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Response of Laminated Composite Flat Panels to Sonic Boom
and Explosive Blast Loadings

L. Librescu* and A. Nosiert
Department of Engineering Science and Mechanics
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

This paper deals with a theoretical analysis of the dynamic response of shear deformable symmetrically
laminated rectangular composite flat panels exposed to sonic boom and explosive blast loadings. The pertinent
governing equations incorporating transverse shear deformation, transverse normal stress, as well as the
higher-order effects are solved by using the integral-transform technique. The obtained results are compared
with their counterparts obtained within the framework of the first-order transverse shear deformation and the
classical plate theories and some conclusions concerning their range of applicability are outlined. The paper also
contains a detailed analysis of the influence played by the various parameters characterizing the considered
pressure pulses as well as the material and geometry of the plate.

1. Introduction

HE response of elastic structures to time-dependent

pulses, such as sonic boom and blast loadings, constitutes
a subject that is currently of much interest in the design of
aeronautical and space vehicles as well as of marine and terres-
trial ones. With very few exceptions, its study was done in the
past for the case of thin isotropic structural members (see e.g.
Refs. 1-8).

With the advent of the new composite material structures
and their increased use in the aerospace industry, there is a
need to reconsider the problem of structural response. This is
due to the fact that the new composite material structures
exhibit distinguishing features as compared to their metallic
counterparts. The former ones are characterized by a weak
rigidity in transverse shear and by high degrees of orthotropy
of the layer materials; the latter ones are constituted of
isotropic materials and may be considered to exhibit an in-
finite rigidity in transverse shear. That is why, in order to get
correct results for the response behavior of flat structures
made of advanced composite materials, refined plate models
have to be used. They should incorporate transverse shear
deformation and transverse normal stress effects and should
account for the higher-order effects. The analytical studies
devoted to the dynamic response of shear deformable lami-
nated and single layered flat panels to blast loadings are very
few. In this sense, the reader is referred to Refs. 9, 10, and 11,
respectively. Within this paper, the far-field overpressure pro-
duced by an aircraft flying supersonically in the Earth’s atmo-
sphere (referred to as the sonic-boom pressure pulse) or by any
supersonic projectile, rocket, or missile as well as the one
resulting from an explosive blast (see Refs. 3 and 5-10) are
considered to predict the panel response. The time history of
the sonic boom is described as an N-shaped pulse, whose
negative phase duration is included as a variable in the analy-
sis. As concerns the explosive blast, its time history is approx-
imated both as an exponentially decaying pressure pulse and,
in an approximated way, by a triangular pulse. The results
obtained within a higher-order plate theory (HSDT) are com-
pared with their first-order transverse shear deformation
(FSDT) and classical (CLT) counterparts, and some conclu-
sions concerning their range of applicability are outlined. In
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addition, the obtained numerical results allow one to draw
conclusions about the influence played by the various physical
and geometrical parameters entering the problem. Having in
view that the severity of the dynamic response can be conve-
niently measured in terms of the dynamic magnification factor
(DMT), its variation for several pulse shapes is also displayed
in the paper.

II. Governing Equations

The response analysis will be performed within the frame-
work of a higher-order bending theory of cross-ply symmetri-
cally laminated composite plates. Previously formulated in
Refs. 13 and 14, this theory exhibits all the advantages embod-
ied in its FSDT counterpart both with regards to the number
of involved unknown quantities and the order of the associ-
ated governing equations. However, in contrast to FSDT, the
present theory is based on 1) a parabolic representation of
transverse shear-stress components across the plate thickness
(thus avoiding the need for a shear correction factor) and 2)
the elimination of the contradictory assumptions involving the
simultaneous consideration of zero transverse normal stress
o33 and zero transverse normal strain e;;. Furthermore, the
results predicted by HSDT will be compared with the ones
obtained within the framework of FSDT and CLT. By adopt-
ing the assumptions formulated in Ref. 13 and by referring the
points of the midplane of the laminated composite rectangular
(a x b) plate to a Cartesian system of coordinates x-y parallel
at each point with the principal material directions, the gov-
erning equations (see Ref. 13) may be reduced to

W xx + QW oxyy + G + Ay + Asiy,
+ agly + GW,x = Ayl + Ao,y
DiWyyy + DaW e + Daty )y + Dady o + Bsiby
+ by + byw,, = byy, + boiv,,
Cl¥sy + Colyy + C3W i + CaW,yy + 5Py = C6W (€))]

The FSDT counterparts of Egs. (1) are given by (see e.g., Ref.
13)

as lI’x,)ax + a4¢x,yy + aS‘l’y,xy + a6¢x T AW,y = as\l’x
b3‘[/)’,yy + b4‘//y,xx + bS\Lx,yx + bG‘I/y + b7W sy = b8¢y

cl\bx,x + Cﬂl/y,y + C3W o xx + C4Wayy + CSPZ = CGW (2)
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where, in contrast with HSDT, the higher-order effects as well
as the one played by o33 are disregarded. The coefficients
appearing in Eqs. (1) and (2), which are functions of stiffness
quantities, are displayed in Appendix A. In particular, the
coefficients ¢; and ¢, include the effect of the in-plane edge
loads T, and T»,, respectively, which play a substantial role in
the response behavior. The structural response corresponding
to CLT can be obtained as a special case from FSDT by
considering the transverse shear moduli to be infinite quanti-
ties. For convenience, in Egs. (1) and (2), the notations w, ¢,
and y, replace

(1(1)3), (1}1) , and gz)

respectively, originally introduced in Ref. 13. Here, w denotes
the transverse displacement and ¢, and ¢, denote the rotations
of the normals about the y- and x-axes, respectively. Associ-
ated with Eqgs. (1), the boundary conditions for a simply
supported plate are (see Ref. 13)

¥V, =0, w=0,and a\jw, + @3¢, =0atx=0,a (3a)

and

Yy =0, w =0, and byw,,, + b3y, =0aty =0,b  (3b)
and the initial conditions are prescribed to be
Ve(x,7,0) = ¥ (X ,3), ¥y (x,7,0) = ¥, (x,¥), wlx,y,0) =
Wx,p), Wax(x,,y,0) = We(x,y), w,,(x,y,0) = ,(x,y),
Vex,7,0) = T (x,3) ¥y (x,3,0) = ¥, (x,»), wx,y,0) =
Wx,y), Wix(x,p,0) = W (X,y) Wy, (x,9,0) = W,(x,y)
“)

Here the single and double over tildes denote prescribed quan-
tities for the basic variables ¢, ¥,, w as well as for w,, and
w,, and their time derivatives, respectively, at = 0.

As concerns the boundary conditions associated with
FSDT, they are

Y, =0, w=0,and y,, =0at x =0,q (52)
and
Yy=0,w=0,and y,, =0aty =0,b (5b)

III. Solution Procedure

The integral-transform technique will be used to solve the
dynamic-response problem. To this end, Egs. (1) are subjected
to a Laplace transform with respect to time and successively
(1)1, (1)2, and (1); to finite Fourier cosine-sine, sine-cosine,
and sine-sine transforms, respectively. Appropriate use of ini-
tial and boundary conditions given by Eqgs. (3) and (4) yields
an algebraic system of equations expressed in the transformed
space as

(Kiy + ass?) K, K3 + @505
K, (K2 + besh)  (Kys + bofBs?)
K, K3, (K33 + ¢657)
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The terms Kj; and T; are given in Appendix B.

In addition, «,, = m«/a and 8, = nx/b; m and n denote
Fourier transform variables associated with x and y, respec-
tively, and s denotes Laplace transform variable associated
with the time variable /. An overbar accompaying a quantity
identifies its Laplace transform [that is L{a(¢ )] = a(s)], and
(.)® and () denote finite sine and cosine Fourier transforms,
respectively. It should be remarked that the right side of Eqgs.
(6) contains the initial conditions as part of the forcing func-
tion.

Starting with the system of Eqgs. (6), the dynamic response
and its associated eigenfrequency problem could be analyzed.
For the dynamic response problem, employment in Egs. (6) of
Cramer’s rule and partial fraction expansion technique yields
P9, 959 and w9 as

_ {ces) 3 _ . (so)
¥x gm M,8) = -21 H,j(m,n,s) T; ¥, §m 1,8)
i

3 _ Ess) 30 _
= Y Hy(mns) T, w(m,n,s) = Y, Hy(mn,s) T,
j=1 j=1

M
where
N 1 2 A
H,(m,n,s) =— _ ik
) =5 B D ©
Furthermore, in Eq. (8), A;; are expressed as
1 3
A =+ Y Lije W%, Gk =1,2,3) &)
0 /=1
where
(= 80" = (0} — Wi Nwk — w}), (k %=m #n),
(kmn =123, ¥) (10)

and I;; are displayed in Appendix C. In Egs. (10-12), w?
(= —s?) represent the eigenfrequencies of the system ob-
tained by setting the determinant of the coefficient matrix in
Egs. (6) equal to zero. By following this procedure, a cubic
polynomial in Q( = w?) is obtained

MNP - NP+ A~ N=0 (11)

where the coefficients \; are given in Appendix C.

It appears evident that three eigenfrequencies, Qi the roots
of the characteristics Eq. (11), can be obtained for each pair of
m and n. The inverse Laplace transform applied to Egs. (7)
yields the response quantities in the time domain as

Y (m,n,t) = M{P Ly (m,n,t) + M{SH, (m,n,t)

+ MEOLo(m,n,t) + MEOH (m,n,t) + MEOL3(m,n,t)

!

+ M H 3(m,n,t) + j Hy(m,n,t — 1) P8 (m,n,7) dr
4]

(12a)

. (cs) _

¥y (m,n,s) T,

_ (sc) -

ygm,n,S) =3T, (6)
§SS) _

w (m,n,s) T;



FEBRUARY 1990

l//(sc) (m,n,t) = MOL,y\(m,n,t) + M Hs (m,n,t)

+ M§OLy(m,n,t) + MO Hoy(m,n,t) + M{PLys(m,n, t)

t
+ M) Hys(m,n,t) + S Hy(m,n,t — 1) P8 (m,n,7) dr
0

(12b)
wS(m,n,t) = ME Ly (m,n,t) + MO Hy (m,n,t)
+ M‘“)L32(m,n 1)+

(SC)H32(m n, t) + (SS)L33(m n, t)

t
M(SS)H33(m)n)t) + S H33(m’n)t - T) PZ(SS)(m)nJ T) dr
0

(12¢)
where
R sin
Hy(mn,t)=L~" [Hy(m,n,s)} = E (32
N 19
Lij(m,n,ty=L " [sH;(m,n,s)} =+ L, A cosant
1 k=1
i.j =1,2,3) (13b)
and
PSY(m,n,ty =L~ (P (m,n,s)} (13¢)

For zero-initial conditions, Egs. (12) reduce to

1

Y m,n,t) = S Hy(m,n,t —7) PS(m,n, 7y dr  (14a)
0
t

WO (m,n,t) = S Hy(m,n,t — 1) P& (m,n,7)dr  (14b)
0
t

wS)m,n,t) = § Hy(m,n,t —7) P9 (m,n, 7) dr (14¢)
]

where 7 denotes a dummy-time variable. Successive applica-
tion of inverse sine and cosine Fourier transforms to Eqs. (12)
or (14) yields the primary response quantities in the physical
space expressed as

WEnD = ¥0n0+ 5 L T Umn
SinB.y cosamx (15a)
hinn =2 ¥ [ om0 +2 £ U omn)
cosBuy Sinc (15b)

wx,py,t) = _b Z} X;l wS)m,n,t) sinB,y sina,x  (15¢)

where

YO (m,y,t) = i Y& (m,n,t) sinB,y (16)
n=1

[l )

In Egs. (15) and (16), ¢{, ¢4 and w*? are given by Egs. (12)
or (14) depending on whether the initial conditions are non-
zero or zero, respectively. It should be mentioned that the
response quantities as expressed by Eqs. (15) correspond to a
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transverse load P,(x,y,t) exhibiting an arbitrary spatial and
time dependence. This means that the above results could be
applied to determine the structural response of cross-ply
rectangular laminated plates to any type of pulse loadings.
However, our concern will be confined to the cases of sonic
boom and blast loadings only. In addition, it should be men-
tioned that the results obtained remain valid also for FSDT. In
such a case, the proper expressions of the coefficients appear-
ing in Egs. (2) (Appendix A) will have to be used.

IV. Response to Blast and Sonic
Boom-Type Loadings

Within the present paper, the response of composite float
panels to explosive blast and sonic boom-type loadings will be
studied. Due to their structural damaging effects, these types
of loadings have been estimated by using both theoretical and
experimental considerations. For the case of blast type load-
ings, various analytical expressions have been proposed and
discussed in the literature (see ¢.g., Refs. 5 and 9 and also Ref.
10). As it was clearly established, the blast wave reaches the
peak value in such a short time that the structure can be
assumed to be loaded instantly. Due to the relative small
dimensions of the plate when compared to the blast (and sonic
boom) wave front it may also be assumed that the pressure is
uniformly distributed over the plate. The overpressure-time
history can be described in terms of the modified Friedlander
exponential decay equation (see Refs. 7 and 8)

P,(5.3,0)(= P;()) = Pm<1 —-}) e~ a7

P,

where the negative phase of the blast is included. In Eq. (19),
P,, denotes the peak reflected pressure in excess of the ambient
one; I, denotes the positive phase duration of the pulse mea-
sured from the time of arrival of the blast at the plate surface;
and g’ denotes a decay parameter which has to be adjusted to
approximate the pressure curve from the blast test. A depic-
tion of the ratio P./P,, vs time for various values of the ratio
a’/t,and fixed value of #, is displayed in Fig. 1. As it could be
inferred, the triangular load may be viewed as a limiting case
of Eq. (19), that is for a /¢, —0. As concerns the sonic boom
loadings, they could be modeled as an N-shaped pressure
pulse. Such a pulse corresponds to an idealized far-field sonic
boom disturbance arriving at a normal incidence. The pressure
time history of the N-wave shock pulse experienced by the

P2 /Pm

'0.2 1 i )]
0] 0.05 0.10 0.15 0.20

Time (sec.)

Fig. 1 Typical variation of blast overpressure with respect to time.



348 L. LIBRESCU AND A. NOSIER

Fig.2 Typical pressure time-history associated with an asymmetric
N-shaped pulse.
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Fig. 3 Time history of the nondimensional deflection response of the
center of a three-layered square plate (Structure I) characterized by
a/h =15, a =100 in. to a normal blast loading characterized by vari-
ous a’ and 7, =0.1 s (the results are obtained within HSDT with
Pm =500 psi).

plate may be described by Refs 2-4 and 12.

P,,,(l _t£> for 0<t<rt,
P0oy,0)(= P.(1)) = s

0 for t<0and t>rt,

(18)

where r denotes the shock pulse length factor, and P, and ¢,
maintain the same meaning as in the case of blast loadings. It
may easily be seen that 1) for r =1, the N-shaped pulse
degenerates into a triangular one; 2) for r = 2, a symmetric
N-shaped pressure pulse is obtained; whereas 3) for i<r<2,
the N-shaped pulse becomes an asymmetric one as shown in
Fig. 2. In addition to the dynamic response for the transverse
deflection, the dynamic magnification factor (DMF) will also
be determined. The DMF is defined as the ratio of the maxi-
mum dynamic deflection to the static deflection at a point on
the structure. The static deflection corresponds to a uniformly
distributed loading of magnitude equal to the peak pressure of
the pulse.
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0.5F

V (=w/h)

[0} 0.002 0.004 0006 0.008 0.010
Time (sec.)

Fig. 4 Time history of the nondimensional deflection response of the
center of a three-layered square plate (Structure II) (a/h =20; a =100
in.) to a blast loading characterized by 7, =0.1 s, a’=1.98 and
Pp, =400 psi (the results are obtained within HSDT, FSDT and CLT.
The horizontal lines correspond to the static deflection, allowing one
to emphasize the dynamic overshoot of the response).
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Fig. 5 Time history of the nondimensional deflection response of the
center of a three-layered square plate (Structure I) (a/h =15, a =100
in.) to an N-shaped pulse characterized by various values of r and by
P, =500 psi and 7, =0.01 s (here HSDT was used only).

Two types of structures will be considered in the subsequent
numerical illustrations. One of them, labeled ‘“Structure 1,”’ is
a three-layered cross ply (0-, 90-, and 0-deg) square plate
whose midlayer is two times thicker than the external ones.
Also it is assumed that the orthotropic material of all laminae
is the same, its properties being given by

E, =19.2 % 10° psi, E, = 1.56 x 10 psi, E3 = 1.56 x 106 psi
G, =0.82 x 10° psi, Gi3 = 0.82 x 10° psi,
Gz3 =0.523 x 108 pSi, Vip = 0.24, Vi3 = 024, Vi3 = 0.49

The second structure labeled “‘Structure 11"’ is also a three-lay-
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ered square plate, whose midlayer is two times thicker than the
external ones. It is assumed that the material of the laminae is
transversely isotropic, the plane of isotropy being parallel at
each point to the midplane of the structure. It is further
assumed that the material properties of the layers are given as

E(z)/G (’2) = 20; E(])/G (1) ( = E(g)/G (13)) = 50, E(l)/E (11)
( = E(3)/E (’3)) - 5, E(z)/E (/2) = 2; E(l)/E(z) = E(3)/E(2) = 10;
V=m= 1'(;) = 024, (l = 1,2,3)

For both structures, the material density for all layers is taken
as p=13x 10~3 Ib s?/in.* Here, the indices 1 and 3 area

050F

HSDT (15=0.010)
HSDT(tp=0.012)
/ CLPtp=0.012)
n
025t |

£

z O

i

>

-0.25| CLP(t,=001

-0.50¢p L 1 I L

1 1

O 0005 0.010 0015 0.020 0.025 0030 0035

Time (sec.)

Fig. 6 Time history of the nondimensional deflection response of the
center of a three-layered square plate (Structure II) (a/h = 20, a =100
in.) to a symmetric NV-pulse characterized by two different values of 1,
and P, =400 psi (here HSDT and CLT are compared).

0.50F

0.25¢
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tp=0.013

-0.50 L ! { 1 1 1 1
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Fig. 7 Time history of the nondimensional deflection response of the
center of a three-layered square plate (Structure I1) (a/h =20 a =100
in.) to a symmetric /V-pulse characterized by three different values of
the 7, parameter and P, =400 psi (here the results are obtained within
the framework of CLT, only).
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associated with the external layers and the index 2 with the
midlayer; E and » are the Young’s modulus and Poisson’s
ratio, respectively, associated with the isotropy plane; and E ',
v’ and G’ denote the Young’s modulus, Poisson’s ratio and
transverse shear modulus, respectivley, in the planes normal to
the isotropy plane. Figures 3 and 4 and Figs. 5-9 display the
time history of the dimensionless plate center deflection for
the case of the blast loading and of the N-shaped pulse,
respectively, and Figs. 10 and 11 display the variation of DMF
for the plate subjected to a triangular blast and to an N-
shaped pulse, respectively. In all these calculations, the initial
conditions were assumed to be zero.

0.50F

o.25}

w/h)

V=

-0.25

-0.50 1 1 1
O 0.005 0010 0.0I5 0.020 0.0256 0.030 0.035

Time (sec.)

Fig. 8 Time history of the nondimensional deflection response of the
center of a three-layered square plate (Structure II) having the same
geometrical and pulse characteristics as the ones describing in Fig. 10
(here the results are obtained within the framework of HSDT).
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w/h)

-0.1 | b
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Fig. 9 Time history of the nondimensional deflection response of the
center of a three-layered square plate (Structure I) (a/h =10, a =100
in.) subjected to a symmetric /N-pulse characterized by two values of
tp and Py, =2500 psi. Here the results are obtained within the frame-
work of HSDT and CLT.
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0.5}
0] 1 L I il
o] 10 20 30 40

Fig. 10 Variation of dynamic magnification factor vs wt, for a
square plate (Structure I), characterized by a/k =10 and a =100 in.,
and subjected to a triangular blast load (¢, represents the pulse length
and o the fundemental frequency predicted by HSDT).

2.5F
/\ N N I\ N
.0
2 \/{\J\J\_J
1.5}
L
s
S .ot
osl
o] 1 L 1 1
0 10 20 30 40

wtp

Fig. 11 Variation of dynamic amplification factor vs w?, for a square
plate (Structure I) having the same geometrical characteristics as in
Fig. 10 and subjected to a symmetric N-shaped pulse (¢, represents the
posivite duration of the pulse and w denotes the fundamental fre-
quency predicted by HSDT).

V. Discussion and Conclusions

In Figs. 3 and 4, the dimensionless deflectionV(=w/h)
response of the center of a three-layered square plate to a
normal blast loading is displayed. Fig. 3 shows that with the
decrease of the parameter ¢ ', higher amplitudes of the deflec-
tion are obtained. Figure 4 compares the deflection response
obtained within HSDT, FSDT (with two shear correction fac-
tors) and CLT. As it is evident from these plots (obtained for
the Structure II), K?=2/3 gives better results when compared
with their counterpart obtained with K?=5/6. Opposite re-
sults (which are not displayed here) are obtained when Struc-
ture I is considered. In this case, K?=5/6 constitutes a better
selection of the shear correction factor than K2=2/3. This
trend reveals once more the importance of approaching the
response in the framework of a higher-order plate theory,
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which in contrast with FSDT does not require incorporation
of such a correction factor, largely dependent on the lamina-
tion sequence, relative anisotropy of the layers, etc. Figures
5-9 display the deflection response of the center of a square
plate to a sonic boom. Figure 5 reveals the quantitative and
qualitative differences in the response deflections due to a
symmetric (r =2), asymmetric (r=1.5) and a degenerated
(r =1) N-shaped pulse, and Fig. 6 reveals the strong influence
played by the parameter #, (that is by the duration of the
positive phase of N-shaped pulse). This figure also shows that
even in the case of nonthick plates (that is when a/h = 20), the
results obtained within the framework of the classical theory
are in total disagreement with the ones incorporating trans-
verse shear deformation effects. Though during the positive
phase of the puise, the deflection response obtained as per the
CLT follows the well known trend (in the sense that it is
underestimated) within the negative phase of the pulse, it may
result in higher values as compared to their shear deformable
counterparts. However, for thin plates, the results (not dis-
played here) reveal that the response characteristics obtained
within classical and shear deformable theories are in perfect
agreement. Figures 7-9 reveal again the strong influence
played by the parameter ¢, principally within and after the
negative phase of the pulse as well as the unreliable character
of the results furnished by the CLT. Finally, Figs. 10 and 11
display the variation of DMF vs the nondimensional time wt,
(where w denotes the fundamental frequency predicted by
HSDT). The pattern of variation of DMF for the case of a
triangular blast and the N-shaped loadings, as revealed by
these graphs, is similar to the one in Refs. 3 and 15 for the case
of a metallic structure. It should be added that the results
obtained in this paper could also be used to determine the time
histories of ¥, and ¥, and, as a result, of strain and stress
quantities in any point of the panel.
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Appendix A: Rigidity and mass terms appearing in
Equations 1 and 2

4 4
77 Fil = 8a(M}{ — 5 NiY)

“= T3y 3n2

4
ay= — g (FH + 2F 1) — 8, (MY ~ 5 NY

4
ay=D}} - I Flt ~8,Mi} — — Ni)

4 12

a, =D1122—m Fi3

4 4
as=D3 —Wlezl *"D1122—‘7;m}71122—5/4(1\42121 -

4
I N3)

4
b = —3_}1—2F2222—5AM2222—

4
EV% N
4

4
br= ~ g R+ 23 = 8, (M7 - 55

N
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by = DB — oy F§ — 8, (ME — 5 NB
342 3h?
4
=D21 _
by = Ds; 3h2F
4
175=D1212—WF1212+0221l *3h2F 6A(M12XZ_WN1212)
— R 4 523_
bg= — 23+h2 3 = b,
by = —d.(m; — 2 ms)
2 4
b9= —(‘SA(SB 133 —6 3h2 ms
4
=R}'33“p51133
4
= R% S%
(&) B3T3
=R113 h2 S + T
4
=Ry —73 S5+ Tn

C5=1,C6=m1

Here 6, and 65 are two tracers identifying the static and
dynamic contributions of ¢33, respectively, whereas 8. is a
tracer identifying the effect of rotary inertia terms (see Refs.
13 and 14).

The coefficients in Egs. (2) are
a;=0; @, =0; a3 = D}{{; a, = D; as = D}; + D{};
as= — K’R{3; = — K?RI3; ag = bms; ag = 0;
by =0; b, =0; by = D33; by = D3{; bs = D{{ + D3{;
bs= —K?R3; by = — K*R33; by = 6amy; by =0
=K?R}; ¢ = KR%; c3= K*R}§ + Tyy;
=K*RE + Tsy; cs=1; and cg = m,
In the above, D}, F¥,, ..., RY, denote the rigidity compo-
nents and m;(i = 1,3,5) are the reduced mass terms of the

composite laminated plate defined in Refs. 13 and 14, and K?
denotes the transverse shear correction factor.

Appendix B: The terms K; and T; intervening in
Equation 6

2 2 . —
K” = Q30 + 046,, — dg, K12 - a50lm6n

— 3 2 . —
K13 =ajay, + aZO‘mﬁn — 70, KZI = bSamBn

Ky = baay, + b3y — be; Koz = bif3) + byfina, — by,
K31 = ¢10tm; K32 = CoBns K3z = c3ad, + caf3y

T, = sM&(m,n) + M$(m,n)

Ty = sM§$(m,n) + MO (m,n)

T3 _ (ss)(m n) + M (55)(m n)+ cSP(”)(m n,s)

RESPONSE OF COMPOSITE PANELS TO SONIC BOOM 351

where
M = agd{(m,n) + agW (m,n)

M$) = as P& (m,n) + ag % (m,n)

M5 = bgds9 (m,n) + beW (m,n)

M = by P59 (m,n) + by W9 (m,n)

M = s (m,n), and

M = ceW¥ (m,n)

Appendix C: The expression of the coefficients
Ii,j,k and )\,‘
The coefficients I;; appearing in Eq. (11) are

Tii = bscs; 11 = — c6Kyp — bgKz + byB,K3;
T113 = KppKy3 — K5pKis; 1oy = 05 Tipp = 6Kz — @90mKn2
T3 = KKz — KoKy D131 = — aobgouy
113y = a9y Ky — boB3,K 12 + bsKi35 1133 = K12Koz — KKy
DLy = 0; Dy = c6Kai — boB,K315 Ihyz = K31 K3 ~ K»1K3
Iy = ascs; Iy = — ¢6K1y — a5K33 + a9, K35
Ipys = K1 Ky — K31 K
Ly = —agboB,; Ly = — a90,,Ky) + agKaz + bof8,K1,
Iysy = KnKi3 — K1 Kys; Iy = 0; Ly = beKay;
Ly = Ky K3 — KKy
Iy = 0; Iy = agKy; Inyy = KoK, — KKy
I3y = aghg; Iy = — bgKy — asK; Iigy = KKy — KKy
The coefficients \; appearing in Eq. (11) are
A1 = agbscg
A2 = Ki1bgCs + Knnascs + Kizbgag — K31a9b501, — Kiaghsf,
A3 = K11KncCs + K1iKasbg + KppKisag + Ky Kyasa,
+ K31K12098, — K11K3209B, — K3:Ko3a5 ~ K51 K266
— K31Ki13bs — K31 Knasry,
Ay = K11 KKy + Ko KoK i3 + K31 KoKy — K1 K5,K>s

- K22K13K31 - K33K21K12
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