of this study 1s to establish
a method for the specification of a test input
based on an ensemble of measured inp' ts, The
input will have the three propertie, listed in
the previous paragraph, The approach is based
on the method of least favorable response;
. therefore, the linear theory of least favorable
response is reviewed in the following section,
Next, the peak response of bilinear hysteretic
single~degree-of-freedom (SDF) structures is
investigated. Finally, a method is established
for specifying a test input that will cause
maximum displacement response in a structure,

2.0 THE LINEAR THEORY OF LEAST FAVORABLE
RES?ONSE

The method of least favorable response
proviges a means for defining an upper bound on
the response of a 1inear structure excited by a
sequence of shock inputs. Consider a linear
dynamica) structure. When it {s excited by a
single input, the response at a point on the
structure can always be expressed using the
convolution integral, Th!s is :

Wo e fae-datoee . G

where x{t) is the input excitation, y(t) is the
response, and h{t) is the system impulse
response functicn, 1f the system response

14

starts at time zerc, then it is assumed that the
initial conditicas are zero velocity and
displacement.

Now assume that the structure has positive
viscous damping and the input can be Fourfer
transformed. Then the response has a Fourier
transform, and the input and response Fourier
transforms are denoted X{w) and 'Y(w), respec-
tively., These functions can be inverse
Fourier transformed to obtain the input and
response, x(t) and y(t}. The convolution
integral in Equation (1) can be Fourfer trans-
formed. The result is

Y(a) = Hlw) X(w) (2-2)

where H(us). is called the frequency response
function and is the Fourier. transform of the
impulse response function. :

Equation (2-2) can be fnverse Fourier
transformed to obtain a frequency domain
expression for the structural: response. This 1s

ity =gt f ne) xte) € he (23

The objective is to bound the maximum value in
the absolute value of the response; therefore,
the absolute value is taken in Equation (3).
This yieids ’

v} 22| £ RETRIRE a;l (2-4)

Parseval’'s theorem can be used to show that when
the absolute value sic~s are taken inside the
integral on the right, above, the absolute value
of the response is bounded, as: follows.

Iyo| < 2 f o] {xiad] de = 1 (25)

The expression on the right is a constant,
independent of time: this constant is denoted
I. Since the absolute value of the response is
equal to or less than I, this implies that the
maximum value in the absolute value of the
response is equél to or less than I, Let

Y- max ‘y(?)l . a (2~6.).
then

ver - (2-7)

The quantity, I, fs known as the least favorable.

response (LFR) of the system,. corresponding to
the input with Fourier transform gfven by X(w).

.
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The LFR forms a bound on all thc peak responses
of the system whose frequency response function
is H{w) where the input has Fourier transform
sodulus Dounded by |X(w)l . A test tnput is :
known as a least favorable input (LFI) {f it
produces a response whose absolute maximum is

equal % 1. ;

Let x;(t) denote a test input with Fourier
trinsform XT(.).  This input excites a response
y,(t). in the system of interest, whose Fourier
transform s Y (w) = Hlw)X (w). A bound on the
absolute maximum of the test response is given

by

"; |reto)] = 5 !: |x.,(.)||u(.)| %

Th§ fourfer transforms of the test input and the
frequency response function can be expressed in
theit polar fe-as, X< (w)

o 18,{w)
Xle) = I"v"" Ie. T and Hiw) . |N(n)|e"(")

When the expressions are used in Equation 2-3,
the response function y-,(t) is given by

yT(t) a

1 - Ix o)l 1H(e) .1(01-(.) + olu) - ut)d-
F-‘I Igtel] Intai] (2-9)

At time t = 0, the above expression can be made
equal to I, the LFR, by taking

8;(0) = o) and Xolo) = [xta)]  (2-100

In this case the test response at time zero is

(0 = g !: ||t | da =1 (210

© This shows that the test response can bc made
‘equal to the LFR by choosing the Fourier trans-

form modulus of the test input equal to the
Fourier transform modulus of the actual {nput,
and by chogsing the complex phase of the test
input equal to minus the phase of the frequency
response function. The effect of this choice of
phase 1s to cause the response Fourfer compo~
nents to add constructively at time t = 0,

In view of Equation 2-10, the Fourier
transform of the test input is given by

Xpla) = [xa)] 'l (1)

This function can be inverse Fourier transformed
to obtain a time domain expression for the test
{nput. This input is the LFI.

=g f e ete

This input could be used in a physical test
of the structure, Since the response it excites
is equal to or greater than the response excited
by the fnput x(t), the test input producis a
conservative test, in the peak response sense,
If a structure survives xT(t). then it would

also survive x(t).
The procedure outlined above provides a
means for computine the LFR and specifying a
shock test based on one measured input, x(t).-
The procedure can be modified to define an LFR
and shock test input when several measured
inputs are avaflable. Let xJ(t). J=1,...n, be a

sequence of measured shock signals from one or
more shock sources, and assume that a structure
of interest will be subjected to one or more
shocks from each source in the field. Then an
LFR based on the sequence of inputs can be
constructed as follows., Compute the Fourfer
transform of each shock and denote the results
XJ(U). J*l,...n. Compute the complex modulus of

each Fourfer transformed signal, |xj(u)| .
J*l,...n. Let X (w) define the envelope of the
Fourfer transformed moduli; then X (w) {s

" | .
X lw) = "3 xju.)| (2-14)

The LFR based on the sequence of inputs is
given by

SEr FECRICD (z-xs)r'

This is a bound on the 'peak response excited by
the inputs, xj(t)..i-l....n. individually, since

X‘(u) bounds the Fourfer transform moduli of the
individual {nputs. :

A test input which will excite the LFR, at
time t » 0, i3 given by

ait) o o foxge |wafe'te (26
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This input could be used in a physical test of
the structure. It is conservative with respect
to each of the individual inputs in a peak
response sense.

The method of least favorable response has
a few fe.tures that make it practically impor-
tant, ' First, it generates test inputs and
responses that are conservative with respect to
a collection of underlying inputs and the
responses they excite. Second, it generates test
inputs that have the same oscillatory quality as
the underlying fnputs. Third, it preserves the
power of the underlying input by matching xe("’)

to the modult of the Fourier transforms of the
urderlying inputs and sicply rearranging the
phase of the response, .

3.0 A DISPLACEMENT RESPONSE LOUND FOR BILINEAR
HYSTERETIC SYSTEMS

It #as shown in Section 2.0 that for a
linear system the least favorable response (LFR)
can be obtained from Equation 2-8. The LFR is a
bound on the individual responses excited by a
sequence of inputs. The least favorable input
(LFI) given in Equation 2-16 1s a test input
which generates the LFR in a linear system. In
_ this section a technique is developed to compute

.the LFR of a nonlinear single-degree-of-freedom
(SDF) structure.

The capacity to generate the LFR of an SOF
structure .is important since it can be used by
the designer to estzblish a bound on the dis-
placement response of a multi-degree-of-freedom
(MDF) structure in its fundamental mode. In
many practical cases the fundamental mode of
response contributes most significantly to the
overall response, Beyond this, the results of
this investigation may prove useful for applica-
tion in the definition of inputs at severai
characteristic frequencies, simultaneously.

The technique to be considered §s based on
the method of least favorable response, The LFI
is an input characterized in- terms of the

complex moduius anc phase of its Fourfer trans=——

form, The modulus of the Fourier transform of
an LFI reflects an envelope on the moduli of the
Fourfer transforms of the underlying inputs,
Hhen the shock sources represented in the ensem-
ble of inputs are very similar, then the modulf
of the Fourter transforms of the inputs are very
similar and the envelope very nearly matches
these, The complex phase functions of the
Fourfe* transforms of actual inputs are random,
at least in part, And the complex phase of the
Fourfier tranform of the LFI {s chosen to cause -
the components of the response to superpose

B Ty S i T R " S U

constructively at time t = 0. The phase is
chosen as minus the complex phase of the fre-
quency response function of the structyre under
consideration,

In this investigation it is assumed that.
the bilinear hysteretic structure possesses an
LFR and an LFI which generates that response.
It is assumed that the LFI of the bilinear
system has the same general form as the LFI of
the linear system. The parameters of this LFI
aust be cetermined.

Consider a base excited, linear st sys-
tem. The frequency response function for the :
syste- is given by

H(-)- 1 RS

(unz - ) + 2 13 we (3-1)

where o, 1s the uatural frequency of the systems

and 7 is the demping factor of the system. This
function can be interpreted in terms of its real
and iaaginary parts or its complex modulus and
phase. The phase of the frequency response
functiun is

-< e <a (3-2)

This is plotted in Figure 3.1 as a function of
circular frequency, w. Note that ¢(w) 1s an
0dd function and varfes rapidly in the vicinity
of u, i md slo-\y elsewhere.

. lt 1: assumed in this study that the
complex phase of the Fourfer transform of the
LFI. of a dilinear hysteretic system is given by

_— 2T W8
-1 eve .
o) = tan —1——2,-'.( L
.“‘- we = * (3-3)

where w, s the charactaristic frequency and Te-

1s the characteristic damping factor. These
parameters are chosen to maximize the response

~of the bilinear system. The parameters must be

determined, This form is chosen for the phase .
in the hope that it will yteld a response in a
bilinear hystentic structure that is near the
LFR.

For a spuiﬂc bilfnear hysteretic system
and ensemble of inputs, the paraemters in the
phase of the Fourier transform of the LFI can te
determined by searching the peak. response values
as a function of “, and Co t0 obtain a-

maximum, The response of a bilinear hysteretic




SDF system is governed by the equation
L ] B 1] -
Y+t Lu, ¥y : R(y) = -xo (3-4)

where ¢ and w, are the damping factor and small

displacement nratural frequency of the system, m

is the LOF system mass, xo is the base motion
input excitation of the system, R(y) is the
bilinear hysteretic restoriag force function.
The restoring force is a function with an infi-
nite number O0f realizations. When y is small,
R(y) is a linear function of y with stiffness

k. When the yield displacement, D, is sur-
passed, then permanent set accumuylates in the
system and the stiffness reduces to ky. When
the velocity voverses sign, the stiffness
jncreases to k and oscillations occur about a
new equilibrius displacement (reflecting the
permanent set) unti) yfelding occurs again,

etc, Figure 3-2 anows a potantial realization of
the spring restoring force function for a bilin-
ear hysteretic system, Equation 3-4 can be

"solved using a numerical procedure, For

example, the numerical procedure given in Refer-
ence 14 can be used to solve Equation 3-4,

Let xj(t), j=1,...n be an ensemble of
measured inputs from one or more shock sources
to which‘a structure will be exposed. The LFR
and LFI of a bilinear hysteretic structure

‘corresponding to these inputs are defined ss

follows. Compute the Fourier transforms of the
inputs and denote these XJ(.). J=l,...n. Then

compute the complex modulf of the inputs and
find the envelope of the moduli. This is

e =Py —cece G

This is the modulus of the Fourier transform of
the LFI. The form of the complex phase of the
LFI is given in Equatfon 3~3. When specific
values of w and Gq are used in Equation 3-3, an

input whose Fourier transform has the form of
the LFI can be established. This is !

1 -2z eve®
[R w

%‘.l‘.

"Xple) = X (u) exp |1 tan”

(3-6)

A time domain test input can be established by
inverse Fourier transforming this function, The
result is .

x.'(ﬂ'é- f ZT(U) 0'“‘4«. wCt<m

~Tnis function of time can be used ae fnput in

Equation 3-4 and the response can be co-puud

. numerically and denoted yy(tiwgsty).

(3-1
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Dependance of the response function on the
parameters of the input is emphasized by
inclusion of these parameters as arguments 1n
the response expression.

The peak value, in tiue. of the response is

‘max
Y(ne, ce) =t

The peak response can be maximized with respect
0 u, and e by solving for the values of ., and

te which satisfy the following equations.

ar ay

Bne_ a;e

Denote the solution to these equations ue* and
ce*. Use of these values in Equations 3-7

yields the LFI. Evaluation of Equation 3-8 at -

ug™ g * and ta ® ‘e' yields the LFR.

Equaticns 3-9 can be solved in any of a
number of ways, In the present investigation
they are solved using a silple search
procedure.

4,0 NUMERICAL EXAMPLES

In the previous section, methods for the
approximate determination of the least favoradle
input (LF1) and least favorable response (LFR)
of & bilinear hysteretic system were developed.
A computer program named LFIR has been written
to execute the computations required to deter--
atne the LFI and LFR. Some numerical examples
are solved in this section using the computer
program,

Two types of problems are solved. First,
the LF1 and the response ft excites are deter~
mined for a single input applied to a single
structural system, Second, the parameters of
the complex phase of the LFl are determined for
4 sequence of increasingly severe inputs. This

- problem is solved for three bilinur hysteretic

systems,

The type of Anput used in all casei 1s an
oscillatory random input with decaying exponen=-
tial amplitude. The input is denoted xo(t) and

its speciﬁc fon is given by

N
E ¢y cos (mJt - 91). L
0<t<T (4-1)

a s the amplitude decay rate of the fnput: N is
the number of components in the input; cj.J-l.

«eoN are the fnput amplitudes; w , J=l,...N, are

xg(t) = ot

3
the frequencies where the input has pover- 'S
J=1,...N are mutually independent, uniform

yrttuugsty) (3-8}

=0, .0 : (3-9)
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rendoms variables distributed on the interval
{~v,s). The input is an approximately normally
distributed, nonstaticnarv random process.

4.1 Example One )

Consider the response of a bilinear hyster-
etic SOF structure, whose parameters are given
in Table 4.1, to the shock fisput whose param=
eters are given in Table 4.2. The input is
shown in .

Table 4.1
Bilinear Hysteretic System Parameters
m=1.0 mss
k = (20)% stiffness
ky = 0.5 yleld stiffness

c = 1,256 damping
D = 0.0813 yield displacement
“n® 2w natural frequency

Tadle 4.2
Shock Input Parameters
N=30
€y = 2.0 1,...30

w " 0.1 + 0.238(j~1)
a = 0.68

J*l,...30

Eigure 4.1; the response to the input is shown
in Figure 4,2, Since the yleld displacement is
0.0813, the response is clearly in the plustic
region, in this examle, The peak response
Caused by the lctual ﬂuput is 0.1651.

) The LFI and LFR were computed using program
" LFIR. The parameters of the complex phase of
the Fourier transforw of the input uero found to
bou -SOSGandc =.0.109.

Thc modulus of the Fourfer transform of the
‘input #3 shown in Figure 4.3. The LFI, computed
using Equation 3-7, is shown in Figure 4.4, The
response exicted by this input {s shown in
Cigure 4.5. This time Mstory shows that the
LFI 43 0,3012,

 This exaaple cemonstrates the process used
{.. finding the LFI and LFR of a biltnesr hyster-
etic strucure when a single 1nput 1:
considcnd.

4.2 Exuplo Two
In this numerical uuplo several oroblem
sequences are solied. In order for the '

A~
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techniques developed in this study to be useful
in the practical specification of tesvs, it is
necessary %o express the resuits in a form that
is easy to use. Specifically, when the engineer
needs to test an equipment item, it is desirable
0 specify a test sequence where he can run a
few tests un ‘the equipment item, and use the
results to specify the LFI. The results of this
numerical example will show that such a sequence
can be defined.

In the first part of this enmple. the

biltaear hysteretic structure whose parameters

are given in Table 4.1 is subjected to a
sequence of 16 inputs. The inputs all have the
same foi'm, Equation &4~1, and only one of the
input parameters is varied; this is the ampli-
The input parameters are listed in Table
4.3 and the amplitudes for all the inputs are

given. The Cij is the amplitude of the j"’
component of the i“ input.

Table 4.3

. Shock Input Parameters
N= 30 , a= 0,628
w." 0.1+ 0.23§(J ~1) §j=1,...30

€45 " 0.2(1 1) +1 §J*1,...30, 1= 1,.,.16

The actua) structural response to each input
was computed., Based on the responses, the
actual peak displacement responses were deter-
mined. .The ratio between each peak response and
e yield displacement was taken to establish
the ductility ratio, U, of each response. Next,
the parameters of the complex phase of the
Fourier transform of the LFI (using peak dis~
Piacement Criterion) were deternined for each
input. These parameters are graphed vérsus the
ductility ratio and are ihown in Fiqures 4.6,
(ugpannur) and 4.7 (l:. parameter).

The LFR was compured for each input. This
quantity was normalized by dividing by the '
actual maximum response, and fs graphed as a
function of ductility ratto in Figure 4.8,

This entire process was repeated tor two
more yleld stiffness to eiastic stiffness
ratios. These are k lt = 0.3 and k lk = 0.1,

The results of these amlym are nlso shown
in Fijures 4.6, 4.7, and 4.8,

A1l the results show the same general
trends. Consider first Figure 4.6, Nhen the
ductility ratio 1s low, the freguency parameter
decreases., All the Curves exhibit an erratic
behavior. The reason is that the fnputs are
random, ’ .
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The plots in Figure 4.6 raise a question of
interest. That is, do the curves asymptotically
approach limits? The answer is probably yes,
and earh limit is related to the ratio between
the yield stiffness and the elastic stiffness.
As the structural response displacement
increases far beyond the yield limit, each SDF
system has a spring force versus displacement
diagram that resembles a iinear system response
with stiffness, ky. Since the natural frequency

.of an SDF system, with mass m and stiffness k,
ts /k/m, the parameter wg- Must approximately

approach the value, Iky7m. in the limit. And

the ratio w,/w, must approach /ky/k.

. An analysis was performed to establish a
smooth curve for each sequence of data in Figure
4-6, Each data sequence was fitted to the
nathematical-model

e yfeea- e

where m,/u .1s the ordinate of the curve, U is

the abscissa, vk ’7 k is the asymptote, and A and

y were evaluated using the least squares
mcthod. The results of the analyses are given
in Table 4.4

Table 4.4

Curve Parameters for Data in Figure 5.8

@E 0.5 0.3 0.1
A 1,125 0.995 0,966
vy 0,572 0.226 0.112 .

The smooth curves are shown in Figure 4.9,
The results show that the curves are relatively
close to one another over the range of U vajues
considerad. This implies that the 'frequency
parameter, w,, of the LFI can be chosen, approx~

imately, even when the yfeld stiffness to
elastic stiffness ratio is not known accurately,

" Now consider Figure 4.7,

Based on these

AN " -
-

curves a few statements can be rade, All the
curves exhibit erratic varfatio. More impor~
tant, the damping parameter, Ge . e LFIL.

© . appears to remain small -whén the damping 1n the

actual ‘systen s small;
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Figure 4.3 shows that the ratio between the
LFR and the actual peak response displays a
certain degree of unpredictable variation. This
variation is due to the fact that the inputs are
random. However, the ratio appears to be
constant, oi the average, and the average is
about 1.4, This indicates that an LFR about 40
percent greater than the actual peak response
~can usually be expected.

It was stated that the procedure outlined

in this numerical example would make it easy for
the test engineer to find the LFI for an equip-
ment item. One procedure a test engineer might
follow is now presented. '
When an equipment jtem will be subjected to

a class of field inputs similar in character to
the fnput of Equation 4-1, the test engineer can
specify an LFR test using & sequence' of experi-
ments., First, the test item must be instru-
mented. Base input is assumed, and the response
at a critical point is monitored. Using a low
amplitude sine sweep (or equivalent method) the
fundamental frequency must be detérmined. The
frequency response function near the fundamental
frequency must be establiished, and this informa-
tion must be used to determine the damping
factor in the fundamental mode. For example,
this can be inferred from the half power
bandwidth,

Next, the yield point must be established,
This can be done using a sequence of experi-
ments. In each experiment the actual input is
multiplied by.a factor q. q is varied from a
small value (say 0.05) to the value 1.0. The
structure is excited using the modified input.
The response at the. point of interest is moni-
tored and the peak value fs determined. The
values of peak response are plotted versus q.
The curve generated using this approach.remains
linear until yieiding occurs. After yielding,
the slope of the curve increases. The value of'
q corresponding to the yield point and the peak
value of the response where the yield displace-
ment is realized can be' determined from the
curve,

Now the test engineer applies the actual
input to the equipment {tem and observes the
peak value of the response at the point of
interest. The ratio between this quantity and
the peak value'of the response where yielding
first occurs is the ductility ratio. This
ductility ratio can be used to enter Figure 4.6
{or 4.9) to detérmine the frequency parameter
for the LFI,
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The test engineer determines the modulus of
the Fourier transform of the actual input, then
uses this with frequency parameter given above
and the actual system damping factor to estab-
lish the LFI. The test input is computed using
the above information in Equations 3-6 and 3-7.

The technique described above can be used
to establish the LFI parameters for other
classes of random inputs. The analysis sequence
is simply repeated using the other input in
place of Equation 4-1.

5.0 SUMMARY AND CONCLUSION

The objective of this paper was to estab-
lish a method to search for a test input that
excites a conservative response in an equipment
item capable of inelastic response. A method
for speciiying a2 conservative test input based
on measured field -inputs was established, The
criterion of peak displacement response was
used,

The technique dev2loped here was based on
the linear theory of least favorable response
(LFR). It was assumed that when an equipment
item is subjected to a severe excitation,. the
response may be inelastic. - An equipment ijtem
executing inelastic response displays a dimin-
ished stiffness. Therefore, the characteristic
frequency of an inelastic structure is lower
than its fundamental frequency. This study
specified a method to search for the input that
causes the ‘nelastic system response to be a
maximum. T:2 input has the same form as the
tinear least favorable input (LFI),

Equations 3-6 and 3-7 establish the form of
the LFI. Thke intersity of the actual shock
input is accurately reflected in:the test since
the LFI preserves the modulus of the Fourier
transform of the actual input. Comparison of
Figures 4.1 and 4.4 shows that the general
character of the actual input is preserved in
the LFI.

The potential for inelastic response is
accounted for in this study since Equation 3-4
is assumed to govern the response of the systems
under consideration.

Example One demonstrates how the techniques
developed in this investigation can be applied
in the definition of an actual test input, .

" . Example Two shows that the results can be

generalized for easy application in the specifi-
cation of test inputs.

* function of ductility ratio.

An fmportant result of this study is shown
in Figure 4-6. This shows the frequency param-
eter tw be used in specification of an LFI as a
The numerical
investigations show that the frequency parameter
is the most important factor in the definition
of the LFI. Figure 4-6 permits the easy identi-
fication of this parameter for teSt definition.

The damping which corresponds to the maxi-
mum displacement response was also determined.
The damping varfation is shown in Figure 4-7.

. It 1s concluded from the computations that the
change of damping does not significantly affect
the LFR, Hence, it is recommended that the

, damping parameter. in the LFI be defined as the

~damping in the actual system.

The procedures developed in this study can
be useful in practical applications. Example 2
can be simplified even further. For example,
note that the LFI depends not on the form of the
actual input, but rather on the complex modulus
+ of the Fourier transform: of the fnput. In view
of this, the frequency parameters of the LFI can
be written as a functiom of the ductility ratio
for an input whose Fourier transform modulus has
certain characteristics, such as “increasing
with frequency near wn" or "decreasing with
fregency near un." or "constant with frequency
near y,.” -Using this approach the parameters
of an LFI would not be tied to a specific input
form, but rather to an input whose Fourier
transform modulus has a’ specific form. Other
simplifications and generalizations may also be
possible.

The results obtained during this investiga-
tion are limited by the assumptions of the
study. Most imortant, only single-dagree-of-
freedom, bilinear hysteretic systems were
studfed. Further, random inputs were used, but
the probabilistic character of the response was
not investigated. Only one form for the LFI was
used, St

Future studies may seek to improve the
present analyses in.several areas. For example,’
an-alternate form for the LFI may be’ sought;
specifically, inputs which generate more severe
responses may be developed. Other forms cf
jnelastic behavior may be considered. Proba- -
bilistic studies may be performed; these can be
used to predict the probability of conservatism
of a shock test. Most important, a shock test
specification procedure which explicitly
accounts for the characteristics of fnelastic
aul ti-degree~of freedom systems must be
pursued, .
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INTRODUCTION

fuzing designs,

8000 fps)i.

tion.

explosive

Laboratories.

‘}' ‘}1
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LOW VELOCITY, EXPLOSIVELY DRIVEM FLYER PLATE DESIGN FOR
- IMPACT PUZE DEVELOPMENT TESTING
Re A Benhan
Sandia National Laboratories.
Albuquerque, New Mexico
A new design of an explosive system to propel a thick, aluminum
flyer plate into a reentry vehicle warhead contact tu:e system
has be=n designed and tested. This design produces a “reverse
dallistic® impact environment used to study the function of
contact sensors at impsact velocities of around 1525 mps (5000
f>s). The paper preser.cs the explosive design, calculations of
shock wave damage to the flyar plate, and results of an experi-:
nment in which this design was utilized, Use of nitromethane
explosive permitted achievement of impact, with a thick alumi-
nur. plate, without serious plate spall damage while other
widely used explosives cause considerable damage in the plate.
A new requirement. to explosively
‘drive a thick aluminum flyer plate to
Puzing options for ballistic mis- low velocity [1220-1830 mps (4000-6000
sile warheads may include a contact ‘fps)] has prompted tbe inveatigation of
sensor to provide surface bursts. a different explosive design. These
Developrment of these contact fuzes re- flyers are to be used in e:periments
quires laboratory test methods which which investigate detallecd fuze system
provide a wide vapriety of impact veloe- operation as well as subsequent nose .
ity and target conditions. Rocket tip erush-up.
flight tests, rocket sled tests, and .
explosisaly driven flyer plate tests i The .same explosive and desien of
have produced realistic impact environ- thick plate systems will not work for
ments for observing the performance of ,.thin plate systems because the driving
The explosively driven pressure pulse becomes short with re-
flyer plate method provides a less ex- . spect to the plate thickness, and plate
pensive alternative to rocket flight - -spallation nmay result. The plate
tests 1in the velocity ranges above .damage may range from microcracks to
" those currently attainable with rocket . - major fractures dividing the plate into-
sled techniques [1830-2440 mps (000~ several separate layers. The plate -
Plyer plates provide a must be intact to produce [ 1 proper
"reverse ballistic" test In which the "impact_ teot. '
nose tip fuze system 1s heid stationary ) o )
while the plate (target) nmaterial is ' The hydrodynnnie shock wave come
driven into It at velocities from puter code WONDY V [4] was used to cal-
235043660 mps (7700-12,000 fps). These culate the spall Aamage for various
tests produce Npreunn:tve impact plate thickness/velocity combinations
velocity vectors (therefore stresses) and for different explosive types.
while allowing high quality data re- These calculations lead to the choice
covery using hard wire instrumenta-~ ' of nitromethane liquid as an explosive
Previous papers [1-3] describded -that can drive the plate to lower ter-
the experimental concepts and developed ninal velocity without causing sarious
‘an analytical approach useful in pre-- spall damage. The lower density and
Alcting the behavior of the particular detonation. velocity (therefore detona-
flyer plate system currently tion pressure), as weil as homogeneity
baing used at Sandia Yattonal .of the nitromethane, increase the de-
o sirablility of this explosive material.
1 PREVIOUS PAGE °
~ IS BLANK
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A small-scale expeciment was de-
signed and conducted to verify proper
operation. This paper presents the re-
sults of this experinent and des:ribes
the analytical method for predicting
the explosive system performance. The
success of the small experiment Jed to
the deaign of a large explosive system
using 68.1 kg (150 1lh) of nitromethane
to 4drive a 12.7 mn (5 in,) thicx alumi-
nun plate [.292 H (11.5 in.) in dia-
neter] to impact a nose tip fuze system
at 1585 nmps (5200 fps).

The explosiye design currently
used to propel metallic flyer plates
consists of a large, thick walled
barrel partially packed with explo-
sive. The flyer plate is placed in one
end of the barrel, usually with a foan
rubber cushion between it and the ex-
plosive, The flyer plate has a ma-
chined guard ring around it to alqd in

.preventing plate breakup. The plate

thickness may also be tapered across a
Alameter to cause end-over-end rota-
tion, thus allowing impact at any de-
sired angle between 0 and 70 degrees
(between the nose tip axis and the
flyer plate surface normal). Pigure 1
shows the barrel design; the systenm is
detailed in another docunent [2].

THEORY

. Shock wave damage caused in the
plate during explosive launch may be
calculated using the one-dimensional
computer code WONDY V [4]. For formu-
lating the WONDY calculaticn (which
does not consider lateral effects), the
explosive thickness was reduced so that
the calculated terminal velocity would
match the final velocity state obtained .
during an actual test, thus making the
caleculated driving forces 1in the plate
sinilar to actual forces experienced
during a test. Figure 2 shows the
results of a WONDY calculation for a
high velocity, small scale design con-
sisting of an 8.5 mm (.335 1in.) thick
aluminum (6061-T6) flyer plate, driven
to a terninal velocity of 3200 nps
(10,500 fps) by 1.42 kg {3.125 1b) of
Composition C-4 explosive ir. a 28.4 kg
(62.5 1b) tamping barrel., The plot
shows the state of streas (pressure) at
poincs in the explosive gases that
drive the plate as well as points
within the plate, The flyer plate had
reached termirial velocity by the time
of the plot, and there are rno spall -
planes evident, as desired, !
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2 ~ One-Dimensional Calculation of Shock Driving Pressures

for Standard High Velocity Design

If the same explosive design is
used (same explosive type and same
barrel) but the flyer piate thickness
is increased to reduce the terninal
velocity to 1830 mps {§000 fps), calcu-
lations show that spall planes result.
?igure -3 shoss the pressure-position
plot for the shock wave calculations of
this sonfiguration. The overall thick-
ness of the plate has increased (indi-
cating that the front spall plates are
noving faster than the back plates). A
plate in this condition would not pro-
4uce an adequate impact fuze test.

‘The spall planes in the flyer
plate are generated by tensile waves
reflecting from the free face (oppnsite
the explosive loaded face) of the flyer
back ‘into the plate, Simple spall
failure models generate a spall plane

when the reflected tensile wave reaches

a cthreshold value, while other nore
sophisticated models [5] are based on
accumulated danage generated whenever
the tensile pressures rise above a .
threshold value, The lncal density 1is
lowered to reflect the lanage. Por the
purposes of this paper, only relative
spall damagze is 9 importance, 8o the

" spall model is not extremely impor-

One approach to lessen spall
damage in a chosen material is to lower
the driving pressure which must then
"push™ longer to obtalr the same flyer
velocity. Lower stress gradlents in
the plate cause reduced reflected ten-
sile stresses and therefore a reduced
tendency to spall. The detonation
pressure (C-J pressure) of the explo-
sive 13 'indicative of the plate driving
pressure and 13 related to explostve
properties:

’ pD?
PC‘I,J.IO'V'

Fron this =quation it is readily seen
that reducing o (the density) and D

* (the detonation velocity) will decrecase

the C-J pressure (Pc_Jg). The ratio

- of speclfic heats (yv) for most explo-’

sives 18 between 2,5 and 3. The C-J .
prgaaur» for Conmposition C-4 is 2;

Pa (278 kbar) (p = 1,59 gm/cnm”, D =
SORO mps, Y = 2.7).
Nitronethane, a liquid explostge
with both a low density (l.14 gm/cn’)
and detonation veloeity (6240 mps) and
a gamma gr 2.45 [the C<J pressure is
12 Pa (128 kbars); [7,3] is a

tant, ‘ spall danage threshold of possible alternative explosive for
20 x 100 Pa (20 xbars) in simple driving| thick plates to lower veloci-
tension was chosen after tho work of ties, Table 1 shows comparative pro=-

Jones [61.
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TABLE

1

C-4 nx"losive for Lox Velocity Desirn

Properties of Candldate Explosives
for Driving lL.ow Velocity Flyer Plates

Detonation ) C~J Pressure
: ‘Densigy| Veloeclty Y (x 10" Pa)
Explosive (gn/en’”) (rps) Range (Xbar) Comnent
| ‘litronethane .14 6240 2.45 128 Liqutd

Amatol 60740 1.50 | 5760 2.70-3.00 138-124 Soltd
(Amnoniu= ; . '
nitrate/TNT) _
Nitrocuanidine 1.55 7650 o 245-227 "
™T 1.56 6640 " 186-172' "
Cyclotol T70/30 1.73 8o€o » 304-281 "
(ROX/THT) .
Comp. C-4 1.59 8040 2.70 278 ”

Properties obtained from Army Material Command pamphlet "AVCP 706-177
Cngineepring Design Handbook -~ Properties of Txplosives or MlILCary
Intnrest," January 1971. -
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alternative to Composition C-4. The
explosive perfornance data used along
with nominal barrel dimensions 1indi-
cated an expected velocity in the range
between 1524-1830 mps (5000-6000 fps).
WONDY V calculations show that only
ninor spall damage may occur. Figure 4
shows the results of the shock wave
calculations., Note that some spall’
cracks exist; however, the plate thick-
ness is closer to the lnitlal thicknuss
(compere with Pigure 3), and there is
no appreciable velocity gradient across
the plate thickness, The result 1s not
exactly as desired but may be accept-
able,

Por proper inittation of nitro-
nethane, a shock pressure of srsater
than the C-J pressure [128 x 10° Pa
(128 kbars)] is needed. Calculations
indicate that detonation of Composition
C-4 explosive into nitromethane_ should
_ generate a pressure of 150 x 10° Pa
(150 kbars) thus causing initiation of
the nitromethane, Conposition C-4 1=
easily initiated with a standard de-
tonator and booster pellet. The design
of the system, shown in Pigure 5, was
expected to meet the test requirns-
ments. A pad of Composition C-U was
placed at the end of the barrel with a
thin aluminun barrier to separate 1t
fron the nitromethane. The barrel

THeE = 5.0005€-05

contained two holes near the barrier
for f£111 and vent of the nitromathane.

The calculation of design perform-
ance was accomplished by determining
the equivalent length of nitromethane
which would cause the same effesct as
the Composition C-4 initiator. This
length was then used to replace the
Composition C-4 to give a simple,
single explosive barrel system as re-
quired for .calculation [2]. Lateral
ané aft gas expansion is empirically
accounted for in the method pre~
acribed. The equivalent length was
determined by using the barrel calcula-
tion method to determine the length of
nitromethane [47 mm (1.85 in.)] which
would drive the aluminum plate to the
same terminal velocity as the 25.4% mm
(1.00 in.) Composition C-4 initiator.
The calculated terninal veloclty for
the all nitromethane equivalent system
was 1612 mps (5287. fps).

EXPERIMENTAL YERIRICATION

The smalle-scale explosive system
(Pigures 5 and 6) was fabricated and

_test (ired 1in order to determine if the

method for predicting final velocity
was adequate and if the driving pres-
surea were indeced low encugh to cause

u[ "

¥ '8 Ad Y T

5 ]

i
ni N

]
|
r {11 TORMIGINAL A
i3t | prave
201 1 11 L mcxness -
i
v 4
. 1
3 18 tan 4
- tin :
‘e 't 9
- 10 E::: i -14
1L :
2 Lt T ave
‘ g s :::: vELOCITY |
: I 1 1t | 1930mes
|r““m” -
i finy
or " .
L " o]
i
-sk " J
-8 K1l .
A A A e e A FeEEIIs N e 2
° s 10 18 20 . 25 30
POSITION (cm) o

1/4 SCALE, AL PLATE, .00 IN GAP S000FPS 8/01/8

Fi{i*. 4 « One-Dimensional Calculation of Shock Drivin;® Pressures
~ with liltromethane Explosive r'or Low Velocity Desi-n

159 .




- ... e e % T .. b ae e e B e i lan W $e S M ® 2t Vet ate T ateTe e T s Ty
- R T P C Tl ee Tw el e

LEAD/STEEL

"

TUBE

s FILL/VENT

BARREL CONFINEMENT

- v . v n oo ]

cgm".- YA T~ X
-4 N\U TS
A E ,/‘*&Gu%no
S FILLED WITH RIN
m -} NITROMETHANE —t ;liv;sg '
o .| - mm
. 0.111m{4.375") LONG (1257
THICK,
.DE_TONM_’OA.R’ o ‘ (9.27' !'n)m
T 3.65
. 254mm—| . -~ ~_| DIAMETER
{17 LONG
| / S
0.010
ALUMINUM
SEAL PLATE

Fi:. 5 - Explosive System

only ninor spall damage. The barrel
axis was oriented vertically with the
nitromethane {11 and vent tubes at the
top of the cavity volume, . Nitromethane
was carefully poured into the barrel
cavity to insure that no alr hubbles
weres trappei within the barrel. A
sinzle bridze wire .letonator (Reynolds
RP-2) was attachei tn the tetryl pellet
booster within the pad of Composition
C=4, The Tlyer plate was accelerated
downward for 1,19 * (47 in.)where a
normal impact with a simulated nose tip
occurred. Flash x-pray exposures were
made at three equally spaced positions
along the flyer trajectory. The x-ray
source was directed perpendicularly
across the trajectory onto three x-ray
filns housed within protectlve cas-

. settes, The film was located 0,46 m

(18 in.) away from the trajectory.
Pigure 7 3hows the test setup. The
x-ray pulse length was 70 ns, which
produces clear x-ray shadow graphs of
the ’lyer durinz transit, Figure 8
shows one x-ray exposure taken after

the flyer had traveled half the trajee-

tory length. The x-ray data allowed
accurate neasurenent of the flyer velo-
city (1573 mps (5160 fps)] as well as

4docunentation of the Tlyer plate condi--

¢ion, The measured: terminal veloclity
was within 2.5 percent of the calcu-
lated value, which 1s accurate enough
for velocity predicrtions. Evidence of
spall damage is visible at the edges of
the rlyer plate; however, the plate .
thickness remains unchanged (within

160

measurenents resolution). Spall cracks
may exist but no large voids are ap-
parent, which agrees with the spall
caleulations shown in Figure 4. The
re3ults of this test are docunentﬂd in
a test report [9].

CONCLUSTION

A nathod has been devised for cal-
culating the performance of an explo-
3ive systen designed to drive thick
aluminum platés to relatively low velo~ -
cities [1573 nmps (5160 fps)] for con-
ducting impact fuze studies. ' An ex-
perinent wsas designed based on this

. method ani was conducted to produce

velocity and Clyer plate conditlion mea-
surements, Calculation predicted the
terninal velociey witnin. 2.5 percent,
and the flyer had some spall damage as
expected (based on shock code predice
tion) but was intact and the plate
thickness remained. unchanged. These
results support the deslgn of a 68.1 kg
(150 1b) nitromathane explcsive system#
which will drive 2 .127 m (5 1in.) thick
plate to a velocity of 1585 mps (5200
fps) before impacting a contact fuze
syacnn.

¥ Scaling laws for complete spall are
not fully developed; however, Rel,
[10] indicates that relative: spall
damage nay not he much worse than in
in the snall ncale aystema.
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" EXPERIMENTAL INVESTIGATION OF VIBROIMPACT OF TWO
‘ CANTILEVER BEAMS

C.N. Bapat and S. Sankar
Department of Mechanical Engineering
Concordia University
Montreal, Quebec, Canada

The damping effect of collisions occuring at only one point along the

' length between two cantilever beams in free and forced vibratiops were
experimentally investigated. The use of a snubber made from neoprene
‘pad instead of a steel stud at the impact location had little effect
on the free vibrations. In forced vibrations with one sided clearance,
displacement amplitudes were reduced considerably when the resonant
frequencies of beams differed. The performance with steel stud and a
neoprene pad looked like that of a.highly damped system with .positive
shift in the resonant frequencies. The maximum displacement amplitude ’
with steel stud was approximately 25% smaller than that for the neo-
prene pad. However, the noise level, on average, was: 10 dBA higher.
The forced vibration response with two sided clearance looked 1ike

that of a single oscillator and displacement amplitudes were larger
than that with one sided clearance. The tip of the beam as an impact
point and smallest possible one sided clearance produced minimum dis-
placement amplitudes in the forced vibrations and fastest decay of
displacement in the free vibrations.:

_ Many of the disadvantaées can be alleviated
. . by fixing the properly designed secondary unit
d = gap between secondary beam and impact to the base of the primary unit, fn such a way
point, mm. : that during vibrations these oscillators colli-.
] = distance of impact point from base, mm. de producing an intermittent force which results
S° base displacement, mm. in reduction o{ ﬁhe displacement amplitude of
; the main mass [1]. There are many practical
Q = -excitation frequency, Hz. X -
X = tip displacement, mm. applications of this arrangement: in control
xo
xrms

NOMENCLATURE

. 1ing displacement amplitudes of piping systems

* initial tip displacement, mm. {2,3) and, in printed circuit boards E4] where
= rms value of tip displacement, mm. snubbers with small clearances are usad between
o : .two systems. The machines used in compacting -

1. INTRODUCTION

Damping of resonant vibration can be achieved
by attaching an auxiliary oscillator such. as a
conventional dynamic neutraliser to the main
system. However, some of the problems asso-
‘ciated with this arrangement during forced vi-
brations are: a. excessive displacement of
the secondary system and b. the need for pre-
cise control of damping stiffness and auxili-
ary mass to achieve the best performance. This
system is also extremely sensitive in the
resonant range and hence there is a possibfi-
1lity of large displacements due to efther in-
crease or decrease in the excitation frequency.
T?is is also not a good damper in free vibra-
tion, :

[5}. vibratory feeding [6], and pile driving
7], and the problems such as dynamic drift due
to impacts leading to mismeasurement [8], high
stresses in g2ar trains and collisiont between
independent structures {i9], can be modelled in
the first approximation, as.vibroimpacts of

two osciliators. : ' :

In the vibration control aspect considered
theoretically by Cempel [1], only one unit is
forced excited while in Ref. 4, the simplified
design procedure fs given for the particular
application without theoretical or experimenta)
verification. Masri studied a similar system,
theoretically for massless secondary, and ex-
perimentally [2,3] for a quite stiff secondary
system, )

165.

DS RAIE D P ST ST o LB R I N S
IO T I S '..q:.\_‘ CORPUR L SR .'.'.‘. ety

T . .. R T o R N P e Y
- bl JLEE R P Y

A L et e T e T et et et et e e e
K -\|‘.' et ST e Lo -.‘.-.' LR N LI




The aim of the experimental investigation is
to study only the displacement control aspect
of the vibroimpact system in detail. The effect
of excitation frequency and amplitude, different
snubbers made from steel or a neoprene pad,
position of impact point from the base and one
or two sided clearance on the free and forced
vibration will be considered.

2. FREE VIBRATIONS

A schematic diagram of the experimental appa-
ratus and measuring equipment i shown in
Fig. 1(a). Two identical beams each weighing
0.230 kg machined from spring steel with the
dimensions 30.23x2.54x0.3175em (11.9x1.0x
0.125 in) in a particular shape of I shown in
Fig. 1(b) were fixed to an aluminium block at
the base. A specfally designed slider weighihg
0.054 kg. was used to adjust the position of the
impact point along the beam (Fig. 1(c)). It
could also accormodate a pointed steel bolt of
0.625 mm or a neoprene snubber shown in Fig. 1
(d) having contact area 645.16 mm (1x1 in.)
and thickness 12 mm (0.5 in) gluded to the stud.
For convenience, the beam with slider will be
called the primary beam and the other a secon-
" dary beam. The gap between the secondary beam
. and the top porrion of the snubber can be adjus-
* ted. It can be seen from Fig. 1{c) that during
vibration impacts can occur only on one side of
the secondary beam and hence this is called an
one sided clearance case. Whereas a two sided
clearance case is one in which device shown in
Fig. 1(e). is fixed to the primary such that
impacts occur on both sides of the secondary
beam. .

The behaviour. of beams with two sided clea-
rance will be considered only in the forced vi-
bration case, Additiorally an aluminium block
weighing 0.087 kg was attached to the top por-
tion of the primary beam intentionally to

‘ achieve the difference in their natural fre-
quencies. Both beams were tightly clamped to
the aluminium base, item 4, as shown in Fig.
1(a). Two temperature comvensated strain gauges
were gluded to the beams at the base and strains
were recorded on' the duel channel strip chart
recorder and were calibrated to measure the
displacement. The initial dispalcement Xgs
at the tip of the primary beam was .set to a
certain valuve by using screw, item 9, and the
system was allowed to vibrate freely by using
a release mechanism, item 8.

Primary beam impacted the secondary beam
. whenever initial deflection was greater than the
gap and impact ceased to exist orilly when maxi-
-mum deflection was less than the gap. The
best impact location is one which produces fast-
. : est reduction in the maximum displacement during
free vibration. To find this location, the
distance of the impact point from the base was
varied in steps and the results are shown in
Fig. 2 for constant Xo=8.3 mm, The top and
bottom trace represents the deflection of the
secondary and primary beam respecitvely. Care-
ful examination of Fig. 2(a) through 2(d)
indicates that the damping effect of impacts

.
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Figure 2. Eﬂoct of position of impact point on the free decay of bewws

using elastomer snudbber.

Figure 3.Effect of initial deflection on the free decay using steel bolt
as & snubber. Distance from dases230. :
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increases, as compzred to the nonimpact case

of Fig. 2(e), as impact point moves away from
the base 1.e. towards the tip of the cantilever.
The damping produced is largely due to energy
lost at impact. The energy loss increases with
the increase in the relative velocity at impact
which increases as impact point moves towards
the point of maximum velocity, .i.e. tip of the
beam. The effectiveness of damping can be seen
as a difference in Fig. 2(e) and Fig. 2(a}, (b),
{c), and (d). Energy is transferred from one
system to another due to impacts and inherent
internal damping of both beams consume some c¢f
the energy. Noise produced during impact and
frictional energy loss due to rubbing between
the snubber and the secondary beam also adds

to the energy loss. The decrease of displace-
ment is quite fast till impacts occur and after-
wards in the impactless time interval systems
vibrate freely with very little damping. Hence
the amplitude in the impactless vibration
region. decreases with the decrease in the cap as
impacts continue occurring till the maximum de-
flection becomes less than the gap. The effect
of initial deflection when impact point was

230 mm from the base shown in Fig. 3(a), (b)

and (c) indicate that the damping produced
depends on the initial deflection. However, in

" all cases deflection decrease was very fast

initialy when impacts occurred. The time re-
quired to reduce amplitude to the small level,
and the displacement zmplitudes of the secondary,
increase with initial deflection, X,. However,
the system still maintains good ampl?tude reduc-
tion characteristics as evident from the compa-
rison of Fig. 3(a) through (c) with Fig. 3(d)
where, due to a large gap, impacts do not occur
at all. The behavior of system with neoprene
and steel snubber was found very similar and
hence separate figures are not given.

3. FORCED VIBRATIONS

A schematic diagram of the experimental
mode] and measuring equipment is shown in Fig. 4,
The previously discussed setup was fixed to a hy-
draulic shaker, having large inertia, to reduce
the effect of impacts on the shaker.
displacement -of the base, 5, sin Qt, was produ-
ced and was monitored. -The impact patterns were

' monitored by observing the acceleration of the

tip which showed a large spike at impact which
is clearly seen. in the second trace from top in
Fig. 5(b) and 5(d). The base displacement,
acceleration, and the ¢ip displacements of two
beams were monitored on a four channel oscillo-
scope and typical waveforms of these are shown
respectively from top to bottom in Fig, 5 for
two different frequencies of 15.5 Hz and 23 Hz
and with impacts (Fig. 5(b) and 5(d)) and with-
out impacts (Fig. 5(a) and 5(c)). The occur-
rence of impact can be monitored very easily,
which in Fig. 5(d) is some what erratic while
in Fig. 5(b) 1s nearly regular. The comparison
of tip displacement of both beams at 23 Hz in

- Fig. 5(c) and (d) indicate that the ampl{itude of

the primary beam was reduced by a cubstantial
‘amount while the displacement of secondary was
stightly increased due to impacts. However
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Figure 6: FFT Spectrum Without and With Impacts
Base Amplitude = 0,254 mm, Impact Point 230 mm from Base
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due to impacts, there was slight increase and

distortion of displacement waveform at 15.5 Hz.  , | (¢} Prisary bum 5: = 0.254

The waveform with impacts are nearly pericdic ¢ =230

but not exactly sinusoidal and hence the FFT L b d =05
analyser was used to find out the rms values H )

of displecement. These rms values of displace- L L 0---0 Without impacts
ments, Xrms, were obtained after initial tran- 114 o—o Witn imdacts
sients had died and the time period was selec- *rus | *'

ted as 8 seconds fn which at least 120 excita- N A

tion cycles were complete. Doubling the time i R

-

'

duration had very little effect or the rms

values andhence 8 seconds was considered ade-

quate. The acceleration at the tip.showed 0
increase due to impacts as compared to the non- .
impact.case. The corresponding FFT spectrums 12 | (B} Secondary besn Sy ¥ 0.254
of displacements of the beams are shown in 3 ¢ 20
Fig. 6 without and with impacts. The largest A .4 =05
peaks which match in the top and ths bottom i :
figures correspond to the excitation freguen- s L e‘* 0---0 Uithout impacts :
cies or the resonant frequencies of the beams. . | OO With lmpacts
-
4

However, the creation of many other frequencies Xous |
in Fig. 5(b) and (d) was sclely due to impacts
which excited higher modes of the beams due to L $ &
broad impact spectrum. s !

The first resonant frequency and damping . »*
ratio of the primary and secondary beam was . : =
found to be approximately 14.25 Hz, 23.25 Hz, w0 15 2 25 % 15
and 0.0052, 0.0082 respectively. The usual - ‘
method of free decay and sinusoidal resonant Forcing frequency, Mz. _
tests were used. Thus systems were 1ightly Fiqure 7. RIS displacement amolitudes of besms with
damped. steel connector, .

The arrangement considered here is basi- s
cally used to suppress the resonant displace- ' (a) Primery besm:
ment amplitudes of both beams. The variation - 00 . = 0.508
of rms vdlues of displacements in the fre- i o
quency range of 10 to 35 Hz which covers the LI 0---0 S, = 0.254
first resonance of both the beams, with arnd , . ! =2
without impacts is shown in Fig. 7(a) and 7(b) ' d =05
for the primary and secondary beam respectively :
with one sided gap of 0.5 nm and base displace-
ment of 0.254 am.  The impact  point was .
230 mm away from the base. The Fig. 7 shows that
the resonant amplitudes in the frequency range
of 14-16 Hz and 22-24 Hz of the primary and

o

secondary beams respectively are drastically : \~---oo---o---o.
reduced. However a pseudo resonance with peaks o' o ) . . 5--!---0---0-.
of f;igly small ampl*]lgu?es o:‘ about 2;_15 mm :
and 2.0 mm occur at 16.1 Hz in case of primary - i ) : '
and secondary beams respectively. A small peak ‘ (b) Sécondary bem - ‘
of 1.25 mm at 28.5 Hz car be seen in the res- ' . 0==0 5. =0
ponse curve of the secondary beam. The vibro! ) . " 0ere0 S¢ v 0.254
"~ impact system considered was highly non- 3 - : Tt =230

Tinear and the nonlinearity is of hardening ’ - ‘4 .+ 0.5

© type. And this {s reflected by the pseudo peaks X s ' :

at somewhat higher than the natural frequencies
of the beams. (therwise the displacement ampli- 3
tudes remain fairly small compared to the reso-
nant displacements of impactless beams.  The
effect of excitation level on the displacements 1k
clearly shows the complex nonlinear behaviour

(see Fig. 8). The Xp.ne for both beams at the

base displacement of'WfSOs mn are not twice that 0
of a 0.254 mm and these are compared for selec- : - B
ted values of excitation frequencies fur both 10’ 1% 20 2 3 3
:heTca§es‘of g:;inct p()ﬂn? at 180 mm and 230 mm .
n Table ). s table indicates that due to

highiy nonlinear hardening type behaviour tie e B e o aToe coetl comector o the
deflections at 0.5G68 mm base displacement in : : .

Forcing frequency, Hz. '
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most of the cases are less than twice the valve
at base displacement of 0.254 mm.

T . T L S S T SR Rt ]

C et G R M R AL W LR m . a A

Table 1: Comparison of X _ at different So and & for Steel Snubber

L= 2% 2 =280 E
: Primary i Secondary Primary : Secondary
‘ 0.254 10.508 |0.25¢ 0.508 0.254 | 0.508 | 0.258 0.508
§ ’ Xems | : k
15 1.20 : 1.8 | 0.73 ! 1.50 | 1.06 | 1.38 | 0.53 ~ 1.07
16.25 | 1.80 2.76 [ 1.62 ; 2.30 | 3.84 | 5.46 | 3.46  6.53
%5 0.46 | 0.92 | 0.84 | 0.96 | 0.61 | 1.07 | 0.53 : 0.69
» 0.19, Lo.‘s7 0.61 | 1.61 | 0.46 | 0.69 | 069 | 1.4

The two peak behaviour not so clear bet- '
ween 16 to 17 Hz. for 0.254 mm base displace-
ment is quite clear at 0.508 mm. In Fig. 8 the
phenomenon similar to the jumn in the nonlirear
hardening sprina can be seen around 28.5 and
20 Hz for 0.254 and 0.508 mm base displacement.
The effect of reducing the distance from the
base of an impact point, &, from 230 nm to
180 mm 1is shown in Fig, 9. Comparing Fig. 7
with Fig. 9 indicates that the maximum displa-
cement amplitude of the primary and secondary
beam has increased from 2.1 mm to 5.5 mm and
from. 2 mm to 4.7 sm respectively and the fre-
quency at which this occurs has also increased
“rom 16.1 Hz to 17.8 Hz. This increase in fre-
quency is due to the decrease in the effective
mass as the pointer moves towards the base
while effective stiffness remains nearly cons-
tant. The maximum displacemont amplitude has
increased because the energy iost at impact is
decreased dve to the decrease in the relative
velocity at impact. The effect of amplitude
of base excitation on the response when impact
point was 180 mm from base is shown in Fig. 10.
Comparison of results for & = 230 and & = 180
shown in Fig. 8 and 10 indicates that the two

-peak behaviour in the frequency range of 16

to 17 Hz for the former has disappearcd and the
maximum X.mg has nearly doubled. It seemed that
the position of the impact point has substantial
effect on the response.

. The effect of the position of impact point
on the response of beams excited in the reso-
nant range of the secondary beam at 23 Hz is
shown in Fig. 11.- It indicates that the tip
ms displacement of the secondary beam increases
with the decrease in tie distance of the fmpact
point from the base. However, the response of
the primary nonresonant beam remains nearly
constant. The behaviour studied here indicates

- that the tip, which is the point of maximum

displacement in this frequency range is the
most suitaole impact point from the point of view

625,25 mm

cof amplitude reduction. Simiiar performance
was observed when the excitation frequency was
in the resonant range of the primary system.
Hence in most of the cases studied the connec-
tor was fixed to the beam at 230 mm from the
base which was the most practically possible
position of maximum distance from the base.

A successful attempt was made to reduce the
noise level, produced due tc metals contacting
during 1mgacts. by using neoprene pad of

area, as an impacting .connector. The
effect of using the hard neoprene, similar to
the neoprene pads used in the bearings for
bridges, on the displacement performance can
be seen fn Fig. 12(a) and (b) for the primary
and secondary beams respectively. The double '
peak region not so clear in the metal stud
case becomes quite clear even at 0.254 mm base
displacement. The displacement amplitudes here
are in general larger than that in case of a
steel stud for the primary as well as secondary
beam. The two peaks at 15.5 Hz and 17.5 Hz
are quite clear in Fig. 12 in the response of
the primary system. Similar two peaks exactly
at the same frequencies were observed in the
response ‘'of the secondary beam., However an
additional peak of aspproximately 1.5 mm is

.observed at 31.25 Hz. The effect of base ampli-

tude on the response shown in Fig. 13 is similar
to the case of a steel stud. '

The comparison of nnise level, measured
using A weighting network of the sound ievel
meter, for the steel and neoprene connector is
shown in Fig. 14, The microphone of the sound
level meter was 25 cm away from the point of
impact. The noise level when neoprene connector
was used 1s slightly higher than the noise level
produced in the impactless system and the maxi-
mum difference is less than 3dBA. However, the
noise level when steel connector is used is

" quite high reaching 82 dBA maximum and on an

m

average 13 10 dBA righer than the neoorene
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tion of the system with one sided clearance o ;

8. A. Ye Kobrinskii, 1969, NASA Technical
e e e ring  Tramlation T3 echanions with
impact between metal surfaces can be substan- astic Louplings, Uynamics and Sta Y-
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point was near the tip of the beam, Analysis of Vibroimpact.

ACKNOWLEDGEMENT S v

S.F. Masri, Y.A. Mariamy and J.C. Anderson,

W.H. Park, 1967, Journal of Engineering for
Industry, Transactions of the American

The authors acknowledge the assistance
rendered by Mr. Anthony Gee (Mechanical Engi-
neering Department, Concordia University)
duripg this study. .




B Sge s e sne ogd e pepay g g " >
P 5 PP Pl P Coby ~ - It ter 3 - ERAE Riuciite- Ave JAnt-ue T fate B Tt RAaFien - Sur e Sta e AV S 4
- ) . pes A . Ale . . - A d .- .- .. P - & .y . oLs . - - .. =" - LRy ) s T .

I3CUsSSION

r. lee (Ohio State University): Obviously, you
sed similar materials. Have you tried it with
ifferent materials, one aluminum beam and one
teel bean?

£, Bapat: 1If the resonant frequencies are
ifferent, this system will work, It doas not
astter vhat type of materials are used in the
esms. Even if one beam is made from alumimm,
nd one beem is made from steel, you will not
et wuch dsmping if their resonance frequencies
re the same. But, if you have similar beams,
ut with differences in their resonance
requencies, you will get more damping.

r. Geers (lockheed’: I would think different

aterials would reduce the ef fectiveness of tha

ystemn. For example, vhat i{f one of the bdesms B . .
ere so light that it had no fredback effert on ,
he steel bean? If I had & large discrepancy in :

he mass density, for example, tne cther beam

oesu’t damp the first one.

r. Bapat: Instead of mass density ve found the
wet important paramster is the ratio of the
tiffuesses of the systems. We found this in a
omputer simulation wvhen the beams were
onsidered ss 8 single degree of freedom

ystem. If you consider one system is very
t1ff compared to the othec system, then the
‘esponse of each systeam will de considerabdly
'“!c“? .

Ir. Geers: Clearly, vhen I make one of the
issses zaro, I have suddenly lost everything.
s that right?

fr, Bapat: That is not so. If you mske one

wes zero, that means one beam acts purely as s

ipring. The effectiveness of the system depends

ore on the stiffness of the beams than on their

use, but it is not totally independent of their . - :
wes.

fz. GCeers: Yes, I see. S0 the stiffness 1is the
soot important parssster?

ir. Bepat: Stiffness {s the most importsnt
‘rarsmster, but meses will have an effect.’
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eSa ,

oL o Co ' 178

- ‘..




DA I A A S MO I e M A AR A S A A A SR S A O Nt P gl S PO A Pt S s S

(N

MODELS FOR SHOCKX DAMAGE TO MARINE STRUCTURAL MATERIALS
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David W. Wicholson, Code R14 ,
Naval Surface Weapons Center
White Ga¥, ¥D 20910

This paper presents s simple discussion of various types of
strain rate esdrittlement thought to occur in marire
structural materials under shock loading. A constitutive
wodel is briefly sketched which illustrates how material '
flow and damage sre seasured, their thresholds, how they
compete to dissipate available elastic and kinetic energy,

and conditions under which their goverring processes becowme

unstabls,
I. INTRODUCTION " 1. Direct Tmbrittlement
., This paper provides & very simple It is well known that some macerials,
discussion of constitutive models svitable for psrticalarly steels, undergo a transition ¢roe
describing various forme of strain rate ductile to brittle fracture as the temperature
e-bri!tl'mt in marine structural -’nur'i.l.. is lowered below a critical tewperaturs T..
The ultimate concern is the capability of the . It appears [7] that this trensition is
finite element codes to predict structural promoted, i.a. the effective critical
response, including rupture, to severe . tempersture is raised, by high etrain rates.
tretsient losds. Unfortunately, the Some direct evidence in this respect is
predictions can be no better than the provided in [8], which shows the dynanic
underlying constitutive models. In this ' fracture toughness of s steel alloy decressing
regard, the major finite element coder sppaar ' sbrupcly in the high strasin rate range.
to have limitations in respect to the .. '
treatment of strain rate dependence. . The mechsnism is illustrated in Pig. ,
: (1a,b). Note that yield strese increases when )
: : fracture toughness decreases. This ) '
II. STRAIN RATE EMBRITTLEMENT . _ illustrates hov fracturv and plastic flow
L . compete to dissipate stored elastic and
. _In wany ivetances, strain rate has a kinetic energy. That is, if the loading ;
stiffening effect on siructures. 'This mesus occurs in times small compared with the
that the load to attain 2 given deformation is charecteristic retardstion
higher if the loading rate is increased. times for flow, the stored elastic energy may
Straio rate mey slso have a strengthening ' inetead be dissipated by fracture or some
sffect in the sense that the failure loads are other inelastic process.
also increased. These features are faithfully
accommodated in a number of viscoplastic ) :
constitutive models {1-6}. Of these, the » 2. Demsge Softening
" models discuseed in [1-3] sppear to be the ) : .
primery ones implemented in the major finite . 1In ductile meteriala, final catastrophic
elemant codes such as MARK, ABAQUS and ADINA. " erack propagstion is preceded by verious
’ microscropic dsmege processes, among wvhich we
However, there are important instances of . focus on the nucleation, growth and
strain vate embrittlement for which it appears coslescence of microvoids. FPigures 2(a,b,c)
that euitable constitutive models have not yet fllustrate & possible version of this process
been implemented. Three axemples of this are as follows., Initially, voids are formed by
givea in the next section. detachmant of inclusions. MNext,. they growv at ' '
B o . b - - | prEVIOUS PAGE a
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a stesdy rate. PFinslly, after sufficient
grovth they interact in an unstable msnner.
That is, the materisl between the voids is so
severely stretched that it fails, with the
result that the voids are linked.

The strain rate effect on this process is
as follows. Muclestion and growth of
wicrevoids appear to occur by a sort of
elastic cavitation process [9]. The
thresholds may be high, but the processes
appear to occur rapidly (in times limited by
elastic vave speeds). Por low strain rates,
plastic flow efficiently dissipates stored
elastic energy. But plastic flow is slow
(retarded), and thus high strain rates lead to
high instantanecus values »f stored elastic
energy. It is easy to imagine that void .-
nucleation and growth thresholds can be
exceeded under such conditions, leading to
rapid dissipation by damage.

3. Therwoplastic “nstadilities

Tt is well known that the energy
dissipated by plastic flow is largely curned
into hest. Also, metals show therwal -

‘softening, thus reducing the threshold for

further plastic flow. But, as the threshold
is reduced, further plastic flow is promoted,
vith the effect of grester hesting sad thus
greater softening. Thus, the strains and’
temperatures continue to rise until a criticsl
condition is reached, for exsmple producing s
phase transformation. This is clearly an
unstable process, and it is thought to be
senifested in the form >f shear bands.

The role of strnn rates may Lo described
as follows. First, the situation is more.
nearly adisbatic since loading times are short
compared to hest transfer times, Secondly,
the stresses and therefore the rate of plastic
work, and hence the race of heating, asre
increased by strain rate.

TIT. ELEMENTARY MATHEMATICAL MODELS

For the ul:c‘ of illustration, we now

offer simple exswples of constitutive models

for describing some meéchanisme for strain rate
embrittliement. Strains ace assused to be
small and the material is assumed to bo
isotropic.

The main features of the models are oo
follows. The mechanisms are viewed s¢’
inelastic processes which dissipete’
appropriste perts of the excess stored

. (elastic and kinetic) enerpgy relstive to s

threshold enercy. The rate of diseipation is’
covtrolled dy & nnrdauon time,

This situation is ovident in conventionel .

viscoplastic !oml-uono. The flov vork is
given ‘»y

wvhere

where o;; and cfj are the stress and the

flov strain, with devistoric parts s;; and é;;

We are assuming flow incompressidbility, su

that *I{k ®» o, Also, repested indices impl~
summation.

= ng Cvpf = O > 2;;/0qtun-:

. Rere

vef = 8ijsij/én

is the elastic strain energy sssocisted with

shear, vhile » is the elastic shear
modulus. Also, the sysbols <*> sre dafined
by

{x - .A a>o0
> . : :

o =<0,

and :ho quantity 0p is a threshold ourgy
relatad to the conventional vuld strese.

Combining a and (2) furnishes

¢ " Ny Cupp = 8¢ > (3.1

and hence flow dissipates excess elastic
eneryy at a rate determined bv ng, which
wuy te called the (recipiocal of the)
retardation time.

We represent desmaje ss an internal state
variable which manifests itself by modifying
the values of meterisl properties such as
8¢. In sanslogy with flow, we assume that

the energy adsorbed (diu:pand‘ by d-ugo is

nivoh by

In

oda.)

The constitutive equation for flow strain



Vg oty < Veg - &g > (3.2)

energy driving the damage process. For the

|

|

|

|

|

|

|

|
where waq is & part of the stored elastic
sake of illustration we sssume tHat

ved = (<8>)2/3x - (4)

t

where s is the isotropic stress and « is the
bulk modulus. Equation (4) is suitable: for

' ~ cases in which damage is caused by hydrostatic
tension, which may be characteristic of void
mechanisms.

Finally, to describe thermal effects we
invoke the conventional assumption [10] that
all flow work is converted into heat.
Accordingly,

- -
wg = peT

and hence’

. ng . E .
T-g_c<"ef-°f> (3)

where o is the mass deﬁsity and c is the
specific heat, assumed constant.

IV.' SIMPLE STABILITY ANALYSIS

For the sake of illustration we now
| assuibe thai ng, ny, ¥, k &nd p are all
constants, but that 8¢ and 84 depend on flow -
work, damage and temperature:

0; = 0¢(wg, we, T) . (6.1) -

. 0g = 94(wg, we, T) o (6.2)

We also assume that wof and weq are

imposed and maintained at constant values

indefinitely. Under some conditions to be

investigated shortly, wo¢ and wggq will

alvays exceed the flow and damage thresholds.
C . The result is that flow and damage will

continue indefinitely and the tempe:rature wi’l

 rise monotonically. . A cordition will

eventually be reached which reprasents some

type of failure; such as void coalescence to

form cracks, or shear band formation.

Such & process represents failure of
bounded input - bounded output (BIBO)
stability. That is, finite values of w,¢
and weq lead to infinite values of wg,
wyq and T. L ’
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Technically there are four possible cases:

i. wef < 0fo Ved < 0do
ii. wef > 0fg Ved < 8o
iii. wef < 0fy Wed > 8do
ive wWef > 0fg Ved > 840

where 0¢, and 8,4, are the initial values of
8¢ and 84. '

Nothing happens in (i), while (ii) only
involves flow and has been treated elsevhere
[10}. The case (iii) seems unlikely since
damage thresholds are rypically higher than
flow thresholds. Thus (iv) appears to be the
wmost interesting case.

Ignoring inertia, equations (3.1, 3.2)
can be integrated, at least numerically. The
resulting values of wg and wy may then be
substituted into (6.1, 6.2) to furnish
functions of the form

0p = Ag(t; wof, Veq)

8g = 2g(t; weg, ed)

Clearly, BIBO fails for wef and w4y such that

Vef > Vef \i .
*
Ved > Ved

where wig and w5y are the sclutions,
assumed to exist, of

vig = max Ag(t; veg, vea)
t

wig = n.x‘ld(t; wag, veq)
¢ .

‘A similar stability analysis for flow alone .
wvas presented in [10], ih which specific
examples were considered.

V. CONCLUSION

Various types of strain rate
embrittlement have been discussed. A simple
constitutive model has been sketched, which
illustrates measures of flow and damsge, their
thresholds and rates, how they compete to
dissipate available elastic and kinetic
energy, and conditions under which their
governing processes become unstable,

'

< -y’ .
R .,
A

;.

B
a




REFERENCES 6.

1. Hohemenser, K. and Prager, W., "iber die
Ansatze der Mechanik Isotroper Kontinua,"
ZAMM, 12, 1932,

2. Perzyna, P., "Fundamental Problems of 7.
Viscoplasticity," Advances in Applied
Mechanics, 9, Academic Press, N.Y., 1966. .

3. Nichclson, D. W., and Phillips, A., "On
the Structure of the Theory of 8.
Viscoplasticity,” Int'l J. Sol.
Structures, 10, 1974.

4. Bodner, S. R., and Partom, Y., 9,
"Constitutive Equations for Elastic
Viscoplastic Strain Hardening Materials,”
J. Appl. Mech, June 1975.

5. Valanis, K. C., "A Theory of 10.
Viscoplasticity without a Yield Surface,"
Archives of Mechanics, 23, 1971.

Chernocky, E. P., snd Krempl, E., "A
Theory of Thermoviscoplasticity for
Uniaxial Mechanical and Thermal Loading,"
Kennselaer Polytechnic Inntxtute Report
C$79~3, July 1979.

Rolfe, s. T., and Barsom, J. M., Fracture
and Fatigue Control in Structures,
Prentice-Hall, Inc., Englevood Cliffs,
New Jersey, 1977.

Freund, L. B., "Dynnié Fracture
Initistion in Metals,”" ASME Psper -
81-pPYP-15, 1981.

rateue ¥ e

Nicholson, D. W., "A Constitutive Model
for Rapidly Damsged Structural :
Materials,” Acta Mechanica, 39, 1981.

E )

Nicholson, D. W., and Kiddy, K. C., "A
Rate Sensitive Plasticity Model with N
Thermal Softening,' PVP-70, ASME, 1982. .

-]
¥
T €
W
\\\ —
o
! (a)
[
1
1
'
! [
]
- :
, T, T
' -
2
' I '
o Il"’//
' . /‘/I
[ i (b)
/ f .
i
' I
H
[}
)
Il
T T

o

FRASTURE TCUSEIESS
180
. ";."..."..-"“'-',‘. ‘a’.‘-.."l-_. -~... LAt *. ‘. :.' 2 ..- R ‘4. . ;“.. KR ...."’..T..

FIG 1: EFFECT OF TEMPERATURE AlND STRAIN PATE ON FLOW STKESS AND

-‘-." LRI L SN

A .
o -...-.-.-‘.-.o‘..-




v wy

) @ @ @

®©@ ® | o

FIG 2: VCID NUCLEATION BY DETACHMENT OF INCLUSIONS, 'sunsmrr

JR0WTH, AND COALESCENCE '

L

enwva

TR -
AV Tt AT AT,

R S TR e
Ny

X ouw
LG RALTTINE ST ¥ A S

NPy

A R R, Rt -~y e
AN YNNI




AT AT -y v - .
. .\7.-. ..~ '._ ..‘ ...q._ ., ...,._c -.,o'-' - - - - Lol o
s%r 2" st "e .

DISCUSSION

Mr. Lee (Ohio State University): I guess a lot
depends on how you define the damage. In my
mind I thought plasticity is also a kind of
damage, but it looks like you tried to separate
them into a flaw and the damage. Isn’t changing
the elastic modulus, due to damage, in conflict -
with the facts of basic elasticity? 1 can. see,
physically, if you stretch a rubber band for a
long time and let it go, then its elasticity has
changed from the original elasticity. .But, that
is due to the irrecoverable process of the
motion that was piled up inside. When that went
through, obviously you can characterize that -8
damage, or it is because of a plastic
deformation.

Mr. Nicholson: We are taking the same point of
view as you have in composite materials, If you
have voids forming in a material, you can
calculate an effective elastic bulk modulus
where you smear out the voids. You are not
saying that the elastic behavior 15 changing
point-wise within the material. You are not
talking about a point-wise property. You are
talking about a property of regions of material
that are large compared to the voids. So when
we say that elastic modulus tensor is changing,
we say that the effective elastic modulus tensor
is changing. That {s, it is a modulus which
refers to volumes of material that are large
compared to the characteristin size of ‘the
defects. So I agree with you. 1In a proper
statenent of a point-wise constitutive
relationship, we shouldn’t say the elastic
moduli{ are changing. But I am not really saying

that; I say that the effective moduli are
changing. I think that 1s an important '
difference. As far as plasticity versus damage

is concerned, I am talking from the specialized
language of the peouple who play this game.
Plasticity contributes to residual scrain so it .
can be measured microscopically, in principle.
Damage i3 something that doesn’t necessarily
have an effect on the permanent strain. If you
introduce a small crack to a material and then
reduce the loads, the length of the material
will not be affected by that; but still the
defective material properties are different.
some respects I was just defining damage. I
think of it more this way. Physically, damage
means defects, and I know the defects have some
effect on the effective material properties. 1.
would like to use that effect to obtain a
macroscopic measure of damage; I smear out a lot
of the details of damage by doing that. But, I
would like to use that sffect to measure the

In

‘damage, rather than do what some other people
" have done,

They actually cut up the material
and count the voids, which is impossible, and
then try to characterize the orientations and so
forth. 1 am trying to avoid that whole
operation by consolidating 1il of the effects of
damage and the effect of the elastic moduli.,

Mr, Lee: Would ysu consider embrittlement ‘due
to entrnpped<§ydrogen and chemical reactions,

. 182 -

. Mr, Nicholson:

such as rusting out, as damage?

I wvas trying to confine my
attention to stress-induced damage. In some
cases, chemical effects have a relationship to
stresses. Hydrogen embrittlement, as I know it,

" tends to be a long term process of hydrogen

migrating through materials and accumulating in
cracks, and so forth, where they reduce the
thresholds for further crack propagation. That
kind of effect changes *he elastic properties,
but not mechanically.. So I am not considering
that damage for the purpose of formulating a .
constitutive model. I am talking about the kind
of damage that occurs in very short times under
very high stresses, and generally, I assume
these times are small conpared to chemical
tiuea.

Mr. Lee:

o you consider that as a form of
damage? .

Mr. Nicholson: Yes, definitely. Material is

degraded by it, and its function is changed by

it. But, it 1s not a damage where strain rates
are particularly relevant. I am trying to deal
with a case vhere you take two pieces of )
matérial, one which you test statically to
failure, and you find it exhibits ductile
failure. You test another piece of material
dynamically to failure, and by examing the
cracked surface, you find it looks like a
brittle failure. .But the question is why are
those two different? Ordinarily, that
difference 13 not due to chemical effects but
some sort of strain rate embrittling effect
which I have been trying to talk about here.
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A STUDY OF THE EFFECT OF MASS LOADING
ON THE SHOCK ENVIRONMENT

Qi-Zheng Wang
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Beijing, China

and

Hus-Bao Lin
Chinese Academy of Svece Technology
. Beijing, China

the pyrotechr

firations are

~ The weight variatioms in mounted subnssenblies have re'atively
little effect on the pyrotechni~ shock environment at the moun-
ting point. This is the so-called mass loading effect. This
paper presents a mechanical model which attempts to explain
theoretically the mechanism of the mass loading effect. A drop
‘test and a st~ ~tural Striking test are conducted to simulate
Jthock. The experimental results agree well with
the predictions of the model analysis,
body Shock environment of a system and their shock test speci-
" iefly discussed.

A loenl and an entire

INTRODUCTICHN

There is a problea often encountered
in draving up shork specifications of a
system, vhether the weight variations in
'mounted subassemblies affect. the shock
environment of the aystem, and how it
affects. This problem has prompted many
pyrotechnic shock measurvaents and ann-
lysis [1-8)

It is believed that mass loading, in
general, will affect the shock environ-
aent. But the experimental results showvw
. that actually the contrary is the case,
The weight variations in mounted sub-
assemblies have relatively little effc¢ct
on the pyrotechnic shock siavironment at
the mounting

gation on this probleam vwill help to make
prediction of the shock environment from
the weight variations by conducting only
a fev firing tests. The investigation of
the effect of mass loading on the shock
environment vill help greatly in the de-
sigr work of equipment sounting configu-
ration and in draning-up shock specifji-.
cations,

While dealing with the shock soerifi-
. cation of a subassembly, we must distin-
guish between lo:>! and entire shock
specifications. G.neralily spem:ing, if
an entire shock >f the subassaubly {s’
taken to be a licul shock, the specifi-
cation would t- under-test, On the other
hand, if a local shock environmsent .is
taken as an er.tile shock, the shock spe-
cifications wiiuld be over-teat, However,
at the preren: local shock environment

goint. This is the so-called
sass loading effect. To mmke an investi- -
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is often confused with the entire, lend-
ing to some troubles.

In viev of the above mentioned, this
paper presents a mechanical sodel which
attempts to explain the mechanism 'of the
mass loading effect theoretically. The
dynami~ model ronsists of three naases
oonneoted in s«ries by twvo springs, i.e.

"mass 0 -spring 1 -mass 1 <spring 2 -

BA98 2" system. The system has free~free

boundary conditions. The mass 0,1 and 2
represent the supporting structure, the
mounting Structure and the mass loading
respentiveiy. The springs 1 and 2 repre-
sent the connecting stiffness of the
masses, when the supporting structure (
mass O ) is shocked by a single impulse,
the response at the mounting point (mass
1 ) is the shock ervironment of mass
loading ( mass 2 ). The maximum response
of the mass 1 can de estimated using -
Laplace Transformation method. Several
spacial cases are ralculated, and the
results are assenbled and tabulated,
Bercause of the acatter of pyrotechnic
shock data, # Structural striking test
wvas conducted in the laboratory to simu-
laté the pyrotechnic shock together with
n drop test, Hoth tests generate appro-
ximately the same shork environment at
the mounting point. The test specimen is’
n rylindrical shell with stringers and
ring frune. The pyrotechnic 5holk envie
ronment is prauctically a local shock of
the system. However, the routins shock
test aucrording to peneral shock specifi-
cation 18 usually nn entire shock of the
system. In fact, the shock spectra

. '
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method has the conception of the entire
shock. There may be the same shock envi-
ronment at the mounting point for both
local and entire shock of the szystem, but
the responses of the mass loading itself
are quite different from each other.

MODEL ANALYSIS

Por simplicity, wve shall assume that
the actural structure can be regarded as
a three-mass systea which consists of
three masses a, =, and m; tied in series
by two springs shown in Figure 1, where
» and a; are connected structural masses
and s3 the mass loading, k; and k; are
connected stiffness. Ths shock source may
be characterized by momentum aV. Bence, .
the equations of motion of the three-mnss
system ignoring damping are written

ak-k, (X, <X)=0
X ok (X =X)=ks (X, =X, )=O (1)
n, 1, +k, (X3-X, )=0

with initial conditions
x‘t)lt wXen0 , XemV (2}
x..-x.-x.-x-o )

setting S.IXI «-X and S,-X, -X,
Bquation (1) becoames

8"‘08. (."-' )/(-. )-k‘ 83/., =0

-k, 8 /n,+ .z*kxsg(l|0lg)/(l,l3)-0 (3)
with initial conditions:
(t) =8yn0 , -y ,
|tag=S0=0 + &= “w

S..-f..so

By using tha Laplace Transformation

method the marimus values of variables

i(t). Xn(t) x'(t)o F.(t). S‘(t) are.
obtained as followas:

5)

Rum@Cr V(g oCr)/(See) {
Km=0,V(CasCs ) /(Csg) (6]
: 'igfﬁ’aV/(c‘CQ) (7)
SaunV(CeeCr) /(@1 e lg) (8)
SamV/(@s 4 2q) {9)

wanlk, /m, VB
Coamy/m, Cismg/m, Cp=mg/m, |,
Conka/R) , Csm@afoy, o Cem(14C, caty
Cys{1eCy )y (.‘-(10\.0 0(400;4205\4 )V .
Com(14C, +Cs +C5 =2Cs U ),‘

Prom above general folmulas the foll-
lovlng lpooml cnses can be derived:

. . . . ; ,
E T T L . N

Case 1, RWE,tmy
K@, V(14C5) /Cro "(10)
Kmehials (11)
vs:-:V(I'Mh )/ (@1 Co) {(12)
S1a=V/(@Cu) (13)
Case 2, MBE,y
K= Swcis , (14)
SV /(CCra) : (15)
p - Q@ /Cis C (16)

Simand Xy;mboth depend on the equations
(7) and (9).

Cane 3, REBAW

Xm=bwiin (17)
Koo V10 (18) -
SimaV/( alor) (19)
SamaV/(Ciglu) (20) -

wvhere L,.-[(‘lc..,f 0(;\..]”.
c..-[(v-c,)‘o % Caslk,/a)% ,
Cyzlhy/a)8,  ea(141/C, V3, Gem(14C,
Car (10 (00 cP e ,-[n:/(«.,.d‘)‘]'."
g (1ot )]

The maximug £, X,mnnd X;mare tabu-
lated in table 1 for various cases com-
btn«d vith m, m;, mg. Kk, and k3.

LOCAL AND ENTIRE SHOCK TESTS

A cylinder structure with skin-
stringer-ring-frame i3 shown in Pigure

., 2. The tvo ends of an alumsunium beam

are fixed on the ring-frase of the cy-
linder. The mass loading m i3 located
at the center of the aluminius beam.
The weight variations ¢f the mass loa-
ding mg are 0, ¥, 2, 5, 7, 10 and 12
kilogrammes. The schematic of the stpri-.

‘ king test is shown in Figure J. B and

C are hang points at the ring-frame of
the cylinder. X, and Xs ure the accele-~
ration mensuremeat points (axial direc-
tion). 4 1s the striking point. The
Shork source is produred by suddenly
relensing n Strong beum to 3 noint. The
relenaing distance arv kept the same 30
that the shock sourere can be reproduced,
. The cylindepr Structure also vas con-

" ducted n free drop teat as shown in Pix.

4, The ~yiinder vas fixed on a heavy dscp

_hasmer. The hamaer wvas dropped freely on

tha anvil., The hnamsr and anval both are
rigld, The drop height was kept the same

a0,
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35w}, This is an entire rhock test.

The accelarometers at tiue mounting
sints X, ond I, are fixed on the top of
2e bolte, Por conveuisnce, the maxima of
2@ X, {t) and X,(t) vere read out., Each
st is repeat<u by three to flve times,
he average of the measurement data is
sed., The sxperimental results of the
triking and drop tests are 1isted on the
able 2. The typica: time histories are
hown in Figures 5-18,

It is known from {1],(8]) and our -own
esearch inforsation, if the transient
aveforas are similar, their shock Spece
ra are Similar too. Thus, the differen-
a8 betveen the local and entire shocik
nvironment 18 not idsntified by the
ransient vaveforms or the shock spectira
henselves,

'ISCUSSION AND CONCLUSION

1. The veighi variations of the mass
.oading, in general, have some effects on
e shock environment at the mounting
joint, see equation (6).

‘2. If wpmayn,, no matter how the

" jonnecting stiffnass k, and kymay be, Lim

10lds the order of Vwy, i.e¢. the weight

rariations in mounted subassemblies have
*elatively little effect on tha shock

avironmsent at the mounting point,

3. If npm and k2k,, resardless of
the variations of m;, Limholds the order
of Vuy, In this case, The weight varia-
tions in sounted subasseamblies has rela-
tively little effect on the shock envi-

ronaent too.

4. 1f m»mi+s,, the shock test ' re-
veais the characteristics of entire shock.
5. If m«im;+my, tne shock test re-
veals the charscteristics of local shock,
6. The differences betveen the local
and the entire shock snvironment 1is not
identified by the transient waveforas or

the shoock spectra thewselves,

7. vhen the locntions of the neaﬁureq
ment pcints for shock environment are
chosen, 'or the results of the shock mea-

. surement are adjudged, not only will the

rigidity around the measurement point be
taken account of, but the size of masses
around the measurement location must be
taken note of too.

8. The shock specifications are not

"only determined by the shock spectra and

by the waveform, but the impedance method’

"has to be taken into consideration also.
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Table

1

Results of Theoritical Model Analysis (X.)

- -
. CONDITIONS MAX IMUM
CASES Ky, ks By B,y By O scSa x’ﬂ
General Eq.(6)
e, e, Eq.(10)
LT LTY O R W 0,89V,
k.-kg tedt W €<% Iy V e,
Bcmy a)y>r e, 0.71Vw,
nSN, W, > W, Veo,
@y T Wy Ve,
Case 1 | k»ky aa, W« w, Ve,
I, V oy
Kecmy O »> s A
0, By Wy® Dy 0,71Vw,
a»a, PRWTEN “’:/“’:”Ei /%, Ve, .
kyok, @, | . 2V"3|(kc/ka)v‘
n«m, Wxw, | Wit ks /iy Vo, (k, /ka )
' www, ' Ve, (i, /ks )
, atmoem, Eq.(16)
Case 2 Rxm, 0. Ve,
awu, V w0,
necm, Vo, (n/m, )"
Y RIW Eq.(18)
sl ' 0. 45V,
k akty ‘myrmy 0.7V,
B, Ve, (n/m, )
Case 3 nam, 0.T1Vedy
kpoky B®n, Ve :
B m, Vw,(n/m, )
Ll Ve, (K, /iy )
k,«k, | 124 1 V"’u(ku/ka )V‘
[ 129 1) »0 .
kak, BS,nn, W, Xe, ) 0.5UYew,
Case 4 ok, T I NI N PRI N 0.7V,
k«ky amn e, |w«w, 0,41Vey

v
>4

5%




Table 2

Results of Striking Test and Drop Test (Pig. 5-18)

Kim Kim
nyx [ WIgh Frequency Feak | Hizh Frequency Penk| Low Frequency Peak
xg £ L £
| Striking Prop - Striking Drop Striking | Drop
o Test Tost Test Test Test - Test
o 130.2 131.3 45.8 47,1 21,7
1 120.2 107.7 - 12.8 16.3 2.2 11,5
2 119.2 127.3 T H.4 11.4 2.3 7.5
5 114,2 107.1 3.9 15,2 1.1 | 12.7
T | 123.4 113.6 1.7 13.6 0.7 12.6
10 119.5 122.8 . 3.6 12.5 0.7 1.0
12 122.8 128.6 C 2.9 14,0 0.7 13.1
. k, . X, . ) Soft Spring

be x(e) Lex,(t)  b=x(t)

Xo=0 Xy=0  XemO ' 'R

X, =V ) . X, =0 1 7 N
'Fig.1- Three-iass System . Strong Spring

o Fig.3- Striking Test

$500um

o @464, 24Holes #11mm

F;9~3 ‘r—-¢430nl ,
: {22422?2 tua | |

Ring Frame

Regidity Hammer

24 Strmgon

{
Rigidity Anvil

¥ig.4- Drop Test

< Mg.2-. éyl.lndor Struoture

Cw




e m e

- 3 {10n2/na) ¢
130.2g )
Pig.5- Striking Tes
l‘-O .
£, (¢) K,(t)
T [ M Y ous/aa) t
47.1¢
-131.3¢ .
Pig.6- Drop Tast
.1-0
X, (t) Ka(t)
"'20.2‘
t jpag- VA71M/‘)
. 2.&
. P1ig.7- Striking Test
: ny=lkg .
,.X.' (¢) : ig(t)

Pig.8&. Drop Test
-.l‘“




Wm bl 7o pe 5 43 SiTaetd o, i
7 mmﬂm.xmL' X T A G R Y N R A RV OO W LA

(t) X2(t) -
X. 119 2g * : '
AL
22y o (10us/mm) ¢
Pig.9- Striking Test
. ny=2kg .
- X, (¢) :
-127.38 :‘i,(t)
10ns/nn) ¢
f =11,.4¢
Pig.10- Drop Test
By=2kg -
< %, (¢) : :
1“.2. - '
x,.(‘) '
. : 1.'4?&:;' (Toms/aa) *
' 3.9 . |
1. Pig.11- Striking Test ' .
. . ‘ .‘-Sk‘
£ (¢) ‘
Xa(t) - .
t V V V V(mm/-; t
: ' Pig.12- Drop Tolt

..-‘,u

1
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X, () (t)
23,4g =112

(wu/u) Tt

313.13- Strlking Test
‘ - maTkg

X, (¢) o Xa(t)

ARMMAY

¢ / \}(10.5/-) t
e bl YUYV

13.6g
Pig.14~ Drop Test
u,=Tkg -
o Xy (t)
719,5¢, .
Xa(t)

0.73 ‘t?}‘ — {10ms/mm) t

Fig.15- Striking Test

t

n, =1 Okg
£ (¢)
! Xa(t)
t
-122,8¢ .
~ Pig.16- Drop Test
my=10kg
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Pig.17- Striking Test
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128.68
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ASSESSMENT OF SEISMIC SURVIVABILITY
by
Rooert €. McClellan®,

The 1971 Sa Fernando sarthqueke showsd thet modern civil-architectural
structures, designed to the sume legal code requiremsxs, can' have
seismic survivebilities which vary fiom neer 1'XK to exettly zero.
Codified aseisaic design orocedures (however di:gnad as dyn-lcs)
actually use static hunl loerls wit.. assumed linder procerties for
msterials and structures. Rigorous sssesssent of seismic survivebil-
ity, altnough not required by existing codes for civii-architectural
structures, is possibie by istiomal swlytical mthods shich emabls
derivation of & structure's tims h'story of distertion when it is
spjected to bese sotion of given disclacement time history. The
setirods, which account for resl non-linser saterial and structite
proverties, as well as the effects of prvious sarthquaies on structure
ductility, are demonstrated in aoolicstion to high-rise buildings, end
infererces regarding the effect of soma commonly used structural

detalls on seismic survivability of high-rise buildings are discussed.

ACTION

The cdeflection in Figure 1 r2fers to the

coordinste of meximum deflection wiih regard to

fURE DUCTILITY the governing failure rechanisw, e.g., the mid-
S span ceflection of a uniformly losded simple
xtility is th2 oproperly possessed Oy besm, or the total drift, roof to base, of »

tly designed structures ensbling thea tn
t inelastic ceflection without ' failure.
losd-deflection - curves of practical
tures have an initisl essentially liresr
tic) losd-deflection relsticn w to '-»

deflection followd by @8 non-linrear
ss’ic) loso-cdeflection relstion to feilure.

-wlagstic pert of s losn-deflection relation

sve, depending on the structural meterials
mfiwrauon. meny continuous Curve repre-
tions; hwever, for configurstions normally
in civil-architccturel stnuctures, the
stic part of the loed-ceflection curve can
oroximeted by o straight line of suitable
,. NG the total losd-deflection relstion
9 represented by one
ximations as shown in Figmre 1.

—~—— ‘Elastic-Deflection
S Softening

-
-~

/

.Deflection ==

bi-Linesr Approxi-ations of Struc-
ture Losc-Deflection Curves

ure 1.

.

istered Structurel Engineer - Californis
sger - Strategic Studies ) .
rgy end Resources Division

o Rerospace Corporstion

of the two bi-linesr .
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 high-rise buiiding

. tance for continued defletion).

in first mode seismic
response. The asres under the load-deflection
cave has the units of force times disterce;
therefore,” the total sres under the losl-
deflection curve to the failure deflection
relates to 8 structure's total work absorption
capability to fsilure. Wwhers structures are
found to respond in tha elastic-deflection soft-
ening menrer, it is almost slways required that
they be¢ modified to achieve elasto-plastic. re-
sponge in order to upgrade treir survivability.

I1desl elasto-plastic behavior 1s sho on
Figure 2. The losd-dafiection curve has an ini-

tisl elastic line wp to yield, sfter which the -

curve is purely plastic (constant lced resis-

goes pest yleld, unloeciry and reloeding follow
lines persllel to the initial elastic -line.
Elasto-plastic behavics is e good approximetion
of the response of well designed steel or
reinforced concrete stwctur,ts to esrthquekes.

AN N

%f

Dlﬂ Kction -~

Elasto-Plast'c Load-vgfxecuor.
Reletion .

l.o.d'

VIWre' 2

1f deflection
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Response, in elasto-plastic behavicr, is
described in terms of the dimensioniess cuctil-
ity ratio, u. This rstio is defined as

P maximum responsa deflection Dr o)
A deflection at inCipient yield = * D;

It is emphesized that # 1s referenced to deflec-
tion, not to stress or strain. The values of 4
from 0 to 1 measure energy stored elastically
and recoverable by rebound; u values in excess
of 1 measure non-recoverable plastic work on a
structure. The deflection defining # = 1 for
sny glven response of an elasto-plastic struc-
ture has & unigue velue that is Independent of
-the nunber of responses, short of feilure, into
the inelsstic region. .

There is s maximum amount of plastic worx.
characteristic of any given structure configurs-
tion and material, that can be® sbsorbed before
failure. 1t is. therefore seen that an icdesl
elasto-plastic structure fails when either
single or multiple respunse; into the inelastic
region are such that

1+ 3 (u~1) 2 Failure &

(2)

deflection at incipient failure

where Failure u =

deflection at incipient yield
.
y

Failure # values, based oun rupture o~ rollwse,
can renge from nesr 1 for briftle struc’.cvs to
- more than 20 for' struc‘ures cesigr: to respond
in 8 ductile menner. Some degice of irelastic
response occuzs for asny civil-architectural
structure in s severe esrthouake - Mence it is
importent for survivebility ths*. structures be
deslgned to achieve large Fea'iire 4.

THE DUCTILITY OF HIGH-RISE TOWERS

Evidence of damege to hulldir,. which rave
survived severe latersl Oistertion orv:en. (~dl.
cates thet, as huilt, they hed loed-cef!xticm
curves 8s shown on Figure 3. , Such curves shox
that Ddrittle eleme~is, e.3.,
walls or concrete elzvator siwfts, were con<
nected In parsllel with flexible structural
frames. Under light loads, they responded slong
1ine 0 = 1., Under severe loads, their stiff.-

'Tho structural term "stage™ refers to pri-
mary horizontal memberes and the vertical end
latersl - Josd resisting mesbers which frame

into them, in this case @ girder snd its

immediste supporting colums. The architec-

tursl terms “story® erd "floor® dJo not un--—

b iguously
structure.

tefing the corresponding

‘

~asonty curtsin .

14
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‘reached us

Lom

"distortion

nesses were sbruptly softened when responses
the rupture distortion of the
brittle elements or their eccnnections to the

flexible frames. This softening is detected as -

a lengthening of the nmatural period of vibration
after a building's exposure to lateral motion.

. After b-ittle elements are once ruptured, future

elastic responses follow line 0 - 2, or if
response exceeds Dy. unlosaing snd reloading
follow lines parallel to 0. 2, - .

D, D, - . ‘ D,
2 llextin —

Figure 3, Typicai bul.ding Losd-Deflection
Curve _ .

Bulleings without brittle and flexible
members connected in psrallel (as with some

rewer DUl dings) exhibit a single linear load-

deflection relation to yleld. In either case,
new bulldings or previously exposed old build-
ings, the load-deflectiorn curve is essentislly
-lasto-plastic, and the survivability now is a
function of the previous history cf cumulative
inelastic distortion and of 0., the cumulative
at incipient failure. Stated in
gereral, 8 structure can have only a finite
nutber of inelastic responses before the cumuls-
tive work absorbed will result in unforewarned
failure, s:vi thet finite number can be as small
s 1. .

Seistic survivability s increased .as

Fellore 4, + ‘18 Incredsed.  Design of
hig s3em buildings for large Failure u requires
gt 2 ‘on to oroblems which are inherent in
rrries type structures, of which frames of high-.

. tise towers sre & (ype. Practical high-rise
. tewers have only s narrow range within which . .
the relstive' values of their floor to floor

structural parameters very, so it is possible
*y exsmine their inherent problems in achieving
large Faflure u Dby using reasonable choices
of the ‘parametric relatiors involved.

_ Consider a high-rise tower of m st-ges'ln'
“number with all stage heifghts and stage messes

identical, snd where the lateral stiffness (k)
of each stage is proportionsl to the load tri.
butery to it. Teking first mode lateral distor-
tion as the critical response mskes the forces
at esch floor sct in phase, snd each force will.
have 8 megnitude which 1s, to a gooc approxi-
mation,
The pre-
ceding concitions are illustrated in Figure A.

proportionel to the distance of its
--- floor above the base of the structure.
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Figure 4. Example Tower Frame

The lateral force at the ktM stage’ floor
is P = kP) and the total load trxgutary to
the kN stage (the shear at the k:h stage)
is C

™) = (M1)P] ¢ (M2)P) + ... ¢ kP)

Letting k = 1 gives the total tributary loed to
the first stage (the base shear) as

P
(mz . m)%

with the assumed congitions on stage stiff-
ness and lateral force cistribution,the drift in
each stage s the same.
stage is

(m?+m) ,Pl

H X
2K,

and the totsl displacement of the free end'is

m(m. m) P

D= ™4, (3)

2 K

The preceding expression relates free end dis-

placement and base' shear during first mode
elastic response of the example tower.
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The drift in the first
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tower. goes irelastic
stage, then the tri-
stage at incipient

If the response of t{:he
due ‘to yielding inthe k
butary load to the kth
yield can be expressed as

'

Pl (yk) + (m - npl(yk) 4 eee kPl(yk)

where the subscript (yk) designates the value of
P at this condition. The kM

at incipient yield is 2 P
dek) ——————l(m - m (yk)
K
1

2
and the free enc deflection
incipient yleld, Dy. is

of the tower ot

mim?+m) Pl

7, (8)

Dy s Dm(yk) x

vield in the ktP stage 1limits drift_in the
stages above it to that occm'ring at k" stage
xield. Stages below the kN can still receive
ncreasing drift. -

If the elastic crift below the kN stage
is small during the interval from k stage
yleld to its failure (this is equivalent to
saying the kN stage is low in the structure
or that the ktM stage plastic drift to failure
is small), then the free end deflection at
dncipient tower failure can be expressed as

Oy = By + (dier ~ Oe(yk)) (5)
where - de = ki stage drift ot Kth
stage failure. :
Tre tower failure ductility rstio is then
Failure u = Dy . D, +l4y- dk(zl_t)) ©
’ D D

y y
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stage drift
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-~ yielding stage.

' components of many frequencies.

It is seen that as more stages are placed in
series (as more stories are agded to @ tower),
becomes large compered to [die -~
&d the Failurergp approaches the ltlrf[tingk 5!5&
of 1. That is to say, if a high-rise tower con-
tains a sub-strength stage, the load-deflection
curve of the tower will be elasto-plastic, but
the plastic deformation region will pe essen-
tially 1limited to the plastic drift in the
Before yield, all stages
receive work due to lateral distortion; after
yleld, the yielding stage alone receives essen-
tially all further work. For a high-rise tower
to be given a reasonable degree of ductility,
care must be taken to design all stages to have
inoividually large plastic drifts before failure
and to assure that no weak links (sub-strength
stages) exist, particularly that they do not

exist low in the structure.

A schematic reoresentation of a tower frame
with yleld in the kD stage is given in
Figure 4a3. If yield octurs, it is usually low
in the structure, often in the first stage (e.g.

Olive view Medical Center, San Fernando 1971).

. Figurg 4a. VYielding Frame Schematic

STRUCTURAL RESPONSE TO GROUND MOTION

" Ihe Response Spectrum

The cyclic motion of esrthouskes contains
If the recorded
smplitude of ground motion is plotted ageinst
frequency, ' the resulting 'graph is  the ground
motion spectrum. In' general, the amplitude-

frequency plot is highly irregular (shows sharp

pesks and valleys) with largest displacements
occurring ot low frequencies and largest
sccelerstions at high frequencies. As s prac-
tical metter, the highly irregulsr plot is often
smoothed by substitution of a curve enveloping
its peaks, or, aslternstively, rumning through
its mean velues. It is sppsrent thet choice of

_smoothing process strongly sffects the smoothed
- spectrum values,

snd furthermore, that the
ground motion spectrum Gives no informstion on
time history of motior #s required for dynemic
anslysis. .

R R AR o PIRE SR A S AR N AR il A N A S

v of ground motion as a boundary ¢

-it can be soclved by computer,

with a given ground motion spectrum, the
corresponding spectrum for single mode linear
elastic response 1s constructed with amplitudes
as simple multiples, between one and two, of the
ground spectrum. The response spectrum is ex-
tremely useful as a rational formalism for
deriving loads to be used for aseismic design.
However, attempts to use it for "dynamic
analysis" of response of real structures to
real easrthquakes involve several necessary
assumptions as follows:

1) Time is not a parameter of concern in
dynamics problems,

2) The wvarious response modes .are uNCou-
pleo; i.e., response in any one mode
will not excite response in other modes.

3) The effect of phasing of modal responses
on over-all response can be accounted
for by an arbitrary formalism; e.g., the

. over-all response is assumed equal to
the square root of .the sum of .the
squares of the modal responses.

In fact, the preceding sssumptions are seriously
violated in the non-linear response region of
interest for survivability assessment, so while
the response spectrum provides a useful means
for deriving loads to be used for design, its
use does not constitute an sanalysis of the
response which will actually eccur in any given

, earthquake.

JTime Domain Response Analysis

The Lumped Parameter Method

Rigorous solution of multi-mode structural
response to ground motion requires analysis in
the time domain. Time comain anslysis is often
attempted by use of the lumped parameter method.
This consists essentially of | "lumping® the
structural parameters of mass, spring rate, and
damping and then determining the eguations of
mocion for the system. In metrix form, the
equations are expressed as

s ’F (ﬂ‘

- 4 - B

IF (t)} 1is obteined by applying the time history
{tion.

If the preceding matrix equation is linesr,
Unfortunately,
the responses of interest for ear akes Tesult
in -severe non-linearity in the| stiffness and
damping metrices and preclude use of matrix
snalysis for structural response, unless the.
problem can be segmentally linesgized, a costly
procedure, . .

g
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Lumped parameter analysis has sometimes been
used for after-the-fact investigation of damaged
structures, in which cases “equivalent linear®
damping and stiffness matrices were devised
which, used in the matrix equation, would cor-
rectly predict the observed results. Determin-
ing “equivalent viscous damping" or "equivalent
spring rate™ can .be informative for resesrch,
but it 1s not an anslysis of response.

The Distortion Wave Method '

when the base of a structure is subjected to
a pulse of transverse motion, a signal of the
time-history of that motion 1is transmitted up
the structure as a transverse wave of distortion
whose velocity, for wave lengths exciting first
mode seismic response, can be related to the
structure configuration by the expression

It is apparent that, for s given amplitude, the
slope of the distortion wave (the drift batween
floors) is increased as its wave length is de-
creased. A wave reaching the free end of a
structure is reflected toward the base unchanged
except in sign. Structural wave amplitudes are
reduced exponentially with distance traversed
(i.e., with time) as determined by damping. .

Structural damage in earthquakes begins in
local zones of inelastic resoonse. Considering
multi.story buildings, such & ™local zone"
would be a sub-strength stage in yleld at its
points of maximum moment (the colum to girder
connections), and it is aooarent that inelastic
response at any stage limits tha seismic shear
load which can be transmitted by that stage.
The presence of a zone of inelastic. response is
a boundary condition separating the elastic
response regions on either side. Whatever che’
signal transmitted to the inelastic resoonse
zone, the signal propagated thinugh that zone
to the elastic region' beyond consists of a
nearly constant- force for the duration of

. inelastic resoonse.

Vs , (e

where Vg = velocity of transverse wave
’ propagation in the structure,
meters/sec !

H = structure height, meters

T .= first mode period, sec

The amplitude of the structure wave .induced by
base motion is the same as that of the base
motion; however, the wave length in the structure
is different from thst of the medium in which
the base motion occurs by the ratio of the wave

- velocities in the structure and the base medium, .

LC'., . '
A -
Li»v Im - (®)

where Ly = wave length In  structure,
meters

Vm = wave velocity in base medium,’
meters/sec

Ly = wave length in base medium, .
-meters :
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The general - steps of determining a
structure's response to a given earthguake
ground motion, wusing the distortion wave
method, sre as follows:

1) The lateral wave propagation velocity of -
the structure is calculated.

2) The structural waves induced by the
known ground motion time-history (ground
displacement versus time) and reflection
from the free end are determined.

3) The smplitudes of the structural waves
are reduced exponentislly with time as
- dgetermined by appropriate damping. :

4) The instantaneous frame distortion st
any time is found as the algebraic sum
of the separate wave distortions
(including reflected waves) present in
the frame at the given time.

$) 1f locsl inelastic response occurs, the
“over-sll structure response is deter-
- mined step-wise for the time intervals
before and after the onset of inelastic -
Tesponse. )
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The response obtained by the preceding technique
yielos the floor to floor drift, including any
inelastic drift, in the time domain.  The dis-
tortion wave method conforms to the real physi-
cal nature of structural response to cyclic base
motion. " Survivability assessment requires that
the effect of each seismic wave capable of
inducing inelastic response be considered;
however, this often only requires use of a
single critical cycle of ground motion which
can be found by inspection of the ground
displacement - time history for the earthquake
of interest.$ :

SURVIVABILITY ASSESSMENT

“THE CONCEPT OF SURVIVABILITY

‘The terms “vulnersbility™ and "survivabil--

ity”, which are used in a qualitative sense in
informal conversation, require precise and
quantitative definitions when used in systems
analysis. Genersl definitions are as follows:

Vulnerability is the degradation of system
capability, expressed as a fraction, expect-
ed to occur when the system is expcsed to a
defined hostile environment for a defineg
period of time.

Survivability is the portion of system capa-

bility, expressed as 8 fraction, expected to.

be retained when the system is exposed to a
defined hostile envirorment for a defined
period of time.

t’Tha‘t the damaging distortion of a tall

‘building tends to appeer during response to
‘s single critical cycle of ground motion
occurring at the building's first mode per-
lod is nNerrick's observation (C. J. Derrick,
Structural Engineer) based on evidence of
- damage in the Long Beach 1933 gnd subsequent
events in Southern California. Derrick's
observation can be s.oported by statistical
srgument based on the randomness of earth<
Quake ground motion. Distortion weve analy-
sis for seismic response was first discussed

by Derrick cs 1930, but its acceptence was
limited by the then lack of displacement-

- time history dasta for strong ground motion
(Housner's snalysis of E] Centro 1940 was
- still 10 years in the future). Current use
of distortion wave analysis is primerily.for
weapons effects, e.g., to obtain the time-
domain elssto-plastic response of structures
subjected to combined verticel and horizon-
tal ground shock. Most such work cannot
reach the open literature.

It is seen that these concepts are related as
Survivability = 1 - vulnerability

Either concept can be used for analysis, but
since structural engineers are more :interested
i "how much is left"™ than in "how much is used
up", the remaining discussion will emphasize
survivability. ,
Considering civil-architectural structures
and earthquakes, “system capability® is a
structure's  as-built  ability to  accept
inelastic cdeflection without failure, d{.e.,
system cspability is precisely the previously
defined "Failure u ", The "defined hostile
environment® is the expected Intensity and
recurrence times of earthquakes for the locale
of the structure. The "defined period of time®
is, as a minimum, whatever is the intended
lifetime of the structure; however, longer
times might be chosen in particular cases.
Accordingly, survivability is estimated as

Failure # <) (u -1)
Failure #

Survivability = (9)

)

where Failure 4 for any structure is a calcula-

" ble number, and the term T(u- 1) includes the

effects of any inelastic response which has
occurred as well as anticipated responses in
the remaining expected 1ife of the structure.

The concept of survivability can be 1llu-
strated by comparison of example structures in
& glven selsmic environment. Assume @ region
of seismicity such that there can be expected.
four "major® earthquskes and one "grest” earth-
quake in &' ]00 year time period of interest.
"Major” end "“great™ sre srbitrarily assumed, for
this comparison, as inducing response deflec-
tions, Dy, of 30 centimeters and 40 centime-
ters respectively in the example structures.

Assume three tower structures, architectur-
ally identical, but with different yield deflec-
tion, + and failure deflection, 0, .as
tabulated below. The survivabilities were
sssessed for the 100 year time period with the

-expected five earthquakes.
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PROBABLE NUMBER OF SARTHOUAKES IN CALIFORNIA

Jower 1 Tower 2 “Tower 3

R Y L

.

L Y P PR

Ty

v e e 8,0
eletitita;

LI\ 4 TN

: Lo . . .

. Py ' ‘20cm Zcm 30 cm ' X mgmw: 25 ' Per 50 Per 100 Per 200
N ' . M 1. 7er T T

3 o, 60cm 100cm 60 cm M greates. ears  years
: Failure o 3 5 2 than y28TSs years y : ~Jears

M (atd 1. 1. 1 .

.' Tvajor” K (a tines) 1.5 2 60 25 50 99 198
e "Great® M (1 time) 2 2 1.33 : :

. ) s 3 0.33 - 6.2 18 36 73 146
- ) : 6.6 13 26 53 106
- Survivabilit 0 0.4 0.84 :

. y ’ 6.6 9.3 19 3 74.
i 6.8 6.4 13 2% 51

3 B - Y . 17 3‘

Ny The example survivebilities indicate that Tower 70 a3 e |

. 1 cannot survive the defined 100 yesr environ- 1.2 2.6 5.2 i0 2
- ment, although 1t could survive & shorter time : 7.4 1.7 3.4 6.7 13
B period with a reduced number of events. Tower 2 . , 8
: retains 40X of its original capability; i.e., it 1.6 0.97 1.9 39 - 7.

. can still survive one more "major" event, but a - 9.8 0.s1 1.0 2.0 4.1
- second major event or a single creat event would

i cause its collapse. Tower 3, however, canisur- 8.0 0.28 0.56 1.1 2.2
’ h vive several centuries of the example seismic ‘8. . .
environment, if not razed to make way for a 8.2 0.13 0.2 0.51 1.0
. parking lot. ' © 8.4 0.08 0.08 0.17 0.34
:: It is apparent that a structure's survive

- ~ ability is reduced by Iits every inelestic

response, to lateral distortion. The point at
which survivability becomes unacceptably low
logically depends on several factors, including
the structure's use and planned remaining 1ife.
It can be argued that an unsuspecting public
has a right to structures which will protect
them unharmed through the most severe earth-
Quake credible ouring the public's exposure.
Notice that this argument does not require that
the structure itself remain undamaged. In eny
event, as far as building codes are concerned,
speculation regarding minimum allowable surviv-
sbility is academic, since design by codified
static ,loads to codified allowable stresses
gives no .clue to survivability, nor is
survivability assessment required by code.

THE HOSTILE ENVIRONVENT
. Regional Seismicity

Séismicity refers to the magnitudes and
recurrence intervals of earthquakes historically
. characteristic of any region. The conceot of

seismicity {s Imp’icitly recognized in the -

“seismic zone" -categories defined in building

codes. More direct ctatement of seismicity is

given in empiricsl relstionships of magnitude
and recurrence time such as reported by ODr.
G. W, Housner for California and presented in
© the following table. :

Regional seismicit'y descriptions, such as the
preceding, help define the “hostile environment®
required for assessment of seismic survivabile
ity. Full definition of the hostile environment
must {nclude description of the expected ground
cisplacement time history (which is related to
Modified Mercalli Intensity) for the building
site of interest. .

Ground Motion Intensity

The "magnitude™ af an earthquake is s numer-
fcal grsging, on 8 logarithmic scale, of the
energy released during the event. The Modified
Mercalli Intensity of an earthquake is a numeri.
cal grading of the damage potential of ground
motion st a specific site during. a seismic
event. It is apparent that the intensity at a
given site {s a function of the magnitude of the
earthquske, of the distance of the site from the
center of energy re~lesse, of the local site geo-
logy, snd of the intervening geology between the
site and the origin of the earthquake.
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The most useful quantitative description of
intensities of past earthquakes at any site
would be strong-motion seismograms recorced at
the site. Local site geology is the parameter
of major influence on the ground motion ampli-
tude and period relation, so such records, along
with the corresponding information on earthquake
magnitude and location of origin, could be
extrapolated to describe expected future site
ground motion. Unfortunately, as of 1984 such
site specific records are rarely available, so
it is ususlly necessary to-use records of ground
motion from sites of similar local geology and
seismicity to define expected future ground
motion at any specific site. Past ground
totion at any site can be similarly estimated,
and such estimates should be supported by
recorded evidence of damage to structures of
known properties, if such evidence 1s available.

STRUCTURAL DETAlL EFFECTS

Regarding yield and failure of structures,
it 1s vell to recall that most failures start in
cnnections rather than in uncsr-designed mem-
bers. For steel high-rise frames, the colum-
girder connection details can be critical,
particularly so for welded connections.

An example of potentially a problem connec-
tion is shown in Figure 5. Unless the column
flange is stiffened (5a), or thick enough to
preclude significant column flange bending,
stress concentration in the girder flange weld
can result in progressive tearing (5bB) and an
elastic-ceflection softening response. 1f
stiffeners are used, they must be clipped as
shown to prevent inducing the tri-axial tension
stress and consequent loss of ductility which

s would occur at the welded intersection point of
:.:~ RESPONSE PMTER EVALUATION ) . three orthogmal plates.

The structure response parameters required '
for sur.ivability assessment of high-rise build-
ings were explained in the section THE DUCTILITY.
OF HIGH-RISE TOWERS. Evaluation of these
parameters requires equatinc the drift in each : '
stage to the stage column and girder end
‘moments. This permits fdentification of the
stage in which yihlding occurs, and, if yielding
occurs in the kD stage, it permits quantifi-
cation of

"
L]
L

KIRY S ARG

Weld tearing due to
column flange bending

. . e -
e
. et e
el

Ok (yk) = kth stage drift at kth stage incipient
yleld.

.y te
]
AP I

der = kth stage drift at kP stage incipient
‘ failure,

and the corresponding D, and D, can be found
if the over-all shape of ‘the structure's sefsmic
distortion curve is known at incipient yield in

" s

e’ o

the kN stage.

£ ‘requently used asssumption is that the : 3 ' . » .
_— © elasti. cesporise seismic distortion curve of a , Figure 5. Colum-Cirder weld Examples .

h high~riie torse s linear, 'i.e. has a constant . ’

- slope. n thouretivally better assumption is

v thet the di.inrtion curve is sinusoidal with '

e zero siope al tne roof une{hand the slope at Many high-rise buildings with welded rigid

oy k" stene mu. at k™) stage incipient frames, recently built or being built in Cali-

-, _ yleld, is . ,‘ k)/hk where My is fornia, utilize the unstiffened girder-colum

T, tre height of the Kt staqey ' comection’ as shown in Sb. Considering tha’ .
=3 th _ o " these buildings hove usually not been given

) th vielu in the k sﬁgge oceurs when the lateral distortion snalysis and were designed

= . stage drift and Kt stage shear ”1!5 with verious degrees of appreciation for

o - tionship loses lmearityih Fanure in the k9 problems of stress concentration and fracture

T, stuge occurs st the k drift where mechanics, it is reasonable to conclude that

e instatility or rupture (-hichever occurs fitst) they will exhibit ' large differences in
begins. . survivability during future earthquakes.

‘- .

U .

:-. .

e |
o - 0 ' !
A

U

s

RPN
LI}

. . e . o,- .Y ..-,-.','._i'_-.._n R o.'.o
L N %

Y L I T N .- . . N
....-‘.oo‘ .ﬂ,.... “ it .‘c-l

P
'n'h":'szt'-..’ Q’O ‘.\.""" .' d‘.}“‘. ""’ ‘-‘c'c“o‘
PR A .

e N e q. . ,‘. ~ A .

.




As with steel, concrete structure survive
sbility depends on details of design. An

unreinforced concrete member in flexure will |

fail brittlely when its ultimate strength in
tension is resched. However, reinforced con-
crete in flexure can stiain an elasto-plastic
load-deflection relation if feilure is guverned
by tension steel yleld rather than by concrete
compression rupture.

Accordingly, the traditional “balanced™
design of tension steel in flexural concrete,
which provides for nearly simultaneous com~
pression yield in concreie and tension yleld in
steel, is not conducive to achievemen: of a
significant "plastic" component of response
pefore failure. Published values of Feilure #
for concrete beams are as follows. ""

Governing Failure Mode ‘npproximte Failure y

10

Reinforced Concrete in Flexure ?

(ro compression steel)

tut <10

Reinforced Concrete in Flexure 10
-

tension plus compression steel ¢-¢

tied against buckling) -

but £ 20

¢ = percentage of tension rein-

- where
forcement
¢'= percentage of  compression
rein forcement, .

o~ gy g .‘.."..‘,..‘, - ey \ - a .I -« e . _— e s
. 7!.-5.?’1. B A S e d o A e S N P e A Y

for comparison, the Failure u for structural
steel WF shapes in flexure (restrained against
lateral buckiing) {s approximately 26, and

structural steel in pure tension has a Failure

uof approximately $O0.

In general, the Fsilure g (0y/0y)

‘for e structursl system such as a high.riSe———-

tower is lower than the Fallure u# of its
component members. This must cause concern
regarding the seismic survivebility of rein-
forced concrete towers with “balanced” design
flexural reinforcing. ) ,

Structures .to Resist the Eflects of Nuclear
weapons, Air Force Special Weapons Center
TOR-62-138, December 1962.
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. deflection at incipient failure. _
can have only s finite number of inelastic re--

-~
.

SUMMARY

Clasto-plastic response is described in terms

of ductility ratio u; that is

. . . D
maximum & deflection
4 SE eyt o, Y
where D; and Dl‘ure total drift, roof to
base, ¢’ high-rise structures in first mode

response. Response i < 1 represents elastic
response. Response # > 1 represents
elasto-plastic  response  whose
corponent is # o1, .

As built, structures have & maximum
wount of inelastic response which they can
sccept without failure. This is descrived in
temns of ductility ratio as -

. N deflection at incipient failure
Foilure 4= G ectionat incipient yield

The effects of {nelastic responses are
cumulative; therefore, a structure will fall
when efther single or multiple responses into
the inelastic region are such that

"1 eY(u-1)2 Fallure g (2)

A structure’s seismic survivablility is
thet fraction of its ductility it is expected to
retair after exposure to the seismic environment
of its geologicsl locale for a defined period of
tire. Survivability is estimated as

¢

wvhere Fxll:: # is the as-built (undamaged)
ductility .7 the structure.
function of the history of cumulative inelastic
response deflection and of D,, the cumilative
A structure

sponses before fallure will result. Histori-
cally, for drand new multi-story buildings this
number cen be as small as 1 (e.g. Olive view
Medical Center, San Fernando, 1971). ]
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R Failure g - (- 1) i
> xvivability s —-—-gih-g:%— (9)
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It 1is characteristic of serles struc-
tures that Failure u tends to decresse toward 1
(0/0y — 1) @8s the number of stages 1is
incre sed, Accordingly, higi.rise towers
require partlcular csre in desim to assure
achievement of a reasonab)e degree of ductility.

Feilures usually begin in connections
rather than in under-designed members. Modern
welded connections can develop the full ductil-
ity of the members they connect, if desi
with concern for problems of stress concentra-
tion and vracture mechanics. Similarly, reine
forced concrete connections and members can be
given the cheracter’stics of elasto-plastic re-
sponse if designed for failure goverred by
steel tension yield rather than by concrete
rupture.

Although often categorically maligned
regarding their safety in earthquakes, the pre-
1933 steel frame office buildings in Southern
Californis were built with neasrly "fool-proof®
riveted connections. This, end the high damping
provided by their masonry filler walls, can give
them seismic survivability superior {o that of
some of the newer high-rise buildings designed
in conformance with post~1933 codes.
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GROUND SHOCK EFFECT ON SOIL FIELD INCLUSIONS
R. E. McClellan®
The Rerospace Corporation, €1 Segundo, California

The displacement response of a high density inclusion to ground shock
is different from that of the surrounding soil field. An expression
for inclusion-soil field peak relative displacement is derived in terms
of the soil, inclusion, and ground shock parameters o interest. The
magnitude of peak relative displacement is examined using reasonable
values of soil and inclusion parameters, and for ground shock strengths
commensurate with hardened design against nuclear weapons effects. It
is found that high density inclusion ground shock response displacement
can be large enough to damage or cut nearby buried oower or canmnica- :
tion cables resoonding with the soil field.

INTRODUCTION . 1) Distortion of the soil stress wave lee-

nrd of the inclusion,
Most soil {s the product of weathering and
- erosion of rock and has been transported bv wind 2) The difference in compressibility of the
or water some distance fom its place of origin. inclusion and the sdjacent soil. .

Depending on its geological history, a soil

field can contsin rocks (high density inclu- - The soll stress wave distortion fncludes both
sions) of sufficient size that their displace- change in shape of the stress front and change
ment response to ground shock can be signifi- in soil stress magnitude occurring leeward of
cantly dirferent from that of the surrounding the inclusion. This is shown schemstically in
soil. Figure 1 for one-dimensional wave propagation

vertically dowward from a hov-lzontal ground
Relative dlsalncement of & soil field ard surface.

high density inclusion during ground shock
occurs dus to impedance mismatch and inertial P (€3]
effects. Inertial effects relative displace-
ment is stated to govern at high overpressures,
e.g., those of interest in surviveble basing of
weapons systems. Air blast {nduced (vertical) .
ground shock dominates st high overpressures, ..

and the corresponding vertical relative dis- :

placement of Iinclusion and soil fleld can :

endsnger cables buried over inclusions and '
- e .~

. :espondlng with the sotll field. Buried cables _*

or power or communicstions are necessary - -a ont
components of most systems hardened against . Stress h o
nuclear weapons effects. Aceordlngly. the N !..

survivability of buried cables, as affected by \ ¢
the presence of high density inclusions in the L TS |
's011 fleld, can be a llmiting factor o attain-

sble systes hardness Figure 1, Stress Front Distortion Below Hon
ODensity Inclusion for One-Dimen
LEED_&M s{onel wave Propagation

N Imeda?ce mismatch affects relative dis-
ement in t :
plac N two ways: In Flgure 1, the stress front transit time

dlffererce over inclusion height O is
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where Cy is the stress front speed in the soil
and Cp is the stress front speed in the inclu-

sion, The length of the soil block, Lg, dis-

torting the stress front is then

<
l. :C‘Ats l-—c-' D

2 (2

Refererce 1 presents an aporoximstion to the

peak relative displacement due to stress front
distortion as

na,P c
f’ctl.‘ = -22;2 l-—tlz']n

where ¢ = average strain of distorting soil
' block in Ls

Pg = peak air blast ovemressure

a; = sttenuation factor to nlthelght of'

inclusion

€ = s0il constrained modulus corresomd—.
ing to stress zpp

N = stress concentratfon factor
(¥ Cz P‘c!
( Cz f‘ﬂcl
Py = sofl density
Py = 1inclusion density

The. factor 1 gives the fraction of shock

strength transmitted by the inclusion to the

" soil below. For soil and inclusion impedances
of interest, 7 usually falls samewhere in the
rnnge ol 0. 35 to 0.45, end, 07 course,” —=1 a8

« —e PC1.
tortiozn effect {llustr=icd in Figure 1 causes

‘the inclusion to move dowward relative to the

son fleld.

The peak relstive motion of the son field

snd inclusion due to differences in colotessi-
bility can be estimated as

b = °:’o[é; * i;]o )

where E; is the constrained modulus of the .

inclusion, For bo&h the soil and inclusion ,
modulus, € « PC In most cases of interest
E,(( Eg, and {. can be approximated by

. e

The 4tress front dis-

.;..i.-.’.u....,'.o obd,o.p 'y

. ',‘.'.,- ‘."".P-,‘.-.‘,m‘g '-.. .\-". %, el At e, w" 4:‘... ‘.

t.. 2o (5)

The compressibility effect on peak relative
displacement, §., occurs st the top of the
inclusion which moves upward relative to the
soil stratum at the same depth,  There is no
relative motion between the soll field and the
bottom of the inclusion due to difference In
compressibility. The relative displacement due
to difference in compressibility varies linearly
over the height of the inclusion.

INERTIAL EFFECT

The inertial effect on relative displace--
ment is due to the difference in mass of the
inclusion and disolaced soil. To examine this
effect, consider a bi-linear ground shock as
shown on Figure 2.

P* ap —

e
o Y a":’ ¢,

Figure 2. Bi-Lirear Ground Shock Wave

The parameters of the bi-linear ground shock
include tp, the rise time, tq the pasitive
phase duration, and p,, the dir blast pesk
overpressure, These asnd other parsmeters
affecting inclusion response are referenced: in
the SOIL AND WEAPON PARAMETERS section. Wwith
the ground shock defined, inertia effect on
relative displacement is found as the soil field
drertial displacement minus the inclusion iner-

- tisl displacement.

The differential' pressure over a small

vertical length of soll, 4Y, during ground -

shack risn can be excrcsscd s

4p = ?rél. ay (

and during decay

- ap = 'd_t 14\'_ 4
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For soil field inertial displacement, integrate
the sccelerstion of a soil block of length AY
over time ty. During the pressure rise, the
differential pressure on the soil block

a .
ap = ‘T:éf (av = Piana, (®

3 P is expressed In mtons/mz.z P in
kg/ Y in meters, and 8 In m/sec The
soil block scceleration during pressure risn is
constant with a value

""zpo 2
a s ‘PTEI.&; m/sec (9)

The peak velocity sttained is
' a,Po -
A ‘l’tr s W m/sec (10)

and the rise time displacement of the soil block
is

zP %
meters (11
Pl L 1 (11)

(t‘)

Similarly, during pressure decay

. .
h_d’_tr.EI (aY) = 5, (dY)fd (12)

snd the soil block scceleration during pressurs
decsy is

) o L gy

%4 * l""j'—c‘td-: Ty
“The sou. block displacement mr!.nq pressure
decay is |

3y = v(t‘-tl)o l‘(td-.r)z'

.aPe Bt e

ll‘

b.".\"

and the totsl soil dlock inertisl displacement
during time tyq is sy + sq which is

Py ty

The inclusfon inertial displacement can bc
found by proportioning as

[ P '
| 2 K?'zl' 3, meters  (16)

where K is an inclusion configuration factor aid

A/P, 1s the ratio of soil and inclusion

densities, The configuration factor is examined
in the INCLUSION CONFIGURATION FACTOR section.

. The peak relative displocemgnt due to

inertia effect is then

51 RS Sl | Qa”n

°zpo ty [ m] '
s I » K= meters (18)
ﬁ1°1 2 Pl A

This relatie displacement represents the

amount by which the inclusion moves wp tehtive _

to the surrounding scil fleld.
TOTAL PEAX RELATIVE DISPLACEMENT

To obtain the total peak relative displace-

ment, the separste relative displacements must
de added with due consideration for time phesing
and direction of motion. In this regard, the

peak relative displacement due to difference in -

compressibility occurs early in time, sporoxi-
mitely when the peak of the stress wave reaches
the level of the bottom of the inciution and
reprasents upward relative motion of the inclu-
sion.. Similarly, the peak relative displacement
due to stress front distortion occurs even esr-
lier, when the stress front reaches the bottom
of the Iinclusion,  and represents dowward

relative motion of the Iinclusjon., Both of -

these impedance wismatch induced relative
isplacements are related to sofl compression

" which _achieves & peak strain snd, on losd

removal, retains between 20X and 30X of the
peak strsin as residual strain, The inertial
effects peak relstive displacement occurs late
in time, at t = tg, when for conservative
estimate the !mpedance mismatch effocts are
reduced to 30X of their pesk valuss. Accord-

ingly, assigning positive to designate oward
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relative motion of the inclusion, the total
peak relative displacement can be estimated as

§, 2840305, -8 -9
P, t'[ . f_l_]
L] N

c
. 032 D[l-')(l- C‘zi)] (20)
-' - ,

In Equation 19 itis seen that the second expres-
sion on the right gives the impedance mismatch
affects relative displacement (correct with
regard tu direction) occurring at the time of
-peak inertia?! effects relative disolacement
given by the first exoression on the right.

SOIL AND WEAPON PARAMETERS

which is ¢

The derived formula for peak nlative odis-

placement ( &,) contains the soil parameters
4{latation nv" speed, C;, soil density,

, soil constrained nchlus. €gy and depth
sttenuation factor, a,, which ls a function
of the soil properties and the weapon parameters
of yleld and overpressure. These parsmelers,
the ground shock, rise time, t,, and the
positive pressure phase duntion, tg, are
" discussed in Reference 2.

INCLUSION CONFIGURATION FACTR

The configurstion factor, K, is releted to
inclusi™ shepe end acoustic impedance,
PC2, as they affect the "accelerstion of
‘the irclusion, Considering & squere section
soil field block of height U, it has been found

.that the net accelerating foice on the soil.

block during overpressure rise 1s a constant
such thet

(4

4 -~,—£—; B . @
where, as before, p 1is thi peak overpressure
sttained at the depth of the inclusion. Then

the accelerstion of trc son block during
" overpressure rise is

s —2:—-1 , (22)

t.C, A0

To find Ap fur an inclusion, consider an
nuplc with sQuere section and height D as for

the preceding soil block. The inclusion 4p
varies during overpressure rise. Its valie at
any time 1is the instantaneous diffsrence
between ground shock pressure on top of the
inclusion and the pressure transnitted to the

soil field below, i.e.

4P = Py-Py (23}

wvhere p, »rd are instantaneous values.
The tnnsmlt?ed pressure, pp, is a function
of pe, the pressure gracient in the inclusion,
:nd he stress cuncentration fsctor in the
orm

pb.[p‘-t—g- D]'I i (28)

r2
whic: qlves

4p = P(l- e

n;r-g; D, (2%

where D is the pesk overpressure at the depth

of tre inclusion. The second term on the right
is & constant. The term p, varics linearly
with ime from rero to p during ty. Takino -
the -arage vulue of pg during ty gives

49:3(1.-n)¢ "ré; p (26

in which it {s seen, for usual values of soil
and {rclusicn ascoustic Impedances, thet the
first term on the right dominete3. Conversely,
it the soil snd inclusion properties approsch
esch other, then 7--—-1, Cy—=C}, and 4D,
goes to that found for the example soil biock.

me sccelerstion of the square inclusion

© during t, is then

9« [5(1- n) m;r-g;_ p]—’-:; 2n

Considering thut 7 ~ 0.4 end the product
t ~. & meters, szjdurlno ty can be

estinated os
0J3p+0.1p D
L~ pzog

(28)




Similarly, for a soil block of height D and

recognizing t;C; ~ 1 meter,
am ‘
1 7‘;!32 (29)

T™he inertial effect displacements of soil block
and fnclusjon during i, are prooortional to
their accelerstions; accordingly the soil block
displacement, s), and irclusion displacement,
92. are relsted o3

‘z":'?' 5 (30)

~which is

L *'F o.x]ﬂ s (31)
- LD Pz 1

In this relation, the perenthetical tetm is KX,
the configuration factor for sn inclusion of
sousre cross section,

.Poplying the sems srgument to en inclusion
of circular cross section, and sssuming sinusol-
dal distridution of ground shock pressure on
the projected ares of the inclusion, give

L~ ?";:7 x uzferm '(32)

Then, for s circuler inclusion

3y = o.:[%’- . o.l]-;i y (33)

ond the emﬂgmum fector, X, for @ clmhr
section is ascoroximstely OOK of that for o
square section,

The preceding sroumerts foc estiseting X
were besed on the owerpressure rise phese of
the ground shock. FPersllel arguments for the
overpressure decay phase of & bi-lirser ground
shocik lead to the same estimetes for X, It will
be recognized thet the presented derivation of X
suporesses the affects of variation of soil end
inclusion physicel psrsweters snd wespon persme-
ters wvhose values, far exemples of precticsl
interest, lie within 1imits having & secondety
effect on estimeted resconse.

EXAMPLE

To examine the order of relstive displace-
ment ocourring between a soil field and inclu-
sion subjected to ground shnck, consider e store
of asoproximately cylindiical shepe and 2 o
diameter buried horizontslly in  densely
compacted grarular soil with 1 m of cover.
Assume a peak gir-blast overpressure of 6.895 x
106 newtons/m from u 1 Mt bow. . Then
sporoximately . -

Py = 1310kgm’

p2 - 2683 ldm’

Ci s 579 m/sec

CZ = 3353 m/sec

e = 0.95 ) 2
E s * 1.038 x 10" n/m
n = 038

ty = 0.016 sec

K = 02

Substituting the preceding velues in ‘the
expressions for {, one cbtains

¢ . o.;:xo.”xc.u_sx'p‘[l.%],;»z
s loux10’ .
= 0.008 meters
: ' (4 B : :
,c._wx_si%s‘s;aga,» x 2 s o.o'sch«s
. .
: 0 0.016 1510
4 - SREGIELS < 23 [' -02 73 3]

s 0083 maters

" d

ft « 0.003 ¢ 0.3 (0.013 - 0.004)
= 0.0457 msters (1.8 inches)

The soil properties used in the preceding
exsrple ere neer the woer limits of those thet
could reasorebly be expected in naturally
compacted soils. For an examle of inclusion
response in @ less favorsdble natursl sou '
consione

SR ts A @ e e B8 AL S0 S 9t E® BT WTe 4B W N ey WK U
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Pl =« 1762 kg/m?
Cp = 305 m/sec

Eq = 310 x 105 a2
n s 0.22

with the other parameters unchenged.
Then

¢t « 0.088 + 0.3 (0.043 - 0.008)
s 0,097 smeters (3.7 inchres)

It is spoarent that, in either of the exsmple
cases, the inertisl effects govern. FHosever,
with larger inclusions, for exsmple O 2 10
meters, the compressibility effocts can «rprosch
or exceed inertial effects, particularly in
poorly compacted soil. . .

PROTECTION OF BLRIED tﬂ&E

Buried ceble is a line target which, for
consistent survivability, sus® be designed for
the effects of higher overpressure tnen for the
point targets in which it terminetes. It would
not be unususl to reauire thet buried csble sur-
vive ground shock effects an order of megnitide
higher than estimeted {n the preceding exesple,
Thet s, & £; > 1 meter may sometimes heve

to be considersd in protecting cable sgainst the

response of soil field inclusions.

The derivstion and examples considered air
blest incduced wverticsl ground shock, FParsllel
‘snelysis shows thet contect' surfece bursts or
penetration bursts cen induce horizontal ground
shock effects, in the nesr cretering reaion, s
large or larger then aiv blast verticel ground
shock effects ot the same Jdistance from the
point of durst.

Protectiun of buried ceble from high density
inclusions reauires over-excaveting the csble
trench and beck filling with soil froe of. rocks

of demeging size. - The smount of over-excavetion °
required depends on the expected size and dis-.

tritution of inclusions end the Intended herd-
ness of the ceble. .

Design of csble protection also requires

considerstion of factors outside the scope of
this peper, ¢.9., cadle distortion by verticel
ground shock ‘dus to cwur DdDlest. propegeting
psrsilel to the cedle, cedle distortion by
‘horizontel  ground shock i{ntersecting the cedle.
Analysis of thess end other fectors sffecting
csble sutvival is found in the litersture.

s v e O'r'r.r.c.-..a;.- .-..-..‘gu.n..'...-.y.o..o.-.-.-.o‘i T T R R
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to these facilities.

tures.

calculations.

qurltion blast.

INTRODUCTION
Personnel areas and equipment within

against the blast produced by explosions out-
side entrances and openings to these facili-
ties. Methods for predicting the interior
blast pressures are not well developed for

from conventioral w2apons. Previous research
by others 1] emphasized the quasi-steady ‘gas
flow (fi11) through cpenings into rooms for
‘long duration pulses, simulating airblast
from nuclear weapors. Because the short
duration diffracted pulses that accompany the
f1111ng process are not included in this tech-
nique, interior peak blast pressures can be
- grossly underestimated for convent!onﬂ size
‘threats.

“The éransniss‘on of the bBlast environ-
ment starts with the diffraction of the in-
cident snock wave through the opening of the

Mississippd.
Vicksburg, muisstppi._

hardened military facilities must be protected

short duration pulses characteristic of those E

PENETRATION OF SHORT DURATION: AIRBLAST INTO
PROTECTIVE STRUCTURES.

3. R. Britt* and J. L. Draket
Applied Research Associates, Southern Division
Vicksburg, Mississippi .

This paper describes a combined analytical and experimental effort to ,
T . study blast wave propagation into the interior of rooms from short dura-

. tion airblast produced by conventional weapons detonated near entrances
Twenty-seven small-scale high-explosive tests were
conducted to study the effects of opening size, incident blast pulse
duration and peak pressure lavels on the blast transmitted into struc-

Two structures with square openings were used in the program.

Peak entrance pressures ranged from 0.07:to 1.5 MPa (10 to 220 pst).

A computer code--CHAMBER--was developed bised upon 3 modified
combined with empirical formulae derived from the cxper'lnent and non-
linear shock propagation and shock or. shock addition rules to describe
the diffracted shock at any point in the room. An existing jet-fill
code was incorporated to account for the quasi-steady flow.
CHAMBER coce represents the end product of the analysis of over 300
records of blast insice the test structrres.
lated waveforms using CHAMBER with measurements are given.
reproduces the blast pressure-time records, including high order
reflections, with an accuricy comparable with the beit 3-D hydrocode
Since f111 1s included, the code can also compute the
ccmplete pressure pulse (diffracted and quasi-steady flow) for long

- ray theory

The

Comparisons of calcu-
The cade

building. This wave expands into the struc-

ture with a corresponding drop in pressure due
to geometrical expansion and rarefactions., The
pressvre differential between the exterior and
inter:ior causes an inflow of afr which results

" {n. an eventual equalization of the intérior

pressure with the exterior blast environment--
so-called “filling". It is ccnvenient to con- -
sider the shock pmpagctionlnd subsequent
internal reflections separately from the
filling and mass flow, even though they occur
simultaneously. The injury to personnel and °
damage t0.equipment within a structure associ-
ated with each of these components is depend-
ent upon the position within the buiiding, the
magnitude and duration of the incident pres-
sure, the room dimensions (volume), and size

of ths openings fnto the facility.

Afrclast "filling" or ‘_'lukigc" into
chambers from-long duration blast loads has
been studied extensively and is well under-

- stood, particulariy for large structuns with

'Fomrly Research Physicist, U. S. Amy Engln«r \utomys Expcrimc Sutlou. vicksburg,

tFormerly Rcsurch Civil Engineer, U. S. Ariny Engineer Waterways Expor!mt stl“uﬁ.
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small openings. Filling is essentially a
quasi-steady process where a jet of air flows
through the opening due to the difference in
the interior and exterior pressure. Initially,
the abrupt rise in exterior pressure c2:ses a.
high velocity jet to enter the chamber. The
average interior pressure gradually builds as
additional air is forced into the structure
until it eventually attains a near equilibrium
condition with the outside blast environment.
The time at which equalization occurs (fill
time) may be estimuted by the formula [1],

Teinn(msec) = % (F1)* )

where Y 1is the chamber volume and A is the
area of the opening. Thus for small chamber
volumes, equilibrium occurs almost immediately.
An excellent review of the important research
for the filling problem is given in Ref.[1]
(Chapter 4). Coulter [2-6] performed experi-
ments in a shock tube using model rooms to .
study the filling process. The volumes and
entrance areas as well as the incident pres-
sure and opening geometries were widely
varied. Primary interest in most of these
studies was on Jong duration pulses (typical
of nuclear explosions) against civil defense-
type structures suc! as basements zid parking
garages.

“Several theoretical treatments of the
f111ing process are available [i, 7-9, 16].
Most of these ignore the shock wave inter-
action problem and focus on the jet that forms
‘ at the entrance. Experimental verification of
these computations is quite good for simple
room and entrance jeometries and for rels-
tively small openings [1]. However, for large

convincing data to verify theoretical computa-
tions for the complex interaction of the multi-
ple fnternal reflections, particularly for the
short duration pulses transmitted through blast
valves and small openings.

In this paper, a combined analytical and
experimental effort is described that studied
blast wave propagation into the interior of
rooms from airblast waves incident to openings
in rooms. Twenty-seven small-scale high-
explosive tests were conducted to tudy the
effects of opening size, incident blast pulse
duration and peak pressure levels on the blast
transmitted into a structure. Interiors of the
model rooms were heavily instrumented tc meca-
sure both the blast entering the room and the
subsequent reflactions at several locations on
the walls. An analytical method was developed
based upon a modified ray theory combined with
non-linear shock propagation and shock on shock
addition rules to describe the diffracted shock
at any point in the rcom. Empirical formulae
for the non-linear shock propagation were de-
rived from fits to experimental data. An exist-
ing jet-fi11 theory was incorporated to account
for the quasi-steady flow.

- Comparisons of calculated waveforms with
measurements are given. The described method
reprnduces the blast pressure-time records, in-
cluding high order reflections, with an accuracy
comparable with the best 3-D hydrocode calcyla-
tions. Since fil1l is included, the technique
can also compute the complete pressure pulse .
(diffracted and quasi-steady flow) for long dyra-
tion blast. R

openings and for locations near the entrance, - EXPERIMENTS
the interior pressure may be dominated by the
shock propagation into the facility.. Test Setu

The incident shock generates a pressure
wave at the opaning that subsequently propa-
gates into the factlity. This wave expands
geometrically into the interior, decays in
amplitude, and reflects from internal sur-
faces. Decay rate and pulse duration of this,
wave are governed by the size of the openings
into the structure. The attenuvation of the
peak is inversely proportional to the opening
diameter (or mean open:ng dimension), while
its duration {s proportional to the opening
diameter, ‘ ' )

The shcck diffraction and interior re- - -
flection problem was recognized in early -
studies [1-9], but little experimental data.
were obtained on the propagation and attenu-
.atfon of this wave into structures. Some data
were reported for tre expansion of a blast wave
from underground tunnels [10-12], but offer no

$This equation can be mede dimensionally correc

A serfes of high-explosive experiments was
conducted during the period of July 1980 through
September 1383 at the J. S. Army Waterways
Experiment Statfon Big Black Test Site to study
the propagation and subsequent multiple reflec-
tions of a diffracted shock into a room [13,14].
It wes desired to model the short duration but
high amplitude diffracted shock that would be
present downstreca from blast valves or trans-

-mitted througii s4all penetrations' from large

explosions >¢ well as the interior airblast pro-
duced by conventional size weapons detonated
near entryways. In all, twenty-seven tests were
conducted using C-4 and TNT charges ranging from

.0.11 to 12.3 kg detonated outside small-scale

instrumented rooms. The charge mass and stand-
off distances were selected to provide the de-

. sired peak pressure and duration of the tnci-

dent airblast at entrances to the test article.
Entrance blast peak pressures from 0.07 to -

t by replacing the coefficient 2 by an equivalent.

factor containing the sound speed in' air,

T0
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1.5 MPa and pulse durations just outside the
entrance ranging from 0.6 to 2.8 msec were
achieved.

Two structures were used during the course
of the testing program. The first low pressure
series of twenty tests used a heavily rein- -
forced plywood box--designed to represent a
prototype room with a central opening in one
wall--as the test structure. Pressure entering
the box ranged from .07 to .26 MPa. The room
was 0.95 meters high, 0.95 meters wide, and
2.19 meters long. (See Fig. 1 for details of
the box configuration.) Because the blast wave
propagation was symmetrical about planes that b-
sected the entrance wall and are parallel to'the
side walls, the tests were conducted in quarter-
space. The opening was located in a corner of
the end wall, simulzting an opening and end wall
of twice the test dimensfons. An-entrance sec-
tfon consisting of a plywood tunnel, 1.22 meters
long, was placed outside the opening. This
"tunnel” provided a uniform section to measure
the shock conditions at the entrance to the
room. The tunnel was constructed so that
inserts could be placed inside to vary the
tunnel cross section. Side dimensions of the
square openings were varied from 76 mm, 1£2 mm,
and 304 mm.

For these tests Kulite XT-190 series afr-
blast transducers were flush-mounted in a reg-
ular grid along a wall adjacent to the opening
‘(a plane of symmetry) and on the‘opposite wall,
In all, 20 gages were monitored--18 at joca-
tions within the box, one to provide entrance
conditions, and a free-field gage.

The second test series used a cubical
steel box with each interior side 1.2 meters
in length. Seven tests were conducted in this
series with entrance pressure levels ranging
from .2 to 1.5 MPa. A 0.285-meter exit tunnel
was centered on an adjacent side wall to
determine the blast as it vented from the room.
Kulite XT-190 and Kulite HKS-375 series air-
blast gages were flush-mounted on three walls
to measure reflected pressure. On these tests,
13 gages were monitored within the chamber and
four gages to provide entrance conditions.

(See Fig. 2 for details of the chamber con-
figuration.)

Results

Typically, the interior pressure history
consisted of a rapid succession of short dura-
tion pressure pulses corresponding to super-
position of multiple reflections from the

SYMRETRY
PLANES ~<t—

[N

- 0-95,, .

2.19m

N
m——

Figure 1. Quarter space test structure layout with ?!ancs of symmetry.
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interior walls {Fig. 3). Normaily, the first
peak associated with the direct wave produced
the greatest pressure. However, at some loca-
tious, constructive interference between vre-
flected waves produced peak pressures greater
than the direct pulse, as shown by the pres-
sure history in Fig. 4. Fig. S shows records
taken inside the steel structure. Gage 1
shows the pressure pulse entering the room,
and gages 2-6 illustrate the dramatic vari-
ation of the waveform at different Jocations

in the facility.

A plot of the side on peak pressures
from the first test series normalized by the
peak incident pressure in the tunnel is shows
in Fig. 6 plotted as a function of the

distance in tunnel diameters from the opening
to the gages. The relationship between
normalized pressure and range is

P2 < c(a/0)°3-35 (2)

where Ppay S the peak side on pressure in
the test sfructure, is the entrance pres-
sure, R {s the dictance from the Center of
the opening to the gage, and D s the
entrance tunnel diameter. The coefficient C ,
shown in Fig. 7, was found to be a function of
the angle o , betueen the normal to the center
of the opening and the gage location as given
by the expression,

€ = 0.65 (1-0.25 a) (3y

'

¢ . 5 10

S T

TIME, msec’

figure 3. Typical interior pressure-time bfstory at Jow pressure.

PRESSURE

@
-
~N
»n

TIME, msec

Figure 4. Typical interior time history showing constructive
influence of reflcctions.
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Figure 5. Typicai pressure-time histories inside the steel structure and intevconnecting tuninel.

“for a {n radians. recording system, gage overshoot, and vibration

. ] of gage mounts, this accuracy fs within normal
The duration of the input shock was found experimental scatter, Measurements of pulse

to de controlled by the size of the opening. duration have a much larger random scatter
Rarefaction waves are developed at the edges which 1s characteristic of most airblast data.
of the opening that propagate across the
entrance and ‘drop the p-:ssure behind the
incident shock. This effuect can be measured
by the time the rarefaction wave takes to
transit the opening. Fig. 8 shows a plot of
the positive duration versus the opening
length. A linear relationship for the posi-
tive duration, t, , was obtained as

. 0 .
oty 4
+ . {4)
where C, 1{s the sound speed 1n air. [f the
exterior pulse duration, tp » is less than
D/Cy ‘v then ty = tp . ’

The analysis above treats oniy side-on
blast which is equivalent to the free field
blast in a chamber before reflections occur.
A1l of the .test records from the steel chamber
and many from the wood chamber are reflected
blast requiring a much more complex analysis
procedure as discussed below. :

'SHOCX DIFFRACTION MODEL

A semi-empirical modified ray tracing pro-
cedure was developed to model shock wave dif-
fraction through an open‘ng into a room of
) €q. 2 fits the side-on pressure measure- rectargular cross-section. The blast at the
ments within about 220 percent, Because of in- opening is treated as originating from a point

_ strumentation Timitations associated with mea- source located at the center of the entrance.

surements of explosively generated atrblast, Interior walls are assumed to be perfectly ri?id
such as the frequency response of gages and the reflecting planes. Each encounter with a wal
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Figure 6. Peak pressure transmitted into the chamber
normalized by the incident pressure as a
function of distance from the entrance in
opening diameters,

generates a reflection which can be treated as -

8 pulse originating from an "image source” lo-
cated behinc the wall. The pressure at any
locatfon in the room is then & non-linear
superposition of the direct shock and a con*ri-
bution from an “image source" for each of an
tnfinite series of reflections.

The outline of steps for computing a wave-
form 1s as follows: First, path lengths for
rays of successively higher order reflections
are generated.

gation velocity along the vath. The shock wave
pressure attenuation with distance for each ray
is assumed to be the same as for the direct
shock expressed by Eq. 2. Orders of reflec-
tions having arrival times greater than the

times of interest do not contribute and are not

computed. Next, pressure, particle velocity
and density waveforms for each ray are calcu-

Arrival times are calculated by
integrating the pressure dependent shock propa-

using non-linear shock addition rules to pro-
duce the total, diffracted pulse. Each of these
steps is treated in detail below.

Path Lengths

An infinfte number of ray paths are possi-

ble within the room due to combinations of
reflections. from the six walls. The order of
the ray is defined as

3

S

i=]

" (5)

where njy {s the crder of the reflection in
each of the rectangular coordinate directions,
f+1,2, and 3. Let ry; be the components

of the Ntk order ray, then

1Y

* .-.
1"’-

Tated neglecting the presence of other rays. , i ny L0
Finally, the pressure waveforms are combined my Xy - (G1)TT X e aqly (6)
us "
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Figure 8. Pulse uuration as a function of
) * width of entrance opening.

-~ where Xo and x1 are the conrdinates of the

source and receiver, respectively, ana Ly is
the dimension of the room in the {'th direc-
tion. Note that for each non-zero ordcr of .
‘reflection, ny%0 , two values of the ray
component are possibie; one from each of the
opposite ralls of the room in that plane, for

216
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example, floor and ceiling. When n,*O. then
only one value is possible for the i'th rey

component. The total ray length is found from
all combinations of rp, as
' 3 1/2
= 2
Ry (21 ?, ) | ™

In general, six ray lengths are possible when .
n>0 for 4 =1, 2, and 3.

Arrival Time

The arrival time, t, , fo} each ray is
evaluated by integrating ‘
R 4R _
to = jo.m-—; (8)

Q

where U 1s the pressure dependent shcck wave
propagation velccity. Using a polytropic equa-

tion of state for air with a pressure dependent

ratio of heat capacities, y = C,/Cy , the
Rankine-Hugoniot conditions at tge shock front
give

U= Co {Pmax/[Pavo (1-pa/omax)]}® (9)

where the density ratio is

Pa Pn,x+2P.
p! » To-l !
Pmax Prax*Pa 4 Pmax*ePa (10)
";:T" =

Pmax ~ 15 the peak shock overpressure at dis-
tance R and angle o , given by Eq. 2, P,
{s the atmospheric pressure, is the value
of vy at atmospheric pressure ?approxinately
1.4}, pmax 1s the density of air at pressure
Pmax » Pa 13 the density of air at pressure
Py » and C, {s the sound speed in air at
pressure P, . At pressures up to about
2.MPa, v = v, t1s a good approxinltion

Pressure Historfes

An examination of the measurements indi-
cated that pressure histories for any ray can
be adequately computed from the commonly used

" exponential tormula

fo _ for t < t,
Pi(Ry2)* t Prax(R,a) [1-(t-to)/ts 1)
lx exp [~(t-t,)/ts] for t >ty

where t, f{s the positive phase duration given
by Eq. 4, and ' Ppax 1S the peak overpressure
gfven by Eq. 2. 1“seal: pressure, Ppax(R,a) , I
the only factor which changes in this ex~
pression for different rays and observation
points.” The total waveform is constructed by
superposition of these pressure histories for
all rays using the following non-linolr shock
additioa formulae.
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Shock Combining Rules

Non-1inear shock rules were postulated by
Needham [15] combining shocks at a point from
multiple sources and incorporated into the LAMB
model. While these shock addition rules cannot
be supported from first principles, they have

. proved to be accurate in comparisons with mea-
suresents and hydrocode calculations for many
shock combining situations. In this method the
waveform for each ray is computed ignoring the
presence of other shocks. These results are
then combined using the three shock addition.
rules as follows:

Shock Addition Rule Number 1 - "Conservation
of Mass”

It 1s assumed that at a point in space,
the density, 5 , is the ambient density, o4 »
plus the sum of the overdensities, apj , due to
all shocks that have passed that point at a
given time

Ne
b *pat 2“1
=} )

where Ny is the number of shocks,

Shock Addition Rule Number 2 - “Conservation
"of Momentum"

Ng
-+ -
Vs 2"1\'1 "
i=1 .
0

(13)

where V is the total material velgcity , py
.1s the density for shock 1 , and Vj 1is the
. particle velocity for'shock 1 .

Shock Additfon Rule Number 3 - “Conservation '
of Energy”.

. The total overpressure from Ng shocks is

. . N ‘
50 (U & ez - )

where Py is overprassure for shock 1 .

'

Other Shock Wave Pa'rameters

These shock combination rules require
not only pressurg, Pi(t) , waveforms, but
also velocity, Vy¢(t) , and density, o4(t) ,
waveforms. Experimental measurements pro-
vided only Pj(t) . Hydrocode calculations °
were performed for this project in order to
develop Vy(t) and py(t) formula, but
these calculations were not completed in time
to be used in tMs paper,

ty-
LN AR RPN ) .._:.....

\l: - . *

(12)

7
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_conditions.

. with measurements.

Particle velocity, Vyax » and density, S
omax » at 3 shock front ar. related to the P
pressure, Ppay » through the Rankine-Hugoniot .

the densivy, pmax » is given by - € .
Eq. 10 while the particle velocity relation is

] %
These conditions do not hold exactly behind the
shock front. t

(18)

Vmax * Co [ “;Da/ﬂmaxlpmax
aYo

v
]
rd

In the current analytical model of the :
measured blast environment in a room at low to
moderate overpressures (.07 < P, < 1.5 MPa)
the following approximations (whose accuracies Co
are supported by comparison of the calculated ‘ RS
pressures with measurements) have been made.
First, assume adiabatic expansion behind the .
shock front to obtain the density

o1(t) * omax [:L";ﬁ]“’ (16)

max*Pa

where P; 1s obtained from Eq 11 for each
shock wave. Next, assume that the Rankine-
Hugonict relation for particle velocity
applies, approximately, behind the shock
front to obtain’

(17)

vi(e) = €, [<l-ea/nm(t) l s

aYo

These approximations, along with the shock.
addition rules, provide a reasonable pro-
cedure for calculating the shock waveforms pro-
duced by the many reflections from the walls of
a room. In the following section, the accuracy T
of this procedure is evaluated by comparison iy

HAVEFORM CALCULATIONS

Using modified ray theory mode! dis~
cussed above for the diffracted pulse and the
fi11 code of Ref. [5] a computer code, CHAMBER,
was developed to calculate the combined pres-
sure pulse in a room. This code was written in
FORTRAN, originally for mainframe computers, .
but has been converted to run.on a micro- '
computer. CHAMBER is an ovtgrowth of an
earlier code, WESFILL, reported in Ref. [13]
which treated only the low-pressure region
where reflections can be treated acoustically.

+ Fig.'9 1s a comparison of the CHAMBER
computed values of the inftial peak reflected
shock wave overpressure with the data mea-
sured in the steel chamber. The 45-degree
line represents perfect agreement. . The maxi-
mum deviations from this line for 99 percent
of . the data is about 35 percent which is within
the normal experimentil scatter for measure-
ments of this type. Since the code uses
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Figure 9. Calculatcd versus measured peak initial reflected pressures in
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Eqs. (2)-(4) derived from the measurements in entering a room through an opening. The code Ny
the wood test structure, this comparison with CHAMBER based on this procedure reproduces the .3
data from the stzel chamber provides an inde-- blast pressure-time records, including high w
pendent check on the generality of these form- order reflections, with an accuracy comparatle W
ulae. Several test cases were run to verify with the best 3-D hydrocode calculations. e
the accuracy of the waveform computations. Further improvement of the procedure will re- P
; Fig. 10 1s ar example of the low pressure mea- quire incorporating more experimental data and ...J
‘ surements msde in the wooden structure. N more accurate formulae for density and particle ey
Agreement bhetween the amplitude of the peaks, velocity histories. SN
the time of the peaks, and apparent reverbera- . "‘
tions within the structure are reproduced well _The analysis presented in this paper -- AR
by the code. Fig. 1] is an'example of compari~ embodied in the CHAMBER code «- 1s in excellent NS
‘sons with the high pressure measurements made agreement with measurements obtained in two
in the steel chamber. Measured records from " experimental structures, While this analysis '7‘
two symmetrically located gages are shown with may not be applicable to all openings, the mea- ° -
the computed waveform. The calculated values surements on which the analysis is based cover -~
are intermediate between the two measurements. - a fairly broad range of parameters as follows: BN
Fig. 12 shows another comparison between calcu- (2) the pressure pulse just outside the en- %
Tated and measured records. The calculated - trance ranged from 0.07 to. = S MPa, (b) the o
" curve and the input data at the top of the . positive phase durations o. . incident pulse - gt
‘figure are from an actual CHAMBER run. In this rapqed from 0.9 to 4.3 acousic transit times .
case the second peak resulting from higher . across the opeafng, (c) the ratio of opening £
order reflections is greater than the first : area to entrance wall area varied from .006 to -
peak. T ' 0.1, {d) the ratio of room volume to opening -~
area ranged from 20 to “50 m, (e) the angle a o
. \ with the entrance, described in Eq. (3), ranged 3
CONCLUSIONS from 0 to 69 degrees for the first arrival at 3.:-
) , . - gages. w
. The explosive tests discussed tn this , ) o
» : paper provided an experimental basis for de- For the short duration blast in our tests, X
veloping and verifying a semi-empirical cal- : the quasisstatic f111 contributed only a small- ~ ™~
. culational procedure for short duration blast fraction to the total internal pressure. NG
s v
. ‘ , ' TR
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Figure 10. Example of the diffraction/
reflection caiculation with
measured pressure history at wmid-
point of tke widplane wall for
low pressures (Pm ~ 14 KPa).
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. Flat [17]), a 500-ton (453,600-kg) surface
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However, fi.r lon? duration biast fncident on 2
the entrance, fill will become a more domi- . e
nant part of the total wavaform. Since I
Coulter's fi11 model {5] 1s included in —
CHAMBER, calzulations can be performed for long A

duration pulses. Fig. 13 is an example of
computations compared with airblast measure-
ments in a test structure on Operztfon Prairie

tangsnt detonation. The dimensions of the
test article are shown at the tap of the figure.
In this case the entrance area was 31 percent
of the wall area, or three times greater than
the openings used in our tesis. The pressure
pulse at the entrince had a peek of 4.7 psi
(.032 MPa) and a duration of 250 msec, which is
about 50 acoustic transit times across the
opening. The circles on Fig. 13 were computed
assuming an opening sizc equal to 'the square
root of the entrance area, i.e., 4.5 ft on 2
side. The calculated values foilow the shape
of the measured curve, but the peak is 35 per-
cent luwer. The triangles, computed using an
opening 5.5 ft on a side, are in better agree-
ment with the peaks. This result suggests
that for long, rectangular openings. am effec-
tive opening size greater than the square root
of the area should be used for the refracted
shock calculations. The cuasi-static fill con-
tribution to the calculated puise gradually
rises to a maximm valye of 2.7 psi at 30 msec
and is approximstely ecual to the input record
for later times. This part of the total pulse
appears to be accurately computed.

| R

The model of this ;:per i{s intended for use
with relatively small square or round openings;
but, as the previous example shows, the code can

T

also be used successfully for some rather large :'3
rectangular entrances. Additional comparisons' o
between calculations and measurements are N
needed to fully delineate the range of applica- L
tion of the model. =
e
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A COMPUTATIZNAL PROCEDURE FOR PEAK INSTRUCTURE MOTIONS AND

. 'suoasrmmcwvmxmvumls

S. A. Kiger, J. . Balsars, J. T. Baylot
USAR Uaterways Experiment Station
P, O. Box 631, Victsburg, Mississippi 39180

A semiempirical procedure for computing maximum values of structural
displacemsnt, velocity, and scceleration is presented.

The simpli-

‘fied methods take into accowat, at lesst spproximately, the large
sttenuation of the conventional weapon shock front as it traverses

the structure, by using an integrated averags value of corresponding
free-fisld motions. Instructure motions are predicted by modifying
these average free-fileld motions based on data collected in conven-
tional weapons tests over the past several years,

Computed peak

instructure motions are then smplified to estimate the instructure

shock spectra.

INTRODUCTION

The major concern in the dasign of s pro~
tective structure {s to prevent structural
feilure. However, the operatiom of sophisti-~
cated electronic gear within a facility such as
s commsnd and control center may be impaired at
shock levels much less than those require’ to
fail the structure, thus preveating the ceater
from completing its mission. In order to eco-
nomically design shock isolatiom devices to
protect the various cosponests withia the
structure, the internsl shock eanviromment must
be well defined. For long motions asssociated

with nuclear events, the procedure fur the

modification of the free-field ground motion to
predict the instructure motion is well docu~
mented. lNowever, procedures for predicting the
iastructure shock envirommeat ia the case of
short durstiom ground shock, such a8 that
genarated by conventioansl weapons, are not so
well eotablished. The method presemted here
was developed for the recemt vevisiom of .

™ 5-853~1 (Ref. 1). .

wm BURIED STRUCTURES
$ide Burst Load Case
‘ The ltnpltﬁod'ntho‘b given below will

- take iato account the attenustion of the grousd

shock as it traverses the structurs. The com~
puted value for instructure acceleratios, )
velocity, and displecement vill be im the hori-
soatal direction st the ceater of the struce
tyve., LExperimental evidence (Ref. 2 and J)
indicares that vertical scceleratiom, veiocity,
and displacement vill be approximetely 20 per-
cont of the horisontal values in the case of &

" side burst. Also, the horizontal -btim are

very vniform over the entire floor of the
structure, wvhile the vertical motions at the
leading edge are approximately twice the midspan

values.

Instructure accelerations, velocities, and
displacements may be predicted by modifying the
free-field values. The acceleration of & struce
ture, such as the structure shown ‘n Pigure 1,
Ray dbe predicted by ueing the avsrage value of
free-field acceleration over tna span of the

strudture,

. ‘, K

HIGH - EXPLOSIVE
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Pigure 1. Average
burst loed case of &
: struc
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The average value of acceleration is found
by integrating the acceleration-range function
given in Chapter 5 of TM 5-855-1 (or in Ref. &)
over the span of the structure. The average
acceleration for the structure is the uniform
acceleration which yields the same integral
across the structure. The average velocity and

displacement are obtained using the ssme method.

Equations 1, 2, #nd 3 give the average free-
field acceleration, velocity, and displacement,
respectively across a rectangular buried

_structure,

’
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where

R, and R, = range in feet (Figure 1)
f = coupling factor, from
Chapter 5 of TM 5-855-1
(or Ref. &)

W =» weapon yield, pounds

¢ = seismic velocity, feet per’
second, from Chapter 5 of
T 5-855-1

n = attenuation coefficient,
from Chapter $ of
™ 5-855~1

. A“ « average free-field accel-~
8 eration across structure,
gravicies

= average free-field
velocity across structure,
feet per second

v
avg

= average free-field. dis-
placement across struc-
ture, feet '

dlv;

The average free-field values of accelera~
tion and velocity overpredict the instructure
values. The information shown in Figure 2 may

be used to r~dice these values.

Tho reduction factor RFP wvas dotomtncd
as the ratio of the pressure ordinate for an

equivalent uniformly distributed load to the
maxi{sum pressure ordinate from the actual load
distribution. The equivalent uniform load was
determined over a wall with dimensions of H
and L.

Instructure accelerations may be predicted
by obtaining the average free-field acceleration
from Equation 1 and multiplying this average-
value by the reduction factor given in Figure 2.
Test dats (Ref. 2 and 3) have shown this method
to be conservative for rectangular buried struc-
tures. Velocities are predicted using Equa-

-tion 2 and Figure 2. . Test data (Ref. 2 and 3)

have shown that this method yields results
close to experimental values.

Equattion 3 should be used to predict the
instructure displacement with no reduction
factor. .

Overhead Burst

The same equrtions used for side bursts
shoild be used for sn overhead burst. R, and
R, ars nov defined by Figure 3, These values
wust be modified by a reduction factor obtained
from Figure 2, using the roof dimensions of W
and L . For large structures, some judgment is .
required in selecting the dimensions W , H
acd L for a burst that is not symmetrically
located over tha. structure rdof for an overhead
burst and exterior wall for a side burst. Fig-
ure & shows an example where the dimensions of
one bay in a multibay structure were used to
calculate instructure shock.

Instructure Shock Spectra

s

Once the peak values for instructure accel-~
eratiou, velocity and displacement have been
determined, they can bs used to develop an lp-
proximste instructure shuck spectra.

Let D Dbe the maximum relacive displace~
ment between a simple spring-mass oscillator and
the floor of the structure., The relations be-
tveen the maximum relative displacement D , the
pseudovelocity V , and the pseudoacceleration
A are as follows:

.

Veuw S *)
Ae oV =uld o ' 3

vhere w 1s the natural circular frequency of
the oscillator in radians per second., The
pseudovalocity V is nearly equal o the maxi-
munm relative velocity for systems with moderate
or high fraquencies, bit may differ considerabdbly
from the maximum relstive velocity for very low
frequancy systems. ‘The pseudoscceleration A
is exactly equal to the maximum acceleration for

]
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0.8 b

0.6 L.

w = WiOTH GF ROOF
H X HEIGHT OF WALL
L T LENGTH OF wALL OR ROOF

R;= DISTANCE FROM EXPLOSION TO
L EADING EDGE OF STRUCTURE

o2k

4||1|1v|Il'tl;:nrnll;11141~41_|
[} ] 2 . 3 .

" RF, REDUCTION FACTOR ACCELERATION AND VELOCITY

R‘/'. RATIO OF RANGE YO MEIGHT OF WALL AND VELOCITY (SiDEF BURST)
OR R, /W. RATIO OF RANGE TO WIDTH OF ROOF (OVERMEAD BURST)

Figure 2. Reduction factor for instructure scceleration and velocity

HIGH-EXPOLSIVE
CHARGE, W, LB

e

R, . t o]

.

Pigure 3. Average acceleration for overhead burst on a rectangular burted structure

INTERIOR
WALL

Figure 4.  Roof dimensions for overhead burst on a buried multibay sstucture
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systems vith no damping and is not greatly dif-
ferent from the maximum scceleration for sys-
tems vith woderate amounts of damping.

in general, D, V and A will be
larger than the peak va'.as of the floor mo-
tion. A conservative ¢ .:imate for D, V
and A can be made by :ultiplying the floor
motions by the appropri-te amplification
factors. A limited awomt of data (Ref. 2 and
3) from high explosive tests on model struc-
tures indicate average smplifjcation factors
for systeme damped at 5 percent of critical of
approxisately 1.2, 1.5, snd 1.6 for displace-
ment, velocity and acceleration, respectively.
Por 5 to 10 percent of cricical dsmping, ampli-
fication factors of 1.0, 1.5, and 2.0 for dis-
placement, velocity, and acceleration are rec-
ommended in Harris and Crede (Ref. 5). These
factors are valid for a wide range of earth- -
quaks and ground shock motions. Therefore, for
developing an approximate instructure design
shock spectra for damping equal to 5 to 10 per~
cent of critical, amplification factors of 1.2,
1.5, and 2.0 for displacement, velocity and ac~-
coluntion respectively are recommended.

mom.mcmlrs ’

The tests 4 ccribed’ and the resulting dan
presented herein, unless othervise noted, vare
obtained from research conducted under the
Revision of TM 5-855~1 of the United States Army

...-..\... At

Corps of Engineers by the Watervays Experiment
Station. Permission was granted by the Chief of
Engineers to publish thisa information.
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PRELIMINARY DESICY CRITERIA AND CERTIFICATION TEST SPECIFICATIONS %
FOR BLAST RESISTANT WINDOWS h T

G. k. Meyers, W. A. Keensn and X. F. Shoemaker N
Maval Civil Engineering Laboratory . . N
Port Huenese, Califoranis “

Preliminary design criteria for blast resistant windows exposed

to blast overpressures up to 25 psi sre recommended. Design’
procedures and design curves for fully tempered glass are presested
and psrametized according to glass thickness, glass dimensions,
glass aspect ratio, peak blast overpressures and effective blast
duration. Curves for snnealed glass are also presented for the
purpose of asalyzing the safety of existing structures. Design
criteria for frames and a test certification procedure sre also
discussed. Additionslly, design examples are presented.

~
1. - INTRODUCTION 2. ' DESIGN CRITERIA FOR GILAZING
Ristorical records of explosioa effects , 2.1 Glazing Materisls
damonstrate thst airborne glass fragments from . .
failed vindows are a major cause of injuries The design criterias cover two types of :
from accidental explosions. This risk to life glass: annecled glass and fully temperéd glass. K
is beightened in modern facilities, which often Both glaziongs are required to seet the require- - ;j
have large sreas of glass for aesthetic reasons. . ments of Federal Specifications DD-G-1403B and .
.DD-G-451d. Tempered glass is slso required to +
Guidelinyo sre presented for both the seet the requirements of ANSI 297.1-197S5. N
design, evsl.ition, snd certificution of windows , E
to safely survive s prescribed dlast environment Annesled glass is the most common fors of o
described by a trungulu--hnped pressure~time glass avysilable today. Depending upon manufac- iy
curve. Window designs using tempered glass turing techniques; it is also known as plate, _-j
- based oma these guidelines can be expected to float .or sheet gless. During menufacture, it is "
provide a probability of failure at least equi- cooled slowly. The process results in very i
valent to that provided by current safety stan- ‘little, if say, residual compressive surface K
dards for safely resisting wind loads. stress. Coasequently, snnesled glass is of ;
. . ) relatively low strength whea cospared to tem- 1
The guideliaes, vhich apply for peak bdlast ~ pered glass. Furtbermore, it has large varia- L{
overpressures less than adbout 25 psi, are pre~ tions. ia strength and fractures into dagger- o
seated im the forw of load criteria for the shaped, rasor-sharp fragmeats. 7For these ‘3&
design of both the glass panes snd framing . resseas, sanealed glass is mot recommended for z;f
. system for the window. Thé criteria sccount. for use in blast resistant windows. It is ‘:
. both hemZiag snd mewbrane stresses snd their included in the design criteris oanly for ufat.y 2
effect oa seximum principal ‘stresses and the mlnt. of existiag facilities. ol
soalinesr behavior of glass psnes. The criteris L
cover a broad range of design parameters for Hest-treated, tempered glan 1is tln most
rectangular-shaped glass panes: a pane aspect readily available tempered glass on the market. N
retio 1.00 < a/b < 2.00, pane area 1.0 < ad < 23 It {s menufactured from sanesled glass by heat- .
ft3, and nominal glass thicknass 1/8 < € < 172 ing to & high uaiform tempersture and then o
M Most of the criteria are for blast resis- * applying controlled rapid cooling. As the k3
teat wvindows with fully bhest-trested, uqcud internsl teaperature profile relaxes towards 2
glass. Nowever, criteria are also presented for. uniformi’ly, internal stresses are created. The -
sanesled glass in order to assess the safety of outer layers, which cool and contract first, are r
existisg windows thit were not dnipcd to ’ set in compression, vhile internsl layers are . =
mut blast mrpuuurn. set in temsior. As it is rare for flaws, which :
14
b
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act as stress magnifiers, to exist in the inter-
ior of tempered glass sheets, the internal
tensile stress is of relatively minimal conse-
queace. As failure originates from tensile
stresses exciting surface flaws in the glass,
precompression permits a lzcrger load to be
carried before the net tensile strength of the
tempered glass pane is exceeded. Tempered glass
is typically four to five times stronger than
annealed glass.

The fracture characteristics of tempered
glass are superior to annealed glass. Due to
the high strain energy stored by the prestress-
ing, tempercd glass will fracture into small

cube-shaped fragments instead of the razor-sharp I

and dagger-shaped fraguents associated with
fracture of anne.led glass. Breakage patterns
of side and resr windows in American sutomobiles

are 8 good'example of the failure mode of heat- . .

treated tempered glass.

Semi-tempered glass is often marketed as
safety or heat-treated glass. However, it
exhibits neither the dicing characteristic upon
breakage nor the higher tensile strength asso-
ciated with fully tempered glass. Semi-tempered
glass is not recommended for blast resistant
windows, unless it is laminated or backed by a
!npent retention film. )

Another common glazing material is wire
glass, annealed glass with an embedded layer of
vire mesh. Wire glass has the fracture charac-
teristics of annealed glass and although the
wire binds fragments, it presents metal frag-

. ments as an additioral hazard. Wire glass is
not recommended for blast resistant windows.

The d2sign of blast resistant windows is
vestricted to heat-treated fully-tempered glass
seeting botk Federal Specification DD-G-1403B

¥

.2.2 Desigo Stresses .
The design stress is the maxiaum principel -
tensile stress allowed for the glazing. The &
design stress was derived for a prescribed prob- -~
ability of failure, using a statistical failure 5
prediction model under development by the ASTM, %
Thus, failure of the glazing is sssumed to occur %
vhen the meximum principsl tensile stress exceeds -
'a design stress associated with a prescribed |_
probability of failure. The model accounts for -

the ares of glazing (as it effects the size,

nusber aad distribution of surface flavs),

stress intensity duratiom, thickn and asp

ratio of glazing (as it affects the ratio of

saxisum to minisum principle stresses in the
_ glazing), degree of glass temper (as it affects

the precompression stress in the glazing),

stzength degradation 'due to exposure, and the

maximum probsbility of failure required of the

glazing. For the full range of design psram-

eters (1.0 < ab < 25 f£t2, 1.00 < a/b < 2.00 and

1/8 <t < 172 iaches), the model predicted a

design stress for tempered glass ranging between

16,950 and 20,270 psi based on a probability of

failure P(F) < 0.001. Based on these results, a

design stress equal to 17,000 psi was selected

for tempered glass. The model predicted a

design stress for snnealed glass ranging between !

3,990 and 6,039 pai, based on P(F) < 0.008,

vhich is conveational for annesled 31:4: Based

on these results, s design stress of 4,000 psi

wvas selected for annesled glass.

t

These design stresses for blast resistant
glazing are higher than those common.y used in
the design for one-minute wiad loads. However,
these higher design stresses are justified on
the basis of the relatively short stress inten-
sity duratios (less than one second) produced by

_ blast loads.
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and ANSI 297.1-1975. Tempered glass meeting 2.3 Mc hlmue to Blast Load. -
only DD-G-1403B may possess a surface precom= - ""
pression of only 10,000 psi. At this level of . An snalytical model vas used to predict the s
precompression, the fracture pattern is similar blast load capacity of annealed and tempered R
to annealed and semi-tempered glass. Tempered " glazings. Characteristic parameters of the 5
glass meeting ANSI 297.1-1975 has a-higher - model are illustrated in Figure 1. . HE
surface precompression level and tensile strength ’ . . .
which imsproves the capacity of blast resistant The glazing is s rectangular glass plate -
vindows. Additionally, failure results in having » long dimension, a, short dimension, b, .
smaller cube-shaped fragments. To assure ) thickness, t, poisson ratio, v = 0.22, and elas- -
reliable performance of blast resistsnt glazing, tic modulus, E = 10,000,000 psi. The plate is
it is required that heat-treated tempered glnl ~ simply supported a].ong 111 four edges, with no :r;l
fully coaform to ANSI 297 1-1975. in-plane and rotational restraints at the edges. o
The relative bemding stiffness of the support o
Although heat-trested tempered ylass exhi- members is sssumed to be infinite relluve to .0
bits the safest failure mode, failure under the pane. The failure or design stress, f , vas ;Z
blast loading still presenis s sigaificsnt sssumed to be 17,000 psi for tempered 41103 nnd
health hagard. Results from blast tests reveal 4,000 psi for moled glass. by
that upon fracture, tempered glass fragments may . e
be propelled in large cohesive pieces that only ' ) ‘o
fragmen® upon impact into smsller rock:salt type The blast pressure loading is described by . it
fragmenis. Even if the tespered glass breaks up a pesk trisngular-shaped pressure-time curve as .'.j
initially into small fragments, the blast pres- shown in Figure 1b. The blast pressure rises .fﬂx
sure wvi.' propel the fragments at a high velocity instantanecusly to a pesk blast pressure, B, and v
which comstitutes a hazard. Adding fragment then decays with a blast pressure durationm, T. L |
retention film (discusged in Section 2.5) to the The pressure is uniformly distriduted over the .
inside face of hest-treated temperad glu- will surface of the plat: and appued norssl to the .
significantly isprove safety. plate.
' 228
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" ing glazing.

The resistaance function (static uniform
load, r, versus center deflection, X) for the
plate accounts for both vending acd membrane
stresses. The effects of membrane streuses
produce nonlinear stiffenins of the resistance
fuaction as illustrated in Figure lc. The
failure deflection, X , is “efined as the center
deflection where the maximum principal temsile
stress at apy point in the glass first reaches
the design stress, f .

: The model used a single degree of freedom
system to simulate the dynamic response of the
plate, as shown in Figure 1d. Dasping of the
window pane is assumed to be 5% of critical
dsaging . The applied load, P(t), is shown in
Figure 1b. The resistance function, r(x), is
showa in Figure 1d. Given the design parameters
for the glazing, the design ov failure stress,

f , and the blast .load duration, T, the model
chlculated the pesk blast pressure, B, required
to fail the glazing by exceeding the prescribed
probability of failure, P(F). The model also
assumed failure to occur if the center deflec~
tion exceeded ten times the glazing thickness.
This restricts solutions to the valid range of
the Von Karmen plate equations used to develop
the resistance function for the glazing.

2.4 ‘Desigg Charts

Charts are presented in Figures 2 to 16 for

© both the design and evaluation of glazing to

safely survive s prescribed blast loading. The
charts were developed using the analytical model
described in Section 2.3. The charts relate the
peak blast pressure capacity, B, of both tespered
and snnealed glazing to all combinatior  of the
following design parameters: /b = 1.00, 1.25,
1.50, 1.75 and 2.00; 1.00 < ab € 25 ft?;

12 < b < 60 inches; 2<‘l‘<1000nec, and'

t= 1/8, 3/16, 1/4, 3/8 and 1/2 inch (nominal)
for tempered glass and t =.1/8 and 1/4 inch
(oominal) for annealed glass.

Rach chart has s series of curves. Each
curve corresponds to the value of b (short

- dimension of pane) shown to the right of the
. curve. Adjacent to each posted value of b is

the value of B (peak blast pressure capacity)
corxesponding to T = 1,000 msec. The posted.
value of B is intended to reduce errors when
interpolating between curves.

Figures 2 to 11 apply for heat-trested
tespered glass meeting Federal Specification
DD-G~1403B and ANSI 297.1-1975. The value of B
is the pesk blast capacity of the glazing based
on failure defined as £ = 17,000 psi. This
value corresponds to Srobnbility of failure,
(F) < 0.001.

Figures 12 to 16 apply for annesled (float,
plate or sheet) glass. Due to the varistion in

‘the mechanical properties and fragment hazard of

snnesled glass, Figures 12 to 16 are not intended
for design, but for safety evaluation of exist-
The value of B is the peak blast
pressure capscity of the glazing based on £f =

4,000 psi. This value corresponds to
N S L
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P(F) < 0.008, the common architectural standard
for annealed glass.

The charts are based on th: minimus thick-
ness of fabricated glass allowed by Federal
Spacification DD-G-451d. However, the nominal
thickness should always be used in conjunction
with the charts, f.e., t = 1/8 inch instead of
the posaible minimum thickness of 0.115 inch.

In s few cases, the charts show s pane to
be slightly stronger than the preceding smaller
size. This anomsly stems from dynamic effects
and the migration of maxisum principal stresses
from the center to the corner region of the
vindow pane. .In such cases, interpolation’
should be between the two curves that bound the
desired value.

2.5 Fragment Retention Film

Most injuries in explosions are caused by
glass fragments propelled by the blast wave when
a window is shattered. Commercial products have
been developed which offer a relatively inexpen-
sive method to improve the shatter resistance of
window glass and decrease the energy and
destructive capability of glass fragments.
product is a clear plastic (polyester) film
which is bonded to the inside surface of window
panes. Typical films are about 0.002 to -
‘0.004 inch thick polyester with a self-adhesive
face. The film is commercially referred to as
shatter resistant film snd safety film.

The

The film incresses safety by providing »
strong, elastic type backing that will tend to
hold the glass even though the glass is shat-
tered. Results from explosives tests demon- -
strate that the film is highly effective in
reducing the number of sirborne glass fragments.
Even if a complete psne of film reinforced glass
is blown away from its frame by s high energy
blast vave, it will travel as a single piece
while adhering to the fila. In this configura-
tion it will travel a shorter distance and the
individual fragments will be less hazardous
because of the shielding effect of the film
covering its sharp edges. If a strong struc-
tursl member or crossbar is secure across the

' opening, the window will tend to wrap about the '

crossbar and not be propelled across an interior
room. Additionslly, if a projectile strikes the
film reinforced glass with sufficient force to
pass through it, the glass immediately around

“the hole will ordinarily adhere to the film.

The result is that any fragments broken free by
the impact will be few in nubcr and lover in
energy content.

There are additional benefits from fragment
retention ‘film. The film can b= tinted to
improve the heat balance of the structure.

Also, the fila sffords benefits in terms of
physical security. Additionally, the film pro-
tects the inner tensile surface of the glazing
from scratches and humidity, thus reducing
strength degradation of the glazing with time.
Maaufazturers of fragment retention fils should
be consulted for specific applications.’
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3. DESIGN CRITERIA FOR FRAME

3.1 Sealants and Gaskets

The seslant and gasket design should be
cousistent with industry standards and also
account for special requirements for blast
resistant windows. The gasket should be coa-
tinuous around the perimeter of the glass pane
and its atiffness should be st least 10,000 psi
(pounds/iinear inch of frame/inch of gasket
deflect’ion). Analysis indicstes that the employ-
meat of a gasket stiffness below 10,000 psi will
increase the failure rate of the window pane.
The gasket should provide adequate grip as the
glass pane flexes under the spplied blast
loading. '

3.2 Frame Loads

The window frase must develop the static
design strength of the glass pane, r , given in
Table 1. Otherwise, the design is ificonsistent
vith frame assumptions and the peak blast pres-
sure capatity of the window pane predicted from
Figures 2 to 16 will produce a failure rate in
excess of the prescribed failure rate. This
results because frame deflections induce higher
principal tensile stresses in the pane, thus
reducing the strain energy capacity available to
safely resist the blast loading.

Until criteria sre developed to account for
the intersction of the fame a 1 panes, the
frame, mullions, fasteners, auJ gaskets should
satisfy the following design criteris:

1. Deflection: Under the design load,
r , no frame member should have a
relative displacement exceeding 1/264
of its span or 1/8 inch, whichever is
less. .

2. Stress: Under the design load, r ,
the asximum stress in any member
should not exceed fy /1.65, wher:
fy = yield stress of the members
naterisl.

3. Fasteners: Under the design load, r ,
the maxisum stress in any fastener
should not exceed fy/2.00.

&, Gask=ts: The stiffness of gaskets
should be at least 10,000 psi
(pounds/linear inch.of frsme/inch of
gasket deflection). C

The design i0ads for the glazing are based
on large c:flection theory, but the resulting
design loads for the frame are based on small
deflection theory for laterally loaded plates.
Analysis indicates this approach to be simpler
snd msore conservative than using the frame load-:
ing based exclusively on large deflection mem-
brade behavior, characteristic of window panes. .
According to the sssumed plste theory, the

design load, 'u" produces a line shear, Vx.

'
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applied by the long side, a, of the pane equal
to:

v, = C r, bsin (nx/a) ay
The design load, r , produces s line shear, V_,
applied by the shoft side, b, of the pane
equal to:

v’ = c’ r, b sia (ry/b) )
The design load, r_, produces a corner concen-

trated load, R, uﬂdtn; to uplift the corners of
the viuqv pane equal to:

R = —cl:“bz - (€))

B

Distribution of these forces, as loads

acting on the window frame, is showm in Fig- :

ure 17. Table 2 presents the design coeffi-
cients, C_, C_, and C, for practicsl aspect
ratios of the'vindow pane. Linear interpolation
can be used for sspect rstios not presented.

The loads given by Equations 1, 2, and 2 should
be used to check the frame mullions and fas-
teners for complisnce with the deflection and
stress criteris stated above. It is important

- to note that tbe design load for mullions is

230

twice the load given by Equations 1 to 3, in
order to account for effects of two panes being
supported by a common mullion.

3.3 Rebound Strésses

Under a short duration blast lead, the
window will rebound with a negative (outward)
defloction. The stresses produced by the nega-
tive deflection must be safely resisted by the
vindow while positive pressures act on the
window. . Otherwise, the window wvhich safely
resists stresses induced by positive (inward)
displacesents will later fail in rebound while
positive pressure still acts. This will propel
glass fragmeats into the interior of the struc-
ture. However, if the window fails in rebound
during the negative (suction) phase of the blast
loading, glass fragments will be drawn avay froa
the structure.

Rebound criteria are currently not svail-
asble for predicting the équivalent static uni-
form negative load (regcistance), r-, that the
window must safely resist for various blast load
durations. However, analysis indicates that for
T > 400 msec, significant rebound does not occur
during the positive blast pressure phase for the
range of design parameters given in Figures 2 to
16. Therefore, rebound can be neglected as a
design considerstion for T > 400 msec.  For
T < 400 msec, it is recommended thét the rebound
charts ia Volume 3 of NAVFAC P-397 be used to:
estimate €0
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The vilue r- is . design load for the . s = sample standard deviation

frace. Because O0f symmetry, r- need not be N

considered in the design of thé glass panes. a = acceptance coefficient -iind
Thus, the frame and mullions sust safely resist o F

r= as the positive design load and r; 8 a For n test samples, r is defined as: {;{-

gative design load. NN

. . SR

. L g

4. CERTIFICATION TESTS ' PIRA S

- i=1 ‘-‘_'-

Ccrt.iﬁcntion tests of the entire vindov r = n . ) pA

assembly asre required unless analysis demon- : . ' % .

strates thst the window design is consistent th e

with sssumptions used to develop the design - where ¥, is the recorded fasilure ioced of the i e

criteria presented in Figures 2 to. 16. The test u&le. The standard uqle daviation, s, .
certification tests consist of applying static .19 defined as: T
uniform loads on at least two sample window S
sssemblies uatil failure occurs ip either the '
tempered glass or frame. Although at least two ' ,
static uniform load tests until sample failure
are required, the acceptance criteria present-~d
below encourage a lsrger number of test sam~ :
ples. The number of samples, beyond two, is . v

left up to the veudor. Results from all tests Convenience {n calculation oftea can be
shall be recorded in the calculations. All obtained by employing an zlternative but .qual
testing shall be performed by an i.ndependent and form of Equation 6:

certified testing laboratory.

- (6)

' 2
A prolubility of failure undet t.euing of i : K
less than 0.025 with a confidence level of 90% , LI ist i
is considered sufficient proof for acceptance. : 2 £ i\ :
This should substantiate a design probability of . s = i=1 m
failure, P(F), under the design blast lond of n=-1)
0.001. )

The minisum value of the sample standard
deviation, s, permitted to be employed in
Equation & is:

4.1 Test Procedure - Window Assembly Test

The test wvind (glass p plus support
frames) shall be identical in type, size, seal- .
ant, snd construction to those furnished by the Sain * 0145 ¢ (8)

vindowv mesnufacturer. The frame assesbly in the s . b '

test setup shall be secured by boundary condi-

tions that simulate the adjoining walls. Using.
either a vacuum or a liquid-filled bladder, an
increasing uniform load shall be applied to the
" entire vindow assembly (glass and framé) until
failure occurs in either the glass or frame.
Failure shall be defined as eitaer breaking of
glass or loss of frame resistance. The failure
load, £, shall be recorded to three significant
figures. The load should be spplied at s rate

of 0.5 r per minute which corresponds to approx-

imately ainute of significant tensile stress
durstion until failure. Table 1 presents the
static ultimste resistance for new tempered
glass, r_, correlated vith s probability of
failure “wr). = 0.001 and a static load dura-
tion of 1 minutas. :

4.2 Acceptance Criteris

This assures a sample standsrd devistion no
better than idesl tempered glass in ideal frames.

The acceptance coeffieient, o, is tabulated
in Table 3 for the nusber of samples, n, tested.

As an aid to the tester, the following
informational equation is presented to aid in
determining if addit:lonnl test samples are
justified. If:

‘-

r S +sh ' ¢

then ‘with 90% confidence, the design will mot
prove to be adequate wi*h additional testing.
The frame should be redesigned or thicker tem~

L pered glass used. The rejection coefficient, B, e
" The vindow assembly (frame and glazing) are is obtained from Table 3. ) SN
considered acceptable when the arithmetic mesn _ , o
of ail the samples tested, r, is such that: If the glass assembly is upgraded with .',:\_
’ thicker tempered glass than required by the ) S
T2 e “) design charts (Figzures 2 through 12) to resist a DS

i ; . design blast load, it is not required to develop . FS
. the higher ultimate static load cipacity of the . SR -
vhere: £, ul.t.tnu static load eap:city nf thicker glass. ' Instead, a static load equal to: Y
the glass pane tvice the design peak blast cverpressure, B, :{.
. . - . o i ) "]
3 . . o - ‘ - A
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shall be resisted by the window assembly. A'rlnu
the vindow assembly with thicker than required
tespered glass shall be acceptable when:

ra 2B+sa (10)
If EBquation 10 is not satisfied, and:
r S 2B+ 11)

then vith 90% confidence continued testing will
tot reise the arithmetic mean of the failure
load of the vindow assembly, r, to the poiat
of acceptaance.

4.3 Rebound Tests

The window that passes the window assembly
test is an acceptable design if the window
assembly design is symmetrical about the plane
of the glass or if the design blast load dura-
tion, T, exceeds 400 msec. Otherwise, the
window design must pass a rebound load test to
prove that the window assembly can develop the
necessary strength to resist failure during the
rebound ph of resp . The rebound tests
shall be conducted using a procedure similar
to the window assembly tests, except r- shall be
substituted for r in Equativus 4, 8 aid 9 and
the uniform load Shail be applied on the inside
surface of the window assembly. The loading
rate shall be 0.5 L per minute.

5. SAMPLE PROBLEMS

The following examples demonstrate the
application of the design criteria in the design
and evaluation of windows to safely survive
blut overpressures from explosions.

5.1 Problem 1 -- Design of Tempered Glass Panes

A noanoperabdble window having a single
pane of glass. Glazing: hea:-treated
tempered glass meeting Federal Specifi-
cation DDG-G-1403B and ANSI 297.1-197S.°
Dimensions of pane: a = 5S4 in., b =
36 in. Blast lnrading: B = 5.0 psi,
T = 500 msec. ) '

Given:

Find: ‘Minimum thickness of glazing required

. for P(F) < 0.001.
Solution: Step 1: Tabulate the design parameters
needed to enter Figure 2 to 16.

Glazing = te-pered glass
a/b = 56/36 = 1.50"

b = 36 ia.

B=5.0 psi

T = 500 msec

Step 2: Enter Figures 2 to 16 l;'lt.h
the design parameters from Step 1 and
find the minimus glagzing thickness.

232
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'5.2 Problem 2 -- Safety Evaluation of

Figures 6 anG 7 apply for the
given design parameters. Eater Figure
6 and find the minimum glazing thick-
ness required for B = 5.0 psi and
T = 500 asec is:

b
. :
.
Wof

e a_ o e
[

t = 3/8 in. ANS A
e
The asterisk adjacent to b'= 36 inches AR

'!

indicates that the strength of the
glazing is limited by principle
stresses in corner regions of the
pane.

Exicting Windows
Given: Multi-pane windows in an existing
building. Dimensions of esch pane:

a =36 in., b = 36 in. 'Glazing:
flost glass. Glaring thickness:

t = 1/4 in. nominal. Blast loading:
B=0.60 psi, T = 100 msec.

Find: Safety of windows, based on
P(F) < 0.008
Solnt.ioﬁ. Step 1: Tabulate the design param-

eters needed to enter Figures 2 to 16.

Glazing = annealed glass
a/b = 36/36 ='1.00

B = 0.60 psi

T = 100 msec

t = 1/4 in.

Step 2: 'Enter Figures 12 to 16 with
the design parameters from Step 1 and
find the peak blast pressure capacity.

From Figure 12, the peak blast
pressure capdcity of the glazing is:

B = 0.53 psi

Step 3: Deteniue the safety of the
;hzm. ,

,The applied penk blast pressure,
B = 0.60 psi, exceeds the capac~
ity, B = 0.53 psi. Therefore,
the glazing will fail at an
aversge rate exceeding eight per
thousand panes. A particular
pane may survive B = 0.60 psi dut
the chsace of failure exceeds
8/1,000, the prescribed safety
limit. ANS

$.3 Problem 3 -= Design Loads for Window Frame
Given: A nonopersble window has a single pane
of glass. Glazing: heat-treated
tempered glass meeting Federal Specifi-
catioa . DD~G-1403B and ANSI 297.1-1975.
Dimensions of the pane: a = 50 in.,

F R R T T AL T S ST v e e
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b = 40 in. Blast loading: B = 1.3
psi, T = 1,000 msec.

Thickness of glazing required for
P(F) < 0.001 and design loading for
vindow frame.

2 Step 1: Tabulate the design param-
eters needed to enter Figures 2 to 16.

Glazing = tempered glass
a/b = 50/40.= 1.25 .
b = 40 in.

B=1.3 psi

T = 1,000 asec

Step 2: Select the linh--a giszing
thichnn

Eate: Figures & and 5 which apply
for the given design paraveters. Froa
Figure 5 find the minisum glazing
thickness required is: ’

t = 3/16 in. nominal ANS

Step 3: Calculate the static ultimate
uniform load that prrduces the same
saximum frame load as the blast load.

Enter Table 1 for tempered glass
with b = 40 in., a/b = 1.25 snd t =
3/16 in., and find the static ultimate
.uniform load ‘capacity of the glazing
is:

g = 2.31 psi

[

Thus, the window frame must be designed
to safely support, without undue

deflection, a static uniform load equal

to 2.31 psi applied normal to the
glazing.

Step 4: Calculate the design loading
for the window frame. ,

Enter Table 2 with a/b ='1.25,

‘ and find by interpolation the design
coeft'icienu for t.hz frame loading are'
c. s 0.07/

, C‘ = 0.462

_ = 0.
C, 0.459

From Equation 3, the concentrated load
in each corner of the pane is: :

R (cormers) = +0.077 (2.31)(40)?

= 285 1b ANS

-’ h'.* Q.Q¢f’. .:h.{; ."h'-' SREA AN -_.,..:‘. ¥
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From Equation 1, the design loading
for the frame in the long direction
(a) is:

v, * 0.462 (2.31)(40) sin (mx/50)

= 42.7 sin (mx/50) 1b/ia. ANS

From !qmtion 2, the design loading
for the frase in the short ditection
(r) is: '

Vo = 0.459 (2.31)(40) sin (ny/40)

= 42.4 sin (ny/40) 1b/in. ANS
Distribution of the design load on the
frame is shown in Figure 17.

5.4 Proble- 4 ~- Design Loads for Multi- -pane
Frame

Given: A nonoperable window consists of four

equal size panes of glass. Glaszing:
_ hest-treated tempered glass meeting

Federal Specificatior DD-G-1403B and

ANSI 297.1-1975. Dimensions of the

psnes: a = 22.5 in., b = 18 in.

Blast loading: B = 5.0 psi,-

T = 500 usec.

Find: Minimum thickness of glazing required
for P(F) < 0.001 and the design loads
for the framing system.

Solution: Step 1: Tabulate the design param-
eters needed to enter Figures 2 to u.

Glazing = t.e-pered glass
a/b = 22.5/18 = 1.25

b = 18 ia.

B =5.0 psi !
T = 500 msec

Step 2: Select the lini.-u. glaziag
thicksess.

" Enter n;urea 4 and 5 vhich apply for
the given design parameters. From
Figure 5, find the minimum glazing
thickness required is:

t = 3/16 in. nominal . ANS

Step 3: Calculate the static ultimste
uniform load that produces the same
. maximus reactions on' the wiadow frame
. a8 the blast load.’

Enter Table 1 with b = 18 in.,
a/b = 1.25 and t = 3/1€ in., and find
the static ultimate uniform load
capncity of the ;luin; is:

r, * 9,18 psi
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The vindow frame sust bo designed to 5.5 Probles § -- Design Acceptance Based Ln

safely support, without undue deflec- Certification Test Results o
tions, a static uniform load equal to :
®.18 psi applied normal to the Given: A window 30 3 30 x 1/4-inch with a

glazing.

single pane of tempered glass is
designed to ssafely resist a blast - -
Step 4: Calculate the design loading load, B, of 4.0 psi with en effective
for the window frame. blast dunt.ion, T, of 200 mse~.
Certification testing involved
testing three wvindow asseablies

| R

Enter Tsble 2 with a/b = 1.25.

With interpolation, the design coeffi- : (a= 3) to failure. Failure loads, .
cients for the frame loading are: ' were recorded at 8. M 9.51, b
a3 10.8 pai. 5
ck = 0.077 Find: De:e:line if the window desigr is _:
. acceptable based on results fm the 2
C, = 0.462 certification tests. &
' -
C = 0.459 ; Solution: Step 1: Tabulate the desizn parueuu -
y ' needed to enter Table 1:
<-om Equation 3, the concentrated
lozds in the corners of each pane are: b = 30 inm. ' -
’ : a/b = 30/36 = 1.09 -
R (corners) = -0.077 (9.18)(13) t = 1/4 in. nominal s
L}
= 29 Db " ANS " Step 2: Employing Table 1, select the =
o static ultimate load, r , corresponding
From Equatic~ 1, the design loading to the pane geometry. » NG
for the long spsus of the tu-e ana : o -
msullions ave: 5, = 6.59 psi -
- -
Ve = 0.462 (9.18)(18) sin (nx/22.5) Steo 3: Calculate the srithmetic L
= 76.3 sin (nx/22.5) 1b/in. ANS mean, r, of all the nqlet tasted. ._
Using Eqmtion 5: -~
>,
From Equation 2, the design loading 2 AT,
for tue short spans of the frame and T8 v,
mullions are: . Y "~
. ’ r = = f ol
. B . )
, = 75.8 sin (ny/18) 1b/ia.  ANS 3 o
A ; = 9.72 psi -
The design loads for the window frame _ ' ‘ -
are shown in the following figure and . : 2. -~
: ' Step 4: Using either Equation 6 or 7 -
. table “d sre illmtnteﬂ belov. calculate the uqle standard devia- .‘ Ve
: ' tion, ». By
' " The sample standard deviation, s, is ','::
oy L/ / 1 », 1 / / Y ' calenlated using Equation 6 as: -
[ Y . : <y
1amatnwn vt § ssand
™ A === >
w; D 0 ; 00 :- i (f ~ o
12 / @ - s = =
..T7- 4 -0 v, (n S "
/] / -0 v, ,._:
e \ 3 oY -0 1v, =
| Y f Q- o ‘J 8.84-9.72)%0(9 51-9.72)%(10.8-9.72)2 )
7
B L . .’.‘
' * 1.01 pud =
v
b
A
~
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Step 5: Verify that the sample
standard deviation, s, is larger thsa
the minisum value, s_. , prescrided

- Lo ®in

in Equation’8.

s = 1.01 psi > Spin = 0.148 L

= 0.145 (6.59) = 0.956 psi

Thus, s = 1.01 ps. is the appropriace
value to use in subsequent t‘:;cuh-
tions.

Step 6: Usine “able 3, select the
acceptance coe:l.cient, ~. ¢hat corre-
lates vith the three samples tested.

!nterfn; Table 3, with n- = 3, find:
a = 3.05

Step 7: Verify that the window and
frame passed the certification tests
by meeting the coalitions of
Equation 4:

T s 9M2psid>r vtse

= 6.59 + 1.01 (3.06) = 9.67 pai

Therefore, the window assembly design
is considered safe for t“> prescrided
.blast loading.

6. LIST OF SYMBOLS

-]
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-
.
*a¥q

4'. o e
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Long dimension ot glass pase, ia.
Peak blast overpressure, psi
Short dimension of glass pese, ia.

Shear coefficient for load passed from
glass panc to its swpport frame

Modulus o! ruidtty of glass psme, in-1d

Modulus of tlnucity. pei’

Design stress and allowedbie ptillcipal’
tensile stress ia glass pane for '
presciibed P('). pei

Yield stress of frame -ﬂcu and
fasteners, psi

Ho.ent. of isertis of window frese, h.‘
fumber 0f window assemblies tested

Effective total mass (lb'ﬂzlil.)

Blast overpressure at say time, psi

.
,..,.....,.,.,._..'_..A.,..._...‘_._. ~
e AL

\'.r."'\.‘ s“-. 's

w 'o\o'."\\

P(F)  Probability of fsilure of glass pane

R Uplifting nodsl force applied by glass
vape to corncrs of frame, 1d

4 ' Resistance, psi

>

Test luad at fasilure of frame or glass
during certification tests, psi

* Mean failure load of n samples, psi
L Uniform static load capacity of the
glass pane, psi
r; Uniform static negative lo‘ad capscity
of the window assembly, psi
s Ssaple standard deviation, psi
T Effective duration of bla.c load, msec
t Noainal thickness of glass pane, in.;
elapsed time, msec
} V. Static load spplied by glass.pane to
long edge of frame, 1d/in.
v Static load applied by glass pan~ to
y short edge of frame, 1lb/in.
z Distance from corner measured along
loag edge of glass pane, ia.
X Ceater deflection of pane, in.
!. Center deflection of pane at L in.
‘. ,Acceptance coefficient
] Rejection coefficient
v Poissor's rastio
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Table 1. Static Ultimate Loads, L (psi) for Testing Certification of Tempered Glass
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Table 2. Coefficiests for Frame Loading

Table 3. Statistical Acceptance snd 'chcctio.

Coefficients
[ c [ .

o C‘ x y ~ Pusber of Wisdow Acceptaace Rejection
1.00 9.065 0.420 0.420 Assesblies Coefficient Coefficient
1.10 | o0.070 | o.460 | o0.440 = i —
1.20 0.074 0.455 0.453 2 b 348

: - ) : 3. 3.05 .an
1.30 | 0.079 | 0.468 | 0.464 . 2.78 1.14

; .27

1.60 | o0.083 | o.a718 | o0.4n 5 2.68 !
B % 2.56 1.36
1.50 | o0.085 | 0.486 | 0.480 7 2.50 1.62
1.60 | 0.086 | 0.491 | o0.488 - 8 .46 1.48
‘ ' ’ 2.42 1.49
1.70 | o0.088 | o0.496 | 0.3 10 2.39 1.52
1.80 | 0.09% | 0.499 | o0.401 n 2.37 1.54
, 12 2.38 1.5
1.90 | 0.091 | 0.502 | .0.494 5 2.33 1.58
2.00 | 0.092 | o0.503 | o0.496 14 2.:2 1.60
13 2.3 1.61
16 2.30 1.62
17 2.28 1.64
18 2.27 1.65
19 2.27 1.6%
20 2.26 1.66
2 2.28 1.67
2 2.2 1.68
N 2.26 l'.“
26 2.2 1.69
23 2.22 1.70
30 2.19 1.72
‘ &0 " 2.17 1.78
s0 2.16 1.7
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Mr. Bahn (Martin Marietta): Ve deal with a lot

tro-optical systems with silicon windows
and the like. Do you intend to include criteris
for the uee of opaque type glass?

Mr, Meysrs: Are you designing atrcraft windows?

Mr, Hahn: No. These are electro-optical
systems, opsrating om different wave lengthe,
and I wondersd what you had included in your
isventory of glass?

Mr, llgntu Ve have dealt solely with
msonolithic tempesred glase. We are tending to go
to a laminsted glass. It is a more difficult
type of glass to design decause the interlaminar
material is viscoelastic. It bdshaves
differently at different temperatures, and we
are wmot quite sure how it will transfer shear
between the interlaminar panes of glass. We
dou’t thick it will act as a monolithic plate.

Mr. Nahn: Bow adout the details of the’
dlffarent types of glass? I am tninking
specifically of a couple ~f proposals to the

is kind of & primary concern %o operats at sea
under a close razge missile bhu.

Mr. Meyers: These windows are primarily for

rge buildings that are being built closdr and
closer to sources of conventionsl explosions.
80, we basically address this particular
eriteria to what would be the moet economical
glass.

Mr. Habhnt Are you concerned with commercial
typs glass?

Mr, Meyers: TYes.

Mr, Hahn: I would like to suggest that you , ) ) . t:
expend your criteria to cover glass for electro~ 1B
optical systems.

s
.

Mr. Coulter (U.S. Army Ballistic Sesearch

lab): Yes. That sounds like a very good

ares. Perhape you could expand your criteria i

into it. Thers is obvi,ouoly s nood tor 1t !
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