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Abstract—When jow speed objects impact composite laminated plstes delamination may result, Under in-
plane compression such delaminations may buckie and tend to enlarge the delaminated area which canlead to
foss of global plate stability.

This process is modelled here in a first attempt by a delaminating beam-column wherein the locsl
delamination growth, stability and arrest are governed by a fracture mechanics-based energy release rate
criterion.
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1. INTRODUCTION

Fiber reinforced plastics and, in particular, graphite fiber composite materials enjoy a definite
strength to weight advantage over many standard engineering materials used in weight critical
applications. This assessment must, however, be made with respect to applications where the
primary stresses are aligned with the fiber direction such as the extension (tension or
compression) or bending of a thin plate where stresses normal to the plane of the plate are
small. If such a plate is subjected to impact, considerable damage can be caused since the
cohesive strength of the plate through its thickness is quite low. This in turn can lead to
degradation of the extensional or bending strength of the plate[1-5].

The mechanism of this strength degradation has been the subject of a recent
investigation[6]. Although the details of the initial degradation process are poorly understood, it
is believed that the strength degradation under compressive in-plane loading is the result of
coupled delamination and delamination buckling.

An experimental investigation into the failure mechanism using high-speed photography (7]
has shown that the failure process can be divided roughly into two phases. In the first phase the
plate is impacted and the resulting response causes interlaminar separation. The size of this
damage area is a function of the impactor parameters and the plate material, lay-up, etc,[6). For
the present discussion it will be assumed that the dimension of the damage area is large
compared to the laminate thickness but small compared with the plate size.

In the second phase the damage area spreads to the undamaged area of the plate through a
combination of laminate buckling and further delamination. It is this failure phase with which
we are concerned in the following development. In order to elucidate the dominant physical
phenomena in a readily tractable analytical manner it appears prudent to deal first with a
geometrically simpler situation than the full plate problem illustrated in Fig. 1: the treatment of
that problem depends heavily on numerical computations. Instead we shall deal here only with
the one dimensional plate analogue represented by the cross section in Fig. 1 which geometry
and loading are considered to be invariant along the coordinate normal to the plane of the
figure. In the subsequent analysis which is condensed from references[8-11] we shall start from
the assumption that a delamination exists in the plate. The latter may be initially unloaded or
under an in-plane compressive load when the delamination appears. In either case the analysis
will study the growth (under load) of the damage area. Quasistatic conditions will be assumed
and the analysis will draw on the theory of ordinary beams as well as a rate independent
fracture criterion based on the energy release rate,

Growth of the delamination is assumed to occur in its own plane in keeping with the
laminate character of layered composites. Yet, for simplicity reasons the properties of the plate
are assumed homogeneous, isotropic, and linearly elastic. We note, however, that impact
damage in a fiber composite of, say, quasi-isotropic and symmetric lay-up generates in general
two or more delaminations none of which possess the same properties themselves. Such material
behavior can be readily dealt with at the expense of introducing additional parameters into the
problem; but, because neither the physical principles involved in the analysis nor the character
of the results will change, we omit attention to that detail.

Depending on the thickness and number of delaminations relative to the total plate thickness
several further approximations may be considered as illustrated in Fig. 2. In Fig. 2(a), the
unbuckled portion of the plate has been made infinitely thick; this is called the “thin film”
model. A finite thickness (assumed large compared to the delamination) is introduced in the
delamination “thick column” model Fig. 2(b). The case of several delaminations can be
analyzed (Fig. 2c) as well as a- symmetrical split (Fig. 2d). The most general case analyzed in
this report is represented in Fig. 2(e).

The analyses for all these models are delineated in this report. The “thin film” model is
analyzed first since the results are quite simple and illustrative of the results for the more
complete modelst,

tWe wish to point out that after the typing of the manuscript we became aware of publications dealing with the thin film
problem[12] as well as delamination of a ring under external pressure{13).
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Fig. 2. Delamination/buckiing models.

2. EXAMPLE PROBLEM—"THIN FILM" DELAMINATION

The stages in the “thin film” delamination and buckling are shown in Fig. 3. The delaminated
film of thickness & and length [ is part of an infinitely thick medium, characterized by Young's
modulus, E, and Poisson’s ratio ».

Under a compressive strain ¢,, the delamination can grow only after the film buckles. In
order for growth to occur, work of rupture is required. This energy must be available either
from work done by the compression forces during the growth of the delamination (fixed load)
and/or from the decrease of strain energy of the system. For the “thin film” delamination the
strain in the backing medium, €, remains constant and all the energy available for crack growth
is drawn from changes in stored strain energy caused by changes in the delamination length /.
For this case (fixed grip), it is more coavenient to write the “load” in terms of strain, €, rather
than in terms of stress.

Consider the three stages i, ii and iii in Fig. 3. State i represents the unstressed medium
while ii denotes the uniformly compressed medium (strain = ;). State iii differs from ii in that
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Fig. 3. Thin film model—three configurations.

the delamination has buckled. The conditions for growth of the delamination are determined by
examining the change in stored energy of the system as the delamination spreads. If the elastic
energy loss in that process equals or exceeds the energy required to create a unit of new
delamination, then growth will take place. If growth does take place, it is of interest to examine
whether or not the growth is arrested at a later stage.

The strain necessary to cause buckling, ¢, can be easily calculated if use is made of the
usual assumptions of technical beam/plate theory to yield,

The post buckled shape of the film can also be calculated assuming that the buckling displacement
remains reasonably small.

y=A % (1 +cos 2mx/D )

The amplitude A is determined by the condition that in going from state i to iii the length / of
the delaminated section remains unchanged, and the membrane stress in the buckled laminate is
the same as the buckling stress. These conditions lead to

12 2
(- ecllt-= [ 3(52) ox, ®
or
2
A=(e-e) () a-. @

The strain energy in the buckled layer consists of the membrane energy and the bending
energy. It is given by (on a per unit width basis).

_ ﬂ{ 101 2 2 2 in Eh3 dz 2
Uiil - 2 [Gcr(l 4 )+ V'€ ]+ _n 24(1 —y ) ('d_x%) dx’ (5)
or
-yl 2
U= gj—’-%—-—-”—) [2soec, - €4+ T—f—;: eo’]. ©

Next the energy release rate, G, is calculated for the condition that the length of the film
changes from / to /+ Al To distinguish the energy release rate in this example from those
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encountered later on let us affix a subscript “a”"; then

G, = lim {Um(l) + ) Eepnal- v+ AI)} 1 )
Al-0 2 AP
which can be reduced to
_
G, =222 (- e e+ 3¢, ®

Finally, the strain energy in the laminate corresponding to stage ii is calculated as

Uﬁ = Ehléoz. (9)

1
2

The history of the strain energy of the thin film delamination can now be considered. There
will be two different cases depending upon the time in the load history at which the
delamination is introduced. The first case considered will be the one in which the delamination
isintroduced prior to inception of loading. Next the case of a delaminationintroduced while the plate
is under compression load will be considered.

For the first case the strain energy increases quadratically with load (eqn 9) until ¢ reaches
&, (Fig. 4). At & = ¢, the laminate buckles and the strain energy increases in accordance with
eqn (6). This is shown in Fig. 4 where » has been chosen as 0.3 for plotting purposes.

Since the stresses at the ends of the delamination (the delamination crack-tip) are con-
sidered to promote further splitting only after buckling has occurred, the question of delamina-
tion stability is of interest only for € > €. Thus (8) indicates a positive strain energy release
only for € > ¢.,. Whether further delamination occurs depends, however, on the magnitude of
the fracture energy, Iy, which is defined as the energy required to produce a unit of new
delamination.t The dependence of the strain energy release rate, G,, upon loading and
delamination length (from (8)) is plotted in Fig. 5. In order to generalize these results for
arbitrary Poisson's ratio v and fracture energy Iy, the following normalizations were employed

[ Eh
=T {2(1 = v’)}
b= el{(1- T o

I* = I{AT34),

With the aid of Fig. 5, the history of the delamination as a function of load can be
determined. In this connection there are two values of load € (or €§) which have special
significance: the first, denoted by €4, corresponds to the lowest value of strain, for which the
strain energy release rate can equal or exceed I'p. Referring to Fig. § it is clear that this value is
determined from the dual condition

GuD=T, and Zeg (1)
which yields
LY TT \/(31"0) or 634 =().866 (lZa)

and the corresponding delamination length

Ly = hQaVEN'TE ™ or 1%=3.376. (12b)

Note that a unit delamination generates two units of new fracture surface. If ¥, is the fracture energy per unit of new
surface then Iy = 2v,. The magnitude of T, has been measured for T300/5208 graphite epoxy to be 260 N/m (1.51bfin) £
20%{8].
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The other important strain, denoted by €3, is the limit beyond which G, exceeds [y as {»x; it
is given by
€= V{IHI1-v) or ek =1.000. (13)

For this value of the load the strain energy release rate exceeds I'y when the delamination
length {* falls in the range

Ip<*<o (I3=2221). (14)

By knowing these bounds, the length of the delaminated region can be found as a function of its
initial length /; and the loading ¢,. This is illustrated by Fig. 6 for normalized delaminated length
and loading. Suppose the initial delamination length, /, is such that [§ =%, then a load €}
increasing from zero will produce no further damage growth until €§ = €}, in accordance with
Fig. 6 (see path 1). When e} exceeds e}, stable delamination growth occurs such that for
€} - €}y, I* >, It is also clear that for I§ > /% similarly stable growth occurs, though starting at
values of e* larger than €$, (see path 2). Now consider [/} < /§ < I% (see path 3). Then no growth
occurs until e} is sufficiently large, corresponding to points C in Figs. 5 and 6. Thereafter unstable
crack growth occurs until the delamination reaches a new length corresponding to point D in Figs. 5
and 6, with only stable growth possible for a further increase in €}. Finally, consider /§ < [$. Then
in accordance with path 4 in Fig. 6 no growth occurs until e reaches a value larger than e}, from
which the delamination increases unstably to infinite length.

From this type of calculation it is clear that a variety of behavior may be observed during a
test on a delaminated structure. The behavior would be dependent upon the dimension of the
damaged area as well as on the other parameters of the problem.

For the second case let us consider the history of the strain energy if a delamination is
introduced while the structure is under a load such that ¢ > e.,. Prior to the introduction of the
delamination the strain energy is given by (9). In Fig. 4, we associate with that strain the point
A, say. Now introduce a delamination, and assume for the present that this process does not
absorb energy from that stored in the system. Next buckling will occur and the new equilibrium
state has a lower energy corresponding to point B on the branch of the energy trace marked Uy,
in Fig. 4. If the energy state at that instant is such that G, > I'y further delamination will occur.
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107 HerzL CHa! ¢t al.

However, note that even if the energy release rate at point B in Fig. 4 is not sufficient to allow
further delamination growth it may be possible that part of the energy released in the buckling
process, denoted by AU in Fig. 4, contributes to the further fracture process. This possibility
could be reflected in a lowering of the load at which the damage spreads if the defamination is
introduced while the structure is under load, as compared to the case where delamination
already existed prior to loading.

3. GENERAL CASE
Having considered the special and simple problem of film delamination let us now turn to

the analysis for the “general” case (Fig. 2) which is developed along identical lines of reasoning
as the thin film case. The algebra is more cumbersome and it is necessary to evaluate the energy
release rate numerically. Cylindrical bending of the plate will be assumed along with a plane
strain condition for the membrane stresses. The coordinate systems for the separate parts of
the structure are shown in Fig. 7. Each section is treated as a beam column with compatibility
and equilibrium enforced at the interfaces between sections. The specific conditions are:
Compatibility
Section 1
d
b2 =§-:—=ﬂ at x;=0
dy
y;=8, =§ at x,=1,.
X1
Section 2 and 3 (assume symmetry at x; =0)
yi=8 Si-Zi=¢9 at x=-102,i=23
[} 1) d x‘ (] .4 ¥

Use of these conditions and the solution to the beam column equation produces the following
results:

Y(x) = fi(x)0 +g(x)8,i=1,2,3 (15)

where f; and g, are given in the Appendix.

Y2
K I
8 . ;r\-\'s :_)__Je
}¥3

Fig. 7. Coordinate system for general panel problem.
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Equilibrium
At X sl;.& ="U2,I'=2,3

Shear $i1=5:+S; (16)
Axial Force P,=P,+ P, an
Moment M, =M,+M,-P,§+P,i-‘§-’1 (18)

The shear condition (16) (with the aid of (17)) produces a relation between & and 6,

= gL
§= 92“1 tan u;

Substituting this relation in (15) produces the following results for the deflections:

8l
n= (I - Cos Zu,x,[l;),
2 2
u; sin 24, -
= 2u sm " [cos 2uxl; - cos 2uf{cos u;}], i=2,3

where &, = ({2V(PJD), i = 1, 2, 3, are the normalized total loads and D; = (Et}/12(1 - %)) are
the stiffness rigidities of the separate sections.

The remaining conditions necessary for a solution involve the overall shortening of the
plate, Assume that during the transition from state ii to state iii the ends remain fixed (i.c. overall
shortening is L). This produces the conditions essentially analogous to (3), namely

el =261+ fo " (%21) dn+ah+s j ( ) dx, + ke, 20)

ahts ] m( )dx,aezt, fz;( )dx,+:o, @1

where ¢ is the midsurface strain in the “ith* segment and is related to the axial load P, The
membrane stresses and strains are given by (plane strain assumption)

E E
(0 = T (0= ), (02 = [ =550~ €,
(ex)l = b€y, (Ex)i E—€ i= l’ 2; 3.
The strain energy in the system is then calculated as

2

I 2
U= [(U'x)l(ex)! + (0‘,)1(6;);]‘111 + 'D‘ L (%;!}) dxl

3 W2 f42,\2
+3 2% {loaer @b [ (G4) o} @

Consider now ¢, ¢, € and 8 as the desired unknown quantities with load and section
parameters specified. Combining eqn (19) with (17), (18), (20) and (21) produces four equations
in the four unknowns. The nondimensional versions of these equations are given in the
Appendix along with the energy.

The system of equations (A1)-(A4) in the Appendix cannot be solved in closed form and a
numerical iterative scheme is employed. In order to start the iteration, an initial guess to the
solution is required. The subject of finding such an initial guess is considered next.
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Numerical solution

Let u; represent the normalized load for Section 3 as defined in the nomenclature. Starting
from the observation that for ¢ =0 the post buckling normalized axial load u; is given by
uy = m, let us examine the equilibrium position for the more general case §# 0. Figure 8 shows
the axial load defiection curve for specific values of 8 as obtained from (19). Denote y3(0)-5 by
A, as in Fig. 8; then the third of (19; i = 3) yields

- I;G(l — COS Us)

A - 2
37 T 2ussinug

(23)

In the lower part of this figure, u; <7 (A;>0); this case corresponds to a closing of the
delamination against Section 2 and is, therefore, of no current interest. Focusing attention on
uy> m, it is seen in Fig. 8 that for a given section geometry u; decreases with decreasing 4,
approaching the Euler buckling load (43 = 7) as §-0. We shall make use of this observation
later on. For the general case 8# 0, let

h=r+y 0<n<m 24)

Substitution of (24) in the equations determining €;, &, ¢; and 9 (see eqns (Al) to (Ad) in the
appendix) and the third of (AS) in the appendix, results in eight equations with eight unknowns
&=[1-R&+hi&"k+e, u=n(1-DiE- V&)1~
&=[&-h(1-D&Mk+ e, uy=nll(&- V&)1 - v)]"*(1- k)
E.g = E-3°+ €3, €-30 = (1 - Vz)fcr‘f‘ 1126-0
-F I\? - » (25)
R () s - | -2~ &t a3+ )
(711 = DRuyftan 2u, + (1 - B uyltan u,
n= éI(ED - Ecr + 31)4”2[3'(]-”2

6=

-0 3 o 3 10

Deflection, Az/h
Fig. 8. Equilibrium position of Section 3.
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where terms defined in the listing of the nomenclature are used. Also x = 1—- A+ Al and the
quantities e,, e,, 5, a; and a, are given in the appendix. Let us seek a first approximation to
the solution by assuming that ¢ is small (8 < 1). This implies (from the discussion of Fig. 8) that
7 is also small, from which it follows that the quantities, e,, ¢,, e, 4, and a, are small.

By temporarily assuming zero values for these quantities an initial solution to the set (25)
can now be calculated, which, in turn, allows the calculation of the quantities e,, e,, €, a, and
a,. Successive iterations can now be carried out (about five) until sufficient convergence is
achieved.

Next, the strain energy is calculated from (A6) from which, by means of simple numerical
differentiation, the strain energy release rate can be found.

The results obtained in this manner are shown in Fig. 9, where the non-dimensionalized
strain energy release rate G, for “model ¢” of Fig. 2 is plotted as a function of the crack length
for several loadings and section dimension. Consider a typical curve in Fig. 9 which cor-
responds to a f_ixed load ratio, &, and examine the characteristic behavior of G, with crack
length ratio I. G, is nonzero (positive) only when I > I, where I, is the critical bucklmg length
given by I,= hl\/(e.,) G, increases rapidly with delamination length reachmg a maximum at
IL=1,. Its minimum occurs at //L = I «. The difference between the minimum G, (/,..) and
maximum G, ([,.) is more striking for this case than that for the thin film case. This is
significant in that these values dictate the region of stable delamination growth as shown in the
discussion of Figs. 5 and 6.

A great simplification in the general problem just treated can be achieved by neglecting
bending contributions of the sections’ structure other than section 3, i.e. by assuming 8 =0.
This leads to model b (Fig. 2b). The condition 8 = 0 implies ¢; = ¢, = ;= @, = a, = 5 =0 in (25),
(while n/#@ is finite). By substituting the reduced results of (25) in (A6) while taking the limit as
u;— 7 we find:

U = — w*hl(& ~ &.)*(18x) + 7*&2/{18(1 - v¥)} (26)
The strain energy release rate, G,, is given by (G, = ~ dU/al). Thus
Gy = m*h(1 — hX& — E)éo+ &.(3 + 4RTI(1 - RIV(18x2). @7)

Generalization of this model with n (integer) delaminations results in model 2c, the analysis of
which is identical to that of model 2b if & is replaced by nh (while leaving e, unchanged). Thus,
from (27)

G. = mw*nh(1 — nh)(& — &.)[&+ E.{3+4nhlj(1 - n)})/{18(1 ~ nk + nhl)?) (28)

The symmetric split (model d) is a particular case of model 2c with n =2, h = 0.5 (nk - 1). This
gives _
G, = (&~ 1148 D). (29)

Finally, it is pointed out that the “thin film” model (model a) treated earlier is a further
simplification of the general case over case b with h = h/t >0

Thus G, = hlim (G,/h)
h-0

where G, and G, are given in (8) and (27) respectively.

Three of the models are compared in Fig. 9. It can be seen there that the “thick beam”
model is not a great improvement over the “thin film” model. The range of applicability of the
“thin film" model can be established by comparing measures such as the maximum value of
energy release rate. This is done in Fig. 10 up to a delamination thickness ratio of 0.10. Over
this range the error between the two models is montonic with b/t and load (ey/e,). For larger
values of A/t the comparison becomes more complicated due to the large shifts in the position
of the maximum energy release rate.
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Fig. 10. Relative difference between thin film and general model as a function of the controlling parameters.

4. SUMMARY AND CONCLUSIONS

The models of delamination buckling and growth introduced in this paper display an
interesting variety of behavior depending upon the dimensions of the delamination, the load at
which it is introduced and the fracture energy. When loading an initially delaminated structure,
the growth of the delamination may be stable, unstable or an unstable growth followed by a
stable growth. The range of this behavior can be found from the results presented and could
form the base for an experimental study of the applicability of the proposed model.

The solution of the case when the delamination is introduced in a preloaded structure awaits
the resolution of the problem of the excess energy released in going from the unbuckled to the
buckled state. However, the model does show the magnitude of this excess energy which can
participate in the fracture process. This energy excess would lower the “load” necessary to
initiate growth. This finding is consistent with experimental evidence[6] but quantitative
comparison of the present analysis with impact experiments is not very meaningful because the
present analog study is hardly capable of dealing with the details of the complex dynamic
process of delamination growth in an impacted plate.

The “general” model considered here for the delamination buckling and growth is useful in
establishing the range of validity of the simplified models (e.g. “thin film"” case). This is
important in that an extension of the model to two dimensions (growth in both the longitudinal
and transverse directions) is very difficult for the analog of the present “‘general” model but
tractable for the “thin film™ case.
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APPENDIX
The f; and g in eqn (15} are as follows:
_ k (sin 2y = 2u3) . 4 L ]
filxy= = ulan o) [ e sin? wyxyfh; — sin 2u,x[6 + 2agx

2(x)= m {(sin 2uyx 1y = Zayx ) an g + 2 sin® wyey /)

S -
D —m(ﬁﬁs 2upndl; - cos i)

&l)=1, i=23

w=EVIBID), i=1,23.

The nondimensional equations for ¢ and 8 are

& (1= R)éy~hés =0 (Al

380 38 [~ T¥duy ~sinduy) . TQu,—sin 2uy)
R R

23; Sin 23; ﬂgsin Hy
+aalad+ lG-a1=0 “D
35 3P Quy-sin2u)) 38 Qus-sinay) (& &)
LAY -2 #EE = (A3}
{ﬂzf gt “23;3132 } 8t 33333233 G"Fz}ﬁ

-

[(T!“ﬁ Juftan 2uy + (1 - BYuftan uy+ Busltan u,]

~»<x~ﬁ>{[(—fi‘_}%]z~r(1—;:)uzl’}:o a9

= w{l - Vg =~ vt -y
uy= 2lV{G~ &I - Y- K) (A3}
uy = 7l V(& ~ el - k.
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The nondimensional strain energy is as follows;
URETSL™(1 -} = U
i =T§(—l’£‘-;,3,[(1 ~ D& +(1 - Ble + kil + Vel é - 26)]

s [ 2_ (4w +sindwy) (1 — BY u,(uy + sin 2uy)
UL~ sin*u I sin® u,
Py .
+ » nzau{ +$in 2n;)] (A6)
I sinay

The ¢, i=1,2,3; a; and a, in eqn (25) are as foliows;
& == [(1 - X1 = B)ay ~ hles)fx
& =~[{1- e, + a1 - Deslix
=1~ )i lnlz + 9297

ay=(nftanq) {1+ 9iz)~1

Where a; and a; are given by the curley bracket of eqns (A2) and (A3) respectively and x = 1 ~ & + AT,



