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RANDOM VIBRATION OF SHEAR DEFORMABLE FGM PLATES

VEDAT DOGAN

In this research, the vibration of the functionally graded material (FGM) plates under random excitation
is presented. The FGM plate is assumed to be moderately thick. One of the refined plate theories, the first-
order shear deformable theory (FSDT) is adopted to account for the transverse shear strain. The refined
form of shear correction factor is used. The plate is assumed to be simply supported along all edges with
movable ends. The mechanical properties of the FGM plate are graded in the thickness direction only
according to a simple power-law distribution in terms of volume fraction of constituents. Mechanical
properties of constituents (ceramic and metal) of the FGM plate are assumed temperature-dependent.
The FGM plate is subjected to the random pressure that is considered as a stationary and homogenous
random process with zero mean and Gaussian distribution. Both the spectral density method and Monte
Carlo method are used for the linear responses. Thermal effects are only included in the Monte Carlo
method. The root mean square (RMS) and mean responses of the FGM plate for different plate sizes,
sound pressure levels, volume fractions and temperature distributions are presented.

1. Introduction

Functionally graded materials (FGMs) are advanced inhomogeneous composite materials. The compo-
sitions of the constituents of FGMs vary smoothly and continuously in certain directions (particularly in
the thickness direction), and consequently, the FGMs eliminate the interface problems such as cracks and
stress concentrations encountered in the traditional laminated composite plates. FGM plates are typically
made of a metal and ceramic mixture and used as structural elements in high-temperature environments.

The FGMs have attracted the considerable attention of many researchers since they were first devel-
oped in Japan three decades ago [Koizumi 1997]. To the present, extensive research has been conducted
on the dynamic, static, buckling, vibration and thermal stress analysis of FGM plates. Among them,
Praveen and Reddy [1998] analyzed the static and dynamic response of FGM plates by using the first-
order shear deformation theory (FSDT) and the von Karman strains. The stresses and deflections of the
FGM plates are examined under mechanical and thermal loadings. They found that grading of material
properties is very important for the plate responses. Reddy [2000] presented a formulation for the simply
supported FGM plates based on the third-order shear deformation theory and developed the associated
finite element model, which includes thermomechanical coupling and geometric nonlinearities. Praveen,
Chin and Reddy [Praveen et al. 1999] investigated the response of FGM cylinders to rapid heating of
the inner surface with temperature-dependent material properties. The finite element formulation and
axisymmetric heat equation are used. The temperature and radial/hoop stress distributions versus radial
distance due to rapid heating are reported. Alijani, Bakhtiari and Amabili [Alijani et al. 2011] analyzed
the nonlinear vibrations of simply supported moderately thick FGM plates in a thermal environment by

Keywords: random, vibration, FGM.
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using the first-order shear deformation theory. Zhang, Hao, Guo and Chen [Zhang et al. 2012] investi-
gated the nonlinear responses of FGM plates subjected to combined in-plane and transverse excitations
by using Reddy’s third-order plate theory. They found that the nonlinear responses of the FGM plates
are more sensitive to transverse excitation.

Effects of the micromechanics Voigt and Moni—Tanaka models on the vibration responses of FGM
plates are investigated by Shen and Wang [2012]. They used a high-order shear deformation plate theory
to develop the governing equations. Since the differences between two micromechanics models were
small, the Voigt model can be reasonable for finding the responses of FGM plates and shells. Nguyen-
Xuan, Tran, Thai and Nguyen-Thoi [Nguyen-Xuan et al. 2012] presented a finite element approach for
analysis of FGM plates subjected to mechanical and thermal loading. This method is applied in several
static/dynamic problems of FGM plates.

Hosseini and Fazelzadeh [2010] presented the nonlinear vibration and the aerothermoelastic postcrit-
ical analysis of the FGM panels in a supersonic airflow. Temperature-dependent material properties
are considered, and the first-order piston theory is used for the aerodynamics loading. Prakash, Singha
and Ganapathi [Prakash et al. 2012] investigated the nonlinear vibration of the FGM plates by a shear
flexible finite element approach. The FGM plate is modeled with the FSDT, and third-order piston theory
is employed for the aerodynamics loading.

Zhao, Lee and Liew [Zhao et al. 2009] examined the mechanical and thermal buckling behavior of the
FGM plates using the element-free kp-Ritz method. Solid plates and plates with holes are analyzed. It
was determined that the hole size and volume fraction greatly influenced the buckling loads and modes.
Hosseini-Hashemi, Taher, Akhavan and Omidi [Hosseini-Hashemi et al. 2010] analyzed the free vibra-
tion of the moderately thick FGM plates on elastic foundations by using the FSDT. Parametric studies
regarding the elastic foundation stiffness, aspect ratios, gradient indices and thickness to length ratios are
conducted. Ghannadpour, Ovesy and Nassirnia [Ghannadpour et al. 2012] presented a finite strip method
for analyzing the thermal buckling of the FGM plate. The classical plate theory (CPT) is used for the for-
mulations, and three types of thermal loadings are considered. Mohammadi, Saidi and Jomehzadeh [Mo-
hammadi et al. 2010] studied the Levy solution for the mechanical buckling of the FGM plate based on the
CPT. Thai and Choi [2012] presented a refined shear deformation theory, which is used for free vibration
analysis of FGM plates on Pasternak-type foundation. Closed-form solutions for natural frequency with
different boundary conditions are obtained and compared to the natural frequencies found in the literature.
Dynamic, bending, thermal and vibration analysis of FGM plates by using different-order plates theories
are conducted by H.-S. Shen and his associates [Yang and Shen 2003; 2002; Huang and Shen 2004].
Extensive nonlinear analysis of shear deformable FGM plates and shell can be found in [Shen 2009].

Hasheminejad and Gheshlaghi [2012] studied the transient vibration of thick FGM plates resting on the
elastic foundations under blast and moving loads using the linear elasticity theory. Yang and Gao [2013]
studied dynamic stress analysis of the FGM plates with a circular hole under an in-plane compressive
load at infinity. Fakhari, Ohadi and Yousefian [Fakhari et al. 2011] investigated the vibrations of FGM
plates with piezoelectric layers under thermal, electrical and mechanical loadings. They used the finite
element method based on HSDT with geometric nonlinearity. Elishakoff and Gentilini [2005] developed
a three-dimensional linear elasticity solution using the Ritz minimum energy principle for the FGM plates
with all edges clamped. Mantari and Soares [2012] analytically analyzed the bending of the FGM plates
by using a newly developed HSDT. Comparison studies are carried out to validate the present theory.
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Lee, Zhao and Reddy [Lee et al. 2010] analyzed the postbuckling behavior of the FGM plates under
mechanical in-plane edge compressive and thermal loading by using the element-free kp-method. The
FSDT and von Karman—type nonlinearity are employed.

In the present study, the linear vibration of the functionally graded material (FGM) plates under random
excitation is presented. One of the shear deformable plate theories, FSDT, is employed for the formula-
tion. A modified shear correction factor is used to take into account the transverse shear strain effects. It
is assumed that the FGM plate is simply supported with movable edges. The FGM plates are considered
as ceramic—metal mixtures whose mechanical properties vary exponentially through the thickness only.
Temperature dependency of mechanical properties of the constituents are also taken into account for
the random vibration in the thermal environment. Two approaches are used for random responses in
this study. The first approach is based on the normal mode method to determine the spectral density of
the response, and the second approach is based on the Monte Carlo simulation of the external random
pressure, the multimode Galerkin technique and the numerical integration procedure. The temperature
effect is taken into account only in the second approach.

2. Structural formulation

The equations of motion of an FGM plate shown in Figure 1 using the first-order shear deformation
theory (FSDT) in terms of the mid-plane displacements ug(x, y, t), vo(x, ¥, t) and wo(x, y, ¢) in the x, y
and z directions, respectively, and the rotations ¢, (x, y, ) and ¢, (x, y, t) of the transverse normal about
the y and x axes, respectively, can be written as [Reddy 2004]
Apug xx + A1200 xy + B11Px xx + B12@y,yy + Ass (U0, yy + V0, yx)
+ Boo (¢, yy + by.yx) = Niy, = lolio + cito) + 11 (§x + cy), (1)
Ao, yy + Ar2ug,yx + B2o@y vy + Biogx yx + Aes(U0,xy + V0 xx)
+ Boo (Px xy + By.rx) — N, = Io(iio + co) + i ($y + cdy),  (2)
i Ass(Wo,xx + ¢Px,x) + K Aga(wo,yy + @y,y) +0(wo) + p"(x, y, 1) = Io(Wo + co), 3)
Biiuo,xx + B12vo xy + D11@x xx + D12y xy + Bes (140, yy + V0, xy)
+ Do (b, yy + by y2) = ke Ass(Wo.x +dx) = M, = D(fx + ) + 1 (Gig +ciig), (4)
Boyvo,yy + Biouo, xy + D2y vy + D12¢x yx + Bes (U0, yx + V0, xx)
+ De6 (b xy + Pyoxx) — K Asa(wo,y +by) — M, = Dy +céy) + 11 (Vo + cp),  (5)

where
0(wo) = (Nxxwo x + Nyywo,y) x + (Nxywo,x + Nyywo,y),y (6)
with
Nex(x, y,0) = Aniug x + Aoy + Biige e + Bidy y — N/, (7)
Nyy(x,y, 1) = Appug,x + Anvo,y + Biadx x + Bngy y — NyTy, (8)
Nyy(x, y, 1) = Age(uo,y + vo,y) + Bes(Px,y + Py 1), )

in which a subscript comma denotes the partial derivative with respect to the indicated coordinates and
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Figure 1. Shear deformable FGM plate geometry, loading and coordinate system.

time ¢, « is the shear correction factor, p”(x, y, t) is the random pressure, c is the viscous damping
coefficient and Iy, I; and I, are the mass inertias defined as

h/2
(o, I1, I) =/ oz, T)-(1,z,7%) dz, (10)
—h/2

in which p is the mass density and £ is the thickness of the FGM plate. Furthermore,

h2
(Aij, Bij,Dij) = Qij-(1,z,2%)dz, i,j=1,2,6, (11)
—h)2
h2
Aij = Q,’j dZ, l,_] :4, 5, (12)
—h)2
where
01— 0y EED vz TEGRT)
1= 22_—1—v2(z,T)’ 12——1_1)2(1’” ,
E(z,T) (13)
Q16 = 02 =0, Q44 = Q0s5 = Qg6 = ’

201 +v(z, T)]

where the elasticity modulus E(z, T'), the density of the plate p(z, T'), Poisson’s ratio v(z, T') and the
thermal expansion coefficient o (z, T') are all assumed to be functions of temperature 7 and coordinate z
in the thickness direction according to a power law distribution as [Praveen and Reddy 1998; Reddy
2000; Shen 2009]

EG,T) = )~ B + ), (14)
p(e. T) = (D) = () 4 ), (1)
oo, 7y = o) = () 4wy, (16)
ate. T) = ()~ () +an (), a7
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Figure 2. Volume fraction of ceramic through the thickness for the different volume
fraction n.

where subscripts ¢ and b denote the top and bottom of the plate and # is the material distribution parameter.
When the material distribution parameter n increases, the volume fraction of ceramic diminishes and
the FGM plate becomes more metal-rich as shown in Figure 2. The temperature dependent material
properties P(T) of the constituents of the FGM plate can be expressed by [Reddy and Chin 1998]

P(T)= Py(P_\.T '+ 14+ P T+ P,T?+ P3T?), (18)

where Py, P_1, P;, P, and P; are the coefficients of temperature 7 (in K) in the cubic fit of the material
property and are unique to the materials.
The shear correction factor for an FGM plate can be defined as [Efraim and Eisenberger 2007; Efraim

2011]
5

6— ((T)Vi—v(T)Va)’
where V| and V, are the volume fractions of constituents in the whole cross-section.

In this study, a simply supported FGM plate with movable ends is considered. For an FSTD plate, the
boundary conditions are given as follows. At x =0, a,

K(T):

(19)

vo(x, y, 1) = wolx, y, 1) = ¢y(x,y,1) =0, (20)
Nyx(x,y,1) = Ajug.x + A12v0.y + B11¢sx x + Biady y — NI =0, (21)
M.« = Biiuox + Biovo,y + Di1¢s.x + Diodpy,y — M =0. (22)
Aty =0, b,
up(x, y, 1) = wo(x, y, 1) = ¢x(x, y,1) =0, (23)
Nyy(x,y,t) = Ajpug x + Axnvy + B1ogx x + Bagy , — NyTy =0, (24)
M,y = Biougx + Bynvo,y + Doy x + Dondy y — MyTy =0, (25)
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where the thermal force and moment resultants are

N, M), w2 [(Qu+ Qua(z, T)
Ny, 3 My, =f Q2+ 0»)a(z, T) ¢ - AT (x,y,2)-(1,2) dz, (26)
NT MY —h/2 0

where AT is the temperature change from a stress-free state.

3. Solution procedure

For undamped free vibration analysis, by setting all mechanical and thermal loads to zero, it can be
shown that the following functions satisfy the boundary conditions (20)—(25) [Reddy 2000]:

uo(x, y, ) = U cos(amx) sin(By)e'®, 27)
vo(x, y, 1) = V sin(amx) cos(Bpy)e'®, (28)
wo(x, v, 1) = W sin(,x) sin(Buy)e'”, (29)
by (x, v, 1) = X cos(ax) sin(B, y)e'™, (30)
¢y (x, y, 1) = Y sin(@,x) cos(By)e’, (1)
where ot -
ap=—— and B,=—. (32)
a b
By substituting (27)—(31) into the equations of motion, (1)—(5), one can obtain
([K]- o’ [MD{y} =0, (33)
where
W={0,V,W,X,7}7 (34)

and [K] and [M] are the stiffness and mass matrices, and w is the natural frequency of the vibration.
Elements of the stiffness and mass matrices are given in Appendix A.

For each (m n), there are five natural frequencies a)2 ; and corresponding natural modes {l7mni, ’\7mm~,
Wml’llv X”i‘l”ll’ ml’ll} (l - 1 2 3 4 5)

Random vibration.

Isothermal case. For the random forced vibration without thermal effect, the responses are expanded in
terms of natural modes [Cederbaum et al. 1992; Elishakoff 1999]

5

wo(t, 1) =Y N> Ui (X, ¥)onni (1), (35)
m n j=1
5

(X, Y, ) =YY Viuni (X, Y)Gmni (), (36)
m n j=1

5
wo(X, Y, 1) =Y Y ) Woni (%, Y)gimni (1), (37)
m n =1
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5
G, 3 =D D Xonni (%, ¥)mni (1), (38)
m n i=lI
5
Gy, 3 ) =D D Youni (X, Y)Gomni (1), (39)
m n i=l1
where
Ui (X, ¥) = Uppni €05(ctx) sin(B,), (40)
Vini (X, ¥) = Vini sin(tx) c0s(B, ), (41)
Wonni (X, ¥) = Wi sin(@,,x) sin(B,y), (42)
Xouni (X, ) = Xouni €08(etx) sin(B,), (43)
Youni (X, ) = Yyi sin(etx) cos(By) (44)

by introducing (35)—(39) into (1)—(5); and using free vibration analysis and orthogonality of eigenmodes,
one can obtain

.q'mni + 2€mniwmni6}mni + a)anniani = Q:nni’ (45)
where
2émniwmni =cC (46)
and the generalized random force

1
ani

a prb
Qi (1) = /0/0 P (x, y, ) Wini (x, y) dx dy, 47)

where the generalized mass
a rb
ani = / f {IO(Unzmi + Vnzmi + Wr%zm) + 2I] (ani Umni + Ymni ani) + 12(X,3m,~ + Yn21m)} dx dy- (48)
0J0

By using random vibration theory [Lin 1976; Elishakoff 1999; Maymon 1998], the deflection response
spectral density for wo(x, y, t) can be derived as

Sww (X1, Y1, X2, 72, ©) = D > Wonni (1, 1) Wrsj (X2, y2) Hni (@) Hy (@) S, or (@), (49)

N ~ mni =rsj
mni rsj
where
1 1 a pb pa pb
SQ;’nniQ:xj(a))Z ' . / / / / Sp(xl’yl’x2’stw)Wmni(xla)’I)Wrsj(xz,yz)d)q dyl d_X2dy2
anl MrSJ 0J0o JO JO
(50)
and
1
Hypi (@) = . : (51)
" a)rznni [wﬁmi —w?+2i Emni Omni @]
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and * indicates a complex conjugate. We define

o0

RWW(XI,)’I,XZ,)’LT):[ Sww (X1, Y1, X2, y2, @)e' " dw. (52)

—00

The root mean square (RMS) values of deflection at a point (x = x; = x and y = y; = y,) can be
computed from

RMS = \//‘00 Sww(x, y, w) dw. (53)

Thermal case. When thermal effects are included, due to multiplication of thermal terms and deflection
terms, a time domain approach is used to develop the solution. For the time domain solution, displace-
ments are expanded into double Fourier series as

wo(r, y, 1) =Y Y Upn(t) cos(etx) sin(B,y), (54)
vo(xX, ¥, 1) =D Y Vi (1) sin(@x) cos(B,), (55)
wo(x, ¥, 1) =D Y Wi (1) sin(ex) sin(B,y), (56)
Ge(x, 3,0 =D > Xpun(t) cos(anx) sin(Byy), (57)
Gy(x, 3, ) =D > Yyuu (1) sin(enx) cos(Buy), (58)

where
am="" and B,="Z. (59)

a b
Temperature in (26) is also expanded in a double Fourier sine series as
T(x,y,2) =Y Y Tun(2) sin(@,x) sin(B,y), (60)
m=1 n=1
where
4 a pb
@ =25 [ [ Ty sinesing,y) dxdy. (61)
a-bJoJo

It is also assumed that temperature varies only in the z direction or uniformly throughout the plate. Then
the temperature change can be written in the form

AT(x,y. ) =AT@) Y Y. ml

sin(a,,x) sin(B,y), (62)
n

where
AT (z) =T (z) — To, (63)

where Tj is a stress-free reference temperature (7p = 300 K is taken).
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The following temperature distributions through the thickness (z direction) in (63) are considered. For
linear distribution,

22+h)’ (64)

T@ =T+ T - 1) (=5,

where T}, and T; are the temperatures of the bottom and top of the FGM plate, respectively. For nonlinear
distribution of the temperature through the thickness, the heat conduction equation

= (ko) =0 (65)

is solved, where the temperature dependency of the thermal conductivity k is not considered. Solution
of (65) is carried out by using polynomial series as [Javaheri and Eslami 2002]

L —T kit +1 ktzb 2n+1
T(z) =T, + V— yrtlp b yon
@@=+ [ (1 + Dk @n+ k2
. kt3b 3n+1 k;‘b 4n+1 _ ktsb Sn+1
3 4 5V , (66)
Gn+ Dk; (4n + 1k} (5n+ k3
where
—_1_ kb ktzh _ k?h k?h . ktsb
Cip = + . . . < (67)
(n+Dky  Qn+Dk2  Gn+ Dk @Gn+ Dk Gn+ Dk
and
2 h
V= Z;h' and k= k, —kp, (68)

where k; and k, are the thermal conductivity of the bottom and top surfaces of the plate, respectively.
Above, n is the material distribution parameter as used in (14)—(17).

The assumed solutions that satisfy the boundary conditions, (20)—(25), are substituted into (1)—(5),
then Galerkin’s method is employed and the following sets of equations in time domain are obtained:

Umn + 2&mn@mn Umn + ﬂ()(mn + 28n0mn . Xmn)

- (K U + K12 Vo + K14 Xonn + K5 Yo + NT | ) =0, (69)
*n-alnodd
Vinn + 2smnwmn an + (Ymn + 2Smna)mn mn)
(k21 Unn K22 Vo + kot Xomn + ks Yo + N1 2| ) =0, (70)
m-blmodd

Wmn + 2§mnwmn Wmn + I_o(k33 Wmn + k34an + k35 Ymn)

NL Y 2D D Wasi s mlasya e rom) = agya(k, rm)

kodd lodd r s

+NI Y ZZZWH itk mB (s = fiEal sl = QD). (T

kodd lodd r s
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an + ZSmnwmnxmn + g_l(i]mn + 28mn@mn U .mn)

<k41 Umn + k42 an + k43 Van + k44an + k45 Ymn + sz ana

n odd) =0 (72)

i]’l’ll’l + ngna)mn le’l + I_l (an + 2§mna)mn an)

(k51 Umn + k52 an + k53 Wmn + k54an + k55 Ymn + M;Wy ) ) = 0, (73)
m-a \m odd
where the generalized random load
Ot = [ / Pt v, 1) sin(e ) sin(B,y) dx dy 4
a-b- Io
the coefficients y1, y», & and &, are given in Appendix B and
N (ML w2 [(Qn+ Q)e(z, T)
v b i ) = / (Qi2+ 0)a(z, T) § - AT(2) - (1, 2) dz. (75)
NT MT —h/2 0

Xy

In order to solve (69)—(73), the random pressure is first simulated in the space-time domain and then the
generalized random load in (74) is evaluated numerically. The integration can be carried out in a closed
form for some special cases. In this study, uniformly distributed random pressure is considered.

4. Numerical examples and discussion

A moderately thick square FGM plate shown in Figure 1 is considered in this section. The square
plate has a length of a = b = 0.5m and a thickness of 4 = 0.025m. The FGM plate is assumed
to be simply supported with movable edges. First nine modes are retained in the serial expansion to
estimate the deflection responses. Deflection responses are computed at the center of the plate (i.e.,
x =a/2 and y = b/2). The plate is made of the functionally graded material that is a mixture of the
material combination of zirconia (ZrO,) and titanium alloy (Ti-6Al-4V). Temperature-dependent material
properties of these constituents are presented in Table 1 and used in (18).

Materials  Property Py P_ P, P P
Zirconia E 24427 x10° 0 —1371x1073  1214x107% —3.681 x 10~10
v 0.2882 0 —1.133x10* 0 0
o 12766 x 107 0 —1.491x1073 1.006x 107> —6.778 x 10~ 11
0 5700 0 0 0 0
Ti-6A1-4V E 12256 x 10° 0 —4.586x10~* 0 0
v 0.2884 0 1.121 x 1074 0 0
a 7.5788 x 107¢ 0 6.638 x 107* —3.147 x 107° 0
0 4429 0 0 0 0

Table 1. Temperature-dependent material properties of ceramic (zirconia) and metal
(titanium) [Praveen et al. 1999; Shen 2009; Reddy and Chin 1998].
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Figure 3. Displacement time histories for uniform random pressure (SPL = 160 dB and
n=20.7).

The random pressure acting on the top of the plate (ceramic-rich part) is simulated by using the Monte
Carlo simulation technique. Uniformly distributed stationary Gaussian random pressure can be simulated
as [Shinozuka and Jan 1972]

M—1
pr(ty) = Re|:z A,ei¢’ei“”tqi|, (76)

r=0

where the ¢, are independent random phase angles uniformly distributed between 0 and 2, the w, are
the frequencies at which the values of spectral density are selected, M = 2™ is the number of simulated
points in time, m is a positive integer, t, = g At, where At is time interval and ¢ =0, 1,2,..., M —1, and

A, =125, (0)Aw]"?, (77)

where S, is the spectral density corresponding to random pressure and Aw is the frequency bandwidth.
The spectral density of the random pressure that is considered uniformly distributed stationary truncated

Gaussian white noise is
So for0<w<w,,
sz{ p for0<w<w, (78)

0  otherwise,

where Sy represents random loading intensities, w is the frequency and w, is the upper cut-off frequency.
The random load intensities are expressed as

2
Po 1 nspL/10
So=1 A 10 for0 <w <w,, (79)

0 otherwise,

where pg is the reference pressure (pg =2 x 10~ Pa) and SPL is the sound pressure level expressed in
decibels.

In the numerical examples, the random pressure is simulated by using M = 32768, At = 0.0000305 s,
w, =21 x 8192rad/s and Aw = 2m rad/s.
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Figure 4. Spectral density of deflection response under random pressure of SPL =
160dB (n =0.7).

Figure 3 shows the midpoint deflection response history of the FGM plate for SPL = 160 dB without
a temperature effect (i.e., at a reference temperature of 7p = 300 K). The random response peak can
reach wmax/h = 0.053 at = 0.65s and wpyjp/h = —0.056 at r = 0.058 s; and ““the average values” of
the responses are RMS/h = 0.00148 and MEAN/h = 0. It is evident that the plate vibrates about the
plate neutral position since the random input pressure has a Gaussian distribution with zero mean.

The spectral density of the deflection response is displayed in Figure 4. This figure is plotted using (49).
There are three peaks that correspond to four natural frequencies of w;; = 3048rad/s, w13 = w31 =
14816rad/s and w33 = 25911 rad/s. Even modes do not contribute to the response at the midpoint since
the plate is a square. To demonstrate the contribution of different modes to the RMS response, the area
under Sww (as in (53)) is plotted in Figure 5 by integrating the curve in Figure 4 in the frequency domain.
It is clear that contribution of the higher modes is very small since the area is not notably increased by
increased frequencies beyond the fundamental frequency wy;.
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Figure 5. Integration of spectral density function.
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Figure 6. Displacement time history for uniform elevated temperature (AT = 300 K)
and random pressure (SPL = 160dB and n = 0.7).

The deflection response for random pressure of SPL = 160 dB at the uniformly elevated temperature
throughout the plate (AT = 300 K) is presented in Figure 6. As can be seen from the figure, temperature
rise in the inhomogeneous FGM plate with movable ends causes the plate to bend, and consequently,
the mean value of the vibration is no longer zero. The plate first is bent due to elevated temperature to
MEAN/h = —0.0424, and then it continues to vibrate about this mean value with RMS// = 0.049 due
to the random pressure.

Similar behavior is seen under the linearly varying temperature through thickness at the same random
pressure (SPL = 160 dB) as displayed in Figure 7. In this case, temperature at the top face of the plate
is T, = 850 K and temperature at the bottom face of the plate is 7, = 350 K, and temperature variation
from top to bottom is linear with ambient temperature 7y = 300 K. In this case too, the plate bends due
to temperature rise in the inhomogeneous FGM plate to a new position where it continues to vibrate
randomly. The response averages are MEAN//h = —0.0086 and RMS/h = 0.024.
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Figure 7. Displacement time history for linear temperature rise (T, = 850K and 7}, =
350 K) and uniform random pressure (SPL = 160dB, n = 0.7 and T, = 300 K).
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Figure 8. Displacement time history for uniform elevated temperature (AT = 300 K)
and random pressure (SPL = 140dB and n = 0.7).

The displacement response history of the FGM plate under the random pressure (SPL = 140 dB) at
uniformly elevated temperature (A7 = 300K) is illustrated in Figure 8. In this case, the temperature rise
is the same, but random pressure is lower compared to Figure 6. Therefore, the mean deflection response
of the FGM plate is the same, but the amplitudes of the random vibration are much smaller. It turns to
be like a static response as time goes. Similar behavior, but to a lesser degree, is observed for linearly
varying temperature rise as shown in Figure 9. This can be realized by comparing Figures 7 and 9. It is
obvious that the response is dominated by the thermal deflections when the random load density is low.

The deflection average responses of the FGM plate under different random loading at different uni-
formly elevated temperature are plotted in Figure 10. For without thermal effect, the mean response
is almost zero, and the RMS value varies linearly with random sound pressure level as is expected for
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time, s

Figure 9. Displacement time history for linear temperature rise (Tiop = 850K and T}, =
350 K) and uniform random pressure (SPL = 140dB, n = 0.7 and T = 300 K).
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Figure 10. Deflection RMS and MEAN values versus sound pressure levels at different
uniformly elevated temperatures (n = 0.7).

a linear structure. For other elevated temperature cases, when the SPL is less than 140dB, thermal
deflection dominates the response with the mean. However, random loading response turns out to be
predominant after SPL = 140dB at AT = 100K and after SPL = 160dB at AT =500 K.

Similar RMS responses are obtained for linearly elevated temperatures as shown in Figure 11. The
bottom temperature is kept constant at 7, = 350 K, and the top temperature is elevated from the ambient
temperature (i.e., AT, = T, — Ty). The results reveal that the RMS responses increase for all linearly
elevated temperatures when the sound pressure level is greater than 140 dB.

The effect of the material distribution parameter n on the RMS/ & response under random pressure
without thermal influence is presented in Table 2. Both the Monte Carlo method and spectral density
method results are tabulated. It is obvious that the two methods agree quite well. The FGM plate trans-
forms from the ceramic-rich plate to the metal-rich plate with increased material distribution parameter 7.
Consequently, it yields greater RMS responses.

Displacement RMS/ Thickness
o
2

—A- - ATt=500K
—< - ATt=700K
—r - = ATt=900 K

0.0001 1 : 1 1 L g
100 120 140 160 180 200

Sound Pressure Level (SPL), dB

Figure 11. Deflection RMS values versus sound pressure levels at different linearly
elevated temperatures (n = 0.7).
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Method SPL =01 n=05 n=1 n=5 n=10

Monte Carlo  160dB  0.0130 0.0143 0.0152 0.0167 0.0172
Spectral density 160dB  0.0129 0.0143 0.0151 0.0166 0.0172

Monte Carlo  180dB 0.1302 0.1434 0.1523 0.1675 0.1728
Spectral density 180dB  0.1296  0.1430 0.1517 0.1669 0.1729

Table 2. The effect of the material distribution parameter n on the RMS/ & response
(AT =0).

The effect of the material distribution parameter n on the nondimensional RMS and MEAN responses
under random loading in a thermal environment is given in Table 3. Temperature distribution through
thickness is assumed to be linear with 7, = 850K and 7, = 350 K. The mean responses are due to
temperature since MEAN responses are almost the same for SPL. = 160 dB and SPL = 180 dB for each
n value. The RMS values increase with increased n values as the FGM plate becomes more metal-rich.

The effect of the plate thickness to random response for SPL. = 160 dB is presented in Table 4. Isother-
mal, uniformly elevated temperature and linearly elevated temperature cases are considered. For the
isothermal vibration case, MEAN responses are zero, and the RMS responses increase with the length-
to-thickness ratio. For vibration in a thermal environment, when the plate is very thick (e.g., a/h =5),
the response is mainly MEAN response due to elevated temperature, and fluctuations about the mean
response due to random loading is very small. When the FGM plate is moderately thick, fluctuations
become relatively important for the linearly elevated temperature case but not important for uniformly
elevated temperatures.

Sound pressure n=01 n=05 n=1 n=5 n=10
160dB RMS/h 0.0218  0.0215  0.0271  0.0285 0.0306
MEAN/h 0.0114 —0.0034 —-0.0139 —-0.0079 0.0089

180dB RMS/h  0.1868 0.2129  0.2325  0.2739 0.2926
MEAN/hR 0.0115 —-0.0034 —-0.0138 —0.0079 0.0089

Table 3. The effect of the material distribution parameter n on the response averages
for linearly elevated temperature.

a/h=5 a/h=10 a/h=20

Isothermal RMS/h  0.000132  0.00134  0.0148
AT =0K MEAN/R O 0 0
Uniform temperature rise ~~ RMS/h  0.00127 0.00596  0.04893
AT =300K MEAN/hR —0.00126 —0.00571 —0.04238

Linear temperature rise RMS/h 0.00036 0.00218 0.02326
T, =850K, T, =350K MEAN/h —0.00033 —0.00146 —0.00861

Table 4. Random responses of the FGM plates with various length-to-thickness ratios
(n=0.7and a =0.5m).
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Figure 12. Displacement time history for nonlinear temperature rise (7; = 850 K and
T, = 350 K) and random pressure (SPL = 160dB, n = 0.7 and T = 300 K).

Random response with nonlinear temperature distribution across the thickness is shown in Figure 12.
In this case, temperatures of the top and bottom faces are taken to be the same as in the linear temperature
distribution case shown in Figure 6. That is, temperature at the top face of the plate is 7; = 850 K and
temperature at the bottom face of the plate is 7, = 350 K, and temperature variation from top to bottom is
nonlinear with ambient temperature Ty = 300K, k, = 6.112W/mK and k, = 1.775 W/mK in Figure 12.
The response averages are found as MEAN// = —0.0058 and RMS// = 0.021. It can be seen that
random deflection responses for linear temperature distribution (Figure 7) and nonlinear temperature
distribution (Figure 12) across the plate thickness are nearly identical. It is clear that the nonlinear
temperature distribution on the random response has no pronounced effect.

5. Conclusion

The transverse vibration of the functionally graded material plates under random excitation is presented.
The first-order shear deformation (FSDT) plate theory is used for the equation of motion. The FGM plates
are assumed as ceramic-metal mixtures, and their mechanical properties vary exponentially through the
thickness. All mechanical properties of the constituents are also considered temperature-dependent. Both
the spectral density method (frequency domain) and Monte Carlo method (time domain) are used for
investigation. It was found that when the input is uniformly distributed random pressure with zero mean
in an isothermal environment, the response is also random with zero mean. Both methods predict the
same average values (RMS and MEAN). It was shown that contribution to the random response is mostly
coming from the first mode. Therefore, a good estimate can be done by considering the fundamental mode
only. Temperature and distribution of temperature also significantly affect the response, particularly the
MEAN response. The effect of the material distribution parameter is investigated. When the FGM plate
becomes metal-rich (n > 1), deflection responses become greater. Influence of the length-to-thickness
ratio is also investigated. It was shown that when the FGM plate is very thick, the RMS response to
acoustic random pressure is very small. The effect of temperature is found only on the mean responses.
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Appendix A

The elements of the stiffness matrix [K] = [k;;] are

kip = A + AgeB2,

ki2 = (A2 + Ae6)otm Bn,

ki3 =0,

kis = Biia, +nBesfy.

kis = (B12 + B66)m B,

koo = Anpr+ Ascatrn,

ka3 =0,

kog = (B12 + Be6)m B

kas = B2 + Besot,

k33 = K (Assal, + Aaafl),

k3s = Kk Assouy,

k3s =k Aga Py,

kas = Dy + DeoB2 + k Ass,
k4s = (D12 + De6)tm B

kss = Dy B2 + Desat’, 4 K Aug.

The elements of the mass matrix [M] = [m;;] are

Others are zero.

myy =my =m33 = Iy,
Mmyq =mss = I,

myg =mps = Ii.

Appendix B

The coefficients y;, 12, &1 and &, are defined as

ik, r,m) = 41

(k. rom) = —
,r,m) =
2 4
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MECHANICAL BEHAVIOR OF BRICK MASONRY PANELS UNDER UNIAXIAL
COMPRESSION

HACER BILIR OZHAN AND ISMAIL HAKKI CAGATAY

Structural design in masonry requires clear understanding of the behavior of the composite unit-mortar
material under various loading conditions. The mechanical characteristics of brick masonry are influ-
enced by the individual properties of the bricks and the mortar. The results of an experimental study
focused on the properties of brick masonry using different combinations of bricks and mortars are pre-
sented in this paper. The strength and the elastic modulus of brick masonry under uniform concentric
vertical loads have been investigated for strong mortar (M:1:3 cement-sand) and weak mortar (M:1:6
cement-sand) arrangements. The failure mechanisms of the infill walls with horizontal coring bricks
have also been examined.

1. Introduction

Masonry walls are widely used in many types of buildings due to their low cost and good sound and
heat insulation properties, as well as the availability of local material and skilled labor. Mathematical
modeling of structures with masonry walls requires understanding of the material properties and the
interaction of the masonry and its constituents. Masonry is typically nonelastic, nonhomogeneous and
anisotropic material and is composed of two materials, stiffer bricks and relatively softer mortar. These
two have quite different mechanical properties. However, under lateral loads, masonry does not behave
elastically even in the range of small deformations. Masonry is very weak in tension since the bond
between the brick and the mortar is frail. Therefore, the main expectation from masonry is its resistance
against vertical (compressive) loading.

During compression of masonry panels constructed with stronger and stiffer bricks, mortar of the bed
joint has a tendency to expand laterally more than the bricks because of lesser stiffness [Atkinson and
Noland 1983]. However, mortar is confined laterally at the brick-mortar interface by the bricks because
of the bond between them. Therefore, shear stresses at the brick-mortar interface result in an internal
state of stress which consists of triaxial compression in mortar and bilateral tension coupled with axial
compression in bricks [McNary and Abrams 1985]. This state of stress initiates vertical splitting cracks
in bricks that lead to the failure of the panels [Drysdale et al. 1994].

Grenley [1969] studied the effect of various mortars on the flexural and compressive strength of
masonry and on the tensile bond strength of crossed brick assembly. His test results showed that, in
general, flexural and tensile bond strengths increased with the strength of brick and the strength of
mortar. The masonry compressive strength also showed a similar trend. The correlation between bond
adhesion and compressive strength of masonry seems to suggest the importance of brick-mortar bond
on masonry compressive strength. However, the increase in bond strength is also accompanied by an

Keywords: brick, brick masonry, mortar, masonry compressive strength, modulus of elasticity.
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increase in mortar compressive strength. Hence, the relative influence of the mortar-brick bond and
mortar compressive strength on the masonry compressive strength is not clear. The compressive strength
of masonry depends on several factors and the thickness of the mortar bed joint is one of the significant
factors influencing masonry strength. Houston and Grimm [1972] showed that the compressive strength
of brick masonry decreases with increase in mortar bed joint thickness for constant height of the brick.
Venkatarama Reddy et al. [2009] investigated the influence of bed joint thickness and elastic properties
of the soil-cement blocks, and the mortar on the strength and behavior of soil-cement block masonry
prisms. The major conclusions of their work are:

(1) Masonry compressive strength is sensitive to the ratio of modulus of block to that of the mortar
(Ep/ Ep) and masonry compressive strength decreases as the mortar joint thickness is increased for
the case where the ratio of block to mortar modulus is more than 1.

(2) The lateral tensile stresses developed in the masonry unit are sensitive to the Ej/E,, ratio and the
Poisson’s ratio of mortar and the masonry unit.

(3) Lateral stresses developed in the masonry unit are more sensitive to the Poisson’s ratio of the mortar
than the Poisson’s ratio of the masonry unit.

Since masonry is an assemblage of bricks and mortar, it is generally believed that the strength and
stiffness of masonry would lie somewhere between that of bricks and mortar. When one component of
masonry, i.e., either bricks or mortar, is substantially weaker and softer, the other is stronger as suggested
by Dayaratnam [1987] and Sarangapani et al. [2002]. Based on an experimental study by Sarangapani
et al. [2002], the soft bricks’ modulus of elasticity (500 MPa) was responsible for the development of
triaxial compression in bricks and axial compression with lateral tension in mortar points of masonry
prism. Sarangapani et al. [2005] conducted a series of tests on masonry prisms constructed with very
soft bricks (modulus of elasticity ~ 500 MPa) and a combination of different mortar grades. It was
observed that for the soft brick-stiff mortar masonry, the compressive strength of masonry increases
with the increase in bond strength. Using experimental data, Houston and Grimm [1972], Paulay and
Priestley [1992], and Binda et al. [1988] suggested several analytical relations for estimation of strength
and deformation characteristics of masonry, which depend upon the compressive and tensile strengths of
bricks and mortar along with several other factors.

Several experimental and theoretical studies were also carried out on axially loaded masonry walls.
Negro and Verzeletti [1996] conducted a series of tests on 1 to 1 scale reinforced concrete buildings with
and without infill walls. They determined an increase of 1.5 times more load carrying capacity of infill
walls over walls without any filling. Alshebani and Sinha [1999] tested brick wall panels under periodic
axial loading. Different types of loadings vertical and parallel to the joints were applied until failure
occurred. They concluded that the joint separation as well as the fractures in the bricks and in the joints
was due to the applied vertical loading. Gumaste et al. [2007] investigated the mechanical properties
such as the strength and the elasticity modulus of the walls having different brick-mortar combinations
under axial loading.

The compressive strength and the elastic modulus of brick and mortar are the major factors, which
influence the properties of brick masonry wall. Elasticity modulus of masonry wall, which affects the
wall rigidity, is the dominant factor influencing the behavior of masonry wall on the frame systems. The
behavior of brick masonry also depends on the other factors such as interfacial bond strength between
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Figure 1. Stress-strain relationship of the infill walls based on the prism test.

brick and mortar, moisture in the brick at the time of laying, thickness of mortar joints, arrangement of
bricks, workmanship. Modulus of elasticity changes with the direction (horizontal, vertical and diagonal)
because of non-homogeneity of the wall. Elasticity modulus of masonry wall is also determined by the
compressive strength of the material, the material height, the compressive strength of the mortar and the
layer of the mortar line. The computation of modulus of elasticity for infill walls is given by

E, = 0033 — 00.05’ 1)
€0.33 — €0.05
where €( 33 is the strain corresponding to the stress (09 33), which is the compressive prism strength of
33% of masonry, and € os is the strain corresponding to the stress (o9 os5), which is the compressive prism
strength of 5% of masonry. A representation of this equation, following the American Concrete Institute
[ACI 1999], is shown in Figure 1.

The elasticity modulus estimated in this study was compared and verified with the moduli available
in the literature as presented in Table 1.

The aim of this study is to investigate the uniaxial monotonic compressive stress-strain behavior and
other characteristics of bricks, (horizontal coring bricks), two types of mortar and unreinforced masonry
panels (brick infill panel). In the comprehensive experimental study, tests were performed on 6 types
of mortar cube specimens (with two different strength values as weak and strong), two different grades
and 6 specimens of masonry panels (combination of one brick and two mortar types). Based on the
experimental results and the observations, stress strain relationship curves were developed for mortars,

Source Equation
[FEMA 1998] E =550f,
[Paulay and Priestley 1992] E =700 f,
Canadian Standards Association [CSA 2004] E =850 f,
American Concrete Institute [ACI 1999] Equation (1), Figure 1
Turkish Earthquake Code [TEC 2007] Average 1000 MPa

Table 1. Elasticity moduli from the literature.
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horizontal coring bricks panels. Finally, as explained in the following section, elasticity moduli obtained
from the experimental results were compared to the values reported in the literature.

2. Experimental program and discussions

In the present experimental study, several tests were carried out in order to evaluate the uniaxial compres-
sive stress-strain relationship of masonry panels constructed with different combinations of mortar grades.
Different types of mortar and bricks were utilized in the study. Masonry panels were subjected to mono-
tonically incremental strain controlled axial loading. The load was applied vertically by a 550kN load
and =10 mm displacement capacity hydraulic actuator in Hi-Tech Magnus loading frame (see Figure 2).
Also, mortar cubes were tested in a 2,500 kN ELE Press testing machine under stress controlled loading.
The specimens were built on 25 mm thick steel plates and cured under damp condition for 28 days and
covered with wet jute sacks to maintain damp condition. The experimental study included total of 6
specimens of masonry panels with two different grades mortar.

2.1. Mortar testing. Masonry panels were tested with two different grades of mortar (cement/sand by
volume) namely M:1:6 cement-sand mortar (weak), M:1:3 cement-sand mortar (strong). Since the me-
chanical properties of the mortar does influence the infill panel strength, mortar cubes of 150 mm size
were tested after 28 days of casting to obtain their compressive stress-strain relationship. Determinations
of compressive strength of mortar cubes, as as suggested by Turkish standards [TS 24 1985], are given
in Table 2.

% %;—Test machine

™~——Hydraulic press

Load distance ——|

Load cell ——_

———o—o—o—o—o—od~——Load distributers
1
T T T ] Upper plate

Transducer

T T T T Masonry wall

. ~——Bottom plate

I\

Figure 2. Test set-up and instrumentation.

mortar compressive strength (MPa) modulus of elasticity (MPa) specimen dimensions (mm)

M:1:3 22.53 112.64 150 x 150 x 150
M:1:6 8.89 79.95 150 x 150 x 150

Table 2. Mechanical properties of mortars.
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Figure 3. Appearance cracking of weak mortar cubes after loading (Failure modes of

mortar cubes).

Figure 4. Appearance of failure modes of strong mortar cubes after the loading.

The appearances of fracturing of mortar cubes, after loading, for weak and strong samples are depicted

in Figures 3 and 4, respectively.
The test results for the stress strain relationship are plotted in Figure 5. The dots in Figure 5 represent

the test results. The best fitting curves obtained from statistical analyses are represented by the solid

307
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Compressive stress, MPa (c,,,)

107 o o M:1:3
= M:1:6
0 T T T ]
0 0.01 0.02 0.03 0.04
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Figure 5. Comparison of compressive stress-strain curves for strong mortar cubes with

weak mortar cubes.



390 HACER BILIR OZHAN AND ISMAIL HAKKI CAGATAY

Figure 6. Horizontal coring brick.

lines. Table 2 lists the mechanical properties for each type as determined.

2.2. Infill wall testing. Horizontal coring bricks shown in Figure 6 were used in constructing masonry
panels. Their average dimension (length x width x height) is 190 x 190 x 135 mm. Besides, bricks’
average compressive strength was determined to be 5.2 MPa, through uniaxial compressive strength tests.
Horizontal coring brick is used in experimental study because it is one of the widely used types in building
masonry panels in the region.

The test set-up employed in the study is given in Figure 2. The load cell and the transducers were
calibrated before they were used in the tests. The digital readings of uniaxial monotonic compressive
load and corresponding vertical displacements were recorded through electronic data acquisition system
during testing of each specimen.

The main focus of this study was to investigate the behavior of the brick infill wall, under vertical
concentric uniform load, as well as to estimate the modulus of elasticity. The results are graphically
illustrated in Figures 7 and 8.

0.40 350+
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E 300

= 0.30 550

35 0.251 Z
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£ 0.107 PG3 PG3

o 4

O 0.05- 30
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Figure 7. Compressive stress-strain curves (left) and load displacement curve (right) for
brick masonry panel with M:1:3 (strong) mortar.
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Figure 8. Compressive stress-strain curves (left) and load displacement curve (right) for
brick masonry panel with M:1:6 (weak) mortar.

The results show that there are no substantial differences between PG1, PG2 and PG3 panels. It
was observed that while PG1 and PG2 samples endured similar loading capacities, PG3 attained higher
loading levels and failed after corresponding greater displacement values. The differences in cracking
styles among these samples which were made up of similar strong mortars were believed to be because of
the fracturing mechanisms involved (Figure 9). The M:1:3 cement-sand mortar panels generally showed
better strength which was greater than the M:1:6 cement-sand mortar panels. When the mortar became
considerably stronger as in the case of M:1:3, the improvement in strength of brick masonry panel was
clearly achieved. The strength of masonry values ranged from 0.18 MPa to 0.38 MPa. Once again the
best fitting curves obtained from statistical analyses are plotted in Figures 7 and 8.

Various failure patterns were observed in the test conducted on brick masonry walls. The first sample
was a I m x 1 m panel (PG1) made up of horizontal coring bricks. The mortar rate employed was 1:3.
As a result, in parallel with the load applied, symmetrical cracks on the center and on the corners of
the panel were observed. These cracks, for all the panels tested, are shown in Figure 9. In the case of
masonry walls, mortar in the vertical joint can cause splitting failure in the brick below, since the stress
in the mortar is much higher because of its greater stiffness, the masonry wall is likely to split vertically
in the middle of the thickness. The cracks initiated at the loading level of approximately 10t on the PGI,
PG2 and PG3 infill wall panels made up of strong mortar. The ultimate fracturing occurred around 20t
to 30t. Similarly initial fracturing in PZ1, PZ2 and PZ3 infill wall panels began in the mid sections in
the form of tiny cracks at 6 to 6.5 tons loading levels. As a result of this mechanism, which is thought
to be due to the lower mortar strengths in comparison to the other panels, bending cracks on the face
of the panels (around the mid sections) as shown in Figure 9 were observed. Test results showed that,
in general, flexural and tensile bond strengths increased with the strength of brick and the strength of
mortar. That’s why, the masonry compressive strength also showed a similar trend.

It was observed that the flexural cracks started to appear in a direction perpendicular to the infill wall
panel axis at a loading level of about 50% of the maximum load on the tensile side of the specimens. The
existing cracks propagated and new cracks were observed along the tensile side of the panel specimens
with the increase of loading level. Beyond the maximum load, major cracks appeared on the tensile side
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Sample Masonry panel with strong mortar ~ Sample Masonry panel with weak mortar

PG1 PZ1
PG2 pPz2
PG3 PZ3

Figure 9. Cracks on the brick masonry panel with M:1.3 (strong) and M:1:6 (weak)
mortars after loading.

and the masonry infill wall crushed on the compression side at or close to mid-height of the masonry
infill wall panel. Also, significant drop was measured in the loading resistance. Failure occurred in the
most heavily compressed region for all the masonry infill wall panels. Cracking mechanisms depicted
in Figure 9 are not quite inconsistent. They are assumed to be due to varying loading durations, which
aimed to better observe the cracking behaviors, and due to the combined effects of several other factors
such as non-homogeneity of the panels.

Table 3 tabulates the values of elastic moduli of all panels with M:1:6 and M:1:3 mortars. From the
comparison of the values obtained for panels using horizontal coring bricks, it was observed that the
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Methods Panels: PG1 PG2 PG3 PZ1 PZ2 PZ3
Experiment Result 490 49952 45333 202.05 190.76  268.24
TEC 1000 1000 1000 1000 1000 1000
Fema 126 12821  207.78 115.77 11577 104
Paulay and Priestly 160  163.18  264.44 14733 13353 132
ACI 490 49952 45333  202.05 190.76  268.24
CSA 194  198.14  321.11 179 162.14 161

Table 3. Modulus of elasticity, £ (Mpa) results of all panels. For the abbreviations TEC,
ACI and CSA, see Table 1.

elastic moduli of PG1, PG2 and PG3 panels (with M:1:3) were in a very close range. The moduli of
elasticity of PZ1, PZ2 and PZ3 panels are much lower than the others, PGs.

In order to see the effect of mortar type on the infill wall strength, three wall panels, having the same
dimensions and properties, for each type were prepared and tested. The tested panels did have compatible
results within each category. Strong infill panels, in parallel to the increase in mortar strength, attained
higher loading and deformation values. Whereas the weaker ones, with decrease in mortar strength,
could achieve lower loading and deformation values. Although the mortar strength is not the single
parameter governing the panel strength, its influence cannot be ignored. The results obtained showed
perfect correlation with similar studies reported in the literature by Grenley [1969], Dayaratnam [1987],
Sarangapani et al. [2002], Gumaste et al. [2007] and Venkatarama Reddy et al. [2009].

The moduli of elasticity obtained, as shown in Table 3, were exactly same as the value proposed by
the American Concrete Institute, whereas the other standard values from the literature were below the
experimental results obtained.

3. Conclusions

In this research, tests were performed on 6 types of mortar cube specimens (with two different strength
values as weak and strong), two different grades mortar and 6 specimens of masonry panels (combination
of one brick and two mortar types). Based on the experimental results, modulus of elasticity of masonry
was found to vary between 190 MPa and 500 MPa. This variation, as expected, clearly shows that the
mechanical behavior of masonry infill panels depends on its constituents, mainly mortar type. Besides,
the compressive strength of masonry was observed to be increasing with the compressive strength of the
bricks and the mortar. Specimens with 1:6 cement-sand mortar failed due to the loss of the bond between
the brick and the mortar. The results show that there are no substantial differences between PG1, PG2
and PG3 panels. The moduli of elasticity of PZ1, PZ2 and PZ3 panels are much lower than the others,
PGs. The M:1:3 cement-sand mortar panels generally showed better strength which was greater than the
M:1:6 cement-sand mortar panels. Samples showed failure due to splitting of the bricks. The first crack
formation occurred to PGs when the loading level reached 10 tons during the tests. Further experimental
verification may be required for the extension of these results for different kind of bricks and mortar of
different grades. It was observed that the flexural cracks started to appear in a direction perpendicular to
the infill wall panel axis at a loading level of about 50% of the maximum load on the tensile side of the
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specimens. The existing cracks propagated and new cracks were observed along the tensile side of the
panel specimens with the increase of loading level. Beyond the maximum load, major cracks appeared
on the tensile side and the masonry infill wall crushed on the compression side at or close to mid-height
of the masonry infill wall panel. Stress-strain curves of masonry constructed with bricks and mortar
of comparable strengths and stiffness was observed to lie below the stress-strain curves of both bricks
and mortar, which is not in accordance with the generally accepted compressive behaviour of masonry.
Therefore, more experimental study is required with different combinations of brick types and mortar
grades to develop a generalized model for compressive behavior and elastic moduli of masonry.

4. Notation

The following symbols are used in this paper:

PG1 Infill wall panels 1 made up of strong mortar (1:3)
PG2 Infill wall panels 2 made up of strong mortar (1:3)
PG3 Infill wall panels 3 made up of strong mortar (1:3)
PZ1 Infill wall panels 1 made up of weak mortar (1:6)
PZ2 Infill wall panels 2 made up of weak mortar (1:6)
PZ3 Infill wall panels 3 made up of weak mortar (1:6)
o Compressive stress

€ Strain

omr Compressive stress for strong mortar cubes

€mr The strain for strong mortar cubes

fm  Compressive prism strength of masonry

E,, modulus of elasticity of masonry in compression

5. Acknowledgements

Support was provided by Cukurova University project MMF2007D11. We also wish to thank the anony-
mous reviewers who contributed to the improvement of this manuscript.

References

[ACI 1999] “Building code requirements for masonry structures”, Report ACI 530-95/ASCE 5-95, ASCE, Washington, DC,
1999.

[Alshebani and Sinha 1999] M. M. Alshebani and S. N. Sinha, “Stress-strain characteristics of brick masonry under uniaxial
cyclic loading™, J. Struct. Eng. (ASCE) 125:6 (1999), 600-604.

[Atkinson and Noland 1983] R. H. Atkinson and J. L. Noland, “A proposed failure theory for brick masonry in compression”,
pp. 5.1-5.5 in Proceedings of the 3rd Canadian Masonry Symposium (Edmonton, Alberta, 1983), edited by J. Longworth and
J. Warwaruk, University of Alberta, Dept. of Civil Engineering, Edmonton, Alberta, 1983.

[Binda et al. 1988] L. Binda, A. Fontana, and G. Frigerio, “Mechanical behaviour of brick masonries derived from unit and
mortar characteristics”, pp. 205-216 in Brick and block masonry (Dublin, 1988), vol. 1, edited by J. W. de Courcy, Elsevier,
London, 1988.

[CSA 2004] “Design of masonry structures”, CSA Standard S304, Canadian Standards Association, Toronto, ON, 2004, Avail-
able at http://shop.csa.ca/en/canada/structures/s3041-04-r2010/invt/27006002004.

[Dayaratnam 1987] P. Dayaratnam, Brick and reinforced brick structures, Oxford and IBH, New Delhi, 1987.


http://dx.doi.org/10.1061/(ASCE)0733-9445(1999)125:6(600)
http://dx.doi.org/10.1061/(ASCE)0733-9445(1999)125:6(600)
http://shop.csa.ca/en/canada/structures/s3041-04-r2010/invt/27006002004

MECHANICAL BEHAVIOR OF BRICK MASONRY PANELS UNDER UNIAXIAL COMPRESSION 395

[Drysdale et al. 1994] R. Drysdale, A. Hamid, and L. Baker, Masonry structures: behavior and design, Prentice-Hall, 1994.

[FEMA 1998] “Evaluation of earthquake damaged concrete and masonry wall buildings: basic procedures manual”, Report
306, Federal Emergency Management Agency, Washington, DC, 1998, Available at http:/www.fema.gov/media-library/assets/
documents/30687id=1651.

[Grenley 1969] D. G. Grenley, “Study of the effect of certain modified mortars on compressive and flexural strength of ma-
sonry”, pp. 28-33 in Designing, engineering, and constructing with masonry products: proceedings of the International
Conference on Masonry Structural Systems (Austin, TX, 1967), edited by F. B. Johnson, Gulf, Houston, TX, 1969.

[Gumaste et al. 2007] K. S. Gumaste, K. S. Nanjunda Rao, B. V. Venkatarama Reddy, and K. S. Jagadish, “Strength and
elasticity of brick masonry prisms and wallettes under compression”, Mater. Struct. 40:2 (2007), 241-253.

[Houston and Grimm 1972] J. Y. Houston and C. T. Grimm, “Effect of brick height on masonry compressive strength”, J. Mater:
7 (1972), 388-397.

[McNary and Abrams 1985] W. S. McNary and D. P. Abrams, “Mechanics of masonry in compression”, J. Struct. Eng. (ASCE)
111:4 (1985), 857-870.

[Negro and Verzeletti 1996] P. Negro and G. Verzeletti, “Effect of infills on the global behaviour of R/C frames: energy
considerations from pseudodynamic tests”, Earthq. Eng. Struct. Dyn. 25:8 (1996), 753-773.

[Paulay and Priestley 1992] T. Paulay and M. J. N. Priestley, Seismic design of reinforced concrete and masonry buildings,
Wiley, New York, 1992.

[Sarangapani et al. 2002] G. Sarangapani, B. V. Venkaratama Reddy, and K. S. Jagadish, “Structural characteristics of bricks,
mortar and masonry”, J. Struct. Eng. (India) 29:2 (2002), 101-107.

[Sarangapani et al. 2005] G. Sarangapani, B. V. Venkaratama Reddy, and K. S. Jagadish, “Brick-mortar bond and masonry
compressive strength”, J. Mater. Civ. Eng. (ASCE) 17:2 (2005), 229-237.

[TEC 2007] “Specifications for buildings to be built in seismic zones”, Official Gazette No. 26454, Ministry of Public Works
and Settlement, Government of Republic of Turkey, March 6, 2007, Available at http://www.koeri.boun.edu.tr/depremmuh/
eski/DBYBHY2007-English-Chapters1,2.pdf.

[TS 24 1985] TS 24, Turkish standard for physical and mechanical testing method of cement, TSE, 1985.

[Venkatarama Reddy et al. 2009] B. V. Venkatarama Reddy, L. Richardson, and K. S. Nanjunda Rao, “Influence of joint
thickness and mortar-block elastic properties on the strength and stresses developed in soil-cement block masonry”, J. Mater.
Civ. Eng. (ASCE) 21:10 (2009), 535-542.

Received 2 Dec 2013. Revised 30 Jan 2014. Accepted 25 Mar 2014.

HACER BILIR OZHAN: hacer.ozhan@bou.edu.tr
Asisstant Professor, Department of Civil Engineering, Bursa Orhangazi University, 16350 Bursa, Turkey

ISMAIL HAKKI CAGATAY: hcagatay@cu.edu.tr
Professor, Department of Civil Engineering, Cukurova University, 01330 Adana, Turkey

mathematical sciences publishers :'msp


http://www.fema.gov/media-library/assets/documents/3068?id=1651
http://dx.doi.org/10.1617/s11527-006-9141-9
http://dx.doi.org/10.1617/s11527-006-9141-9
http://dx.doi.org/10.1061/(ASCE)0733-9445(1985)111:4(857)
http://dx.doi.org/10.1002/(SICI)1096-9845(199608)25:8<753::AID-EQE578>3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1096-9845(199608)25:8<753::AID-EQE578>3.0.CO;2-Q
http://dx.doi.org/10.1061/(ASCE)0899-1561(2005)17:2(229)
http://dx.doi.org/10.1061/(ASCE)0899-1561(2005)17:2(229)
http://www.koeri.boun.edu.tr/depremmuh/eski/DBYBHY2007-English-Chapters1,2.pdf
http://dx.doi.org/10.1061/(ASCE)0899-1561(2009)21:10(535)
http://dx.doi.org/10.1061/(ASCE)0899-1561(2009)21:10(535)
mailto:hacer.ozhan@bou.edu.tr
mailto:hcagatay@cu.edu.tr
http://msp.org




