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CHAPTER 1
INTRODUCTION

Advanced flber~-reinforced composite materials such as
boron/epoxy and graphite/epoxy have been  successfully
empioyed as structural materlals In alrerafts, misslles and
space vehlcles In recent years, and the performance of these
composites has shown thelr superlority over metals In
applicatlions requiring high strength, high stiffness as well
as iow weight. The advantages of these composites, however,
are overshadowed by thelr relatively poor resistance to the
Impuct loadings, which has prevented the application of
these materlals to turbine fan bladings. Many other reports
dea'ing with the responses of advanced composites to various
typaes of Impact have further Increased the need for a better
understanding of the problem so that the survivabllity of

these composlites can be Improved.

It Is obvious that Impact produces damage and

consequently reduces the strength of composite materlals,

The damage modes usunally Include local  permanent
deformations, breakage of fibers, delaminations, etc,.
While the cause of these damages are still unknown and may

not be simple In nature, In general, the Impact of a soft

objact could give a longer contact duration, and the dynamic
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response of the whole strucgﬁ;go?g ggﬂ%#ggrtance. The hard
objJect [mpact usually gives a short contact time and resuits
In the Initial transmisson of [mpact energy into a local
region of the structure. This Initial energy will propagate
Into  the rest of the structure In the form of stress waves.,
Far fleld damage away from the Impact area could result from
the reflection of stress waves. It Is generally agreed that

the cause of the sudden fallure must be examined from the

point of translent wave propagation phenomena,

Flexural waves Jinduced by dynamic loads In lamlinated
composites are more complicated than those In homogeneous
and Isotropic plates due Lo the anlisotropic and
nonhomogeneous properties In the Jaminate, Moreover,
because of the low transverse shear modulus In fiber
composites, the effect of transverse shear deformation
becomes  significant and should be considered In the
formulation. In Chapter 2, the laminate theory which
includes  the  transverse shear deformation effect Is
reviewed, and harmonic waves In a graphite/epoxy laminated
plate are studied. The propagation of wave front which, for
a glven time after Impact, bound the stressed region

surrounding the Impact point, Is also thvestlgated.

A survey of wave propagation and impact in composite
materials has been glven by Moon [1]. Many analytical [2-
5], numerical [6~7] and experimental [8-101 methods have

been employed to study the transient Impact problems. The
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respone of a laminated plate can be'analyzed using these
methods provided the applied 1Inmad history Is prescribed.
Howover If the dynamic load results from an Impact of an
object on the laminated plate, then the resuiting contact
force must be determined first. An accurate account of the
contact behavior becomes the most Important step In

analyzing the impact response problems.

A classical contact lTaw between two elastic spheres was
derlved by Hertz [11]. When letting the radius of one of
the spheres go to Infinity, one obtalns the contact law
betwveen an elastic sphere and an elastlic half-space. Many
authors have used the Hertzlan contact law for the study of
Impact on metals and composites. [12-13]. Recently, Yang and
Sun [14] performed statical Indentatlion tests on graphite/
epoxty composlite laminates using spherical steel Indenters of
different sizes and found that the Hertzian law of contact
was. not adequate. In particular, they found that
significant permanent Indentations existed and that the
unloading paths were very different from the loading path.
Noting that energy dissipation takes place during the
process of impact, Yang and Sun [14] suggested that this
energy is responsible for the local damage of the target
materials. The unloading curves and permanent Indentations
obtained from the statical indentation tests may provide a
userul information In estimating the amount of damage due to

impact since this energy Is simply the area enclosed by the



loading-unloading curves. In this study, similar statical
indentation tests were conducted and the results are

presented In Chapter 3.

Wang [15] has performed a number of Impact tests on
graphite/epoxy laminated beams and plates. It was shown
tha: the strain responses calculated using finite element
metliod and the statically determined contact laws from [14]
agroed with the experimental measurements quite well. This
Indicates that the statlical indentation law Is reasonably
adequate In the dynamical Impact analysis. [t was also
suggested  that the contact force should be measured
exparimentally to provide an additlonal basls for comparlison
with the finite element solution which could allow further
evaluation the applicabllity of the contact laws In Impact
analysis. Chapter 4 describes an I[mpact experiment on
graphlte/epoxy laminated plate using an Impact-force
transducer with a spherical steel cap as the impactor. The
contact force history and straln responses at varlous polints
on the plate were measured by means of the transducer and
surface straln gages, respectively, and were compared with
the predictions of finite element analysis using the

statlcally dstermined contact law.

Chapter 5 summarizes the results obtalned in Chapter 2, 3

and 4.

ORIGINAL Bt
OF POOR QUALITY
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CHAPTER 2
STRESS WAVE IN A LAMINATED PLATE

A laminated plate theory which Includes the effects of
transverse shear deformation and rotatory Inertla was
developed by Yang, Norrls and Stavsky [16] In a way
suggested by Mindlin [17] for homogenaous Isotroplc plates,
It was shown that the frequency curves for the propagation
of harmonic waves !& an Infinlte two-layer Isotroplc plate
In plane strain agreed wlith the praedictlions of the exact
solutlon obtalned from thaory of elasticity very well, A
similar laminated plate theory was developsd by Whitney and
Pagano [i8] and was employed In the study of static bending
and vibratlon for antlisymmetric angle=hly composite plates
with partlcular layer properties. It was found that the
effact of shear deformation can be qulite slignificant for
compos!|te plates wlth span-to-depth ratio as high as 20.
Good agreemsnt was alsc observed [n rumsrlical results for
plate bending as comparing with exact solutlons  of
aelastliclty. In thls study, the laminate theory developed by
Whitney and Pagano was used for Its simpllcity yet quite
satlsfactory In describing the harmonlc wave propagation
[1e].
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2,1 Lamlinate Theory with Transverse Shear Effects
2,1.1 Lamina Constltutive Equatlions

A laminated plate of constant thickness h consists of a
number of thin laminas of unidlirectionally flber-raeinforced
cempos i te perfectly bonded together. Each lamina, whose
flber may orlent In any arbitrary direction, can be regarded
as a homogeneous orthotroplic solld., Conslder a typlcal k-th
lamina. A coordinate system (xy, X3, Xg) Is chosen In such
a way that the x;-x, plane coincides with the midplane of
lamina, and x; and x, axes are parallel and perpendicular to
the flber directlon, respectively. If a state of plane
stress parallel to the x;-x,; plane |s assumed, then the Iin-

plane stress-strain relations are gliven by

1

k
T Qiy Q12 O €11
Caoat = [Qy2 Q22 O €22 (2-1)
T2 0 O Qgejl7y2

The transverse shear stress—-straln relations are glven by

K k

Tag Qes O Yas
= (2"‘2)
Tis 0 QgslV49

in which
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Qz2 = Ea/(1=V aVay)
Qi = V2Ea/ (1= V) = Vo Eq/(1=v42v2y)
Qss = Gy2 (2-3)

Qs4 = G2as

Qss = Gyg

are the so-called reduced stiffnesses, where E, G and v are
Young's modulus, shear modulus and Polsson's ratlo,
respectively, and subscripts 1 and 2 denote the directions

parallel to x, and x, axes, respectively.

i

The coordinate system for an arbltrarlily orlsnted !—m!hal
does not, In general, colnclide with the reference axes
(x,y,z) of lamlinated plate (see Flgure 2.1). Using the
coordinate transformation laws for stress and stralin, we

obtain the stress~strain relations In laminate reference

system as
k k
[ x] Q11 Qy2 Qus O O J[exx
Tyy Qi12 Qa2 Qa6 O 0 €yy
17xvt = |Q1s Qas Qee O O |{7Vuyf (2-4)
Tyz 0 .O O Qss Qas||7ye
LT % 2] |0 0 0 Q45 Qss)Vxz!

In which Q,; are given by

Qi1 = Qqym*+2(Qq 2+2Qg5)IM2N24+Q, 5n*
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(X;,X»X3) — Lamina Reference Axes

(X,Y, Z) —Laminate Reference Axes

Figure 2.1 Lamina referance axes and laminate reference
axes
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Vaz = Qq1n*+2(Qy 2+2Q¢ 5 IM2N2+Qy om*
612 (Q11+Q22“4qu)m2n2+Q1g(m‘+n4)
Qis = (Q11~Q12=2Qes)M3N+(Qq 2-Q22+2Qg g )MN®

¥

Tae = (Q14=Qy2-2Qgs)MN%+(Q, 2~Q52+2Qs ) M®N (2-5)
QBG = (Q11+Q22"2Q12—2Q55)m2n2+Q63(m4+n4)
Q44 = Qqam?+Qgpsn?
Q45 = (Qps—Qss)MN
Uss = Q44n?+Qggm?
where
m = cosé n = sin@

and 6 Is the angle between x—-axls and x;—axls measured from

X to X, counterclockwise as shown in Flgure 2,1.

2.1.2 Plate Strain-Displacement Relatlions

The displacement components of the laminated plate are

assumed to be of the Form [16]

ulx,y,z) = u®(x,y) + ze¢,(x,y)
V(X)V,Z) = VO(X,V) + Z¢’y(xny) (2'—6)
wix,y,z) = wo(x,y) = wix,y)

where u®, v° and w° are the midplane displacement components
In the x-, y- and z-directions, respectively, and ¢, and ¢,
are rotatlons of cross-sections perpendicular to x~ and y-

axls, respectively (see Figure 2.2). In Equation (2.8) we
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~——nitlal Configuration of Normal

} ~ } to Midplane
L )
u® - W
\z 7,

%

Deformed Contiguration of Normal

Figure 2.2 Laminate displacement components for a cross~
section perpendicular to the y-axis
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have assumed that u and v vary llnearly In the thickness

direction, whlile w is constant through the thickness.

The straln components for a point In k-th lamina of the
laminated plate with a distance z from the midplane can be

computed as

Exx® = €,° + ZK,

k o
Eyy' = €y + zKky

'vak = 'yxvo-}- ZKXV (2"7)
Yy ¥ = dw/dy + 0v/0z = aw/dy + ¢, = 9,,°
Vuz® = OW/BX + BU/DBZ = IW/AX + Py = Yy "

where

Y49 = du®/ax
v,% = avo/ay (2-8)
Yy 0= 8u°/8y + 9v°/dx

are the In-plane strain components of midplane, and

Ky = 0¢,/0x

it

Ky = d¢,/0x (2-9)

d¢/dy + 9¢,/0x

]

va
are the rotation gradients.,

In Equation (2-7), since w, ¢, and ¢, are Independent of
z, It follows that the transverse shear strains are constant

through the thickness of the plate.
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Equation (2-7) can be written In concise matrix form as

k . r r
€x | €,° | Ky |
k 1ey €y° Ky 0
€ . € K
y = A Vxyf = 1Vuyf * Z)Kuy] = " +ZO, (2-10)
‘Vy‘z yyzo o
.ysz .yxzon 0 4

Thus, the straln components at any point In the plate can be
determined from the extensional straln components of the
midpisne, the rotation gradients of the plate and the

distarice z from the midplane.

2.1.3 Stress—Resultants and Lamlnate Constitutive Equations

Substitution of Equation (2-10) In Equation (2-4) glves

the stress components for a peint In the k~th lamina as:

""xxwk Qyy Q12 Qe O O Tffex® ] Ky )]

Oyy Q12 Q22 Q26 0 O gy° Ky

17xvl = |6 Vas Toe 0 O [{17uy 2t + Z{kuyft (2-11)
Tyz 0 0 O Q44 Qs Vyz° 0

LT x 2 0 0 0 Qus Tssllvx:® [0}

The stress-resultants acting on a laminate can be
obtalned by Integration of the stresses In sach lamina

through the laminate thickness. Specifically, the In-plane
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stress—resultants are glven by

k
Nx Uxx h O'xx
N S P § [ " oy, faz (2-12)
y J;VQ vy G2 ke dn, vy
Nyy Ty Txy
the stress couples are glven by
k
MX Uxx N r_ O'XX
h/2 “k
= dz = g dz 2-13
My J;vz Tyv[zez k§1 fhk_1 vv[® ( )
Mxv 'va TXY

and the transverse shear forces are given by

Q _ Tyz N b Tyz
{ V} - I“” { Y }dz -3 ¥ { Y }dz (2~14)
Qx hi2 Txz k=1 hk"‘l 'rxz

The sign convention for these stress-resultants along
with the geometry of a typical N-layer laminated plate are

shown In Figure 2.3.

Substituting Equation (2-11) Into the right hand slides of
the above three equations and performing the ‘integrations,

we obtaln
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‘Figure 2.3 Stress-resultants and geometry of a typlcal
N~-layer laminate
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[Ny ] Ayy Az Agel[8x° ] By Bya Byg][&yx ]

Ny t = |Ay2 Aaa Aze|{ey® | + |Bra Baa Bas|{ky t (2~15)
[Ny ] [Ats Azs Agef L7yy°] Bis Baes Bes) lkxy.

My ] [Byy Bya Byg]fex® ] D41 Dya Dye]fkx 1 .

My 1 = [By2 Baa Bag|{€y® | * [D12 Daz Dag{ik, t (2~16)
»Mry; B‘IB B;G BBB. -'nyoj _D‘lﬁ D26 DBGJ »lcxv,

Q A ys A¥4s] [V
{ "} - [ * Ve . (2-17)
Qy A"ss A¥pl Wy 2

where
h/2 ,
(A1;,By,,D ) = j‘_mtz,m,z,z?)dz 1,1 =1,2,/. (2~18)
and

h/2
Ay = [ Qidz 1, = 4,5 (2-19)

Equatlions (2-15) through (2-17) are wusually written

symbol Ically as

N A B O €?
My =IB D O K (2-20)
Q 0O 0 A*{lv

which Is the laminate constitutive equation with transverse

shear effect Included.,
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The stress-equations of motlon for the k~th lamina are

glven by

Oxxrx + Txysy * Txzrz = PU
Ty x + Tyysy - Tyzrz = PU (2-21)

Txzix ¥ Tyziy ¥ Ouzyz = pwW

where p Is the mass density. Integrating Equation (2-21)
through the thickness of lamlnate and then substituting
Equation (2-12), (2-14) and (2~6) In, we obtaln

Nx:x + N*V’V = Puo + R§R
ny'x’ + NV’V L on + R$V (2""22)

Qxsx * Qyyy + g = PW

where q Is the normal traction on the plate. Multiplylng
the first two equations of Equation (2-21), Integrating
through the thlckness of laminate and then substltuting
Equatlons (2-13), (2-14) and (2-5) In, we obtaln

Mesx Mxv:v - Qy = RU® + I$x

. . (2-23)
Mxvix + Mvty I Qy = RV® + I¢V
In which P, R and | are defined as
h/2 ,
(PR,I) = [ p(1,2,22)dz (2-24)

Equatlons (2-22) and (2-23) are the plate equatlons of
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motion.  Substitution of Equation (2-20) and then the
straln-displacement relations [n these two equations yleld
the equations of motlion In terms of midplane displacements

and rotatlons of the plate,

A graphite/epoxy laminated plate provided by NASA Lewis
Research Center was used throughout this study. This
laminate Is a [0°/45°/0°/-45°/0°],5 graphlte/epoxy compos!te
with 0.0053 1inch ply thickness and the following ply
properties [15]):

m
]

17.5 X 108 psi.

M
N
1]

1.15 X 10% pst.
Gys = Gas = 0.8 X 10°% psi. (2-25)

o
X
]

0.30

<
-
N

]

0.000148 1b-sec?/in*

©
]

For symmetrically laminated composite plate, B,; = 0 and
R = 0. 1In addition, by choosing the x-axls of the laminete
reference system to colncide with the 0° fiber direction, we
obtalin Ajg = Apg = 0 and Dy = Dyg. Further, In thls study,
we assume G,5 = Gp3 = Gy, and consequently, A*,s = 0 and
A*sa = A*gg. For this particular laminate, the

displacement—-equations of motion are given by

A1182U0/6X2 + A3582u°/6y2 + (A12 + Ass)azvo/axay P°

It

]

(Ay2 + Agg)d2u®/0xdy + Aggd?Vv?/0x? + A,,02v%/3y2 = PO
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Dy432¢,/0%2 + 2D, ¢02¢,/0x0y + Dggd20,/0y?
+ D1e(an¢y/ax= + 32¢y/5y2) + (D1g + Deg)az¢v/axay
~A¥* 4 (BW/BX + ¢,) = 1, (2~26)

Dig(8%¢,/0x2 + 3¢,/0y2) + (Dyp + Dgg)0?¢,/0xdy
+ Dgg82¢,/0x2 + 2D,402%¢,/0x3y + Dy,02%¢,/8y?
~A*44(GW/6y + ¢V) = I$V

A¥,44(02wWw/3x2 + 32w/dy? + 89,/8x + 3¢,/3y) + q = PW

In Equation (2-26), the first two equations govern the
Iin-plane motion while the last three equations govern the

flexural motlon.

2.2 Propagation of Harmonic Waves

Conslder a Infinitely large laminated plate governed by
the equatlions of motlon (2-26). We assume plane harmonic

waves In the form

u? = U expllk(n = ct)]

v? = V explik(n - ct)]

w =W expllk(n - ct)] (2-27)
$, = &, explik(n - ct)]

¢y, = &, explik(n - ct)]

propagating over the plate, where U, V, W, &, and &, are

constant amplitudes, k Is the wave number, ¢ Is the phase
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QUALITY
n = X cos® + y osinw Ny (2-28)

In which « 1Is thae angle beatween the direction of wave

propagatlion and x~axls,

Substitution of Equatlon (2~27) Into Equation (2-26) wlth
q = 0 ylelds a system of ffilve homogensous equatlions for the
flve constant amplitudas. In order to have a nontrivial
solutlon, the determinant of the coefficlent matrix Is set
aqual to zero. Since the equations are uncoupled Into two
groups, the determinantal equation can be seperated Into two

aquations as
ey} =0 (2-29)
for the In-plane aextanslional and In-plane shear waves, and
|byy] =0 (2~30)

for the Flexural waves., In Equatlions (2~29) and (2~30) the

coefflclants a,; and b,; are glven by

Byq ™ A‘qcosa« + AﬁuS'hn« - Pg?
Byg ™ Qg = (A1a + Aug)S‘nNGQSQ (2-31)

Bng ™ Aauccﬁaa + Aaaﬁ‘ﬁaa - Pe?
and

byy = Dyik?cos?a + 2D, g¢k3sinacosa + Dgygk?sinio

+ A¥ 4 ~ Ik2g2
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big = byy = D‘.kaCQﬁa& + (D\a b DQQ)RQQ‘nQGOSQ
+ D,.k‘aln“u

byg = bgy = ‘A*;QKGOSQ (2-32)

baa = Dgek3cos?a + 2D, ¢k?*sinucosa + Dyak?sin?a

+ A*QQ - lk3c?
bas ™ bga = 1A% ksina

boa ™ =AY44k? + Pk3c?

Expanding Equatlon (2-29) we obtaln a quadratlic equation

In ¢? as
ot - dyc? + dy = 0 (2-33)
where

dy = (A1160$2a + Aggsln“u + Aca)/P
(2-34) {
Ayycosda + Aggsin?a  (Ayy + Age)sinrcosa

d: -
(Aya *+ Agglsinucosa  Aggtos?a + Agasinde

It is noted that the phase veloclty ¢ does not depend on
the wave number K, thus these waves are nondispersive. In
studylng of transverse I[mpact problem where In-plane
deformatlon Is negligible, thls nondispersive propasrty has
no significant affect, Should In-plane deformation become

important, higher order approximation of displacement
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components u and v must be assumed and the dlspersive

property of these In-plane waves could be Included.

From Equatlon (2-34) It Is evident that there exist two
phase velocities corresponding to two modes of wave.
Although these two waves Invalve both In-plane extenslonal
deformation as well as In—-plane shear, from the elgenvectors
we are able to tell which one Is dominant. Thus we label
the two waves as In—-plane extensional wave and In-plane

shear wave accordingly.

The determinantal equation given by Equation (2-30)
ylelds three positive roots Iin c¢2? Indicating that three
flexural waves exist. These phase velocitles are functions
of the wave number k, thus they are dispersive. Among these
three modes of wave, only the lowest one corresponding to
the transverse shear wave has a finlte :velocity as k-0 or as
the wave length becomes infinite. The dispersion curves for
the waves of the lowest mode propagating In the directions
of 0°, 45° and 90° respectively are plotted In Figure 2.4
with the non-dimensional phase velocity vs. the non-
dimensional wavelength A/h. It can be seen that they all
approach the value of JET;7E as the wavelength becomes
shorter. The phase velocitles for the two higher modes,
however, approach different values In different propagation
directions when A-O. For Jlaminated composite which are
anisotroplc In geneiral, the phase veloclity varles from one

direction to another. As a result the wave surface will
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Flgure 2.4 Disperslon curves for plane harmonic waves

propagating In the 0°~ 45°- and 90°~
directions
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become a rather complicated shape as [t propagates. This

will be discussed In the next sectlon.

Substltution of w = ke In Equation (2-32) ylelds a set of
frequency equations for flexural waves. Figure 2.5 shows
the frequency curves of these waves for a = 0°, 45° and 909,
respectively, with the non-dimensional frequency vs. the
non-dimensional wavelength. The cutoff frequencies for the
two higher modes have a value of V12Gys/p/h. Comparing with
the exact cutoff frequency (n/h)V/G,s/p, it can be seen that
If the shear correction factor n?/12 Is Introduced, this

theory will predict the correct cutoff fraquancy.

2.3 Propagation of Wave Front

Impact of foreign objects on a laminated plate with a
very short duration could generate weak shock waves which
will propagate Into the rest of the structure with finlte
velocltlies, and the positions of the wave fronts deflne the
regions belng disturbed at any Instant after Impact.
Damages to the laminated plate may possibly occur as the
first wave front hits thse weakest part. It Is hence
Important to Investligate the propagation of these shocks In
the plate. There have been works dealing with the
propagation of wave front In anisotropic elastlc media [20-
22]. Moon [23] presented an analysls of wave surfaces in a

laminate by treating It as an equlvalent homogeneous
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Flgure 2.5 Fraquency curves for flexural waves
propagating ln the 0%- 45°- and 90°-
directlons
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orthotropic plate., The acceleratlion waves and thelr wave
fronts were Investigated. The propagation of shock waves [n
more general laminates whlch exhiblt the bendlng-extenslonal
coupl Ing were studied by Sun [2]. The ray theory was
employed to construct the wave front surface. The growth
and decay of the shock strength were also dlscussed, In
this sectlon, the analytical procedures developed by Sun [2]
were applled on a [09/45°/0°/-45°/0°)},5 graphlte/epoxy

lamlnated plate.

2.3.1. Kinematic Conditions of Compatiblllty on the Wave

Front

A wave front, which wil] be denoted by 1, Is defined as a
surface travelling over the plate as time varles
continuously, and across which there may  exlst a
discontinulty In the stress, particle velocity and thelr

derivatlives,

Conslider a discontinuous surface 1 passing some
observation point In a medium at a certain time t, Let f~
be the value of a fleld functlon Ff(x,,t) (e.g. stress,
particle veloclity, etc.) behind the surface {1, and f* be
the value of £ In front of 1t, then the discontinulity of

function f can be expressed as

[fl = F+ - F- (2-38)
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In which the right hand slide Is to be evaluated at the time
and locatlon on ! passing the observation polnt, and the

Jump across the wave front Is denoted by square bracket.

Surface { may be expressed mathematically by an squatlion

of the form

W(x,,t) = 0 (2~36)
or, by making t ;xp1!clt, as

W(x,;,t) = F(x;) -t =0 (2~37)

which represents a famlily of surfaces In x;—-space with t as
a parameter. By evaluating f* and f~ at t = F(x,), the Jump

of f across the wave front becomes
[F(x;)] = F£*(x,,F{x;)) = £ (x;,F(x;)) (2-38)

The rate of change of [f] for an observer moving with Q

Is given by

dlfl/dt = (8f*/ox, =~ 8f~/0x,)dx,/dt + (9f*/at ~ dof~/at)

where t = F(x;) is substituted, and c; = dx,/dt are veloclity

components of wave front relative to the material.

If the laminate theory Introduced In previous section Is

used, then the plate displacement components are u®, v°, w,

¢, and ¢,, while the spatial variables are x; = x and x,

Y. It Is assumed that the Integrity of the material Is not

ORIGINAL PAGE 13
OF POOR QUALITY
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affected by the propagation of the stress wave front, then
these displacement components wlll remaln contlinuous,

Consequently, we have
[u°] = [v°] = [w] = [¢,] = [¢,] = O (2-40)

across the wave front., Applying the general condition of
Equation (2-39) on u®, together with Equation (2-40), we

obtaln
[6u°/8xJ]cJ + [l:lol = Q J = 1,&. (?."41)

Let ¢, and n; be the normal veloclity and the unit normal

on the wave front, respectively, It follows that
njc; = ¢y (2-42)
and Equation (2-41) becomes
[ou®/ox;] = =L[u°In,/c, J=1,2 (2-43)

Similar relations can be derlved for the other
displacement components v°, w, ¢, and ¢,. Together they
specify the Kkinematic conditions of compatibllity on the

wave front.

2,3.2 Dynamical Condlitlons on the Wave Front

Conslider a flnite volume V of a matertfal medium and
denoted by S the boundary or surface of V. For a contlinuous

and differentiable function f(x,,t) In V, It can be shown
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[23] that

adffvf(x.,t)dv = [ FreaV + fﬂGde (2-44)

under deformation of the medium, where G Is the normal
veloclty of the surface S, In the c¢ase where the
deformation of the volume V [s determlined solely by the

motlon of materlal particles, we have
G=Un, =4, (2-45)

where u, Is the displacement components, n;, Is the outward

o ! le #hea narmmal valanl +u r\f ”m
1< w A A dl ¥ W WY W A

hnrmgl Vola <
(R A ii=al Wiy ~y 1 n s ¥

0
{

particle on S. If there exlists a discontinulty surface (or
wave front) travelling with veloclity ¢, In the medium, by

choosing %this surface as the boundary of V, we have
G=cin, = ¢y (2~48)
where ¢, Is the normal velocity of wave front.

Suppose that a volume V whose motlon Is determined by the
deformation of the material medium, is divided by a
travelling surface 1 Into two volumes V- and V* as shown In
Figure 2.6. The surface S Is also divided Into two portions
S™ and S* which form parts of the boundaries of V* and V*,
respectively. The remalning part of the boundary Is formed
by 1 which Is a segment of 2. In Figure 2.6, n; denotes
the unit normal of Q1 in the direction of travelling, and n,*

denotes the unlt outward normal of S.

e
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Figure 2.6 A deformed volume V
surface N

divided by a travelling
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Taking f = pQ, In Equation (2-44) and using equation (2-
45) and (2-46), we obtaln

il puiav = [ (pt7),eaV + [ Unpuids + [ coplidn  (2-47)

ffprurdv - J‘w(pﬂf).bdv + J‘mﬂ;pQTdS - fmc«.pﬁfdn (2~48)

where U7 and U} are the veloclty components of mater|ial
particle In V- and V', respectively, Combining tha above

two equations glves
ff ot dv = J ety eav + ‘[’e_a_;pords + J'mO:,pCITdS

+ J‘mcnp(u; - ut)dn (2-49)

From theory of elasticity we have

aﬁ%‘fvpl.].d\l - fna.Jans {2-50)

If we let the volume V approach zero at a fixed time In such
a way that [t will pass Into Q,, then the volume Integral In

Equation (2-49) will evidently approach zero; however

fmu,*,paws - - j‘mu;:pmdn (2-51)

PR

vt

v g
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[brpttas = [ Grptidn (2-52)

- 1 — ~ -
IOU'JanS fm(w‘i_‘ o7 )ngdn (2-53)

where o7, and o}, are the stress components on the sldes of

Ny, respectively.

Substituting Equations (2~50) through (2-53) Into
Equation (2-49) glves

I (oty=oingda = [ pti(en-tp)da = [ pif(e,~Gi)d  (2-54)

Using [o,;] and [U,;] to represent the Jumps of stress and
particle veloclity across the wave front, and utlillizing the

fact that c, »> U,, we obtaln

[ toy,dngda = - [ peqlt ldn (2-55)

Since this condition Is Independent of the extent of the

surface Iintegratlion y, 1t follows that
[o),1n; = = penll] (2-56)
In the case of lamlnated plate, | = X,y,z and J = Xx,v.

Substitution of Equation (2-6) Iinto Equation (2-56)
ylelds
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[0,0n, = = penl[0®] + z[3,1} RGN o

loaylny = = pca{Ive] + zle,1} (2-57)

[UaJ]nJ o Pcn[W]

Integrating Equation (2-57) over the thickness of plate

glves
INJIn, + [N yIny = = PcnlU®] - Re,ld,]
Ny, In, + [NJIn, = = Pcn[V°] = Rcnlé,] (2-58)
[Qx]nx + [Qy]ny = o= Pcn [w]

Multiplying the first two equations of Equation (2-57) by z
and then integrating over the thickness, ws obtain two more

equations

[Mx]nx + [Mxy]nv = ch[cjol - Icn[¢x]
M In,e + IMJIn, = = Re,[V°] - lc,lo,]

(2-59)

where P, R and I have been defined in Equation (2-24)

The five equations gliven by Equations (2-58) and (2-59)

are the dynamical conditions on the wave front for the

laminated plate,

2.3.3 Propagation Velocity of the Wave Front

Across the wave front, the laminate corgtitutive

relations glven by Equation (2-20) can be written as

e

ey
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[Ql 0 0 A*]llv]

where

{INI}T = {[N.],IN,1,[N,,]1}
{IMI}T = (IM,], IM,], M,y ]} (2-61)
{[Q1}7 = {[r,1.,0Q,1}

H]

are the Jjumps of the stress resultants, and

{[el}T = {Lou/ox], [avP/ay]l, [Bu®/ayl+[ave/ax]}
{[k1}7 = {[08¢./0x],[80,/8y],[8¢, /0y]l+[8¢, /0x]} (2-82)
{[¥1}7 = {[aw/ayl, [ow/ox]}

are the Jjumps of the strain components. In Equation (2-62),

the conditions [¢,] = [¢,] = O are substltuted.

Substituting of Equation (2-43) and the similar relations
for other kinematic variables In Equation (2-60), we can
express the Jumps of the stress resultants In terms of the
Jumps of the time derivatives of the displacement components
u®, v°, w, ¢, and ¢,. These relations are then subst]tuted
In Equations (2-58) and (2-59), which results In five
homogeneous equations. For [0°/45°/0°/-45°/0°],5 graphite/
epoxy laminated plate which Is symmetrical and balanced
(l.e. By, =0, Ajg = Ay =0, R=0 and D¢ = Dag), these

filve equations are uncoupled Into three groups as
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(3,1

[b.da{‘ . } - 0 (2-64)
[dy]

(A*44 = Pen®)[W]l = O (2-65)

in which [a;;] and [b,,] are both two by two symmstric

matrices, and thair entrlaes are glven by

Ayy = N*Ay + nyPAge = Pop?
Byg = Qgq = My (Ayg + Age) (2-66)

Baa ™ Ny Age *+ Ny?Ayy = Poy?

Dyy = Nk¥Dqy t 2nyNyDyg nvaDst ~ lon?
byg = bgy = Dyg *+ Ngny(Dyq *+ Dgg) (2-67)

bpa = ﬁanug + 2nxnvD‘u +* nvaDga - lap®

It can be ssen that Equatlon (2-63) dascrlibes the In-
plane extenslonal and the In=plana shear wave fronts,
Equation (2-64) descrlbes the bending momant wand the
twlsting moment wave fronts and Equatlion (2~65) dasaribes

tha transverse shear wave front.

From Equatlon (2~65), we abtaln the normal velocity with

which tha transverse shear wave front propasgates as
Gn? = A%, /P (2-68)

It 1s noted that this wveloclty ls [ndepandent of ths

direction of propagation, and Is called dlrectionally
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Isotroplc wave front.

Equations (2-63) and (2-64) yleld non-trlivial solutlions
only If the determinant of the coefflclents matrices vanlish,

Lo,
la)y| = O (2-69)
lleI = O (2"‘70)

Each of the above equations can be expanded Into a
quadratlic aquation of c,?, For  [09/45°/09/-45°/0%] .4
graphlte/epoxy laminated plats, the normal veloclities of
wave fronts corresponding to the In-plane modes and flexural
modas are plottad In Flgure 2.7 and 2.8, respectively. It
Is noted that the normal veloclities of the In-plane
extensional and I[n-plane sheaar modes are symmetrical about
x~axls and y—-axls, whlle there I|s no such symmetry for the

bending moment and twisting moment modes,

2.3.4 Wave Surface and Ray

From Figure 2,7 and 2.8, It can be sesn that for
laminated cumposltes which are anisotroplic In general, the
in~plane and flexural wave fronts travel wlith diffarent
normal valoclties In different directions. In other words,
the Initial shape of a wave surface will be dlstorted after

It propagates. Howaver, Equations (2-66) and (2-67) show
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Figure 2.8 Normal velocities of flexural wave fronts
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that for any fixed normal direction n,, ¢, Is a constant.
Connecting the polints having the same unit normals to the
travelling wave front surface, we obtaln a famlily of lines
which are called rays. Thus, along a ray, the normal
veloclty of wave front remalns unchanged. By using the ray
theory which has been well established In the fleld of
geometrical optlecs, we are able to construct the wave front

surface,
Recall Equation (2.37)
F(x;) =t=0 | =1,2 (2-37)

which represents a family of wave fronts propagating over

the plate with t as a parameter. It follows that

dF/dt = (9F/8x,)(dx,/dt) = (9F/3x,)c; = 1 (2-71)
By putting
p, = 8F/8x, = VF (2-72)

Equation (2-71) becomes
pic; =1 (2~73)
Since p; is normal to the surface F, It can be written as
pr = |pi] Ny (2-74)

where |p;| denotes the length of p;. Combining (2-73) and
(2-74), we obtaln
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Ipiinic = |pijen = 1 (2-75)
from which we obtain
PI = n;/cn {2~76)

In Equatlion (2-76), p, Is called the slowness vector
which has the direction normal to the wave front with the

magnitude being equal to the Inverse of normal velocity cp.

Subsitituting Equation (2-76) In Equation (2-69) and (2~

70), we obtaln two equatlons In terms of p,

Px2As; *+ py2Age = P PxPy(Aya + Agg) |

Y no
PxPy (Aya + Age) Px2Age + Py2Az2 = P
Px2Dy1+2pxpyDystpy?Des=1  DygtpxPy(D12tDes)

DyetpxPy(Dy2tDes)  Px?Dest2pupPyDystpy?Daa—l

e

which can be written In a general form as
glp,) =0 1 =1,2 (2-77)

In view of Equation (2-72), we recognlze that Equation
(2~77) may be regarded as a set of first-order partial
differential equation for F. A standard method of solving
flirst-order partial differential equation Is by means of
characteristics [24], which reduces the equation to a system
of flrst-order ordinary differential equations. In our

case, Equatlion (2~77) then Is equlivalent to the following
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dx/ds = 8g/dp, dy/ds = 3g/dp, (2~78)
dpx/ds = -3g/8x  dp,/ds = -B8g/dy (2~79)

where s |Is a parameter. These equations,together with
Equation (2-77) describe the ray geometry and the normal

directlon of the wave front prorageting along the ray.
From Equation (2~78), we have
dy/dx = (ag/ap,)/(ag/dpy) (2-80)

Since the normal directlion of wave front along a ray Is
constant, It can be seen from Equation (2-76) that p, Is
also constant along a ray. For laminated composite which Is
assumed to have homogeneous material propertlies, Equation
(2-77) shows that g(p,) does not depend on x;, consequently,
8g/9px and 8g/dp, are all constants along a ray. Thus, the
solutlon of Equation (2-80) Is then glven by

y = {(x = Xo) + Yo (2-81)

where X, and y, are the Initlal values of x and y at t = 0,
and ¢ = (dg/9p,)/(3g/dp,). This equation shows that the

rays In a homogensous solld are stralght lines.
From Equations (2-73) and (2-77), we have
C|dp; = Q (2-82)

dg = (3g/dp,) dp; = 0O (2-83)
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Ellmlinating dp; from these equations ylelds
dx,/dt = C = (ag/6p|)/(PJag/6pJ) (2"'84)
where summation over | |s understood,

Equation (2-84) can be solved to obtaln the position of
wave front at time t. Agaln, since 98g/dp, and p, are all
constant along a ray, we obtain the solution of Equation (2-

84) as
x = (8g/9py)t/(p,;8g9/8p;) + %o (2-85)
y = (3g/dp,)t/{p;8g9/8p;) + Yo (2-88)
where X, and yo, denote the Initial wave position at t = 0.
Consider at t = 0, a wave front forms a clrcle glven by

Xo = h cosa
(2-87)

Yo = h sina
At this Instant, the normal directlions to the wave front
colincide with the radial directions. Due to ths different
velocities of propagation in directions, this Initial shape
would be distorted. By using Equatlions (2-85) and (2-86),
the subsequent positions of the wave front can be
determined. Fligures 2.9-2.12 show the wave front poslitions
at two consecutive Instants after t = 0 for the In-plane
extensional, In-plane shear, bending moment and twisting

moment modes, respectively, for the [0°/45°/0°/-45°/0°],¢
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graphite/epoxy lamlinated plate, It Is noted that for
symmetrical laminates, the In-plane modes are uncoupled from
the bending modes. The rays along which the normal
directions to the wave front are 0°, 45° and 90°9,
respectlively, are also shown In the flgures, It Is seen
that the wave fronts of the In-plane extenslonal and the In-
plane shear modes possess symmetry with respect to Xx-axls
and y-axls. The wave fronts of the bending and twlsting
moments, however, lose thelr original symmetry with respect
to x-axls and y-axls. This Is an Indication that In
performing analysls of flexural deformation of  this
laminate, one can not take a quadrant for analysls, a
practice followed by many authors dealing with homogeneous

and Isotropic plates.

From Flgures 2,9-2,12, 1t Is also Interesting to note
that ray geometrlies for these two groups of wave fronts are
qulite different, For the in-plane extenslional and In-plane
shear wave fronts, the rays coinclde with the normal
directions when o = 0° and 90°, Along other directions, the
direction of the ray devliates from the normal direction of
the wave front, It was discussed In [2] that the degree of
spreading of rays |s proportional to the decay of the stress
amplitude at the wave front. Thus, from Figures 2.9 and
2.11, one can conclude that the strength of the In~plane
extensional and bending moment wave fronts decay more

rapldly In the y-direction than In the x-direction.
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Flgure 2.10 Wave front positlions at different times and
rays for In-planr shear mode
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A photoelastic study of anlsotroplc waves 1In a fiber
relnforced composite has been done by Dally et al. [9].
The waves was produced by a explosive charge In a small hole
on the plate. The result showed clearly an elliptic—like
stress wave front pattern. This indicates that stress waves
In anisotropic materials propagate with different velocitles

in different directions.
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CHAPTER 3
STATICAL INDENTATION LAWS

A brilef Introduction of the historical development on
Impact problem involving homogeneous isotropic materials was
glven by Goldsmlith [12]., Hertz [11] was the first to obtain
a satisfactory solution on contact law for two Isotropic

‘elastlc spherical bodles. When letting the raiius of one of
the spheres go to Infinity, this law then describes the
contact behavior between a sphere and an elastlc half-space.
The Hertzlan law, In spite of being static and elastic In
nature, has been widely appllied to Impact analyses where
permanent deformations were produced. The use of this law
beyond the elastic 1imlt has been Justified on the baslis
that 1t appears to predict accurately most of the Impact

parameters that can be experimentally verified.

In studying Impact responses of laminated composites, the
problem becomes extremely complicated. One may easily
realize that the Hertzian contact law which was derived
based on homogeneous Isotropic materials may not be adequate
In describing the contact behavior of laminated composites
due to their anisotropic and nonhomogeneous properties.
Moreover, most of the Ilaminated composites have finite

thickness which can not be represented by a half-space. In
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many exlistling analytlical works [25], loadings to the
laminates wers assumed known, and the responses of the

Jamlnates were assumed elastic.

Witlis [26] obtained explic¢t: formulas for Hertzian
contact law for transversely Isotroplc half-space pressed by
a rigld sphere, and extended it to the application of Impact

problems. It was shown that
F = ka" (3-1)

with n= 3/2 1Is valid for the contact force F and the

indentation &, where K is a contact coefficient wnose valus
depends on the materlial propertles of the target and the

sphere, and the radius of sphere.
A modiflied contact law with

RS1 /2
k = (4/3) (3-2)
1 - V52 1
- + —
Es E,

was used [13] In an analytical study on Impact. of laminated
composites. In Equation (3-2), Rg,vs and Eg are the radlus,
Polsson's ratfo and Young's modulus of the sphere,
respectlvely, and E; is the Young's modulus of the lamlnates
In thickness direction. It was also suggested by Sun et al.

[27] that the value of k can be experimentally determined.
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Recently Yang and Sun [14] bhave conducted statlc

indentatlion tests on the [09/459/0°/-45°/0°],¢ graphite/
epoxy laminates usling spherical steel Indenters of 0.25 In.
and 0.5 In. diameters. The results were fltted Into
Equation (3-1) and were found that the 3/2 power Is valld.
In addition, It was also observed that even for small
amounts  of foad there were significant permanent
Indentations. This Implies that the unloadling curve has to
be different from the loading curves. In order to account

for the permanent deformatlion, the equation

o - c{a\q
F = Fp|—— (3-3)
Om. = Wo /

proposed by Crook [28] was used to model the unloading path
where Fn, Is the contact force at which unloading begins, on
Is the Indentatlion correspanding to Fn, and &, denotes the
permanent indentation in an unloading cycle. Equation (3-3)

can be rewritten as

F=s(a ~ o)® (3-4)
in which

s = Fn/(Qm = 0p)9 (3-5)
Is called unloading rigidity. In order to simplify the

model Ing of the unloading law, it was assumed [14] that the

value of s for all the unloading curves remains the same.
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Consequently, a constant o.,. glven by
Ger = k/s (3-6)

was Introduced. It was also shown that g=5/2 fltted the
unloading path very well, and the permanent Indentation o,
was then related to o, by

(!g/(!m = 1 - (acr/am)z,s as um > dc,.

(3-7)
oo = 0 as Oy S O¢,

The value of o., was found to be Independent of the size
the Indenter and hence can be regarded as a material

constant.

It was also mentioned in [14] and [29] that there were
some practical difflculties in performing the tests. Since
the Indentation was measured step by step using a dlal gage
and readings on the gage were taken about 10 to 20 seconds
after the load was Increased by one step, the creep effect
may cause an appreclable error to the results. Another
Important problem was that [t was almost Impossible to
measure the permanent Indentation accurately using the dial
gage. In order to overcome these problems, a Linear
Variable Differential Transformer (LVDT) was used in this

study to measure the Indentation.

The LVDT 1s an electromechanical transducer that produces

an electrical output proportional to the displacement.
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Connecting thls output and the one from the straln Indlcator
which “1s used to measure the applled loading to a X-Y
fplotter. ocne can obtaln a continuous loadlng-unloading
. ourve, By changing the loading rate which can be appllied as
fast as 50 Ib./sec.,, It |Is possible to examine the
slgnificance of creep effect on the contact law. The
starting polnt and final point of a loadling-unloading cycle,
whlch raprasent respectively the Instants of contact and
separation of the Indenter and the specimen, can be easlly
determined from the curve. Thus, the measurements of
permaﬁent Indentatlions are much more accurate than those

using the dlal gage.

3.1 Specimens and ExperImental Procedure

Two groups of test specimens were prepared from a [0°/
45°/0°/~45°/O°],S graphite/epoxy laminate. They were cut In
the way such that the longltudinal axls of the beam specimen
of the flrst group was parallel to the 0° flber direction
while the second one was perpendlcular to it. The latter
then becomes [90°/45°/90°/-45°/90°],5 laminated beams. The
thickness of the beam was 0.106 1In. and the width was
approximately 1.25 In.. In all tests, the specimens were
clamped at both ends. It was shown In [14] that the span of
the specimen In the range of 2 In. to 6 In. has little
effect on the c¢ontact law., Henhce, only one span, |.e. 2

In., was used In the test.
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The experimental set—up ls shown schematlically in Flgure
3.1, LVDT was mounted on a 'C' bracket fixed to tha loading
plston so that only the relative movement between the
Indenter and the specimen was recorded. The load was
applled pneumaticallt by a plunger and It was measured using
a load cell and a straln indicator. Outputs from LVDT and
straln Indicator were fed Into an X-Y plotter so that a
continuous force—-indentation curve can be obtalned, Two
spherical steel Indenters of dlameters 0.5 In, and 0.75 In.

were usad.

3.2 Experimental Results
3.2.1 Loading Curves

The experimental curves were first digitized into some

discrete data polnts and then fitted Into Equation (3~1)

using least-squares method, Figures 3.2 and 3.3 show the
test data and the fitted curves for 0.5 In. diameter
Indenter, It can be seen from these figures that the 3/2

power Index gives very good results. However, the contact
coefflclent k of [0°/45°/0°/-45°/0°],¢ specimen Is less than
the one of [90°/45°/90°/~45°/90°],¢ specimen by about 7 %.
During the test, larger deflections were observed for the
second group of specimen due to thelr lower Fflexural
rigldity. This means that the contact area Is also larger

and the Indentation under same amount of loading should be
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smaller comparing with the flirst group of specimens,

Consequently, the higher value of k for the [909/45°/90°/-

45°/90°] 5 specimens Is reasonable,

The results for 0.75 In., dlameter Indenter are presanted
In Figures 3,4 and 3,5. Agaln, good agreement between the
exparimental data and fltted curves indicates that the 3/2
power Index for loading law Is valld, The values of k for
both Indentzrs are summarlized In Table 3.1, It should be
noted that ths average value of K obtalned from the two
groups of specimens was used Jlater In a finlte element

analysis of impact responses.
3.2.2 Unloadlng Curves

By choosing a sultable value for q, It can ba seen from
Equation (3-5) that once the relation between o, and am |s
established, the unloading rigidity s 1Is then determined.
Tes® results show that the permanent Indentations «, and the
corresponding maximum Indentatlions «, exhiblt a rather

I Thear relatlionship. The equatlion gliven by
ilg = 5, (om =~ @) (3-8)

Is obtalned from the test data for both 0.5 In. and 0.75
In. Indenters using least-squares fltting method, and are
plotted In Figure 3.6. In Equation (3-8), «, can be
considered as a crltical value of Indentation. Once the
amount of Indentation exceeds «,, permanent deformation will

occur.

W
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Table 3.1

Contact coefficlent k of loading law F = ka'®

OMGMMLHM&EH
OF POOR QUALITY

Size of

Indenter(in) 0.5 0.75
Specimen Group 1% Group 2% Group 1* Group 2t
k{(1b/in"8) 1.284x10% |1.376x10% {1.833x10% |1.990x106
Average K 1.330x108 1.912x106°
Ref.[14] 9.694x10°%
* [0°9/45°/0°/-45°/0°]1,,. specimens
¥ [90°/45°/90°/~45°/90°],, specimens

60
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Substiltution of Equation (3-8) and (3-1) Into Equation
(3-5) ylelds

kot 2
s = e If am 2 O (3-9)
[(1 = sp)0m + s,0,19
ko ® 42
s = —— If am < @ (3-10)
Om

These two equations along with Equation (3-4) are then used
to fit the experimental unloading curves In finding the

value of q.

Yang [14] haz shown that q = 2.5 flts the test results
for both 0.25 in. and 0.5 In. indenters qulite well., In
this study, however, the values of 2.2 and 1.8 were fourd to
give the best fitting for Q.5 In. and 0.75 In. Indenters,
respectively using the aforementioned method (Figures 3.7-
3.10), For convenience, q = 2.5 was used for 0.5 In.
Indenter while g = 2.0 was chosen for 3/4 In. indenter.
The results of the curve-fitting are presented in Figures
3.11-3.14. Further discussions on the unloading law will be

given In Section 3.3.

ORIGINAL pagy
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The equation
F o= ky (0 = &g)P (3=11)

suggested by Yang [14] was used to model the reloading
curve, where k, Is called reloading rigidity and p = 3/2 was
found to it the experimental data quite well. It was also
observed that the reloading curve always returns to where
the unloading began, and hence the relocading rigldlity can be

determined by
Ky = F/{otm — @)?72 (3-12)

In other words, the reloading test Is not necessary provided
the unloading sonditlon Is speciflied. Some reloading curves
obtalned following Equations (3-11) and (3-12), and the

experimental data are presented In Figures 3.,15-3.18.

3.3 Discussion

As mentioned before, due to creep the loading rate may
affect the contact law (l.e. the value of k), A series of
tests with different loading rates was performed to examine
this point. The maximum loading rate the test equipment can
apply without exceeding It's capacity s about 50 lb/sec..
It was found that In the range of 5 lb/sec. to 50 1b/sec.,

the values of k showed very little scatter, and the effect
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due to local material nonhomogenelity In the composite may be
even greater than the one due to the loading rate. Howevar,
an apprecliable decrease of the value k was observed when the
loadlng rate was lower than 1 Ib/sec.. In some extreme
cases where loadings were applled as slow as 10 lb/min., the
average value of k for 0.5 in. Indenter was very close to
the one obtalned previcusly by Yang [14] using dial gage to
measure the ‘*Indentation, In this study, the loading rates

for all tests were approximately equal to 10 Ib/sec..

Unlike the exponent n of the loading law for which the
value of 3/2 seems to yleld good agreement with all
experimental data, the exponent q of the unloading law
(Equation 3-3 or 3-4) reveals much wider deviation for
different sizes of Indenter. Value of q = 3/2 corresponding
to an elastic recovery according to the Hertzlian theory was
previously used by Crook [28] in a study of Iimpacts between
metal bodies. The experimental results from [14] and
present study show that the value of g varles from 1.5 to
2.5. Local plastic deformation, anisotropic properties of
composite material and unloading rate are all possible
causes for this deviation. Obviously, an analytical study
to determine the value of q as function of aforementioned
factors 1is Impracticable. Since the purpese of this study
is to establish a contact law that can be wused Iin the
analysis of impact, the validity of this law must be

verifled from Impact experiment. This will be investigated
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From Equation (3-3) or (3-4), It can be seen that o,
plays an essential role In the unloading law and hence tha
value of It must be estimated accurately. Both of Equation
(3-7) used by Yang [14] and Equation (3-8) wused In this
study for calculating o, were obtained experimentally, In
which a., and «, are considered to be material constants and
were determined using o¢ and «, from test data. However, it
was pointed out in "14] that the values of ay might not be
the true permanent indentations. They were the values which
could make the power ilaw given by Equation (3-4) fit the
total data under the wunloading path. In fact, the load
corresponding to the value of a.,. = 3.16x10"2% |n. obtalned
In [14] s about 200 lb. for 0.5 In. Indenter, which Is
apparently too high. The value of «, = 6.564x10"% In,
obtalned In this study, which corresponds to about 20 Ib of
loading, seems more reasonable as a critlical value In
Indentation, For comparfson, the relations between
unloading rigidity s and maximum indentation o, using

Equation (3-7) with a., = 3.16x10"% In. and Equation (3-8)

"with @, = 6.564x10"% in., respectively, are plotted In

Figure 3.19. It Is Interesting to see that these two
equations give almost the same values of s up to om = 4x10°°
in. which Is approximately the maximum indentation before
failure could occur to the specimen. The advantage of using

Equation (3-7) for the formulation of thz unloading law Is
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that the value of s Is constant for any an, once the the
Indentation passes o.., and only one unloading test Is
necessary to determine «.,. provided the load Is high enough
to produce permanent Indentations. The use of Equation (3~
9) needs performing many tests to obtaln a proper relation
between o, and &, according to Equatlion (3-8). However, It
should be noted that Equation (3-7) Is valid only If q = 5/2
is used In the unloading equation (3-4), while Equatlion (3-

8) has no such restrictlon,
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CHAPTER 4
IMPACT EXPERIMENTS

High velocity Impacts usually result In very small
contact time and the material under Impact loadlings may
behave differently from static contact due to the stralin
rate effect. The statically determined contact 1 aws
presented In the previous chapter thus must be verified
experimentaliy before it can be applled to the Impact
analysls. Wang [15] has conducted many Iimpact experiments
on lamlnated composite beams and plates using spheiical
stee] balls as Impacters. The straln response histories at
various points on the specimens were recorded and compared
with the finite glement analysis with which the contact laws
obtalned by Yang [14] was Incorporated. The results showed
that the test data agreed with the predictions using the
statical Indentation laws quite well. In this chapter, an
attempt waé made to measure the contact force directly so
that the applicability of statical contact laws In Impact

analysis can be further evaluated.
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4.1 Experimental Procedure
A6 in, by 4 In. lamlnated plate cut from a [0°/45°/0°/~
45°/0°],5 graphlite/epoxy panel was used as the Impact
target. The 0°~directlon was arranged to parallel the long
slde of the plate. Seven straln gages (Micro Measurement
Company TYPE EA-13-062 AQ 350) were placed at different
locations as shown In Flgure 4.1 to record the dynamic
straln histories, One of the gages was placed on the
surface dlirectly opposite to the impact point to trigger the

oscllloscope. This plate was hung with two strings at two

corners to achlsve the fres boundary condition.

The projJectile was made of an Impact-force transducer
with a spherical steel cap of 0.75 Inch In diameter glued on
the Impact side and a steel rod of 5/8 inch In dlameter
glued on the other side as shown In Figure 4.2. It was then
attached to a thin rod to form a pendulum which couid
produce Impact velocitles up to 150In/sec. The total mass

of the projectile Is 0.000181 lb-sec?/In .

The schematic diagram for this Impact experImental set-up
Is shown 1In Figure 4.3. Signals from gages and transducer
were amplified by a 3A9 Textronix ampliflier and dispiayed on

the screen of an oscilloscope.
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(a) Impact-Force Transducer (b) Projectile

Figure 4.2 Graphical illustration of Impact projectile



83

3oedw) sy3z Jod

dn-39s |23jusw|Jadxs
wedbe|p [Boljewsyds £y 24nbi g

Fol

by

[

3248N0S

JOV9
NIVHLS \Zmﬁ_um&m

IN3HHND
LNVLSNO2

OF POOR QUALITY

ORIGINAL prp

3d402SOTHISO

m...:._.owﬂomm/

AH3ILLVE




84

- ORIGINAL pree o
4.2 Callbration of Impact~Force Transducer oba 40
‘ P OF POOR QUALITY

The  Impact~force transducer used was Modal 200A05
marketed by PCB Plezotronics Inc, Some  of It's
specifications are shown In Table 4.1 [30], The structure
of thls transducer contalns two thin quartz disks operating
In a thickness compression mode and sandwlched between
hardened steel cyllindrical members. A bullt-in amplifier
can reduce the high Impedance of the voltage from the quartz
element and provides an output voltage which can be read out
on oscllloscope, recorder, etc,, The impact force Is then

computed using the equation,
Foa VF/CF (4-1)

where Vi Is the output voltage and c¢ Is the sensitivity of
the transducer. Slince the value of ¢ In Table 4.1 was
obtalned under quasi~static conditlon [30], 1t must be
verifled under Impact condition flirst so that later the

results from Impact experiment can be correctly Interpreted.

A circular cylindrical steel rod of 2 Inch In dlameter
and 1.19 Inch long hung on strings was used as the Impact
target to callibrate the transducer. The acceleration of the
rod was measured by using a Model 3C2A accelerometer which
was mounted on the end of the rod opposite to the Impacted
end as shown In Figure 4.4. The total welght of the target
s 1.105 1b. '
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Specifications for Model 200A05 Impact-Force Transducer

Range, Compression
(5V output)

Maximum Compression

Resolutlion (200 uV p-p nolse)

Stiffness
Sensitivity

Resonant Frequency
(no 1oad)

Rise Time

Discharge Time Constant
(T.C.)

Low-Frequency (-5%)
Linearity,B.F.S.L,

Output Impedance
Exclitation (thru C.C.dlode)
Temperature Coefficlent
Temperature Range

Shock (no load)

b,
Ib.
1b.
Tb/uin
mV/1b

usec

sec

Hz

%

ohms
VDC/mA
%/°F
oF

g

5,000
10,000
0.2
100
1.0

70,000
10

&,000

0.00023

1

100

+18 to 24/2 to 20
0.03

-100 to +250
10,000
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Using Equatlion (4-1) and

a=V.,/c, (4-2)

F = ma (4-3)
we obtaln

cp = (ca/m)(Ve/V,) (4-4)

whera V, and ¢, are the output voltage and the sensitivity
of the accelerometer, respectlively, a Is accsleration of the

target, and m Is the mass of the target.

When Impacting a metal projectile on a metal target with
no pad on the Impact surface, a high frequency ringing can
be seen at the output of the tiransducer. In order to obtaln
smooth output curves, a soft pad was placed on the Impact
reglon of the target to ellminate the high frequency
ringing. The cause of this ringing phenomenon will be
discussed later. Typlcal output voltages of transducer and
accelerometer read from the «scilloscope are shown In Figure
4.5, Values of V. were plotted vs the corresponding valuss
of V, taken from these two curves at several discrete polnts
In time and then fitted into a straight line as shown in
Flgure 4.6. The slope of this line represents the ratio of
Ve/V, which 1Is then substituted In Equation (4-4) to

calculate the sensitivity cg.
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Figure 4,5 Typlecal output voltages from transducer and
accelarometer

180.0
100.0 =
50.0
.0 ‘ ] . ] | A ]
Q. 800. 1000. 1500. 2000. 2500. 3000.
Va (mV)

Figure 4.6 Relation between Ve and V,
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Assuming the sensitivity of the accelerometer c¢, Is
correct, and using Equation (4-4) and the test data, the
average value of c¢p calculated was 0.494 mV/lb.. A
comparison with the value of |.0 mV/1b from Table 4.1 shows
that the test result has more than 50% error, Hewever,
since the quartz elements are located at the center of the
prolectile while the Impact force Is applled at the end, we
were not certaln that the force hilstory picked up by the
quartz elements did represent the real history of the Impact
force. The following simple analysis was performed to

exanine this uncertainty.

Consider a 1 In. long steel rod with frese-free boundary

conditions. For a impulse loading glven by
F(t) = Fo EXP[~-(t=7)2/4b?)] (4-5)

at one end, the force history at the midpoint of the rod,
Fm(t), was computed and plotted In Figure 4,7 together with
the applied force history. It should be noted that the
values of Fg = 1000 lb.,, 7 = 200x10~°® sec. and b = 40x10-°8
sec., were chosen in Equation (4~5) so that the appllied
force hlstory 1Is similar to the experimental loading
histroy. From Figure 4.7, it can be seen that F,h(t) Is only
about half of the applied force F(t). The average ratio of
Fm(t)/F(t) was obtained to be 0.498, which Is very close to
the value of cp obtained previously. The accelerations at

the two ends and the midpoint of tho rod were also
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1200.

o i) g
F(t) ‘m
(Eq.4-8)

1000, -

800.

600. |

400. |-

200.

0. ] 1 [ |
.0 100.0 . 200.0 300.0 400.0
TIME(,u.SEC. )

Flgura 4.7 Assumed exponential impulsive loading and the
response hlistory at the midpoint of the rod
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calculated and plotted In Figure 4.8, It shows that the
magnltudes of acceleration at any position of the rod have
virtually no difference, This Indicates that the
accelerometer did measure the real acceleration of the
target while the Impact—-force transducer only plcked up the
force history at the point of It's own position. In other
words, the wave motion In the projJectile can not be

neglected, hence It must be treated as an elastic body,

Repeating the previous analysis by changing the Impulse
loading of Equation (4-5) to

F(t) = Fosin(mt/b) (4~6)

and letting Fo = 1000 1b, and b = 400x10-% sec., we obtaln
the force history at the midpoint of the rod as shown in
Flgure 4,9, Comparing Figure 4.9 with Figure 4.8, It Is
clear that the Initlal slope of the Impulse forcing function
would affect the amplitude of ringing. The steeper the
Inftial slope Is, the higher the ampllitude of ringing will
be. When Impacting the steel projectile on graphlte/epoxy

surface, thls ringlng phenomenon was also observed.
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.4000

3000 -

.2000

.1000

.0000 ' AR
300.0 400.0

Figure 4.8 Acceleratlions of rod for assumed exponent!al

impulsive loading
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1200.
ol in ]
FUY—~ 'm
(Eq,4-6)
1000 . =™
800, P~
F(t)
600.
Fm “) VAT
l*OO L]
200.

| ] I

.0 100.0 200.0 300.0 466.0
TIME(,SEC. )

-

Figure 4.9 Assumed sine~funct!on Impulsive loading and
the response history at the midpolnt: of the
rod
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4,3,1 Plate Finlte Element

A 9-node [soparametric plate finite element (see Fligure
4,10) developed by Yang [31] based upon the lamlinate theery
of Whitney and Fagano {18] was used to model the dynamle
motion of the laminated plate. At each node there are flve
degrees of freedom. Among them, u?, v°® and w are
displacement components of mid-plane In the x-,y- and z-
direction, respectively, and ¢, and ¢, are rotatlons of the
cross-sectlons perpendicular to the x- and y-axis,
respectively. For symmetrlic lamlnates, the flexural
deformation |s uncoupled from the In-plane extenslonal and
shear deformatlons, and hence, the degrees of freedom
corresponding to u® and v°® can be neglected In the

transverse Impact problem,

The Isoparametrie plate finlte element Is developed using

the following shape functions;
For corner nodes:

S =(1/4) (1+£0) (1400) (£otno=1)+(1/4) (1-£2) (1-1?)  (4-7)
For nodes at ¢§ = 0 and n = %1:

S =(1/2)(1-42) (ng¢tn?) (4-8)

For nodes at & = 1 and n = 0;
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- 2 ({=p2 L PAGE 13 -
S =(1/2) (§o+£2) (1-n2) Qy;u;‘ggR QUN—‘W (4-9)

For the center node!

S =(1/2)(1~¢2) (1-n2) (4-10)

In the above shape functions, & and 7» are normallzed

local coordinates, and

o = £&, e ™= NN, (4-11)

where &, and n, are the natural coordinates of node |

(Figure 4.10),

Using the shape functions, the plate displacements w, ¢,

and ¢, are approximated by

N 9
R CHCRY
by

(4-12)

where {q,}, Is the nodal displacement vector at node | and

3x3
[s], = s,[1] (4-13)

The stiffness and mass matrices are obtained by numerical

Integration using Gauss quadrature. Following standard

finite element procedures, the system stiffness matrix [K,]

and mass matrix [M,] are assembled from the element

matrices, The equatlions of motion are expressed In matrix
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M,118,) + [Kpd{gp) = {Pp} (4-14)
where

{P,}T = {0,+++,F,+++,,0} (4-15)

Is the force vector In which F Is the contact force
assoclated wlth the degree of freedom corresponding to the
w-displacement at the Impact point. The subscript p In
Equations (4-12) through (4-15) denotes those are quantitles

corresponding to laminated plate.

4.3.2 Modeling of Projectlile

In Sectlon 4.2 we showed that In order to Interpret the
experimental transducer response, It Is necessary to treat
the projJectile as an elastic body. A higher order rod
finite element developed by Yang and Sun [32] was used to
model the projectile. This element has two degrees of
freedom at each node, namely the axial displacement u and
it's first derlivative 8u/dx. It has been shown that this
higher order element. Is far more superlior than the elements
with less degrees of freedom In the analysis of dynamic

problems. The displacement function is taken as

u = a; + azx + agx2 + a4>(8 (4"‘16)
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where a, are constant coefficlents. Solving thess
coefflicients In terms of the nodal degrees of freedom and

substituting Into Equation (4-16), we obtain
u= {N}T{q.}, (4-17)
where
{artaT = {(u),, (Bu/ox), (W, (Bu/dx),} (4~18)

Is the vector of element nodal degrees of freedom, and

{N}T = {f (%), Fa(x), Fa(x), Fa(x)} (4-19)
in which

Fo(x) = (1 = x/L)2(1 + 2x/L)

fa(x) = x(1 - x/L)?

Fa(x) = x2/L2(3 - 2x/L)

Falx) = x2/LI{x/L - 1)

are shape functicns. The subscript r In Equation (4-17)

denotes quantitlies corresponding to the rod.

Using variational principle, the equations of motion for

one element are obtalned as
[m.1{q,}s + [k.1{qr}e = {prla (4-20)

where {p.}. Is the vector of the generalized forces
assoclated with the nodal degrees of freedom {q.},, [m.] Is

the element mass matrix whose entries are given by

ORIGINAL L4via 1
OF POOR QUALITY
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(M), = pAf:f.dex 1,j =1,2,3,4 (4-21)

and [k.] Is the element s%iffness matrix whose entries are

glven by «

L (k) = EAf:F,'fJ'dx 1,] =1.2,3,4 (4-22)

In Equations (4-21) and (4-22), p, E and A are mass densl!ty,
Young's modulus and cross—sectional area of the projectile,
respectively, and L Is the length of the element. The

explicit forms of [k.] and [m.] are given by

[ 36 3L -36 3L |

EA | 3L 4L2 -3L -L?
[kp] = — (4-23)
30L. |-36 ~3L 36 —-3L

| 3L -L2 -3l 4L2]
and

[ 156 22l 54 -13L]

pAL | 2oL 4L2 13L -3L?
420 54 13L 156 -22L

[-13L -3L2 ~22L 4L2]

Following the usual manner, the system stiffness and mass
matrices are assembled from the element stiffness and mass
matrices, and the system equations of motion are expressed

as
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M. 1{4.} + [K.1{q.} = {P,} ALITY o)

"jwhare,'
{?,}T = {F,0,::+,0} (4-26)

In which F is the contact force applied at the Impacting end

of thé'projectile.

4.4, Results and Discusslion

The 6 In. by 4 In. graphlite/epoxy laminate was modelud
by'14b (14 x 10 mesh) plate elements while the projectile
was modeled by 20 rod elements (see Figure 4.11). The twn
sets of equations (4-14) and (4-25) along with the contact
laws glven by Equations (3-1), (3-3) and (3-11) were solved
simultaneously. The finlite difference method with At = 0.2
Lsec, was used to Integrate the time variable. A coarser
finite element mesh for plate was used and It was found that
the present mesh ylelded converged solutions. A 3-
Dimensional analysis using 112 axisymmetric finite elements
to model the projectile was also performed, and the results
showed the the response at the midpolint of the projectile to
have no significant difference comparing with the one

obtalned by using rod elements.

An Impact veloclty of 115 In/sec was wused in the
exper iment. Figures 4.12-4.17 show the straln response

histories at the six locations picked up by the strain
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gages., The results obtalned using the finite element
methods and the contact laws are also shown In these
figures. It Is evident that the finite element solutions

agree with the experimental data very well.

In Figure 4.18, the experimental transducer responses and
the computed transducer responses using finlte elemant are
plotted agalinst time as curve I and curve I, respectlively,
The computed contact force history Is also plotted as curve
ITi, 1t can be seen that the magnlitudes of curve I and
curve 11 agree falrly well. The frequencies of ringlng for
these two curves, however, are qulte different. For the
finite element resuits, the time interval betwsen two
consecutive peaks of ringing Is approximately equal to the
time that the longltudinal stress wave heeded to travel the
distance between two ends of the projectile. This Indlicates
that the ringing Is simply caused by the transient wave

travelling back and forth In the projectile.

From Figure 4,18 we can see that curve I has exact 9
peaks in 180 microseconds, and the time interval between two
consecutive peaks Is about 20 microseconds. It Is noted
that this transducer has a rise time of 10 microseconds (see
Table 4.1), which Is the time It needs to reach the maximum
response. Any Input signal with period smaller than twice
of this value will be smoothed out by the transducer, and
the output signal may appear to have lower frequency. In

other words, the period of the output signal will be at

T
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least 20 mlcroseconds. This might explaln the lower
frequency of ringling In the output voltage from the

transducer,

The total duration of contact for this Impact test Is
about 800 microseconds, and multiple contact Is also
observed from the test data, Flgure 4,19 shows the
experimental transducer responses and the computed
transducer responses up to 800 microseconds. Although these
two results do not matched very well after the end of the
first contact, It Is evident that the finlte element
analysls does predict the muitiple contact phenomenon, and
the calculated total duretion of contact Is also

approximately the same as the test result,

Figure 4.20 presents a number of deformed configurations
of the laminated plate after Impact. It Is seen that at the
point of Impact, there Is a strong discontinuity In slope of
the transverse displacement Indicating the presence of a

significant transverse shear deformation,
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TIME = &LSEC.

Figure 4,20 Deformed configurations of laminated plate
after Impact
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CHAPTER &
SUMMARY AND CONCLUSION

The laminate theory developed by Whitnhey and Pagano was
employed for studles of harmonic wave and propagation of
wave front In a [0°/45°/0°/-45°/0°],5 graphlte/epoxy
laminate, The dispersion properties of flexural waves were
invest|gated, The wave front surface was constructed using
ray theory. It was shown that due to the anisotropic
propertlies of composlte lamlinate, the transient wave would
propagate with different velocities In dilfferent directions.
The growth and decay of the wave front strength were also

dlscussed.

The contact laws between 0.5 Inch and 0.75 Inch spherical
stee) Indenters and the graphlte/epoxy lamlnate were
determlned experimentally by means of a statlcal Indentatlon
test, Loading, unloading and reloadlng curves were fltted
Into power equations. Llnear relatlion was found between the
permanent indentation and the maximum Indentation at
unloading, which Is seen to be Independent of the slze of
Indenters., This relation was then used to determine the
coaffliclaent of the unloading law. It was demonstrated that
there was no nheed to perform reloading experiments once the

loading and unloading laws were establlshed. Test results
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showed loadling and reloading curves followed the power laws
with power Indices of 1.5 very well, while the power Indices

for unloading curves varied from 1.5 to 2.5,

The statlically determined contact laws were Incorporated
Into an existing 9-node Isoparametric plate finite element
program to study the dynamlc response of a graphlte/epoxy
laminated plate subjected to Impact of a hard object. An
Impact experiment was conducted to verlify the valldity of
statical contact laws In the dynamical Impact analys!s. It
was shown that the straln responses predicted using the
finlte element method agreed with the test results very
well. The contact force history of the Impact test was
measured by an Impact—force transducer, which was also seen
to match the flinlte element result In magnitude as well as

contact duration.

The Indentation tests have been used ever since the
beginning of the century to determine the static and dynamic
hardnesses of metals In'terms of the applied loading, the
size of the indenter, and the chordal diameter of the
permanent Indentation  [33]. If similar systematic
Indentation tests are performed on the laminated composite
materlals, then the relations between contact coefficlents
and the sizes of the Indenters could be determined more
rigorously, and the usefulness of the contact laws could be

Ffurther extended.
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As the verification of the contact laws has been |imlted
to low veloclty Impacts in thls study, thelr accuracy under
high velocity impact conditions Is not clear. Beslides the
contact behavior which may be significantly different from
the static one, the damage Induced by waves could be qulte
extensive which needs to be included In the analysis. While
the present study tried to establlish experimentally contact
laws which can be used In the analysis of low wviloclity
Impact, the damage of laminate due to Imhact loading has not
been discussed, It Is apparent that more work needs to be
done so that the fallure mechanism in laminated composlites
due to Impact can be better understood. Stress waves
propagating In thickness direction, which may be responsible
for the delamination of laminates, |s one of the Important
subjJects that should be Investigated, Strength and fatlgue
|1fe degradations of laminates after Impact, which have been
examined briefly by Wang [15], also need more extensl!ve

study.
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APPENDIX
COMPUTER PROGRAM AND USER INSTRUCTIONS

The computer program used in thls research was written
following the program by Professor R, L. Taylor [34] with
some necessary modification In order to solve the Impact
problems of lamlinated plates. A brief instruction of the
input data for solving the Iimpact problem specified In
Chapter 4 of this report Is given in this apppendix. The
detalled descriptions of data Input as well as the macro
instructions for solving various types of problems can be
found 1n [34]. The listing of Input is shown at the end of
this appendix, followed by the listing of prograni.

I. Title and control information:
1. Title card-Format (20A4)

Columns Rescription

1-4 Must contain FECM
5-80  Alphanumeric information to be printed with
output as page header.
2. Control information card-Format(6I15)

Columnhs Description

1-5 Number of nodes (NUMNP)
6-10 Number of elements (NUMEL)
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16-20 Spatlial dimension (NDM)
21-25  Number of unknowns per node (NDF)

26-30 Number of nodes per element (NEN)
IT. Mesh and Initial informatlion:

The Input of each segment In this part of data Iis
controlled by the alphanumeric value of macros, which must
be followed Immediately by the appropriate data. Except for
the END card which must be the last card of this part, the
data segemnts can be In any order. Each segment Is
terminated with blank card(s). The meaning of each macro Is
gliven by the following:

Macro Data to be Input

COOR Coordinate data

ELEM Element data

BOUN Boundary conditlon data

MATE Material data

ROD Inttial condition of the projectile

EXPE Experimental indentation laws data

END Must be the last card of this part, terminates

mesh and Inftial Information input.

1. Coordinate data-Format(215,2F10.0)

Columns Description

1-5 Nodal number

6-10 Generation Increment

7
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21~30 Y-coordinate

Element data-Format(1115)

Columns Description

1-5 Element number
6-10 Node 1 number
11-15  Node 2 number
etc.
46-50 Node 9 number

51-55 Generatlion increment

. Boundary condlitlen data-Format(715)

Columns Description

1-5 Node number

6-10 Generatlon [ncrement
11-15 DOF 1 boundary code
16-20 DOF Z boundary code
21-25 DOF 3 boundary code
26-30 DOF 4 boundary code
31-35 DOF 5 boundary code

Initial condlition of the projectile-Format(2I5,F10.0)

Columns Description

1-5 The node at which the projectile hits
6-10 DOF corresponding to the direction of impact

11-20 Initial impact velocity
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5. Experimental Indentation laws data-Format(4F10,0)

Columns Description

1-=10
11-20
21-30
31--40

Contact coefficlient K
Critical indentation o,
Constant s, of Equation 3-9

Power Index q of the unloading law

6. Materlial data
Card 1-format(315,F10,0)

Columns Description

1-5

6-10

11-15

16-25

Order of Gauss quadrature for the numerical
integratlion of ths bending energy
Order of Gauss quadrature for the numerlical
integration of the transverse shear energy
Order of Gauss guadrature for straln outputs
at Gauss polnts 1f >0
at nodal polints if <0

Total thickness of the laminate

Card 2-Format(7F10.0)

Columns Descriptlion

1-10
11-20
21-30
31-40
41-50
11-20
11-20

Mass density

Polsson's ratio vy,
Longltudinal Young's modulus E;
Transverse Young's modulus E,
Shear modulus Gy,

Shear modulus G,

Shear modulus Gyg

x

[ S 3
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Card 3,4,+++ Format(15,F5.0,F10.0)
Columns Descriptlion ORIGINAL PAGE [}
1-5  Layer number OF POOR QUALITY

6-10 Flber angle
11-20 Thickness of the layer

IIl. Macro Instructions:

The first Instruction must be a card wlth MACR In columns
1 to 4. The macro Instructions needed to solve the probiem
specified In Chepter 4 of this report are shown in the

listing of Input. Cards must be Input In the precise order,

The following Is the explanation of sach macro
Columns Columns Columns
1-4 5-10 11-15  Descrliption
LMAS Lumped mass formulatlion
DT v Set time Increment to value V
L.OOP N Execute N times the instructions

between this macro and macro NEXT

TIME Advance time by DT value

RODP N Integration of the equations of
motion using the finite difference
mathod. Contact force, Indentation
and element straln will be stored
stored every N steps In loop

DISP N Nodal displacements will be stored
every N steps In loop

NEXT End of loop Iinstructions
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END End of macro program Instructions
IV, Termination of program execution

A card with STOP In columns 1 to 4 must be supplied at
the end of the Input data In order to properly termlinate tho

executlon.

The values of contact force, Indentatlion, element straln,
nodal displacement and the response of the projJectile at
each requested output time step are storad In program fllos
which can be saved (say, copy to a magnetic tape) at the end

A o o

filss, 1.s.; taps3, taped and

o
H

i

of execution, Three progr
v

tape9 are used for data saving:

Tape3: Nodal displacement ~ Format(6812.4)
Nodal displacements, from node 1 to node NUMNP, are saved
on tape3 at each requested output time step according to the

format.

Tape8: Element straln -~ Format(216,5E12,4)

Element strains, from element 1 to element NUMEL, and
then from node 1 to node NEN of each element, are saved on
on tape8 at each requested output time step.

Coiumns Data saved

-6 Element number

7-12  Node number of clement
13-24 Bendling strain ry
25-36 Bending strain «,
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87-48 Bendlng straln Kyy
49-60  Transverse shearing straln 7.,

49-60  Transverse shearling straln vy,

Tape9: Contact force, Indentatlion and the rdsponse of the
projectile - Format(6E12.4)
The following Information Is saved on tape9 at each
requested output time step:

Columns Data saved

1-12  Contact force
13-24 Indentation
25-36  'Transducer' responss (sss Chaptsr 4)
37-48 Displacement of the projectile at the Impacted end
37-48 Velocity of the projectile at the Impacted end

37-48 Acceleration of the projectlle at the Impacted end
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A
|
LISTING ‘OF INPUT DATA 'u
FECM ##LON VELOCITY IMPACT OF LAMINATED PLATEwH |
609 140 20 2 § 9
COOR
11 0,0  0,0000 ”
23 1 4,5  0,0000 "
29 0 6.0  0,0000
3 1 0,0  0,2500 .
58 1 4,5  0,8500 !
58 0 6.0  0,2500
59 1 0.0  0,5000
65 1 1.5  0.5000 -
8l 1 4.5  0,5000
8 0 6.0  0,5000 i
83 1 0,0  0,6875
894 1 1.5  0.6875
1 1 4,5  0,B875 )
116 0 6.0  0,6875 R
17 1 0,0  0.8750
123 i 1.5  0.8750
139 1 4.5  0,8750 -
145 0 6.0  0,8750 |
158 1 1.5  1,0835
68 1 4.5  1.0685 -
174 0 6.0  1,0625 "
175 1 0.0  1.2500 J
[T: 1.5  1.8500
197 1 4,5  1.8500
203 0 6.0  1.2500 ;
204 1 0.0  1.4375 i
210 1 1.5  1,4375 i
226 |1 4.5  1,4375
2832 0 6.0  1.4375 .
233 | 0.0  1,6250
239 | 1.5  1.6250
255 1 4,5  1,6250
261 0 8.0  1.5250
262 | 0.0  1,8185 7
288 1 1.5  1.8185 Iy
284 1 4,5  1.8125 d
290 0 6.0  1.8135
2g) | 0,0  2.0000 o
297 | 1.5  2,0000 i
313 1 4.5  2.0000 i
318 0 6.0  2.0000
320 | 0.0 2.1875
326 1 1.5  2.1875 =
342 1 4.5  2.1875 s
348 ¢ 6.0  2.1875 wl
349 | 0.0  2,3750
355 1 1.5  2.3750 -
37 0 B.0  2.3750 Ui
378 |1 0,0  2.5825
384 1 1.5  2.5825
400 1 4,5  2.5625 it
408 0 6.0  2.5625 i
407 1 0.0  2.7500 B
413 1 1.5  2.7500
429 4.5  2,7500 .
435 0 6.0  £.7500 7
436 1 0.0  2.9375 il
442 1 1.5  2a,9375

[T
TP
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458 1
464 0
465 1
471 1
487 i
493 0
494 1
500 1
516 1
Sea 0
523 1
529 1
545 1
551 0
552 1
558 1
574 1
580 0
581 1
587 1
603 1
609 0
ELEM
1 1
15 58
29 117
43 175
57 233
7l 291
85 348
99 407
113 465
127 523
BOUN
1 1
608 ]
ROD
305 3
EXPE
1912000.
MATE
3 3
0.000148
1 0.
2 45,
3 0.
4 ~43.
5 0.
& 0.
7 45,
8 0.
9 —-45.
10 0.
i1 0.
12 -45.
13 0.
14 45,
15 G,
6 O,
17 -485.
18 0.
19 45,
20 0.
END

®» ® 8 ® o ® e v ® & & & » e e &
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Bl 118
119 1vv
177 235
235 283
293 351
351 408
408 467
467 525
525 583

11G.0

0.0006564

~3

0.0053
0.0053
0.0053
0.0053
0.0053
0,0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0052
0.0053
0.0053
0.0053
0.0053
0.00%3
0.0053
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0.084

32

80
148
206
264
322
380
438
436
954

60
118
176
234
292
350
408
466
924
a82

2.0

1086
0.3 17500000. 1150000.

30

88
146
204
262
320
378
436
494
552

31

89
147
205
263
321
379
437
495
953

800000.

RV RY

800000.

800000.
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MACR
LMAS

L.0OP
TIME
RODP
DISP
NEXT
END

STOP

«2E-86
1

.
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LISTING OF PROGRAM

Cn*«*

899

100

101

110

1

200 CALL PMACR(GC(NPAR(1))» G(NPAR(2))» MCNPAR(3) )5 GINPAR(4) ),
M(NPAR(S) ) » MCNPAR(B) ) » G(NPAR(7) ) » G(NPAR(E) ) » MINPAR(S) )y

1
2

1000
1004
2000

NOUID WU

ORIGINAL PAQE r
OF POOR QUALITY

PRUGRHN MAINCINPUT, DUTPUTy TAPES=INPUTs TAPEG=0UTPUT, TAPER) TAPES,

TAPES, TAPES)

MAIN PROGRAM
LOGICAL PCOMP
COMMON #PRSIZE/ MAX
COMMON ~CTDATAZ O, HEAD(20) » NUMNP» NUMEL » LAYER» NEGs IPR
COMMON ~#LABELS/ PDIS(B),A(B), BC(2)» DI(E),CD(3),FD(3)
COMMON ~LODATAZ NDF» NDMy NEN» NST» NKM
COMMON /PARATS/ NPAR(14), NEND
DIMENSION TITL(20),WD(3)
COMMON G¢33000)
DIMENSION M(39000)
EQUIVALENCE (G(1)»M(1))
MAX=339000
WD(1)=4HFECN
WD(2)=4HMACR
HWD(3)=4HSTOP
READ(S, 1000) TITL
IF(PCOMPCTITLCL),WD(1))) GO TO 100
IF(PCOMPCTITL(L)»HD(R2))) GO TO 200
IF(PCOMPC(TITL(L),WD(3))) STOP
GO TQ 989
DO 10l I=1,20
HEADCI)=TITLC(I)
READ(S, 1001) NUMNP, NUMEL» LAYER» NDMs NDF» NEN
HWRITE(E,»2000) HEADy NUMNPs NUMEL s LAYER» NDM» NDFs NEN
PDIS(2)=ACNDM)
NST=NEN*NDF
DO 110 I=1,14
NPAR(I)=1
NPAR(1)=1
NPAR(2)=NPAR(1)+3%*NST#IPR
NPAR(3)=NPAR(2) +NDM*NEN#*IPR
NPAR(4)=NPAR(3)+NST
NPAR(S5)=NPAR(4)+NST#IPR
NPAR(B)=NPAR(5)+NEN*NUMEL
NPAR(7)=NPAR (B +NDF *NUMNP
NPAR (B)=NPAR(7)+NDM#NUMNP*IPR
NPAR(9)=NPAR (8) +NDF *NUMNP*IPR
NPAR(10)=NPAR () +NDF#NUMNP
CALL SETMEM(NPAR(S))
CALL PZEROCG(1),NPAR(D))

CALL PMESHCM(NPAR(3) ) L(NPAR(2) ), M(NPAR(S) )» M(NPAR(E) )y

GINPARCT) ) » G(NPAR(B) ) » MCNPARCS) ) » NDF y NOM» NEN» NKM)
NPAR(10)=NPAR(I)+NEQ
NPARCL1)=NPAR( 10)+NDF#NUMNP#*IPR
NEND=NPARC11)+NEQ@s#IPR
NE=NEND
CALL SETMEM(NE)
CALL PZEROC(G(NPAR(10))»NE-NPARC(10))
GO TO 999

G(NPARC103),GINPARC11) ), G(NE)» NDF» NDMy NEN» NST)

CALL PZERO(G, MAX)

GO TO 999

FORMAT(20A4)

FORMAT(1615)

FORMATCLH1, 20R4//
S CONTROL INFORMATIONS#A/
10X, 35HNUMBER OF NOBDAL POINTS =, 167
10X 3SHNUMBER OF ELEMENTS =5 I6/
10X, 35HNUMBER OF MATERIAL LAYERS =y 16/
10X, 35HDIMENSION OF COORDINATE SPACE =y 16/
10X, 35HDEGREES OF FREEDOM FOR EACH NODE =,I&/

ENDIOX,SSHHODES PER ELEMENT (MAXIMUM) = IC

129

MAIN
MAIN

MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MALN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
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Catsnit

C!IOO

100

110

210
220
230
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BLOCK DATA
BLOCK DATA )
COMMON #CTDATA7 Oy HEAD(20)» NUMNP» NUMEL» LAYERy NEQ» IPR
COMMON ~LABELSZ PDIS(8)»A(B)» BC(2)sDI(B)»CD(3)HFD(3)
DATA 0/1HL/y IPR/1/
DATA PDIS/ 4H(I10»2Hs »4HF13.54H4s »4HBEL3:4H.4) /
DATA Q/LHvlrEHDE’EH!372H'4vEHrS'EH’S/
DATA BC/4H B.Cr2H. 7
DATA DI/4H BIS»2HPLs4H UEL,2HOCs 4H ACCsRHEL/
DATA CD/4H COO, 4HRDIN, 4HATES/
gﬁgﬂ FD/4H FOR»4HCE/Dy4HISPL/

~
MACRO INSTPUPTIDN ROUTINE

LOGICAL PuiMP

COMMON GC1)

DIMENSION MCL)

EQUIVALENCE ¢GCL)»MC1))

COMMON ~#CTDATA/ D,HEGD(EO).NUMNP,NUMEL,LQYER»NEU.IPR
COMMON ~PROLOD~ PRO

COMMON #TMDATA/ TIVL,BT.DDT»FORCE’HLPHR

COMMON /ISNIDX/

COMMON /PARATS/ NPQR(14J NEND

COMMON ZRODRTAZ UR, I1Q,NDS

DIMENSION UL(l).XL(l).LD(l);P(lJ.IX(l).ID(l) KL FC(L)y
A~  JDIANR(L1)-DR(1);BCL)

DIMENSION HD(SJ.CT(4,18).LUE(S)

DATA UD/4HLOOP» 4HNEXT ) 4HDT  » 4HPROP» 4HLMAS» 4HRODP,

1 4HSTRE» 4HD ISPy 4HCHEC/

DATA NWD-9/, ENDM/4HEND /

INITIALIZATION
DT = 0.0
PROP = 1.0
TIME = 0.0
NNEQ = NDF*NUMNP
NPLD = 0
FORCE= 0.
ALPHA= 0.,
WRITE(E,2001) O,HEAD
LL =1
LMAX = 16

CaLL SETMEM(NEND+LMAX*4#IPR)
CTC(1y1) = WD(L)
CT(3,1) = 1.0
LL = LiL + 1
IF(LL.LT.LMAX) GO TO 110
LMAX = LMAX + 16
CALL SETMEM(NEND+LMAK:#4#IPR)
READ(S, 1000) (CT(JsLL)»J=1s4)
HWRITE(B,2000) (CT(JsLL)sJ=1,4)
IFC.NOT. PCOHP(CT(l»LL)-ENDN)) GO TO 100
CTCL,LL) = WD(R)
NEND = NEND +LMAX#4#IPR
LX LL - 1
230 L=1,L%
3F( +NOT.PCOMPCCT(1.L)»WDC1))3) GO TO 230

K o= L + 1
Do 210 I=K,LL

IFCPCOMPCCT (L, 1) WDCL))) J = J + 1
IF(J .GT. 8) GO TO 401
IF(PCOMPCCT (L, 1) WD) J = J =~ )

IF(J.EQ.0) GO TO 220
GO TO 400

CT(451) = L

CT(4sL) = 1

CONTINUE

SUBROUTINE PMﬂCP(gLoXL 1 LDy Py IX» ID9 Xo Fe JDIAGY DR» By CT» NDF» NDM»

130

BL.OC
BL.OC
BLOC
BLOC
ELOC
BL.OC
BLOC
BLOC
ELOD
ELOC
BLOC
BL.UG

PHAC
PHER
PHAL
MAC
PHAC
PR
PG
PHAL
PHAC
PHMAC
PHAC
FMaeC
PMAC
PMAC
PHAC
PMAC
PMAC
PMAC
PMAC
PHMAC
PMAC
PMAC

PMAC 2

PMAC

PMAC 4
PHAL £

PHAC
PP

PHAE 4:
PHRC Gt

PMAC
PMAC

= fm fn

s

O NI



240

289
300

310
Cﬁ")
1

Clﬂ.l
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J =0

DO 240 L=),LL
IF(PCOMP(CT(1,L)
IF{PCONPCCT (L, L)
IF(J.NE.0) GO
LU =0

Lo}

B0 300 J=lsNHD
IF(PCDNS(GT(l;L)vND(J))) GO TO 310

|
GO TO C1e2v3rhr s Ge 798990
SET LUUP START INDICHTORS
LU= Ly + )
LX = CT¢4,L)
LUECLUY = LY
CT(J;Lx) oo,

GO TO 330
LDUP TERNINHTUR CONTROL

2N = CTdhL

C‘.l'

LT3y L) = CT(S»L) + 1.0
IFCCT(3 L)L GTLCT(3IN)) LY = LU = )
éS($T(3’L) LELCTEN) L =N

SET TIHE)INCRENENT

3 DT = CT¢C

C‘Ilt

ggT; DT*DT
INPUT PROPOPTIONHL LOAD TABLE

4 NPLD = CTC(3.L

Cll.'
5

C.ili

E§O$Da PPDPLD(U.»NPLD)
JFORN LUNPED MASS MATRIX

151

CALL KNLIB

GO TO 330
IHPACT

6 NDS=CT(3,L)

cllll

IF(NDS.EQ.0) NDS=1
CaLL RODIPCT
GO T 330
PRINT STRESS/STRAIN VALUE

7 18W=q

7l
c.-"

LR = LUECLUY)

IF CAMODCCT (3 LX)« AMAXLCCT (34 L) » 1433 3304710330
CALL, FSTREH(UL»XL'LD;PvIKoID:XvF;JDIHG;DR»B»NDFvNDNvNENpNSTvHHEG)

GO TO 330
PRINT DI PLﬂGhNENTS

8 LX o LUE

6l
C'U!l

330

Caeue
«00
404

~Co-n6

IF(ﬂNOU(CT(B»LN) AMAXLCCT (3 L)y 1.2)) 330,814,330

CALL, FRTDISCULY XDy Xe By Fv DR, NDMe NDF)
GO TO 330
CHEC

K
9 NRITE(E,5001) NEND, JDIAG(NER)

RETURN
L=l
IF(L.GT.LL) RETURN
GO TO 299
FRINT ERROR FORMATS
HRITE (G, <0007
RETURM
WRITE(Gy4001)
RETUR
INPUT#UUTPUT FORMATS

1000 FORNATC(AY, IXyAdy 1X 2F5.0)
2000 FORMAT CLOXy Ady L Ady X 2G15.5)

2001 FORMAT(AL,20R4//, 5Ny 1BHMACRD INSTRUCTIONS/~5Xs L5HMACRO STATEMENT

4000 FORMAT (4iXe 4BHS2PHACR ERROR 01 UNBALANCED LOOP HeXT MACROS )
4001 FORNQTCBV-4SH*“PHQCR ERRQE 02wt LOOPS NESTED DEEPER THAN 8)

~

.5N»10HUHP1NBLE 1, 5% LOHUARIABLE 2)

131

PHMAC 5?

PMAC 99
PHRC100
PMACLOL
PMACLOR
PMACL03
PMACL04
PHAC10S
PMACL106
PMACLO?
PMAC108
PMAC109
PMACLLO
PMACLLL
PMACLLR
PMACL13
PMACL L4
PMACLLS
PMACLLE
PMACLL?
PMACLLB
PMACLLS
PHACL20
PMACI2L
PMACIER
PMACLES
PMACL24
FMACL2S
PMACLE6
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5001 FURHHT(IHl-/// #6X%s 32HCHECK MESH DATA AND MEMORY SPACE~/
AEND 0¥ 12H NEND =, 110/710Ky 12HJDIAGCNEQ) =y 110)

C
SUBROUTINE PZERO(U'NN)
Cann ZERO REAL ARRAY
DIMENSION U(NN)
DO 100 N=l,NN
100 UCN) = 0,0
RETURN
END

SUBROUTINE SETMEM(J)
Chaite MONITOR AUAIABLE MEMORY IN BLANK COMMON
EONNSN /PRSIZEZ MAR
=
IF(KLE.MAK) RETURN
WRITE(G) 1000} KeHAX

STOP
1000 FORMAT (5K, 49H##SETNEN ERROR Oiws INSUFFICIENT STORAGE IN_BLANKe
AEHUGH CONMON #/17¥%y LIHREQUIRED =y I8/17¥s LLHAVURILABLE =, IB)

LOGICAL FUNCTION PLOMPCA,B)
Cunan LOGICAL COMPARISCN
IF(A=B) 10,20,10
10 PCOMP = .FALSE.
RETURN
20 PCOMP = .TRUE.
RETURN
END

SUBROUTINE ACTCOLCA» By JDIAG NEQ: AFAC BACKy 189)
Cstatnnp ACTIVE COLUMN PROFILE SYMMETRIC EGQUATION SOLVER
LOGICAL AFAC, BRCKs FLAG
DIMENSION ACL)»BC1),JDIAGCL)
C.... FﬁCTOR ﬂ TO UT“D*U’ REDUCE B
Fkﬂﬁa .FALSE,

DO BOG J=1,NEQ
JD = JDIRGCJ)
JH = JD - JR
1§ = J=Jd+ 2
IF(JH-2) £00,300,100
100 IFC.NOT.AFACY GO TO 500
IE = J -~ 1
K= JrR + 2
ID = JBDIAG(IS-1)
Couns REDUCE ALL EQUATIONS EXCEPT DIAGONAL
DO 200 I=IS, IE
IR = ID
ID = JDIAG(I)
IH = MINOCID=IR-1,I-IS+1)
200 ﬁF(IE «GT. 0) ACKI=ACK)-DOTCACK=IHY» ACTD=IH)» IH)
-3
Coure REDUCE DIGONAL TERM
300 IFC.NOT.AFAC) GO TO 500
IR = JR + |
IE=JdD -1
K= J - Jb
DO 400 I=IR,IE
ID = JDIAGCK+I)
IF(H(ID)) 301,400,301
301 D = ﬁ(
AlL) = ﬁ(I)/ﬂ(ID)
AGID) = AL - DA
400 CONTINUE
IF(ACJD) 1450, 450, 500
450 IF(ISS.NE.0) GO TO 500
IF(FLAG) GO TO 465

132

PHAC1OY
PMACL28
PHACLEY

PZER 2
PEER 1
PeER o
PEER b
P2ER 8
PEER ¥

SETH 1
SETH 2
SETH 3
SETH 4
SETH &
SETH U
SETH ¥
SETH 4
AR
SETH W

FGOIN 1
PCOM @
PCOM 4
PCOM 4
poam &
PCOM G
PCM 7
POl U

ACTE 1
ACTE 2
ACTC 3
ACTC 4
ACTE 5
ACTC 6



460
105
466

C‘.I'
500
600

C.ll.

650
700
C"l.

800

900
1000

c

Catsestir

100
200

Cesen

100

L

ey

100
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WRITE(B,460)

FORMAT(//50H*#ACTCOL ERROR Oi## STIFFNESS MATRIX NOT POSITIVE »

1 8HDEFINITE)

FLAG=. TRUE.

HRITE(Br46G) JsA(JD

FOPQQE(SE? NUNPOSITIUE PIVOT FOR EQUATIGN » 145Xy PHPOVIT =y
REDUCE RHS

BE(BHSK) B(J) = B(J) =~ DOTCACJR+1)yB(IS-1)sJH-1)

IF(FLAG) STOP

IF(.NOT,BACK) RETURN
DIVIDED BY DIARGONAL PIVOTS

DO 700 I=1,NEQ

ID = JDIAG(I)

IFC(ACID)) 650,700,650

B(I) = B(I)/H(ID)

CONTINU
BHEK SUBSTITUTE

JD = JDIAGC(Y)

D = B(DH)

Jo=d -1 ,
IF(J.LE.0) RETURN

JR = JDIAG(J)
IF¢(JD-JR.LE.1) GO TO 1000
IS=Jd~JdD+ JR + 2
K= JR ~ I8 + |

D0 $00 I=IS,J

B(I) = B(I) - AR(I+K)*D
JD = JR

GO TO 800

END

SUBRGUTINE ADDSTF(AsSyPy JDIAG, LD NSTs NEL,FLG)

ASSEMBLE GLOBAL ARRAYS
LOGICAL FLG
DIMENSION ACL)»S(NSTs1)sP(1)sJDIAG(L),LDCL)
DO 200 J=1,NEL
K = LD¢J)
IF(K.EQ.0) GO TO 200
IFCFLEB) GO TO 50
ARI=ACKI+P (D)
GG TU 200

JDIﬂG(K) - K

DU 100 I=1,NEL
M= LD(I)
éF(MLGT ﬁ «OR. M.ER.0) GO TO 100

— ,. "]
A =ACN+S(IsJ)
CONTINUE
CONTINUE
RETURN
END

FUNCTION DOTCA»B» )
VECTOR DOT PRODUCT

DIMENSION ACL)»B(1)

DOT = 0.0

DO 100 I=1,N

DOT = DOT + ACI)#B(I)

RETURN

END

SUBROUTINE PLOADCID,F»BsNNsP)
FORM |.OAD UECTOR IN COMPACT FORM
DIMENSION IDC1)FC13,BC1)
DO 100 N=1,NN
J=IDCN)
IFC(J.GT.0) B(D=F(NI=P

133

ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTC
ACTEC
ACTC
ACTC
ACTC
ACTC
AGTC
ACTC
ACTC
AcTC
ACTC
ACTC
ACTC
ACTC
ACTC

ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS
ADDS

Dnar
Dot
poT
DaT
DoT
nor
nor
DoT

PLOA
PLOA
PLOA
PLOA
PLOA
PL.OA
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RETURN
END

FUNCTION PROPLDCT,J)

Citstsran PROPORTIONAL LOAD TABLE (ONE LOAD CARD ONLY)
COMMON /CTDHTH/ 0» HEADC20) » NUMNP» NUMEL» LAYER» NEQ» IPR
DIMENSION ACS)

IF (J LE. 0) GO TD 200
Conne 1= 1INF‘UT THBLE oF PRDPORTIONHL LOADS

READ(S, 1000) KsLy TMINy TMAXy CACKKK Y » KKKR1,5)
gR%ﬂEﬁB;EOOO) Qs HEADs Lo Ko Lo TMIN» THAXs CACKKKD » KKK, 53

v, BDMPUTh UALUE AT TIME T
200 PROPLD = 0.0

EF(TMk; IMIT).DR. T.GT.THAKY RETURN

EEOEER 2 ACLYFACRIHTHACI) #(SINCACEIRTHACS) ) Ju#l,

T

1000 FORMNAT(RIS, PF10,0)

2000 FURNQT(ﬂlnBOH4//vaESHPROPOPTIUNﬂL LOAD TABLE/7L11H NUMBER
1 434 TYPE EXP. MINIMUM TIME  MOXIMUM TIME» 13X 2HALs 13X

EEHnaHﬂav13X!2Hﬁ3r13312Hﬁ4v13&:2”95/(318'7610'9))

SUBROUTINE PRTDISCULy IDy Xy BsFy Ts» NDMs NDF)
Comien OUTPUT NODAL VUALUES
LOGICAL PCONMP
CONigN  /PROLOD/Z PROF
COMMON ~CTDATA- O, HEAD(20) » NUMNP» NUMEL.» LAYER, NEQ, IPR
COMMON /LABELS/ PDIS(E)sA(B)»BC(2)» DI(E),LD(3)FD(3)
COMMON /THMOATAZ TIME, DT, DDTy FORCE) ALPHA
DIMENSION XCNDM» 1) BCL)oULCE), IDCNDF, L) FCNDFy 1) TCL)
DATA BL/4HBLAN/
DO 102 N=1,NUMNP
IFC(PCOMP(XC(1sN)»BL)Y) GO TO 101
DO 100 I=i,NDF
ULCX) = F(I.N)#PROP
K = IABSCIDCI,ND)
100 IF(K.GT,0) UL(I)=B(K)
- TIN)=ULL3)
101 CONTINUF
102 CONTINUE
HRITE(3,2001) (TC(I)yI=1sNUMNP)

RETURN
2004 FURMHT(SElB 4)

SUBROUTINE FSTREACULy XLs LDy Py IXy IDsXs Fp JDIAG ORs Bs NDF» NDMy NEM»
~ NSTy» NNEQ)

Catstan ELEMENT ROUTINE
COMMON ~CTDATAZ 0, HEAD (20 » NUMNP» NUMEL.» LAYER, NEQ, IPR
COMMON 7ELDATAZ NoNEL»MCT
COMMON ~#ISWIDX/ ISW
COMMON ~PROLOD/ PROP
DIMENSION ULCNDF)y 1) %¥LCNDMy 1), LDCNDFy 1)
1 IDCNDF» L) X(NDMs L 3o FANDF» 105 JDIARGCL)
%E%IEN-EQ.S) CALL PLOADCIN, F» DRy NNEQ, PR
DO 110 N=1,NUMEL
CALL PFORMCULs KL LDy IXs IDy Xs F s By NOF» NDMy NENs ISW)
CALL ELMTOLCUL, XLy IXCLs NI s Py NDF» NDMy NST» ISW)
IFCISH.NE.4) CALL ADDSTF(DRsS»Py JDIAGLDs 1, NEL#NDFy FALSE, >
110 CONTINUE
RETURN
END

SUBROUTINE PFORMCUL s RL» LDs IXs IDs K9 s Us NDF» NDMs NENy ISI)
Conis FORM LOCAL ARRAYS
COMMON ZELDATAZ NeNEL»MCT

1
¢

\-l‘

yPCL)»1T
2 DRCLIy
OP)

FSTR

FSTR
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104
105

106

107

108

Gt

20

Covo

410
420 E

c .

«

L]

L]
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COMMON ~#PROLOD/ PROP

DIMENSION ULCNDF 139 XLCNDMs 1) 9 LDCNDFy 1) 9 IXCNENy 109 IDCNDFs 1)

~  X(NDMy 1) FCNDF £)9 UCL)
DO 108 I=i,NEN

II = IXCIVN)

IFCII «NE. 0) 60 TO 105
Ne 103 J=L.NON

NLCJy 1) = 0,

NO 104 J=1yNDF

ULGy 1) = 0,

LOCGSH I) = 0

GO TO 108

11D = II#NDF = NDF

NEL. =

L= 1
N0 106 J=1,NDM
KLCd I = RO ID)
D0 107 g=1,NDF
K = IABSCIDCL, I1))
UL(Je XD = F(Js IX)*PROP
IF(K.GTL0) ULCJy 1)=UCK)
IF(ISH.EQ.B) K=I1ID+J
LDCJy XY = K
CONT INUE
RETURN
END

SUBROUTINE ELMTOLCULy XLy IXy PrNDF s NDMs NST» ISH)
LINEAR ELASTIC IN-PLANE ~ BENDING ELEMENT ROUTINE
LOGICAL TAN
COMMON #ELDATAZ Ny NEL,MCT
COMMON #MTDATA~ RHO, VU12.EL.ER.012, 613, 623y THK, HIDTH

COMNON /CONPST~ ABDCG,6)»DS(2,2)» GBR(30 3/ 25), GHS(By 2, 25),

~ TH(25), 2K (25)

COMMON ~#DMATIX/ D(10),DB(E,6) s LINT

COMMON ~#TMDATAZ TIME, DT, DDT+ FORCE: ALPHA

COMMON ~GAUSSP/ SG(1B)» TGC1E6)»HG(LIB)

COMMON ~/EXTRASZ TAN

DIMENSION UL(NDF»l) SKLCNDMy 109 IXC1)5 PCL)» SHP(3y 12)y
1 SIGT(3),SIGB{3),SIGS(R)»EPT(3)yEPB(3)+EPS(2)

DO 20 L=1,NST
P(L) = 0.0
CDNPUTE NEUTRAL STRAINS AND STRESS RESULTANTS
IF(ISN EQ 4) L=D(3)
CALL PGAUSS(L,LINT)
DO 600 L=1,LINT
COMPUTE ELEMENT SHAPE FUNCTIONS
CALL SHAPECSGCL)» TGCL) s XLy SHP» RSy NDMy NEL» IXy o FALSE.)
COMPUTE STRAINS AND COORDINATES
D0 410 I=1,3
EPT(I) = 0.0

N0 43 NEL

XX = WK+ SHP(3yJ)edl(1,d)

YY = ¥Y 4+ SHR(3, JHnXL(2yJ)
IN-PLANE STRAINS

EPTC(1) = EPT{1) + SHP(L,J)»ULCLsJd)

EPT(R2) = EPT(2) + SHP(2,J)#UL(2yJ)

EPT(3) = EPT(3) + SHP(LyJIWULCEyd) + SHR(2»I#ULLr D)
BENDING CURVUATURES

EPBC1) = EPB(1) = SHPC1,J)wUL(4, J)

EPB(2) = EPB(2) ~ ShiP{a,)uUL(5,J

EPB(3) = EPB(3) -~ SHP(I:J)*UL(S.J) = SHP (2, JI%UL(4y )
SHEARING STRAINS

PSCL) = EPS(1) + SHPCL, DIRUL(3y d) = SHP(3s JI%UL(4s )

o

)

Q

e
RO WlNOGD

o
i
o
Az
e it Pt o

ELMT 37
ELMT 38
ELMT 38
ELMT 40
ELMT 41
ELMT 42
ELMT 43
ELMT 44
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430 EPS(R) = EPS(R) + SHP(R, J)#UL(3ryJ) = SHP(3yJI#UL(EsJ) ELMT 45

IFCISH.EQ.5.AND. TAN) , ELHY 486

A HRITE(S»8001) NylL» CEPBCII)»IIwls3)s CEPSCIL) ) IxiyB) ELMT 47

9001 FORMAT(R1B,BE1R.4) ) ELMT aB

C COMPUTE STRESS RESULTANTS . ELMT 49
D0 440 I=1,3 BT bk
SICT(I) = 0, ELNT Wl

SIGHB(I) = 0, ELMT D)

D0 440 J=1,3 ELOT Lo
SIBTCI) = SIGTCI) + ABDCIyJIREPT(J) + ABDCX. JH+3IREPB(J) FLHT Wi

440 SIGBCI) = SIGBCI) + ABDCI+I3» JIREPTCJ) + ABDCI+3y J+3IHEPB(JS) ELLYT 43
DO 450 I=1,8 CLHT &
SIGSCI) = 0. . ELHT &'

D0 450 J=i,2 ELNT %8

450 SIGS(I) = SIGSCI) + DSCI» HREPS(ID FLET oY
IFCISH.6T.4) GO TO G20 ELUT G

c .. OUTPUT STRE S RESULTANTS AND STRAINS ELOT
MCT = MCT ~ ELWT 62
IF(HET.6T.0) GO TQ 470 ELMYT 1
WRITECG,2001) TIME ELMT G}

MCT = 50 ELNT (U

470 HPI%E(B:»OOE) Ny X¥» ¥Ys EPT) EPBs EPS» SIGTs SIGB, SIGS E%n% f?
Coviw COMPUTE INTERAL FORCES ELMT 64
620 DV = XSJI#HGL) ELHT 69
Ji o= ] ELMT fu

DO 610 J=1,NEL ELNT ¥1

P(JL ) = P(Jl ) = (SHPCL, JINSIGT(1)+SHP(2,y JINSIGT(3) )4V ELMT 70
PCJLAL) = POULHL) = (SHP(2s JIRSIGT(2)+SHP( Ly JINSIGT (3 )#DY ELMT 73
BEILE) = POUIHR) = (SHP(L, JO#BIGS(1)+SHP{Bs JIRSICI{8) J* DU ELHAT Fed
PCJLI43) = PCJL43) + (SHP(Ly J)=SIGBCLI+SHP(Ry JIRSIGB(3)+5HP(3y J) ELNMT 75

n #SIGSC1) DU , ELMT 76
P(J1+4) = PCJL+4) + (SHP(2, JINSIGE(2)+SHP (1 JIHSIGB(3)4SHP(3) JJ ELMT ?¢

~ #GIGS(2))uDy ELMT ¥8

610 Ji = J1i + NDF ELHMT 74
500 CONTINUE ELMT 80
RETURN ELMT 81

ELMT g2

8001 FORMAT(LHL,/ ELMT 83
A BXyGHTINE = E12.3//5X: 33HELEMENT STRAINS/STRESS RESULTANTS// ELMT 84

1 8H EL&NENT:3K»?Hl”CUURDvSX9?HE"COQRDv4Xr9dVX*STRﬂIN!4x' ELMT 85

2 SHYY-STRAIN) 4Xs GHRY~STRAIN 3Ks 10HKKK~STRAINs 3K, ELMT 86

3  10HKYY-STRAIN», 3Xs LOHKXY=STRAIN 4Xy SHSK-STRAIM» 4Xs ELMT 87

4  9HSY~-STRAIN/28X, B(EX) PH-STRESS) ) ELMT 83
2002 FORMATCIB,RAF10.4,8E13.4/28%,8E13.4) ELMT 89
c END ELMT 80
SUBROUTINE PGAUSS(LLyLINT) PGAU 1
Creas GAUSSIAN POINTS AND WEIGHTS FOR TWO DIMENSIONS PGAU &
COMMON ~#GAUSSP/ SG(16)» TG(16)»HE(16) PGAU 3
DIMENSION LR(9),L2(9),LH(9), HR(2)»GR(2)»GLI(R) PGAY 4

DATA LRZ=1s 1o de=1r05 1000100/ L2/=1s=1y 1o L1=110y 1+ 0,0/ PGAU B

DATA LH/4#25,4u40, G4/ PGAU B

DATA GR~/0.861136311594053, 0,3399810435848567 PGAU ¢

DATA GC/1.0,0,33333333337 PGAU 8

DATA HR/0,.347854845137454, 0.6521451548625467 PGAU 8

LINT = LLwbLL . PGAY L0
L=IABSCLL) PGAU 11

GO TO (1:2:3»4)0L. PGAU 12
Covee 1X1 INTEGRQTIUN PGAY 13
L SG(1) = PGAU 14
TG(1) = 0. PGAU 15

WG(1) = 4, PGAU 1B

RETURN PGAU 17

Ceons 2X2 INTEGRATION PGAU 18
2 6 = 1./80RT(3.) PGAU 19
IFCLLLLT.0) Bl PGAU @

DO 21 I=l,4 PEAY 21

SG(I) = G#LR(I) PGAU 22

TG(I) = G#L2(1) PGAU 23
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HGCI) = 1,
RETURN
3%3 INTEGRATION

3 G = S50RT(0.6)

31
Cl.ll

41

41

Cmmi

Cnoou

100

C".I
110

tesse

120
C..l.

C..‘Q

130

135

Cnoct

140

S
2000 FORMAT(SK, B7H##SHAPE ERROR Ols## ZERO OR NEGATIVE JACOBIAN DET. FOR

IFCLLLT,0) G=1,
H=1,/81.

D0 31 Ixi,9
SG(I) = G¥LR(I)
TGCX) = Gul2(l)
HGCI) = HeLN(I)

RETURN
4%X4 _INTEGRATION
41 I=1,4
1+HOD(I+1 a2)
G
(

0

Il =

I2 =

IF(I.GT.2) IR = 2

DO 41 J=1,4

JJ o= (I=1)xded

SG(JJ) = LR(JI#GR(IL)

IF(LL.LT.0) SGCJJ) = LR(JI#GC(IL)
TG(JJ) = LZ(JI#GR(IR)

IF(LL.LT,0) TG(JJ) = LZ(JI®GC(IA)
HGCJJ) = HR(ILINHR(IZ)

RETURN

END

SUBROUTINE SHAPE(SS, TT» ¥y SHP» XSJ» NDMs NELs IXeFLG)

SHAPE FUNGCTION ROUTINE FOR TWO DIMENSIONAL ELEMENTS
LOGICAL FLG e
DIMENSION SHP(3s 4y XC(NOMs 1)98C41» T(4)» XS(Es B SKIE )y IRIS)
DATA 5/-0.510.510.5)~0.5/, T/~0.51=0,5,0 5;0 5/

FORM 4-NODE QUADRILATERIAL SHAPE FUNCTIUNS
DO 100 I=1,4 ,

SHP(3»I) = (0.5+SCI)#SSIH(0. 5+T(II*TT)
SHPCLe 1) = SCIIHC0.S+TCIIHTT)

SHPC2,I) = T(I)#(0, 5+S(I)*SS)
IFCNEL.GE.4) GO TO

FORM TRIANGLE BY ﬂDDING THIRD AND FOURTH TOGETHER
DO 110 I=1,3
SHPC(IY3) = SHP(I,3)+SHP(I,4)

ADD QUADRATIC TERMS IF NECESSARY
IFC(NEL.GT.4 AND. NEL.LT.10) CALL SHAPR(SS: TT»SHP, IXy NEL)

ADD CUBIC TERMS IF NECESSARY
IF(NEL.GT.9) CALL SHAP3(SS, TTySHP» IXy NEL)

CONSTRUCT JACOBIAN AND ITS INVERSE
DD 130 I=1,NDM
D0 130 J=1,2
®S(I,J) = 0.0
DO 130 K={,NEL
RS CIrd) = KS(Iy )+ K(Jy KI#SHP(INK)

KSJ = KEC(Ly L)#RS(Ry2)~KS (1, 2)4XS(Br 1)
IF(XSJ .GT. 0.00000001) GO TO 135
HRITE(Gy2000) IX

STOP

IF(FLG) RETURN

S¥l1s1) = X8(2R)I/XSJ

GX(By2) = KS(1y1)/X5U

SX(1:2) = ~X8(1,2)/X5]

SR{By 1) = ~KG5(2y 1)7KRSJ

FORM GLOBAL. DERIVATIVES
DO 140 I=i,NEL
TP = GHPCLy IIREKCLs L)4+BHP(R, 1I#SX(2s 1)

SHP(2» 1) = SHPC(L, I)#GXK(1,2)+SHP (2, I)3#SK(2y2)
SHPCL, 1) P
RETURN

it u

~ELEMENT NODES: /720X, 1214)

END
SUBROUTINE SHAPR(Sy Ty SHP» IXy NEL)

137

PGAU 24
PGAU 25
PGAU 26
PGAY a7
PGAU 28
PGAU 29
PGAU 30
PGAY 31
PGAU 32

PGAU 36
PGAU 37
PGAU 38
PGAU 39
PGAU 40
PGAU 41
PGAU 42
PGAU 43
PGAU 44
PGAU 35

PGAU 47
PGAU 48
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ADD QUADRATIC FUNCTIONS AS NECESSARY
DIMENSION IX(9),SHP(3,12)
s2 = (1, -S*B)/E.
TE = (1.~T*T)/E.
DO 100 I=5,NEL

I) =

SIDE NDDES (SEREHDIPITY)
5).EQ.0) G

5) = ~S"(1.-T)

5) = ~52

SHP(3,5) = Sas(1,=T)
IF(NEL,LT.6) GO TO 107
IF(IX(B).EQ.0) GO TO 102
SHP(1,6) = T2

SHP(2,6) = ~T#(1.+5)
SHP(3,6) = Ta#(1,+5)
IF(NEL.LT.7) GO TO 107
IFCIX(7).EQ.0) GO TO 103
SHP(1y7) = =Su(1,+T)
SHP(2,7) = S2

SHPC3,7) = SR#(L.4T)
IF(NEL,LT.8) GO TO 107
IF(IX(8),EQ.0) GO TO 104
SHP(1,8) = -T2

SHP(2,8) = ~T#(l, ~S)
SHP(3,8) = Ta#(l.,-

Cenns INTERIOR NODE (LHGRQNGIQN)
104 IF(NEL.LT.9) GO TO i07
IF(IX(Y9).EQ.0) GO TO 107
SHP(1,8) = ~4,#5#T2
SHP(2,9) = -4,aTnS2
SHP(3,9) = 4,%52#T2
Couse CORRECT EDGE NODES FOR INTERIOR NODE(LAGRANGIAN)
DO 106 J=1,3
DO 105 I=1,4
105 SHPC(JyI) = SHP(JHI) -~ 0,254SHP(J» 9)
D0 108 I=5,8
106 IFCIXCI).NE.O) SHP(JsI) = SHPCJrI) =~0,5%SHP(J,9)
.16% ¢ CORRECT CORNER NODES FOR PRESENCE OF MIDSIDE NODES
= 8
DO 105 I=1,4
L=1+4
no 108 J=1,3
108 SHP(J I) = SHP(L I) = 0.5#(SHP(JK)+SHP(Js L))
109 K = L
RETURN
c END
SUBROUTINE SHAPS3(S» Ty SHPy IXy» NEL)
Cat st ADD CUBIC FUNCTION AS NECESSARY (SERENDIPITY)
DIMENSION IX(12))»SHP(3,12)
DO 100 I=5,NEL
Do 100 J=1,3
100 SHP(J, I)=0.0
IF(IX(5).EQ.0) GD TO 101
Si=~1./3,
Ti=~1,
CALL CSHAPE(S»T»S1»TLy SHP» 1, 5)
101 ég({X(S).E@.O) GO TO 102
Ti==-1,/3. , ,
CALL CSHAPE(S»T»S1s T1sSHP»29B)
102 IF(IRC(?).EQ.0) GO TO 103
S].:l./:gﬁ
Ti={. ,
CALL CSHAPE(SsTrS1,TL,SHPs 1, 7)
103 ég(I?(B).EGeO) GO TO 104
T1=1./3.
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CALL CSHAPEC(S,TrS1sT1»SHP»2»8)

éi(lX(Q).EQ.O) GO TO 105

Tiz=1,/3.

CALL CSHAPE(S vTPleTlDSHPoEvB)

IFCNEL.LT.10) GO TO

IF(IX(10).EQ.0) GO TO 108

S1=1./3,

.' 1='10

cALL. CSHHPE(S:T»SI}TI;SHP'1!10)

IFC(NEL.LT.11) G 200

IFCIXCLL) JEQ. 0) GO TO 107

Si=]1,

Ti=1,/

CALL CSHHPE(SrTo51 TluSHPvall)

IF(NEL.LT.12) GO TO 2

IF(IX(12).EQ.0) GO TO 200

Sl="’1 0/30

Ti=l.

CALL CSHAPE(S» TyS1»TL1ySHPy 1y 12)
CORRECT CORNER NODES

DO 210 I=i,4

Ii=]I+4

I2=1+8

SUBROUTINE CSHAPE(Ss» T»S1yT1ySHP» KoL)
SUPPLEMENTAL. ROUTINE FOR THE SHAPE FUNCTIONS

DIMENSION SHP(3,12)

C=9.,r32,

GO TO (L) K

SHP(l,L>—C*(1 ATINT )% (9, #51=2, #5-27 , k51 #5%G)

SHP(E-L)~C*TL*(1 =~SHSIN(L,+3, #S1#S)

gg?ﬁgﬁL)=C*(1.+T1*T)*(1.-8*8)*(1.+9.“81*S)

SHP (1o L)=CuSIs (L, ~THTIH(L 49, KT I#T)

SHP(RyL)=CH (1, +SLI#S)I# (S, #T1=2, #T~27  #TLHTHT)

SHP(3y L)=CH (L SIS H (L =THTIH (1,49, #T1#T)

SUBROUTINE PMESHCIDLs XLy I¥s IDy Xy F» JDIAGs NDF s NDMy NENy NKM)
INPUT MESH DATA

LOGICAL PRTsERRy PCOMP
COMMON ~#CTDATAZ By HEADC20 ) » NUMNP» NUMEL » LAYER» NEQ» IPR
COMMON #MTDATAZ RHO,UULB,EL,ER»GL2y G133y G223y THKs WIDTH
COMMON ~/LABELS/ PDIS(B)»ACB)»BC(R)»DI(B),CD(3)sFD(3)
COMMON ZEXDATAZ QLAWCY)
COMMON #RODATAZ UR, I0,NDS
DIMENSION TDLCB) » XLC7)» IXCNENy 1) » IDCNDF s 1) 9 XCNDMs 135
FC(NDFs 1) DUMCL) o WD(13)5 JDIAGCL)
DHTH WD/4HCOORy 4HELEM» 4HMATE.» 4HBOUN» 4HF ORC» 4HROD
4HEND s 4HPRINy 4HNOPRy 4HPAGE » 4HEXPE/
DATA BL/4HBLAN/,LIST/11/PRT/.TRUE./
INITIALIZE ARRAYS
ERR = .FALSE.
DO 501 I=1,4
aLaW(I =0,
DO 502 N=1,NUMNP
DO 502 I=1,NDF
IDCI,NI=0
FCIyN)=0.
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CONTINUE
READ A CARD ﬂND COMPARE HITH MACRO LIST
READ(S, 1000) C
DO 20 Iwl, LIST
IF(PCOMP(CC,WDCI))) GO TO 30
GO 70 10

GO TO (192,394 5162 708199 21 129 X
NODAL. COORDINATE DATA INPUT

no 102 N“lvNUNNP

R(LHyN)= B

CHL%OGEQUEC(NDNvXLrX'CD)PRTpERR)

0ELEMENT DATA INPUT

=
DO 206 I=1yNUMEL,S0

IF(PRT) WRITE(By2001) O,HEAD, (KsK=1yNEN)
J = MINOC(HUMEL., I+48)

10 206 N=IyJ

IF(L~-N) 200,202,203

READ(S, 1001) Ly CIDLCKY»K=1sNEN) ) LK
IF(L.EQ.0) L=NUMEL+1

IF(LX.EQ.0) LKl

IF(L=N) 201,202,203

HRITECEs3001) LN

ERR = ,TRUE,

G0 TQ 206

NX = LY

DO 207 K=1,NEN
Iy L) = IDLCK)
GO TO 205

NN

IRTHEN ) =
’

N

IX(KsN) = IX

IFCIX(Ky N=1)

IF(PRT) WRIT

CONTINUE

GO TO 10
MATERIAL DATA INPUT

g
o

X Ko NY o K=1,NEN)

3 HRITE(S,»2004) 0)HEAD

Cll.‘

CALL MATLIB
GO TO 10
READ IN THE RESTRAINT CONDITIONS FOR EACH NODE

4 IF(PRT) WRITE(6,2000) O»HEAD, (I,BCsI=1»NDF)

420

41

42 L

43
50
46
47

48 C

C.‘l'

a1

C'...

C--c.

N =0
NG = 0
L =N

LG = NG

READ(S, 1001) NyNG» IDL

IF(N.LE.O .OR. N.GT.NUMNP) GO TO 50

DO 41 I=1,NDF

IDCIHyN) = IDLCI)

IFCL.NE.O wAND, IDLCID.EQ.0 AND. IDCIsL)LLT.0) IDCIsNI==i
LG = ISIGNCLGyN~L)

= L+LG

IF((N-L)*LG LE« 0) GO TO 420

DO 43 I=1,NDF

IF(ID(I L~LG) LTe 0 IDCIHL) = =i

GO 70 42

DO 48 N=1,NUMNP

DO 46 I=1,NDF

IFCIDCISNY NE: 0) GO TO 47

GO TO 48 , -
IFC(PRT) WRITECE»2007) No (IDCIsN)» I=1yNDF)
ONTINUE

GO TO 10
FORCE-/DISPL DATA INPUT
CALL GENUECCNDF» XL+ F»FDy PRT)ERR)
GO TO 10 _
END OF MESH DATA INPUT
COMPUTE THE PROFILE OF GLDBLE ARRAYS
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7 IFCERR) STOP ‘

CALL PROFILCJDIAG XDy IR NDFy NENs HKM» PRT)
RETLRN
Covee  PRINT OPTION
8 PRT

. -

GO TO 10
Coves NOPRINT OPTION
9 PRT = ,FALSE.
GO 10 10
Conee READ IN PAPER EJECTION OPTION
1 §Eﬂg(ho 000) ©
’,
Coune INPUT EXFERIMENTAL INDENTATION LAW
12 READCS, 1007) (QLAWCIY Tulr4)
NRITC(?68008) DrHEﬂD:(GLRH(I) I=1,4)

Covna INPUT INXTIAL INPHCT CONDITION
6 HRITE(G,2009) OyHEA
REAL(S, 1002) NGvINDF'UR
HRITECG, 2010) NGy INDF, UR
FCINDFNQ)®L.0
IQ”%E(INDP'NG)

GO 10
Coone INPUT/QUTRUT FORMATS
1008 FORMATCA4, 7EKyAL)
1003 FORMATCLGIH)
1002 FORMAT(2IN)FL0.0)
1007 FORMAT(4F10.0)

J

2000 FORMAT (ALY 20A4/75X%y LOHNODAL B. Coy 7RZZ6X SHNDDE: » 9CI7» Ads A2)71X)

200) FORMATCALy 20A47/8%) BHELENENTS/ 273Ky FHELEHERT
N 1413, 5H NODE)~ (20X, 14 ¢T3, 5H NODE)))
2002 FORMAT(IL0, 1418/¢10%, 1418)) ,
2004 FGRMAT(A1»20A9//5%, LOHMATERIAL PROPERTIES)
2007 FORNATCIL0,8113)
2008 FORMAT (AL» 20AH//5X, KEXPERIMENTAL INDENTATION LAWH//

1 J0Xy#CONTACT COEFFICIENTS M ELR. 4/
2 10Xy #CRITICAL INDENfﬁTIDN. ¥ ElR.4/
3 10Xy #CONSTANT 53 ® El2.4/
4 10X#POWER INDEX OF UNLOAUING LAW:® F12.3)

3001 FURNHT(bX, QeHPMESH ERROR 01*“ ELENENT»Iﬁp
A 28K APPEARS AFTER ELEMENT, I
2009 FORNHT(ﬁlp80ﬁ4y!/5kyﬂIMPHBf OF LﬂNINﬂTED PLRTE#)
2010 FGRNQT(/#lOWvVJNPﬂCT NODHL POINT! ¥, 110/
10X: ®IMPACT D ¥y 1107
hEND 10X»#INITIHL KNPRCT UELOCITY!#»E18-4)

c
SUBROUTINE GENUECCNDMs XLy Xy CDy PRT) ERR) v

Civeinge GENERATE REAL DATA ARRAYS BY LINEAR INTERPOLATION
LOGICAL PRT, ERRy PCOMP

CONMON /CTBATAZ 0y HEADC(20 3y NUNNPy NUMEL y LAYER» NEQs IPR

DIMENSION XCADMy 1) XLCP)»CDC3)
UﬂTﬂ BL/4HBELAN/

102 LmH

1.GeNG
RFQU(J¢1000) N+ NGy Xl
IF(N,LE.0 .OR, N.GT.NUMNF) GO TO 108
DO 103 I=), NDM
103 N(IpN)HNL(I)
IFCLG) 104,102,104
104 LG=ISIGN(LGyN-L)
LI=CIABS (N-L+.G) =1 )/ XABS(LG)
DO 105 I={,NDM
105 XL CIda(XCI; M)=R{I L) )AL
106 Le=L+LG
IFCCN-LI®LG JLE. 0) GO TO 102
IFCL.LE.O JOR. L.GT.NUMNP) GO TO 110
DO 107 I=l,NDM

=z
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PMES Q2
PHES 93
PHES 84
PMES 85
PMES 96
PHES 97
PMES 98
PMES 99
PHMES100
PMES10)
PHES102
PHES103
PMES104
PHMES105
PHMES)06
PHMES10?
PHMES108
PHMES109
PMES110
PHES114
PHES1 12
PMES113
PMESL 14
PHESL 1Y
PHMES1 16
PHMESL1L?
PMES118
PMESL119
PMES1R0
PMESLIRL
PHES122
PMES123
PHES1R4
FMESLRS
PHMES1E6
PHMESL27
PMES)28
PHES129
PMES130
PMES131
PMES13R
PHMES133
PMES134
PMES135
PHES136
PHES137

GENU
GENU
GENV
GENU
GENU
GENU
GENV
GENU
GENU
GENU 10

CONOUED NI -
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107 XCT LY=KCI L-LE)HHLLD) GENV 24
0 TO 108 GENU £5

110 HRITE(8,3000) Ly (CDCI)y el 3) GENU 76
ERR = . TRUE, GENU {7

60 TD 102 GENU £8

108 DO 109 I=1s NUNNP, 50 BERU 89
IFCERT) HRITE(E, 20000y HEADs (CDCL) s Lmdy 33y (Lo COCLY, CDCRYy L3 NOMY  GENL! 30

N = NINOCNUMNP, 1+48) CLNU 31

D0 163 J=I,N GELU 10

IF (PCOMP (X1, J3+BL) +AND. PRT) WRITE(S,2008) N BENU 33

los IFC.NOT. PCOIPERE Ly 3+ LY AHD JPRT) HRITECEr2008) J» CXCLy 2y Ludy NDM) GER 1

2 N PR

1000 FORMAT (215, 7F10.0) GENU 56
2000 FORMAT(ALy 20A4//5K, SHNODHL.aﬂaxzsx,4nnon:,s<17.n4,ﬁa>) GENU 3V
2058 FORMAT (5K BAHWGENVEC WARNING Olniy I GENU 30
~ 324 HAS NOT BEEN INPUT OR GENERATED) GENU 30
2009 FORMAT(I10,9F13.4) ) GENU 40
3000 FORMAT (5Xy d4H*GENVEC ERROR OL##ATTEMPT TO GENETATE NODE, IS GENU 1l
1 3H INy3A4) BGENU )

. GENU a3
SUBROUTINE PROFIL(JDIAGy 1D IX: NDFy NENs NKM: PRT) PROE 1
Cewnn  COMPUTE PROFILE OF GLOBAL ARRAYS PRUF 1
LOGICAL PRT PROF 3
COMMON_ZCTDATAZ O, HEADC20)» NUMNPy NUMEL» LAYER) NEGs IPR PROF o
DIMENSION JDIAGCL)» IDCNDFy 1)y IXCNEN) 1), EQ(R) PROF 5
DATA EQ/4H_DOFy2H, 7 | PROF G
Cives  SET UP THE EQUATION NUMBERS PROF 7
NEG = 0 PROF  §

D0 50 N=d, NUNNP PROF 9

D0 40 I=1,NDF PROF 10

J = IDCILN) PROF 11
IFCJ) 30,2030 PROF 12

20 NEQ = NEQ + 1 PROF 18
IDCIN) = NEQ PROF 14
JDIAG(NER) = 0 PROF 15

GO TO 40 PROF 16

30 IDCI,N) = O PROF 17
40 CONTINUE PROF 18
50 CONTINUE PROF 19
IF . NOT.PRT) GO TO 70 FROF 20
WRITE(B,2000> Dy HEAD: ¢ Xy EQ» I=1s NDF)- PROF 81

DO 60 I=1, NUMsO PROF 27

B0 WRITE(B,2001) Ip(IDCK,I),K=1yNDF) PROF 83
Covve  COMPUTE COLUMN MEIGHTS PROF 24
70 DO 500 N=i»NUNEL PROF 5
D0 400 I=1,NEN PROF 20

II = IRCIN) PROF 27
IFCII LEQ. 0) 6O TO 400 PROF 28

D0 300 K=1,NDF PROF 29

KK = IDCKyII) PROF 30

IF (KK.EQ.0) GO TO 300 PROF 31

D0 200 J=I,NEN PROF 32

JJ = IXCH I PROF 33
IF(JJ.ER.0) GO TO 200 PROF 34

DD 100 L=1,NOF PROF 35

LL = ID(LyJJ) PROF 36
IF(LL.ER.0) GO TO 100 PROF 37

M = MAXOCKK,LL) PROF 38
JDIAG(M) = NAROCJDIAGCM)» TABSCKK-LLY) PROF 33

100 CONTINUE PROF 40
200 CONTINUE PROF 41
300 CONTINUE FROF
400 CONTINUE FROF 43
500 CONTINUE PROF 4}
Cevee  COMPUTE DIAGONAL POINTERS FOR PROFILE PROF -4
NKM = 1 PROF 4B
JDIAGCL) = & PROF 47

IF (NEQ.ED. 1) RETURN PROF 4B

DO 600 N=2,NEQ PROF 49
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JDIAGCN) = JDIAGCN) + JDIAGCN-1) + 1
NKM = JDIAGCNEQ)
FORMAT (AL 20A4//5%y 1GHEQUATION NUMBERS//GX» SHNODE »
A 95 A ARIZLX)
FORMATCXL0, OX11)
RETURN
END
SUBROUTINE MATLIR

Corirarar MATERINL PROPERTICS ROUTINE

Cit'i

150

110
120

Q00

CQ‘I!
1000
1001
2000

Gt

15

a5

COMMON #CTDATRZ 0, HEADC20) » NUNNP NUMCLY LAYER NEG IPR
COMMON #MTDATRZ RHO»VULRsEL)ERy 512+ 613 623y THK) WIDTH
CONMON #COMPST/ ABDCB:6)» DSR2y 2)» GBR{30 35 25) + ABS(2y Be 25D
~ v TH{RE) » 2K(25)

COMMON #DMATIXZ DC10)yDBC(G6)» LINT

DIMENSION HD(S) ,

DATA WD/BH IS0-)GH ORTHO, GHTROPIC,BH COMP, BHOSITE /

INPUT MATERIAL PROPERTIES

READ(S, 1000) LiyL2sKy THKyWIDTH

READ(Sy 1001) RHO»VULR,EL+ER.GIR) 613, GRS

DO 180 J=1,3

D0 150 I=1,3

IF(X.ER.3 JOR. JJEQ.3) GO TO 150

DECJX) = 0,

ABDCs 1) = ABDCJAE, 1) = ABDCGS I+3) = ABDCJ+3, I+3) = 0,

L4 = MINOC4, MAXOCLL1D)

DEL) = L1

L2 = MINOC4sMAXO (L LE))

n(a) = La

DE3) = K

LINT=0 o

IFCEI~ER) 180,110y 120

Gle=El (R, w1 0ULR))

Jisl & J2ed

GO TO 200

Jimd & J@2ef

IFCLAYER,EG. 1) Ji=R $ JR=3 ) ‘
WRITECE) 2000) LAYERy NDCIL) r HDCURY s THK ELs EBy G120 G130 GR3s VUL

RHOe L1y L2y ™

CALL CMPD
RETURN

FORMAT FOR INPUT-QUTPUT
FORMAT(3IB2FL0.0)
ﬁQﬁNﬁT(?FIOaU)
FORNATC25Xs 18, 181 LAYERCS) OF2A6: R1H PLATE WITH THICKNESS,
1 F10,4/710%, 15HYOUNGES MODULUS, 10X, ¥ L, E10 .4y 10X, RER=R, E10. 4/
2 10X I1SHSHEAR  MNODULUS) SXy 2G122, E10.4y OX) #GA3=E, EL0. 48Xy
3 #6234, E10. 4210, I5HPOYSSON  RATIO BXy #UULE=p, F5.3/10%
4 PHDOENSITY» 47X RHO=, E10. 421 0%y 13HGAUSS PTS/DIR 12X rl.lmidy 15
Seﬁg'WLEUﬂvISWlUNleHSTRESS POINTy 14X Kmpdy 182)

SUBROUTINE CMPD
CONPUTE =ABDH MATRIX AND #DS® MATRIX

CONMON #CTDATAZ 0» HEADCR0 Y NURINP» NUMEL » LAYERy NEQy IPR
COMMON #NTDATA RHO»UULByElsERs G182y G13) GR3s THXy HIDTH
COMMON #COMPST, ABD(G) 6)y DSC2s 2)» QBR(I» 3+ 25) 5 ABS(Ry 2 85)y
" TH(ES)y 2K(RS)

DINENSION QT332 G5C20 2+ TKCRS)

LL=LAYER

Hifsllod

READCS, 1000 Chy THELY» TR LD » Tl s LL)
ZKEL)ATTR=0,0

0 1§ el L

TTRATTIRATR L)

ERCIFDETRCT KD

CONTINUE

00 24 el

ZRCDI=ZKCT)=TTRR,

CONT INUE
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DEL-4.*RT9N(1 37180,
DEN = 1, -« E2#UUi1Rnu32/EL

ACly 1) = EI/DEN

Q(2,2) = EB/DE

aclsa) = 0(2-1) = UU12x0(2s 2)

Q(3,3) = Gi2

Q(1,3) = QA(2,3) = Q(3y1) = Q(342) = 0.0
A8(1, 1) = G13

as(2,2) = 623

s(1,2) = QS(E’l) 0.0

DO 40 I=1,LL

ANGL=TH( I)#DEL

C=COS(ANGL.)

H=STN(ANGL)

QBR(Ly 1s 1)=0( 1y 1I5Cotstd42, 5 C(ACLy 2)42, %03y 3) ) (Col) #x2+Q(2) 2) #pi%%4

$GBR(1;E;I)“GB R(25 1o 1)=(QCLy 1)+B(Ry 2) =4, #A (39 3) ) # (Ol 452

QL 2 (Unied $Chug )
GBRC2y2¢ 1)=0QC1, L) sWa4:4+2, # (A1, 2)+2.,#0(3y 3) J# (Cit) #42+Q (2, 2) #CHx4
QBR(lerI)*UBP(3919I) (mtl.l)—m(l.a)—a #Q(3y 3) ) #URCHET o+
(AL, 2)~U(2y2)42.,4Q(3, 3) ) st Caeldus3
UBP(E!B;I)~QBR(312'I)“(U(1 1)-Q(1,2)-2.#Q(3, 3) ) =luu3 #C+
% (BC1, 2)~0(2y 2)42, #0(3y 3) I lHC33
QBR(3» 3, 13=(0(1,y 124Q(2, 2)~2,#Q( 1, 2) =2, #Q(3, 3) Y (WnC ) w4+
$ A3y ) n(Usng +Ciend )
GBS(L» 1, 1) QSCLy L) #CsenR 4 Q5(2,2)4und
GBS(2s 25 1) = Q8(1, L)slunp + G5(2, 2)#CxA2
GB5(1,2s 1) BS(2,1» 1) = (QS(1,1)-QS(2,2) InCxl
CONTINUE

po 50 J=1,3
DO 50 K=1;3
D0 50 I=1,LL
ABD(J »K )= ABDCGJ K I+ABRCJy Ky 1) #(ZK(I+1)~ZK(I))

nuun

$F!BD(J+3»K J= ABD(J »K+3)= ABD(J+3sK)I+ABR(Jy Ky I %

(ZK(T+1)a-2K (1) #8272,
ABD(J+3 K#3)= ABD( 3, K+3)+GBR(Jy Ko 1) #(ZK(T+1) #53-2K (1) 1%3) /3,
CONTINUE

DO 55 I=1,6

D0 55 J=1,6

IF(I.GE.3 ,OR. J.GE.3) GO TO 55
IF(ABS(DS(I,J)) oLT. 1.E-0B) DSCI,J)=0.0
IF(ABSCABD(I,J)) LT. 1.E-08) ABD(I,J)=0.
WRITECB»2001) CCABDC(IyJ)rd=1,6)) I1=1,6)

D0 B0 J=1,2

DO 60 K=i,2

D0 60 I=1,LL

DSCyK) = DSCJoK) + GBSCrKs I)%(ZKCI+LI=ZKCIY)
WRITE(B, 2002) ((DS(I,J)sJ=1,2)) I=1,B)
FORMAT 15y F5.0,F10.0)

FORMAT (/7 1% 10HABD MATRIN//6(2X, BEL3,4.))
FORMAT (/s 1X) SHDS MATRIX//2(2X,2E13.47))
EﬁEURN

SUBROUTINE KMLIB
ASSEMBLE GLOBLE ARRAY
COMMON G(1)
DIMENSION M(1)
EQUIVALENCE (G¢1),M(1))
COMMON ~/ISWIDX/ ISW
COMMON ~CTDATA~ O, HEAD(20) » NUMNP, NUMEL.» LAYER, NEQ, IPR
COMMON /LODATA~ NDF» NDMs NEN» NST» NKM
COMMON ~PARATS, NPAR(14),NEND
N{=NEND
Ne=N1+NSTHNST#IPR
IF (ISW.LE.2) NE=N2+NKM*IPR
IFCISK.GT.2) NE=N2+NEQ#IPR
CALL SETHMEM(NE)
CALL PZERG(GINEND)» NE-NEND) _ ,
CALL MASS0L(G(NPARL1Y)s GCNPARCR))» MCNPARCS) ) » GCNPAR(4) )»
L M(NPARC(E))s MCNPAR(E) )» GCNPARCZ) s GCNPARCB) )y MCNPAR(S) )y

CHPD

CHPD
CHPD

CMPD
CMPD
CHPD
CMPD
CMPD
CHPD
CMPD
CMPD
CMPD

KMLI
KMLI
KMLI
KMLI
KMLI
Kil.X
KMLI
KMLI
KMLI
KMLI
KML.T
KLY
KMLI
K1
KMLX
KMLT
KMLX

OO ID

TS RITIRATONY

LENGRLE

lv



CHnpn

C'Ocl

10

o000

Clil'

510 J1

500
C LR )

520
530

Cnuoo

540

550 P(I+4)

CO.--

2
RET

~
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SEHPHR(llJ)'G(Nl)sG(NB)vNDF:HDM.NENpHSTvNKN)
END
SUBRgUTINﬁ)NHSSOl(UL;XL:LD.P:IX;IDerF;JDIGG»BpSpﬁrNDFrNDN»NEN;

NSTy NK
FORM MASS MATRIX
COMMON ~/CTDATAZ 0, HEADCR0) » NUMNP» NUMEL » LAYER» NEQy IPR
COMMON ~MTDATAZ RHO»UUL2,EL,ER+G12,G13,G23» THKy HIDTH
COMMON #DMATIXZ DCL0),DB(Bs6)s LINT
COMMON /ELDATA/ N’NELoNCT
COMMON ~ISWIDX/ ISW
COMMON ~/GAUSSP/ SGC1B)» TGCIB)»HGC1B)
DIMENSION ULC1)» XLCNDMy 1) LDCNDFs 1) PCLI s IXCNEN» 139 IDCNDFy 1)
K(NDMy 1) »F (1) JDIAGCL) » BCL)»SCNST» 1)»A(1)»SHP(3y 12)
LOOP ON ELEMENTS
DO 110 N=1,NUMEL
DO 10 I=1,NST
DO 10 J=1,NST
S(I,J)=0,
SET UP LOCAL ARRAYS
CALL PFORMCUL.» XL» L.Ds» IXs IDs Xs F» By NDF » NDMs NENs ISH)
L CSTPUTE CONSISTENT MASS MATRIK
CALL PGARUSS(L»sLINT)
D0 500 L=1,LINT
COMPUTE SHAPE FUNCTIONS
CALL SHAPE(SGCL.)» TGCL) ¢ XLy SHP» XSJ» NOMy NEL» IXs « FALSE )
DU = HG(L)*#XSJI#RHO#THK
K1 FOT EACH NODE J COMPUTE DB=RHO#SHAPE*DU
DO 500 J=1,NEL
Wil = SHP(3,J)*DU
W33 = Wil#THK#2/12,
y FUEiEﬁCH NODE K COMPUTE MASS MATRIX (UPPER TRIANGULAR PART)
DO 510 K=JyNEL
SCJ1 H»K1 ) = 8CJ1 »KLI ) + SHP(3,K)*H1il
S(J1+3,K1+3) = S(J1+3,K1+3) + SHP(3,K)#H33
= J1 + NDF
K1 = K1 + NDF
COMPUTE MISSING PARTS AND LOWER PART BY SYMMETRY
NSL = NEL*NDF
DO 530 K=1,NSLsNDF
Do 520 J=KsNSL»NDF
S(J+2,K+2) SC(JHLK+L)
S(J+4,K+4) S(J+3,K+3)
S(K »d ) S(J K )
S(K+3s J*+3) S(J+3,K+3)
SCK+Rs J+2) S(K+LyJ+1)
S(K+d, J+4) S(J+3yK+3)
CONTINLUE
IFCISW.EQ.2) GO TO 100
LUMPED MASS MATRIX
SUMl = 0,0

S(d sK )

1]

I

S{J K )

pnynun

NSLs NDF
Dl + S(IsI)
ﬁE + S(I+3,I+3)

M2 + S(I+35J+3)

=1, NSL» NOF

(I, 1)#8UML/SUNDL
PCI+1) = PCI)

S(I+3, I+3)#SUM2/5UMD2
PCI+3)

P(I+3) =
ADD TN TOTAL ARRAY
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KMLI
KHLI
KMLI

MASS
MASS
MASS
MASS
MRSS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS

* MASS

MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MARSS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
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CALL ADDSTF (As Ss Pe JDIAGs LND» NSTe NEL®NDF» . FALSE.)
CONTINUE

REWIND 2 ,

IF(ISW.EG.2) HRITE(2) (A(I )vI=loNKM)
IF(ISH.EQ.3) WRITE(R) (ACI),I=1,NEQ)

SUBROUTINE RODIPCT

LOGICAL FLAG

COMMON G(1)

DIMENSION M(1)

EQUIVALENCE (G(1)»M(1))

COMMON /CTDATAZ O, HEAD(20) s NUMNP» NUMELs LAYER» NEQs IPR
COMMON /LODATAZ NDF, NDM» NENy NST» NKM
COMMON /PARATS/ NPAR(14),NEND
COMMON /RODATAZ UR, IQ,NDS

COMMON /ROELEM/ NER» NEORs ER

DATA FLAG/,.FALSE./» NER/20/,ER/30000000./
IF(FLAG) GO TO 50

NEQR=2# (NER+1)

NKMR=7#NER+3

N1=NEND

N2=N1+NEQ®*IPR

N3=MR+NEQ#IFR

N4=N3+NEQ#IPR

NS=N4+NKMR::1PR

NE=NS+NEQR#IPR

N7=N6+NEGR

NB=N7+NEQR#IPR

NI=N8+HEQR#IPR

N10=HS+NEQR#IPR

N11=/410+NEGR#IPR

NE=H11+NEQR#IPR

CALL SETMEM(NE)

CALL PZERO(G(NEND)s NE~NEND)
FLAG=,TRUE.

CALL WIMPCT(G(NPAR(1))»G(NPAR(2))» M(NPAR(3) )+ GINPAR(4) ),
1 MINPAR(S) )» MCNPAR(B) ) s GCNPAR(?) )» G(NPAR(B) )y -
2 M(NPARCS) »» GINPARCL0) ) » GINPARCLL) )»GINL)»GIN2)»
3 G(N3)»GIN4) » GINS) s MINB) » GINT ) s GINB) » GIND) » G(NLO)»
4 GI(N11))
RETURN
END
SUBRUUTINE WIMPCTCULy XL LDy Py IXs ID» Xo Fy» JDIAG» DRs Uy By Uy Ay RKs RMy

JORy RU» RU» RAs RBy FR)
SOLVE IMPACT PROBLEM

LOGICAL FLAG: TAN

COMMON G(1)

DIMENSION M(1)

EQUIVALENCE (G(1),M(1))

COMMON ~CTDATA/ OsHEADC20) s NUMNPs NUMEL » LAYERs NEQy IPR
COMMON ~TMDATA~- TIME, DT, DDTs FORCE, ALPHA

COMMON ZLODATA/ NDFs NDMs NEN» NST» NKM

COMMON ~/NITERS/ ITR

COMMON ~/PARATS/ NPAR(14), NEND

COMMON ~RODATA/ UR, I, NDS

COMMON ~ROELEM/ NERsNEGR,ER

COMMON ~CONSYS/ A0, A2» A4y ASs ABs A7 » ABY AREA

COMMON ~PROLOD/ PROP

COMMON ~ISWIDX/ ISN

COMMON ~ZEXTRAS/ TAN
DIMENSION UL(1)»XLC1),LD(L),
1 BRC1)» U1, BC1)»UC
e RUC1)sRACL)¥RBC(1),
DATA ITR/5/, FLAG/.FALSE. /s HI
IF(FLAG) GO TO S0

Do 1 I=1,3

Y IRCLY IDCL)» X(1)9F(1)s JDIAGCLD,
ACL)RKCLYsRMCL) s JORCLYPRUCL) S
1),0(3),8P(3)

7/

!
1)
FR(
L71.47y INTE/24/
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50

20

30

110

100
200

210

8001
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0¢I)=0.0

QP(I)=0,0

CONTINUE

INs=)

TAN=.FALSE.

REWIND 2

READ(2) (B(I)»I=1,NEQ)
FORCE=0.0

ALPHA=0.0

PROP=0,0

NNEQ=NDF #NUMNP
RO=6,/(WIL*DT)#x2
A2=6,/(WIL*DT)
A4=A0/WIL

AS=-Aa/WIL
AB=1.-3./WIL

A7=DT/2.

AS=DDT/B.

cALL FORNROD(PK;RN.JDR)
DO 10 I=1,NEGR
RUCI)=-UR

g2)=~UR

FLAG=.TRUE.

ISH=5

IF(IDS.EQ.NDS) TAN=,TRUE.

CALL FSTREACULs XLy 15 Ps IXs 1Dy X9 F» JDIAG DRy Us NDFy NDMs NEN» NST» NNEQD

DO 20 I=1,NEQ

ACI)=DR(I}”B(I)
UCI)=U(I)+DT#A(I)
UCI)=UCI)+DT*UCI)

CONTINUE

arP(1=U¢I)

ar(23=u(1Iaq)

QP(3)=A(I0)

DO 30 I=1,NEQR
RBCI)=RM(I)#(A0*RUCT)+AR*RUCII+2.#RACI))
CONTINUE
RBIQ=RUCL)+DT#RU(1)+DDT/3. #RA(1)
ROT=0.000001

ICOU=0

DO 100 IT=1,ITR
RUT=RBIO+Q(3)#DDT/B.
AF=~RUT-GP (1)

CALL. RODLOAD(FIQ, AF)

DO 110 I=1,NEGR

FRCI)=RB(I)

CONTINUE
FRCLI=FR(13+(1.~WIL)=FORCE+WIL®FIQ

CALL. ACTCOL(RK»sFRy JORs NEQRs « FALSE.» o TRUE.» 0)

Q(3)=A4#(FR(1)-RUC1) )+AS#RU(1)+ABHRAC(L)
RUTT=RBIQ+Q(3)#DDT/6.

ROTR=ABS( (RUTT-RUT)/RUTT)
IF(ROTR.LT.ROT) ICQU=1

IF(ICOV.GT.0) GO TO 200

CONTINUE

DO 210 I=1,NEGR

FRCID=A4#(FR(ID~-RU(I) I+AS#RU(II+ABHRA(T)
RUCII=RUCI)+DT#RU(I)+AB* (FR(I)+2.*RA(I))
RUCI)I=RUCI)+A7#(FR(I)+RACI))

RACI)=FR(I)

CONTINUE

0¢1)=RUC1)

Q(2)=RU(1)

0(3)=RA(1)

FORCE=FIQ

PROP=FORCE

ALPHA=-0(1)-GP(1)

RODFR=RU(INTE)#*AREA*ER

WRITE(8,8001) FORCE,ALPHA,RODFRs CACI)y I=1s3)

FORMAT(BE12.4)

147

HIMP

WIMP
HIMP
HIMP

25



Cnn

100

20

Catsean

10

ORIGINAL PAGE I3
OF POOR QUALITY
1DS=1DS+]
IF(IDS,GT.NDS) IDS=1
TAN=, FALSE,
RETURN
END

SUBROUTINE FORMROD(RKsRMs JDR)
FORM STIFFNESS AND MASS MATRICES OF ROD
COMMON ~#RODATAZ UR, IQ,NDS
COMMON ~ROELEM~ NERvNEQRf
COMMON /CONSTS/ ﬁoiﬂEUR4QGSvRSvﬂ7vﬁBrﬂREﬂ
DIMENSION RK(1)yRMC1),JDRC(R2),1D(86)
DATA RHOR/.0003225/yRL71.0/
DHTR D/naa' 0369 n43’ aq,Bl -50! -825/
EL=RL/NER
PAl=4, #ATANCL,)
JOR(L) =1

JOR(2)=3

DD 100 I=1,NER

IFCI.LT.6) A=PAIR(D(I)/ B, Jund
IF(I.GE.B) A=PATI#(L(B) /2, ) %42
TT=A%ER~30, Z/EL

J1=28(I+1)~]

JR=J1+1

JIMi=Ji-1

JiMe=J1-a

JOR(J1)=JORCJIMII+3
JIRCJ2)=JDR(J1)+4
Ki=JOR(JIM2)

Ke=JDRCJLHL)~1

RRK(KL I=RK(KL )+TT#36.
RK(K2 )=RK(K2 )+TT#3,+EL
RK(K2+1 )=RK(K2+1)4+TT®4, #EL 2402
RK(KE+2)=RK{K2+2)~-TT*36.,
RK(KR+3)=RK(K2+3)~TT#3, #EL
RK(K2+4)=RK(K2+4)+TT#36.
RK(K2+5)=RK(K2+5) +TT#3, #EL
RK(K2+8)=RK(K2+6)~T THEL##2
RK(K2+7 )=RK(K2+7)=TT#3. #EL
RK(K2+8)=RK (K2+8) +T T4, #EL 2
TT=RHOR*A*EL

Li=2nI~1

RMCLY  )=RM(LL1 )+TT/2.
RMCLL+1)=RM(L1+1)+TTHEL*#2/,420.
RM(L1+2)=RM(L1+2)+TT/8,
RMCLI+3)=RM(L1+3)+TTHEL#*2/420.
CONTINUE

AREA=A .

DO 20 I=1,NEQR

J=JDRCI)

RKCJI=RK () +A0#RMCT )

CALL ACTCOL(RK»RMs JORy NEBRs « TRUE. » « FALSE.» 0)

SUBROUTINE RODLOADCF»AF)
COMPUTE CONTACT LOADING
LOGICAL RELD,UNLD,PIL
COMMON ~#TMDATAZ TIME, DT, DDT» FORCE, ALPHA
COMMON /EXDATA/ Q(4)
DATA UNLD/.FALSE./»PIL/.FALSE, 7y RELD/ ,FALSE./
IF(PIL) GO TO 10
AMAX=AMIN=FMAX=0.0
PIL=.TRUE.
IF(RELD) GO TO 50
IF(UNLD) GO TO 20
F=G(1)#AF##l.5
IF(F.GE.FORCE} RETURN
UNL.D=. TRUE.
AMAX=ALPHA
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FMAX=FORCE

IF CAMAKGT, BC2)) UK=FMAX/((1.~-8(3) )nAMAX+RCR)InA(3) IneQ(4)
IF(AMAXLE.QCR) ) UK=FMAX/AMAX##0C4)
AMIN=Q(3)#(AMAK-0(2))
IFCAMIN.LT.0.) AMIN=0.0
IF(AF.LE.AMIN) GO TO 30

F=UK# CAF~AMIN) #20(4)

IF(F.LT.FORCE) RETURN

RK=FHARZ (CAMAR-AMIN) ##1 .5
IF(AF.LE.AMIN) GO TO 30

F=RK# (AF~AMIN) s, 5

RETURN

F=0.0

RETURN

END
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