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Abstract. This paper is concerned with the nonlinear dynamic buckling of sandwich func-
tionally graded circular cylinder shells filled with fluid. Governing equations are derived
using the classical shell theory and the geometrical nonlinearity in von Karman-Donnell
sense is taken into account. Solutions of the problem are established by using Galerkin’s
method and Runge-Kutta method. Effects of thermal environment, geometric parameters,
volume fraction index k and fluid on dynamic critical loads of shells are investigated.

Keywords: dynamic buckling; dynamic critical loads; FGM-sandwich; full-filled fluid; cir-
cular cylinder shell.

1. INTRODUCTION

In recent years, functionally graded material (FGM) have been widely used in many
industry due to outstanding characteristics. Plate and shell structures have received con-
siderable attention of scientists in the world. In studies, vibration and dynamic stability
of FGM shells are problems interested and achieved encouraging results.

On vibration of shells, Bich and Nguyen [1] studied nonlinear responses of a func-
tionally graded (FG) circular cylinder shell under mechanical loads. Governing equa-
tions were based on improved Donnell shell theory. Kim [2] used an analytical method
to study natural frequencies of circular cylinder shells made of FGM partially embedded
in an elastic medium with an oblique edge based on the first order shear deformation
theory (FSDT). In recent times, Duc et al. investigated nonlinear dynamic responses and
vibration of imperfect eccentrically stiffened functionally graded thick circular cylindri-
cal shells [3] and the one [4] surrounded on elastic foundation subjected to mechani-
cal and thermal loads. The FSDT and the third order shear deformation theory (TSDT)
were employed to solve problems. Bahadori and Najafizadeh [5] analyzed free vibra-
tion frequencies of two-dimensional FG axisymmetric circular cylindrical shells resting
on Winkler—Pasternak elastic foundations. The Navier-Differential Quadrature solution
methods was employed to survey.
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Regarding to dynamic buckling problems, Bich et al. [6] based on the classical shell
theory and the smeared stiffeners technique to study nonlinear dynamics responses of
eccentrically stiffened FG cylindrical panels. The nonlinear static and dynamic buckling
problems of imperfect eccentrically stiffened FG thin circular cylinder shells under ax-
ial compression load were solved in [7]. Mirzavand et al. [8] studied the post-buckling
behavior of FG circular cylinder shells with surface-bonded piezoelectric actuators un-
der the combined action of thermal load and applied actuator voltage. Duc et al. [9, 10]
used the TSDT to analyze nonlinear static buckling and post-buckling for imperfect ec-
centrically stiffened thin and thick FG circular cylinder shells made of S-FGM resting on
elastic foundations under thermal-mechanical loads. Lekhnitsky smeared stiffeners tech-
nique and Bubnov-Galerkin method were applied in calculation. By using an analytical
approach, based on improved Donnell shell theory with von Karman-Donnell geometri-
cal nonlinearity, Bich et al. [11] investigated the buckling and post-buckling of FG circular
cylinder shells under mechanical loads including effects of temperature. Nonlinear buck-
ling problems of imperfect eccentrically stiffened FG thin circular cylindrical shells sub-
jected to axial compression load and surrounded by an elastic foundation were solved by
Nam et al. [12]. The classical thin shell theory with the von Karman-Donnell geometrical
nonlinearity, initial geometrical imperfection and the smeared stiffeners technique were
employed to study.

For circular cylindrical shells made of FGM filled with fluid, Sheng et al. [13] based
on the FSDT to study free vibration characteristics of FG circular cylinder shells with
flowing fluid and embedded in an elastic medium subjected to mechanical and thermal
loads. This study was expanded to investigate dynamic characteristics of fluid-conveying
FGM circular cylinder shells subjected to dynamic mechanical and thermal loads [14]. Za-
far Igbal et al. [15] examined vibration frequencies of FGM circular cylinder shells filled
with fluid using wave propagation approach. Vibration frequencies of shell were ana-
lyzed for various boundary conditions taking into account the effect of fluid. Shah et
al. [16] based on Love’s thin-shell theory to investigate natural frequencies of full-filled
fluid FG circular cylinder shells resting on Winkler and Pasternak elastic foundations.
Wave propagation approach was employed to calculate. Silva et al. [17] studied nonlin-
ear responses of fluid-filled FG circular cylinder shell under mechanical load. Recently,
Hong-Liang Dai et al. [18] analyzed thermos electro elastic behaviors of a fluid-filled
functionally graded piezoelectric material cylindrical thin-shell under the combination of
mechanical, thermal and electrical loads. By using the classical shell theory and Galerkin
method, Khuc et al. [19] considered nonlinear vibration of full-filled fluid circular cylin-
der shells made of sandwich-FGM subjected to mechanical loads in thermal environment.

To best of the authors” knowledge, there is no analytical approach on dynamic buck-
ling of sandwich FGM circular cylinder shells containing fluid. In this paper, nonlinear
dynamic buckling of full-filled fluid sandwich FGM circular cylinder shells subjected
to mechanical loads in the thermal environment is investigated. Governing equations
are derived by using the classical shell theory with the geometrical nonlinearity in von
Karman-Donnell sense. Solution of problem is established by using Galerkin’s method
and Runge-Kutta method. Effects of thermal environment, fluid, structures” geometric
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parameters and volume fraction index (k) on nonlinear dynamic responses of shell are
considered.

2. GOVERNING EQUATIONS

Consider a sandwich FGM circular cylinder shell with geometric parameters: R, k,
h¢, and h,, are shown in Fig. 1. Suppose that the full-filled fluid circular cylinder shell
made of FGM sandwich subjected to an axial compression load Ny; = —p (f)h and a
uniformly distributed external pressure g () varying on time.

9
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Fig. 1. Model of FGM-sandwich circular cylinder shell

With configuration of sandwich FGM as Fig. 1, suppose that V.(z) and V,,(z) are
the volume fractions of ceramic and metal respectively, the volume fraction of ceramic
constituent changes according to the power law and can be expressed as

V.=0,-05h <z < — (0.5h — hy),

k
Ve = (X0 TN 05 ) <z < (05h— ),k >0, e
h_hc_hm

V. =1,(05h—h) <z <05h.

Then the elasticity modulus E, the mass density p and the Poisson ratio v of circular
cylinder shell can be evaluated as following
E= Eme + ECVC = Em + (Ec - Em) VCI

0 = 0mVim +pcVe = pm + (0c — pm) Ve, )
Vm = Ve = const.

The strain components of the circular cylinder shell are

sxzsg—zkx, eyzeg—zky, 'yxy:fygy—szxy, 3)
where
a2 L(ZY, goZom (W) g b de
ox 2\ox) Y 9y R 2\ay) ' Y 9y 9x odxady’
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in which 89( ; sg ; ’ygy are the strains at the middle surface; k., k, and k,, are curvatures and

the twist.
By use of Eq. (4), the deformation compatibility equation can be written as

ky (5)

e P Py Pw\® Pwdw 18w ©
dy?  9x2  Jdxdy  \ 9xdy 9x2 9y2 R ox2’
For circular cylindrical shell subjected to mechanical load in temperature environ-
ment, the Hooke’s law can be defined as

oy = 1E_(zv)2 (e +ve,) — E (z)ltx_(i) AT, o — 1]:"_(21/)2 (vex+6,) — E (z)ltx_(i) AT,

Ty =5 (1+v) Vays

in which AT =T — T.
Internal forces and moment resultants can be defined by integrating stresses compo-
nents through the shells” thickness and can be expressed in matrix form as

Ny Ain A 0 B B O € o, )
Ny App Axp 0 Bip, By 0 82 D,
Ny 0 0 Ag 0 0 Be 10, 0 ®
My By B 0 Dip D O —ky N
M, Bi B 0 Dy D 0 —k, Dy
L Mxy ) 0 0 Bes 0 0 Dee _kay 0

in which N,; Ny; Ny, are internal forces, My; My; Myy are moment resultants.

Stiffness coefficients and quantities related to thermal load in Eq. (8) are explained
in Appendix A. From Eq. (8) the expressions of deformation and moment resultants of
sandwich FGM circular cylinder shell can be defined as

€ = ApNy — ANy + Biikx + Bioky + @4 (Ap — App),
0 = —ALN: + AL Ny + Byiky + Bk, + @ (Af; — Al), )
Ty = AteNay + 2Bggksy,

€

M = Bj1Nx + By Ny — Dijkx — Digky + [Bi1 (A — ATp) + Biz (A — Ap)] @a — By,
My = Bj3Nx + By Ny — Dyikx — Dyky + [B12 (A — ATp) + Bz (A — Afp)] @a — By,
Mxy — Bgény - ZDZka]//
(10)
Extended stiffness coefficients in Eq. (9) and Eq. (10) are explained in Appendix B.
According to [20], the motion equations of full-filled fluid circular cylinder shell subjected
to external pressure ¢ (f) and an axial compression can be given as
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(11)
in which ¢ is the linear damping coefficient and
h/2 h—h;—h
P1 :/h/zp(z)dzzpmh+pcmhc+Pcm( k—|—?l M)/
9L ’w | . . .
PL=—pL— = M Lz 18 the dynamic pressure of fluid acting on the shell,
_ PLRI: (Aw) . o
where M| = ————= is the mass of correspondence fluid to the shell vibration and
. Al (Am)
A = % [19].

Applying the Volmir’s assumption [21] into Egs. (11) (because of u < w,v < w), the
equations of motion can be rewritten as follows

Ny | ONgy  ONy AN,

dx dy  ox dy N
PM, My, M, o*w o*w ?w Ny 0%w ow
a2 " Paxay T oy TNaw T PNwagy TG TR TS (kMU G+ 2meg,
(12)

The first and the second equation of Egs. (12) are satisfied identically by recommend-
ing the stress function:

e PF PF

Nx—aiyzz y:@, xy:—m-

(13)

Substituting Egs. (9) and (13) into Eq. (6), and Eq. (13) into the third equation of
Egs. (12) we obtain the system of two equations

, O*F . .. OF , 0°F
154 + (Age — 2473) ax2ay? + Azzfayzl
., otw . N L. otw , otw  10%w Pw\°  9PwdPw
B g (Bt B2 = 2Be) 55,2 T Biegr TR - <8x8y> HEE T

(14)
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*w ow o*w N N .. ot , tw , 0*F
(o1 + ML) 5z 2mews + Dii=— A (D13 + D3 +4Dgg) 3292 + Dzz@ - leﬁ
o*F o*F 10%F  9%°F d*w 9*F o*w  0*F o*w
_ B! B + B 2B )~ -7 9L0W, ,0° T -
1254 ~ (B + By 66) 9x20y> R ox?  Jy? dx? + 9xdy dxdy  9x2 Jy? +4=0.

(15)
Egs. (14) and (15) are governing equations used to investigate nonlinear dynamic
buckling of full-filled fluid circular cylinder shell made of sandwich FGM.

3. DYNAMIC BUCKLING SOLUTION

Suppose that the circular cylinder shell under simply supported at both ends and
subjected to axial compression load Ny; = —ph. In which p is average axial stress acting
on the ends of the shell. Therefor boundary conditions are defined as

w=0,My =0,Ny = No;, Nyy =0atx =0and x = L.

The shells” deflection satisfying above conditions can be written as

mrx ny

sin —- 16
where m,n are numbers of half waves in generating line direction and circumference
direction, respectively.

The solution of stress function F in Eq. (14) can be defined as

w = f(t)sin

2 2 2
. : y 2 4 Al x
F=F 20x + F 2 F. — N, — + N +T ,
1 COS 20x 2 cos 2By 3 sinax sin By 01 < 8AT1 f(t) 1pf(t) 01 A* > 12

7)

in which

2 2
e P 2 g2 & 2
Pl - Flf(t) - 320(2A1<1f(t)’ Pz - FZf(t) - 32,32A§2f(t)’

% 2 * % * % 2
«*B3; + (aB)” (Bj; + B3, — 2Bg) + B*Bi, — &

B =Ffu = ; ; ; . o
atAf; + (aB)? (Ag —247,) + A3,
Y= 7mn7r2AT1 (a*Aj, — BPA},) F5 — (a®B3; + B*B3;) + R] p
(Al — AfL) P m . mr nm
I = =|(=-1)" -1 =|(=-1)" —1 = — B =—.
Afl /’Y [( ) :| /17 [( ) :| o L ,IB R

Substituting Eq. (16) and Eq. (17) into Eq. (15), then using the Galerkin method we
obtain

& f df ) 2 4y (A 1]
(P1 + ML) dtz + 2016 it + Hlf(t) + HZf(t) 3f mn7‘c2R (A* Nox + r> W ’

(18)
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in which

/34

Hy =2 (ap)* (Ff + F) + g i)
8AL,

__ Loy apr 0 dps px L 20 3 B Bmnm?® ,
Hy = =5 3 [(4"‘ By — % | L +4B°BF; — 5 (af)" Fs +372RAT1 + 1677 By,

2 * * *
H3 = {“4DT1 + (aB)” (D1p + D3y +4Dgg) + /34D22}

+ D(4B* +(0CIB)2(B* + BX — 2B )+‘B4B* _“72 EFf — a2+A7T2 2 N, —F‘B2+ 4/)/77 (P
21 111 b2 66 27|53 A 01 2R Y
Eq. (18) is used to investigate the nonlinear dynamic buckling of full-filled fluid FGM
sandwich circular cylinder shells under mechanical load in thermal environment.

Nonlinear dynamic buckling analysis

For dynamic buckling analysis, this paper investigates two cases:

- Case 1. Consider a full-filled fluid sandwich FGM circular cylinder shell under lin-
ear axial compression load varying on time Ny; = —ph with p = ¢t (c1-loading speed),
g=0.

- Case 2. Consider a full-filled fluid sandwich FGM circular cylinder shell under a
pre-axial compression load and an external uniformly distributed pressure varying on
time: Ny = const; g = ct (c2-loading speed).

In order to analyze the dynamic buckling problem of the considered shells, firstly
Eq. (18) is solved for each case respectively to determine the nonlinear dynamic responses;
secondarily based on these obtained dynamic responses, the dynamic critical time f., can
be obtained according to Budiansky-Roth criterion [22]. This criterion is based on that
for large value of loading speed, the amplitude time curve of obtained displacement re-
sponse increases sharply depending on time and this curve obtains a maximum by pass-
ing from the slope point and at the corresponding time t = f, the stability loss occurs.
Here t = t., is called critical time and the load corresponding to this critical time is called
dynamic critical buckling load P, = ¢t (case 1) or g, = cater (case 2).

4. VALIDATION

To the best of the author’s knowledge, there is no any publication on the nonlinear
dynamic buckling of the sandwich-FGM cylindrical shell containing full filled fluid in
thermal environment. Thus, the results in this paper are compared with the fluid-free
shell (h; = hy = 0). Authors compare the dynamic critical stress of fluid-free FGM
cylindrical shell with the one in publication of Huaiwei Huang, Qiang Han [23] (Tab.
1), for FGM shell made of ZrO,/Ti-6Al-4V and material properties: E,, = 122.56 e9Pa,
o = 4429 kg/m®, v,, = 0.288, E, = 244.27 e9Pa, p, = 5700 kg/m?>, v, = 0.288.

Tab. 1 shows that, the results of this article are slightly different from the above
publication. The cause of this difference is that the authors use different methods, so the
results of this article can be reliable.
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Table 1. Comparison of critical stress of the compressed cylindrical shell (MPa)

k 0.2 1.0 5.0
Huang & Han [23] 194.94 (2, 11) 169.94 (2, 11) 150.25 (2, 11)
Present 193.914 (1, 9) 168.685 (1, 9) 149.167 (1, 9)

5. NUMERICAL RESULTS

Consider a circular cylindrical shell made of FGM-core with geometric dimensions:
h=0014m,h. =h/5h,, = h/5 L/R =2 and R/h = 200. FGM made of Aluminium
and Alumina with the material properties are E,, = 7 X 10° N/m?; Pm = 2702 X 10°
kg/m?, a, =23 x107° C !, E. = 3.8 x 10" N/m?; p. = 3.8 x 10° kg/m?, a, = 5.4 x
1070 C~! ¢ = 0.1, the Poisson’s ratio v, = 0.3 the fluid density p;, = 108 kg/m3.

- Case 1. Consider a full-filled fluid sandwich FGM circular cylinder shell under
linear axial compression load varying on time Ny; = —ph(p = cit),q = 0.

In this case, the critical time t., can be obtained according to Budiansky—Roth crite-
rion. The dynamic critical force p., = cit.. The nonlinear dynamic responses of shell are
shown in Figs. 2-7.

Nonlinear responses of fluid-filled and fluid-free circular cylinder shell in thermal
environment are shown in Figs 2-3. From Fig. 2 we obtain ¢, = 0.065 s and P, = 68.1
GPa respectively and from Fig. 3, we can see that with fluid-filled cylinder shell, the
dynamic critical force P, = 68.1 GPa increased by 4.12 times (318%) compared to the
dynamic critical force of fluid-free ones P, = 16.3 GPa, t,, = 0.015 s, respectively.

Doing the same with the next case taking into account the influence of other factors
must be derived from dynamical responses to determine the critical forces.

0.4 T T T T T T T T T 04
m=Ln=13k=LR/h=200;L/R=2;
AT =50°C;h=0.01m;c, =1el2;
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AT =50°C;h=0.01m;c, =1e12;
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t(s) i(s)
Fig. 2. Nonlinear dynamic response of fluid-  Fig. 3. Effects of fluid on dynamic response of
filled circular cylinder shell circular cylinder shell

Fig. 4 shows nonlinear dynamic responses of cylinder shell when volume-fraction
index k changes. It can be seen that, if k increases the dynamic critical force of shell will
decrease. That means the load-bearing capability of cylinder shell decreases.
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Fig. 4. Dynamic response of fluid-filled cylin-  Fig. 5. Temperature effect on nonlinear dy-
der shell when k changes namic responses of fluid-filled cylinder shell

The effect of thermal environment on nonlinear dynamic responses of circular cylin-
der shell is shown in Fig. 5. From the graph it is observed that when the temperature
increases, the dynamic critical force of shell will decrease. From P, = 76.6 GPa at 0°C to
P, = 65 GPa at 200°C. That means, the load-bearing capability of the shell will decrease
when temperature increases.

The effect of geometric parameters (L/R ratio) on nonlinear dynamic responses of
cylinder shells made of sandwich-FGM filled with fluid is shown in Fig. 6. The dynamic
critical force of cylinder shell decreases when increasing R/ L ratio. That means increas-
ing length of the shell, the stability of the shell structure will decrease.

0.35 0.05 T
m=1n=13k =L R/h =200; oos 13 k=1 AT =50°C 1" /
03 — - 'y - - ] =1 = X =1 = 1
AT =50°C;h=0.01m; ooe| M= N=13 k=L ,
= - R/h=200; L/R=2;
025 Cl 1e12’ 0.035
' h=0.01m; ¢, =1e9;
02 0.03
g 50.025‘ 1
015 0.02 |
L 0.015
I 1-RIL=2 vol 2
oost  2-R/L=2.2 3 voosl 1—Sandwich—FGM\/
3-R/L=2.5 L 2FGM o
DD 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 003 0.35 04 0.45 05 0.55 06

t(s) t(s)

Fig. 6. Effect of geometric parameters on dy-  Fig. 7. Dynamic responses of FGM and
namic responses of fluid-filled cylinder shell sandwich-FGM circular cylinder shell

Fig. 7 indicates nonlinear dynamic responses of circular cylinder shell made of FGM
and sandwich-FGM filled with fluid. For the structure made of sandwich-FGM, the crit-
ical force is P., = 0.496 GPa, and for FGM ones, the critical force is P, = 0.485 GPa. That
means, with the same geometry dimensions, the workability of sandwich-FGM cylinder
shell is better than FGM ones.
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- Case 2. Consider a full-filled fluid sandwich FGM circular cylinder shell under
a uniform pre-axial compression load and an external uniformly distributed pressure
varying on time: Ny; = const, g = c,t (cp-loading speed).

The nonlinear dynamic responses of circular cylinder shell are shown in Figs. 8-
13. Nonlinear dynamic responses of fluid-filled and fluid-free sandwich FGM circular
cylinder shell are depicted in Figs. 8-9. From Fig. 8 we obtain t,, = 0.01 s and g, =
147 MPa respectively, from the Fig. 9, it is observed that fluid remarkably increases the
dynamic critical force of the shell (from g, = 25 MPa at t,, = 0.002 s in case fluid-fee
shell to q., = 147 MPa at t,, = 0.01 s in case shell containing fluid, i.e. the critical force
increased by 5.88 times by 488%).
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Fig. 8. Nonlinear dynamic responses of full-
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Fig. 10. Dynamic responses of fluid-filled cir-

filled fluid circular cylinder shell
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Fig. 9. Effect of fluid on dynamic responses of

circular cylinder shell

Similarly, we make other cases when taking into account the influence of other fac-
tors derive from dynamic response curves to determine dynamic critical forces.
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Fig. 11. Effect of thermal on the dynamic re-

sponse of circular cylinder shells
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Figs. 10-11 show dynamic responses of circular cylinder shell filled with fluid with
various volume-fraction index k and the effect of thermal environment on dynamic re-
sponses of circular cylinder shells. From the graph as can see that if temperature increases
the dynamic critical force decreases. That means if the temperature increases then the sta-
bility of the shell structure will decrease.

Effects of geometric parameters on nonlinear dynamic response of full-filled fluid
circular cylinder shells are surveyed and presented in Fig. 12. Dynamic critical force of
the shell decreases with increasing the ratio of length to radius L/R. That means if the
length of shell increases, the stability of the shell will decrease.

0.14 T T T i T 0.09 j T T

1- L/R=2 | | 1- FGM-Core
2-L/IR=2.2 2-FGM
3-L/R=2.5 ] oo

01z

01

0.08

E £
0.06 = 004t
0.03
ooy m=Ln=13k=1R/h=200;
5 0.02F 1
ook AT =50°C;h=0.01m;c, =1e10; | m=1Ln=13;k=0.5;R/h=200;L/R=2;
N, =1e3 o01r AT =100°C;h=0.01m;c, =1e9; N,, =1e3 |
0 0.005 0.01 0015 0.02 0025 0.03 D0 001 002 003 004 005 006 007 008 009 01
t(s) i(s)
Fig. 12. Nonlinear dynamic responses of circu- ~ Fig. 13. Effect of material structure on dy-
lar cylinder shell with L/R changes namic response of shell

Nonlinear responses of FGM and sandwich-FGM circular cylinder shell filled with
fluid are shown in Fig. 13. The critical force of full-filled fluid sandwich-FGM circular
cylinder shell is higher than those of FGM ones. That means, with the same geometry
dimensions, sandwich-FGM cylinder shell structures will work better than FGM ones.

6. CONCLUSIONS

This paper established nonlinear dynamic equations of fluid-filled circular cylinder
shells made of sandwich-FGM under mechanical load including the effect of tempera-
ture. Dynamic responses of the simply supported shell are obtained by using Galerkin
method and Runge-Kutta method. Based on dynamic responses, critical dynamic loads
are obtained by using the Budiansky-Roth criterion. Some conclusions can be obtained
from the present analysis:

- Dynamic critical force of full-filled fluid sandwich-FGM circular cylinder shell is
remarkably higher than those of fluid-free ones. That means, the fluid enhances the sta-
bility of sandwich-FGM cylinder shell.

- Temperature reduces dynamic critical force of sandwich-FGM cylinder shell. That
means, temperature reduces stability of shell.
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- When the volume-fraction index k increases (it means the volume fraction of metal
increases),

the critical force decreases (the stability of the shell structure will decrease) .

- Dynamic critical force of the shell decreases when increasing ratio of length to ra-
dius (L/R). On the other hand, length of shell decreases stability of shell.

- With the same geometry dimensions, sandwich-FGM circular cylinder shell struc-
tures will work better than FGM one.
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APPENDIX A
Stiffness coefficients and quantities related to thermal load in Eq. (8)
1/2 h/2 h/2
. . E . Eq . . vE . vE; . . / . Eq .
An=An = / T—pZ oA = / o=y e = 2(1+v)d2 T2(1+v)
—h/2 —h/2 —h/2
"2 Es E "2 UEz VE "k E
p— —_— - j— 2 . r— pr— 2 . r— —_— 2 .
Bu=5n= / T—pZ =i pibe = / T2t = Bes = / 2(1+1/)dz_2(1+1/)’
—h/2 —i/2 —i/2
h/2 /2 h/2
E.z2 Ej vEZ2 VEs _ EZ2 B3
P =Dn = / 1 —vzdz 112 /D12 = / 1 —vzdz 1 —1/2'B66 N / 2(1—5—1/)dZ 2(1+v)’
—h/2 —h/2 —h/2
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" Ecnh
— _ cmllx |
E, = / E (2)dz = Enh + Ecnhe + 220
—h/2
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_ _ Lemhch— EemMe em (1 _ cm !y .
B2 = 4 E(z)zdz == 2 k+1(2 hc)h* (k+1) (k+2)’
—h/2
h/2 )
E h 2E h 2E
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h/2 . h/2
P, = T / E(z)a(z)ATdz, &, = 15 / E(z)a(z) ATzdz.
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If AT = const then &, = 17PAT.
—v
For FGM-core:
Emacmhx Ecmamhx Ecmacmhx
P =E,a,h+ E.ach. + Epay, (h—h ,
mm+ccc+mm( c)+ k+1 k+1 2k +1
where hy = h — h. — hy,; Ecpy = Ec — Ej..
APPENDIX B
Extended stiffness coefficients in Eq. (9) and Eq. (10)
AF — Aq Ak App A A Br ApBy1 — ApByo
N= 5 1 4= 7 aoAn= 7 aobn= 7
A1 Axn — A7, A11Axn — A% A Axn — A7, A11Axn — Af,
gt — AnBo— ApBn o, AnBin—ApBu p AnBn—ApBn . 1 5. Bee,
12 Ay Ay — A2, 2 AnAy — A% 2 ApAy — A2, 667 Ag' % Ags’

Di; = D11 — B11Bj; — B12B3;;  Dj; = Di1p — B11Bj, — B12B%;
D3, = D1y — B12Bj; — BnB5;; D3, = Dy — B1Bi, — B2yB5y; Dgg = Deg — BesBgg-
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