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1. INTRODUCTION

ABSTRACT

Functionally graded materials are composite materials used to build a variety of structures.
The porosity made in these materials may negatively affect some behavior aspects like stiffness
and strength, but it may provide superior performance in other fields like vibration reduction,
thermal isolation, energy absorption, and others. In this paper, we will discuss the effect of
porosity on the natural frequencies for functionally graded porous (FGP) sandwich beams.
The mechanical properties of the FGP sandwich beams change with the thickness direction's
porosity. The free vibration of the beams is examined with the effect of porosity. The analysis
is carried out for four different beam supporting types (hinged - hinged, fixed - fixed, free,
fixed - hinged). Various porosity ratios are considered with a range from (0.1-0.9). Forty—four
samples are analyzed for each type of core material distribution which is the symmetric mate-
rial constitutive relationships (SMCR) and uniform core material. The results gained from the
analysis show that the porosity constant has a significant effect on the natural frequencies of
the FGP sandwich beams.

Cite this article as: Al-Itbi, SKA., & Noori, AR. (2022). Influence of porosity on the free vibra-
tion response of sandwich functionally graded porous beams. J Sustain Const Mater Technol,
7(4), 291-301.

fabrication technology of FGMs is beginning, they provide
various benefits such as high stiffness, lightweight, and ther-

Engineering designers are aimed to provide superior
structure performance regards various aspects. The structure
needs to withstand applied loads in additional requirements
that need to be met. Users and designer requirements are
continuously developed so that conventional materials can-
not give acceptable performance. Damping, strength, stift-
ness, thermal isolation, lightweight, environmental needs,
vibration characteristics, and many more properties may not
be met with different materials. For this reason, functional-
ly graded materials (FGMs) should be preferred. Although
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mal isolation. A positive relationship between cross section
thickness and natural frequency is explored, in which the
beam's maximum frequency can be detected [1]. Func-
tionally graded materials are composite materials that may
contain two or more different materials. Cellular materials
can be divided into two categories depending on the poros-
ity framework: open or closed cells. In closed cell core type,
the porous cannot be interconnected in counter to open cell
type. Each type has specific performance and characteristics
that give the engineers various choices and solutions [2].
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An efficient approach was introduced by [3] to de-
scribe the behavior of (SMCR) and monotonic material
constitutive relationships (MMCR), which is two types
of functionally graded sandwich beams. It reveals a pos-
itive relationship between frequency and porosity value
in SMCR and MMCR models. It was concluded that the
periods of vibration and amplitude are higher when the
beam material is MMCR compared with SMCR. When
the MMCR porosity modulus rises, more intense vibra-
tions can be predicted. The SMCR material provides the
lowest deflection and the highest natural frequencies.

A unified analytical model was established in [4] to
study the vibration behavior of functionally graded deep
porous beams (straight and curved). The first-order beam
theory was used in the formula. The response of forced
vibration for FG beams was examined by [5], with the
porosity changing in the thickness direction. It was also
mentioned that to obtain realistic models, a solid planar
continuity model should be used in modeling deep beams.
The vibration was categorized depending on vibration
characteristics into various categories by [6]. Core ma-
terials can alternatively be made of open and closed cell
metal foam. Thermoset polymers (unsaturated polyesters,
epoxies, etc.) or thermoset polymers (laminates of glass or
carbon fiber reinforced thermoplastics) are frequently used
as face materials. In rare circumstances, sheet metal is also
utilized as a skin material where core and skins are merged
[7]. Under various core configurations and core materials,
the sandwich beam structure's inherent frequencies and
mode shapes were determined by [8]. A finite element (FE)
approach was applied to examine the beam.

Ritz approach was used in conjunction with a four-di-
rect iterative algorithm by [9]. The performances of the
beam with various porosity distributions were contrasted.
In contrast, two non-uniform functionally graded poros-
ity distributions and a uniform distribution were consid-
ered. The impacts of the porosity coeflicient, slenderness
ratio, and thickness ratio were thoroughly examined using
numerical data. Porosity effects in vibration analysis of
functionally graded beams were studied by using flexible
boundary conditions [10]. Based on their study, the most
critical factors affecting linear and non-linear frequencies
are the percentage of porosity volume, boundary condi-
tions, and the transition and rotational spring constants. A
study was made using nanoplates that are FGP and resting
on the foundation [11]. Porosity influence was considered
by applying two-variable refined plates and Winkler-Pas-
ternak elastic foundations. One of the main goals was to
determine the relationship of the free vibration character-
istics with elastic foundation stiffness, material properties,
boundary conditions, and porosity.

The performance of porous beams with two distinct
porosity distributions in terms of elastic buckling and
bending was investigated by [12]. Transverse shear defor-

mation's impact was included using the Timoshenko beam
theory. The Ritz technique was used to develop and then
solve the algebraic governing equations. The modified cou-
ple stress theory was used by [13] to examine the FG mi-
croplate's forced vibration with porosity effects. Hamilton's
principle and Navier type solution method was used to
study FG beams with different thermal sinusoidal, loading,
non-linear, linear, and uniform temperature field [14].

The modified couple stress theory was used by [13] to
examine functionally graded microplates' forced vibra-
tion with porosity effects. Hamilton's principle and Na-
vier type solution method was used to study functionally
graded beams with a different type of thermal sinusoidal
load non-linear, linear, and uniform temperature [14]. The
transverse displacement and the non - dimensional fre-
quencies were calculated by [15], and they demonstrated
that these parameters increased with the increase of the
porosity. Timoshenko beam theory, Lagrange equation
method, and Ritz technique were used by [16] for free and
forced vibration analysis of FG beam.

The finite element method is one of the most influen-
tial and efficient tools used for the numerical solution of a
wide range of problems in structural mechanics [17-29].
Besides this, several researchers and engineers examine the
dynamic response of structures [30-43]. Also, during the
last decades, one of the most trend subjects in the research
field is composite and FGP materials. For instance, some
recent works [44-57] can be mentioned.

Literature survey shows that the free vibration response
of sandwich FGP beam with the aid of ANSYS, which is
a finite element package program the free vibration re-
sponse of sandwich FGP beam with the aid of ANSYS, a
finite element package program, has not been reported
yet. This study aims to present benchmark free vibration
characteristics for FGP sandwich beams. The sandwich
beams are assumed to have a porous core and isotropic
homogenous face sheets. Results are obtained for different
values of porosity coeflicients to investigate the impact of
porosity on the free vibration characteristics. For the beam
boundary conditions, clamped-clamped, clamped-hinged,
hinged - hid clamped - free cases are considered four dif-
ferent cases. The shear deformation is taken into consid-
eration in the analysis procedure. For porous material,
the symmetric and uniform distributions are employed as
two kinds of different distributions. To present this study
better, it is ordered as follows: Section 2 gives the type of
FGP materials and provides information about the details
of the analysis. Section 3 shows the results and discussion,
and finally, Section 4 is dedicated to the most important
conclusion of this study.

2. MATERIALS AND METHOD

The finite element method is implemented to acquire
the natural frequencies of the functionally graded po-
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Figure 1. (a) FGP sandwich beam with uniform porosity distribution; (b) FGP sandwich beam with symmetric porosity

distribution.

rous (FGP) sandwich beam shown in Figure 1, which has
a length of L, a width of b, and a height of h. The beam
has three layers in the thickness direction. The core layer
is assumed to be FGP material and the top and the bottom
layers are made up of isotropic homogenous material. In
this paper two types of different FGP materials are used.
The influence of the porosity coefficient for symmetric and
uniform porosity distributions is investigated.

In this paper, Poisson's ratio is assumed to be constant.
The variation of Young's modulus and mass density for the
FGP sandwich beams are presented in this section. The
material properties for the sandwich FGP beams are given
in Egs. (1-9) for uniform porosity distribution and in Eqs.
(10-18) for symmetric porosity distribution [58].
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In the above equations, e is the porosity coefficient, h
is the thickness of the cross-section, E » G, and p, are the
maximum value for the modulus of elasticity, shear modu-
lus, and mass density. The porosity coefficient for the mass
density (e, ). Can be obtained by the following equation [3].
em=1—,/1—¢, (20

The solution procedure of the considered problem
with the finite element package program ANSYS, BEAM
189, is implemented. This element has three nodes, each
with six degrees of freedom. These degrees of freedom are
directional displacement in x, y, and z directions and ro-
tations about x, y, and z axes. BEAM189, a 3D element, is
based on the first-order shear deformation theory. In this
study, the in-plane free vibration characteristics are ob-
tained. For this reason, the displacement in the y direction
and rotations about the x and z axes are restrained. More
detailed information about the theory of this element can
be found in [59].

To generate the FGP sandwich beam model in Ansys Me-
chanical APDL [60], the material properties, such as mass
density and Young's modulus, are first calculated based on
the material functions. A data file is created in *.csv format
for the calculated values. The section is divided into 36 lay-
ers in the thickness direction [3]. The cross-section mesh of
the beam consists of 1296 elements, as seen in Figure 2. The
first and last four layers are isotropic homogenous, and the
middle layers are made up of functionally graded porous
materials. Each material is defined to its specific layer using
the Edit/ Built-up options of the Custom Sections in Ansys
Mechanical APDL. For the mesh size, the beam is divided
into 100 elements the longitudinal direction is divided into
100 elements in the longitudinal direction for the mesh size.
It is worth to be mentioned that the mesh size is selected to
obtain accurate mode shapes.
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Figure 2. FGP sandwich beam finite element mesh.

3. NUMERICAL RESULTS AND DISCUSSION

The free vibration characteristics of the sandwich FGP
beams are obtained for various values of porosity coefhi-
cients, two types of FG porosity distributions, and several
boundary conditions. For the uniform porosity distribu-
tion, the musing modulus of elasticity is calculated using
Egs. (1-9). Eqs acquire the same material properties for the
symmetric porosity distribution (10-18). The Poisson's ra-
tio is taken as a constant value of 0.3. In this paper, the value
of the maximum mass density (p,=p,) is 7850 kg/m’, and

Table 1. Beam boundary conditions

the value of the maximum modulus of elasticity (E =E,). It
is considered 200 GPa for all tables and figures except Ta-
ble 10. The program automatically calculates the maximum
shear modulus with (Gi = ﬁ) The geometric properties of
the beam are; h=0.5 m, b=0.5 m, and L=3 m.

The analysis methodology works on eighty-eight dif-
ferent FGP sandwich beams divided equally into two main
groups depending on the symmetric and uniform porosity
distribution. Each group differs in the type of supports of
the beam and the porosity coefficients of FGP materials. All
boundary conditions are listed in Table 1 related to rotation
and directional displacements. In Table 1, 'i' denotes the left
end of the beam, while j' stands for the right end of the beam.

As the first problem of this section, the symmetric po-
rosity distribution is considered. Ten natural frequencies
are calculated for various values of the porosity coefficient
(e,). Four types of boundary conditions are implemented.
The free vibration characteristics values for the clamped-
clamped supported beams are presented in Table 2.

By the same token, the free vibration characteristics are
calculated for the C-H sandwich FGP beam with a core
made up of symmetric porosity distribution. These results
are determined using eleven different values of the porosity
coeflicient. Derived results are listed in Table 3.

A third example with the same approach will now be pre-
sented. In this part, a sandwich FGP beam of symmetry po-
rosity will be handled with boundary conditions will be H-H.
The computed free vibration frequencies are shown in Table 4.

Type of the support

Boundary conditions

i

j

Clamped - Clamped (C-C)
Clamped - Hinged (C-H)
Hinged - Hinged (H-H)
Clamped - Free (C-F)

Rotz = Roty = Rotx=Uz=Uy =Ux=0
Rotz = Roty = Rotx= Uz = Uy = Ux =0
Uz=Ux=Uy=0
Rotz = Roty = Rotx=Uz = Uy =Ux =0

Rotz = Roty = Rotx= Uz = Uy = Ux =0
Uz=Ux=Uy=0
Uz=Ux=Uy=0

Table 2. Natural frequencies of C-C supported FGP sandwich beam with symmetric porosity distribution (Hz)

Mode e,
0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9

1 244.50 243.56 243.08 242.45 241.16 239.26 236.76 232.84 230.05 226.01 210.86

2 576.28 570.34 567.17 563.46 555.39 544.95 531.75 513.04 500.55 483.83 42491

3 976.87 820.98 816.18 810.87 801.33 791.39 782.69 775.27 772.89 770.75 669.90

4 1412.10 962.89 955.43 946.93 928.41 905.33 876.86 838.02 812.87 780.16 754.70

5 1868.90 1387.90 1375.00 1360.50 1328.90 1290.00 1242.10 1176.30 1131.50  1065.70 774.01

6 2337.20 1642.00 1632.40 1621.70 1602.70 1582.80 1565.40  1526.10 1378.80  1216.00 955.65

7 2811.10 1833.40 1814.40 1793.30 1747.10 1690.90 1621.80  1537.70 1459.50 1361.40 1001.40
8 3076.50  2288.80  2262.70  2233.50 2167.20  2063.50 1835.30  1550.50 1545.80 1541.50 1247.20
9 3302.80 2462.90 2448.50 2432.60 2399.20 2169.70 2031.70  1858.70 1699.60  1541.60 1285.60
10 3446.80 2748.20 2713.90 2636.90 2404.00 2374.20 2161.30  1902.80 1819.10 1701.20  1542.20
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Table 3. Natural frequencies of C-H supported FGP sandwich beam with symmetric porosity distribution (Hz)

Mode e,

0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9
1 179.65 179.48 179.43 179.29 179.09 178.58 177.85 176.39 175.20 173.23 164.45
2 507.71 503.99 502.03 499.65 494.52 487.62 478.72 465.63 456.67 444.35 399.97
3 916.88 820.98 816.18 810.87 801.33 791.39 782.69 775.27 772.89 752.71 646.50
4 1366.80 905.77 899.83 893.00 878.09 859.18 835.57 802.76 781.21 770.75 694.45
5 1837.50 1345.70 1334.40 1321.70 1294.00 1259.70 1217.60  1160.20 1122.40  1065.60 774.01
6 2318.50 1642.00 1632.40 1621.70 1602.70 1582.80 1565.40  1438.70 1275.90  1105.90 866.61
7 2802.50 180490 1787.60  1768.10 172570  1673.80  1609.60  1526.10  1454.40 1312.60 958.07
8 2980.30 227330  2249.20 222220  2162.60  2025.10 1750.60  1550.50 153490 142740 1139.70
9 3231.70 246290  2448.50  2432.60  2289.30  2094.10 1969.00  1683.90 1545.80 1541.50  1248.60
10 3308.70 273730  2646.60  2531.50  2404.00  2283.00 2042.40 1902.50 1806.10  1641.10  1431.30
Table 4. Natural frequencies of H-H supported FGP sandwich beam with symmetric porosity distribution (Hz)
Mode e,

0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9
1 121.88 122.16 122.34 122.49 122.93 123.30 123.73 124.03 124.07 124.25 124.66
2 435.07 433.30 432.39 431.20 428.70 425.01 420.05 412.16 406.48 398.21 366.36
3 852.41 820.98 816.18 810.87 801.33 791.39 782.69 764.77 747.39 724.15 644.76
4 1318.00 844.26 839.91 834.81 823.69 809.21 790.87 775.27 772.89 770.75 650.26
5 1804.30 1300.10 1290.60 1279.80 1256.10 1226.50 1190.10  1140.50 1108.60  1061.30 772.59
6 2298.60  1642.00 1632.40 1621.70  1602.70  1582.80  1565.40 1406.00  1240.40 1067.30 774.01
7 2795.00 1774.90 1759.20 1741.60 1703.30 1656.50 1599.70  1524.30 1371.50  1190.30 933.68
8 294340  2256.60 223430  2209.40  2155.40 1992.20 171420  1538.50 1476.70  1416.40  1021.50
9 3085.10 246290  2448.50  2432.60  2252.30  2090.40 1849.20  1550.50 1545.80  1480.20  1226.60
10 3290.80 272550  2612.80  2496.20  2390.60  2129.00  2012.30  1851.90 1674.50  1541.50  1306.00
Table 5. Natural frequencies of C-F supported FGP sandwich beam with symmetric porosity distribution (Hz)
Mode e,

0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9
1 44.48 44.65 44.76 44.87 45.14 45.42 45.79 46.20 46.44 46.63 46.75
2 247.68 246.81 246.36 245.75 244.46 242.46 239.67 235.01 231.52 226.30 204.98
3 604.92 410.49 408.09 405.43 400.66 395.69 391.34 387.63 386.44 385.37 387.00
4 1025.20 599.22 596.14 592.52 584.53 573.97 560.31 540.38 526.80 508.38 443.50
5 1479.10  1010.70  1002.80 993.86 974.02 948.83 916.92 871.79 841.45 800.66 647.33
6 194590  1231.50  1224.30  1216.30  1202.00 1187.10  1174.00 1162.90  1159.30  1094.80 808.05
7 2413.00 1453.30 1439.30 1423.60 1388.90 1345.50 1291.10  1214.90 1163.70  1156.10 876.53
8 2846.30 1906.20 1884.70 1860.40 1806.00 1736.30 1639.70  1465.50 1333.30 1177.20  1092.50
9 309590  2052.40  2040.40  2027.20  2003.30 1978.50 1862.80  1631.80 1529.50 1414.10 1148.70
10 3239.80  2356.20  2324.80  2289.10  2205.40  2080.20 1956.70  1755.30 1627.50  1486.40 1161.00

In the last case of the symmetry porosity distribution, we The same procedure employed for the symmetry poros-

seek to determine the natural frequencies of an FGP sand- ity distribution will be implemented to acquire the natural
wich beam that is exposed to C-F boundary conditions. The  frequencies of the FGP sandwich beams with a uniform
frequencies of the current case are tabled in Table 5. porosity distribution core. We now turn on to study the ef-
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Table 6. Natural frequencies of C-C supported FGP sandwich beam with uniform porosity distribution (Hz)

Mode e,
0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9

1 243.76 242.11 241.25 240.36 238.49 236.43 234.12 231.40 229.79 227.92 222.62
2 576.21 570.54 567.54 564.39 557.59 549.94 541.06 530.28 523.79 516.19 494.72
3 830.58 819.33 813.46 807.41 794.71 781.06 766.23 749.86 740.93 731.34 709.33
4 978.59 967.07 960.93 954.49 940.54 924.76 906.41 884.18 870.86 855.33 812.27
5 1416.40 1397.80 1387.90 1377.50 1354.90 1329.30 1299.60  1263.60 1242.10  1217.10  1148.00
6 1661.20 1638.70 1626.90 1614.80 1589.40 1562.10 1532.50  1499.70 1481.90  1462.70 1418.70
7 1876.40 1850.00 1835.90 1821.20 1789.10 1752.80 1710.60  1659.60 1629.20  1593.90 1497.00
8 2348.30 2313.50 2294.90 2275.30 2232.80 2184.40 2127.70  2057.70 2013.80 1956.70  1709.50
9 2491.70 2458.00 2440.40 2422.20 2384.10 2343.20 2298.70  2249.60 2181.70  2066.30  1871.00

2826.50  2782.70  2759.20  2734.50  2680.50  2618.80  2485.50  2290.80  2222.80  2194.00  2033.10

—_
(=)

Table 7. Natural frequencies of C-H supported FGP sandwich beam with uniform porosity distribution (Hz)

Mode e,
0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9

1 178.87 177.93 177.45 176.96 175.96 174.91 173.78 172.53 171.82 171.03 168.86
2 506.99 502.80 500.59 498.28 493.36 487.87 481.58 474.04 469.53 464.27 449.42
3 830.58 819.33 813.46 807.41 794.71 781.06 766.23 749.86 740.93 731.34 709.33
4 917.62 907.90 902.73 897.32 885.64 872.47 857.21 838.75 827.70 814.80 778.85
5 1370.00 1353.20 1344.30 1334.90 1314.70 1291.70 1265.10  1232.90 1213.70  1191.30  1129.40
6 1661.20 1638.70 1626.90 1614.80 1589.40 1562.10 1532.50  1499.70 1481.90 1462.70 1418.70
7 1843.80 1819.10 1805.90 1792.10 1762.10 1728.20 1688.70  1641.00 1612.60  1579.40 1487.80
8 2328.30  2295.10  2277.30  2258.60  2218.10 217220  2118.70 2053.60  2013.20 1937.00 1622.90
9 2491.70  2458.00  2440.40 242220 2384.10 2343.20  2298.70 2183.40 2071.40 1975.50  1831.80

2816.60  2774.00  2751.20  2727.00 2671.70 255090  2381.10  2249.60  2222.80 2193.00  1893.80

—_
(=)

Table 8. Natural frequencies of H-H supported FGP sandwich beam with uniform porosity distribution (Hz)

Mode e,
0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9

1 121.19 120.75 120.53 120.31 119.90 119.52 119.18 118.90 118.80 118.73 118.72
2 433.84 430.98 429.50 427.96 424.74 421.23 417.32 412.77 410.11 407.03 398.47
3 830.58 819.33 813.46 807.41 794.71 781.06 766.23 749.86 740.93 731.34 709.33
4 852.17 844.31 840.14 835.80 826.47 816.03 804.02 789.58 780.95 770.89 742.74
5 1320.00 1305.20 1297.30 1289.10 1271.20 1251.10 1227.80  1199.60 1182.80 1163.10 1108.70
6 1661.20 1638.70 1626.90 1614.80 1589.40 1562.10 1532.50  1499.70 1481.90 1462.70 1418.70
7 1809.40 1786.50 1774.20 1761.40 1733.60 1702.30 1665.80  1621.80 1595.50 1564.90  1480.80
8 2307.10 2275.50 2258.60 2240.80 2202.30 2158.80 2108.30  2047.30 2010.90  1906.00 1586.50
9 2491.70  2458.00  2440.40 242220 2384.10  2343.20  2298.70 214690  2033.10 1968.70  1722.40

2807.10  2766.40  2744.60  2721.70  2668.80  2517.10  2345.70  2249.60  2169.90  2042.50  1853.20

—_
(=)

fects of the porosity on the outcomes of the free vibration supported FGP sandwich beams. Each case's first to tenth
analysis of these structures. The examples deal with calcu- natural frequencies are calculated for several porosity coef-
lating the natural frequencies of C-C, C-H, H-H, and C-F ficient values and summarized in Tables 6-9.
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Table 9. Natural Frequencies of C-F supported FGP sandwich beam with uniform porosity distribution (Hz)

Mode e,
0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9

1 44.20 44.07 44.00 43.95 43.84 43.76 43.71 43.71 43.74 43.80 44.07
2 246.92 245.37 244.56 243.73 241.99 240.10 238.00 235.55 234.12 232.46 227.75
3 415.29 409.67 406.73 403.71 397.35 390.53 383.11 374.93 370.46 365.67 354.66
4 604.73 599.25 596.35 593.33 586.83 579.55 571.16 561.05 554.99 547.91 527.98
5 1027.20 1015.50 1009.30 1002.80 988.79 972.91 954.43 931.99 918.51 902.73 858.50
6 1245.90 1229.00 1220.20 1211.10 1192.10 1171.60 1149.30  1124.80 1111.40 1097.00 1064.00
7 1484.20 1465.10 1454.80 1444.10 1420.70 1394.30 1363.50  1326.00 1303.40 1277.10  1203.30
8 1955.20 1927.30 1912.30 1896.60 1862.40 1823.30 1777.40  1720.80 1686.20  1645.00  1520.10
9 2076.50 2048.30 2033.70 2018.50 1986.80 1952.60 1915.60  1874.70 1852.30  1828.40 1728.20
10 2427.90 2390.00 2369.60 2348.10 2300.90 2246.40 2181.10  2097.50 2043.20 1972.10 1773.30

Table 10. Natural frequencies of C-C supported FGP unsymmetrical sandwich beam with uniform porosity distribution (Hz)

Mode e,

0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9
1 232.5 230.51 229.47 228.4 226.15 223.71 221.01 217.94 216.19 214.22 209.06
2 557.66 551.66 548.49 545.19 538.15 530.35 521.49 511.04 504.92 497.9 478.92
3 830.03 817.81 811.4 804.78 790.78 775.6 758.91 740.2 729.83 718.54 691.82
4 956.25 944.53 938.32 931.84 917.93 902.4 884.64 863.57 851.17 836.91 798.43
5 1393.5 1375 1365.1 1354.8 1332.7 1307.9 1279.4 1245.6 1225.7 1202.8 1141
6 1660.1 1635.6 1622.8 1609.6 1581.6 1551.2 1517.8 1480.4 1459.7 1437.1 1383.6
7 1854.8 1828.7 1814.9 1800.4 1769.2 1734.2 1694 1646.1 1618 1585.6 1498.4
8 2330.1 2296 2277.9 2258.9 22179 2172 2119.1 2056 2018.7 1975.8 1858.2
9 2490.1 2453.4 2434.2 2414.3 2372.4 2326.8 2276.7 2220.6 2189.5 2155.6 2075.5
10 2813.5 2771 2748.4 2724.7 2673.5 26159 2549.6 2470.3 2423.2 2368.6 2078.5

To extend the solutions procedure to unsymmetrical
beams as well. The sandwich beam is considered with a steel
top face, an FGP core with uniform distribution, and an
aluminum bottom face. In this part, the value of the mass
density (p,). Are 2700 kg/m’, and the value of the modulus
of elasticity (E,) It is considered to be 70 GPa. Results are
obtained and compared for clamped - clamped supported
beam in Table 10. The geometric properties are the same as
in the previous example.

The above Tables 2-10 demonstrate some essential in-
gredients of the free vibration response of FGP sandwich
beams. It is visible to see the influence of the porosity co-
efficient on the natural frequencies from the given com-
parisons. In each of the above examples, we dealt with
11 different values of e,. When the uniform distribution
was implemented, the natural frequencies showed an ap-
parent decrease, with porosity coefficients increasing for
all analyzed beams. Also, for the symmetric porosity dis-
tribution, it is carried out that for C-C and C-H, the nat-
ural frequencies decrease when the porosity coefficient

increases. When H-H and C-F boundary conditions are
used, it seems that the first natural frequencies increase
while the remaining frequencies decrease. From the
general review of analysis, the calculated results demon-
strate good compatibility with expected beam behavior.
It should also be emphasized that boundary conditions
considerably affect the natural frequencies of the FGP
sandwich beams. As might well be expected, the high-
est values of the natural frequencies are in C-C, and the
lowest values of the free vibration characteristics are in
C-F boundary conditions. To further discuss the finite
element procedure for the free vibration response of the
problem at hand, PLANEI183 is also utilized. Results are
obtained for uniform porosity distribution. Calculated
results are listed in Table 11 for clamped-clamped sup-
ported beams.

When Table 6 and Table 11 are compared, it can be seen
that the results of both finite element types are in good
agreement. The slight difference is because of differences in
the assumptions and theory of the elements.
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Table 11. Natural frequencies of C-C supported FGP sandwich beam with uniform porosity distribution obtained with PLANE183 (Hz)

Mode e,
0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9
1 245.49 243.95 243.15 242.32 240.57 238.67 236.53 234.02 232.54 230.81 225.89
2 582.42 577.2 574.43 571.53 565.31 558.31 550.22 540.43 534.54 527.64 508.13
3 833.3 822.07 816.22 810.18 797.5 783.87 769.05 752.68 743.73 734.12 711.93
4 992.31 981.75 976.13 970.24 957.52 943.17 926.51 906.34 894.25 880.14 840.84
5 1440.3 1423.3 1414.3 1404.8 1384.2 1361 1334.1 1301.4 1281.9 1259.2 1196.2
6 1661.3 1638.6 1626.7 1614.5 1588.8 1561 1530.8 1497.1 1478.5 1458.4 1411.1
7 1912.3 1888.2 1875.4 1861.9 1832.7 1799.6 1761.2 1714.6 1686.8 1654.3 1564.8
8 2397.6 2365.8 2348.8 2331 2292.2 2248.3 2197.2 2135.2 2098 2054.8 1935.6
9 2475 2440.2 2421.9 2403 2363 2319.7 2271.8 2217.7 2187.3 2153.8 2071
10 2889.7 2849.7 2828.3 2805.8 2756.9 2701.5 2636.9 2558.6 2511.8 2427.3 2207
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Figure 4. Comparison of the first natural frequencies for
C-H sandwich FGP beam.

One of our objectives in this section is to discuss the
difference in the influence of the symmetric and uniform
distribution on the free vibration sandwich FGP beams.
For this reason, the following Figures 3-6 are illustrated to
compare the effect of two types of porous distribution on
the free vibration response of the considered structures.

As can be seen in Figures 3-6, the material distribution
of the core has an essential effect on the structure's natural
frequencies. Figure 3 shows that the first natural frequen-
cies are higher in symmetric porosity distribution for values
of e, less than 0.8 when implementing C-C boundary con-
ditions. Figure 4 demonstrates that when the beam is C-H,
the first natural frequencies are higher in uniform porosity
distribution for values of e, more than 0.9. It is apparent in

Figure 6. Comparison of the first natural frequencies for
C-F sandwich FGP beam.

Figures 5-6 that values of the symmetric porosity distribu-
tion are greater than those of the uniform porosity distribu-
tion when the beam is H-H and C-E

4. CONCLUSIONS

In this study, the free vibration response of FGP sand-
wich beams is investigated with the aid of the finite ele-
ment method. The first-order shear deformation theory is
used. Two kinds of different porous materials are consid-
ered for the core of the sandwich structure. The influence
of the porosity coefficient and boundary conditions on the
natural frequencies is investigated, and the following re-
sults can be concluded.
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o  When the uniform porous material is used in the core
of the sandwich beam, an inversely proportional rela-
tionship between porosity and frequency is observed,
which means higher frequency recorded was for lower
porosity coefficients.

+ For the symmetric porous material in the core of the
beam, it is carried out that C-C and C-H, the free vi-
bration characteristic values decrease when the poros-
ity coefficient increases. When H-H and C-F bound-
ary conditions are used, the first natural frequencies
increase, and the other frequencies decrease.

« Higher frequencies were recorded at C-C beams, and
lower frequencies were recorded at C-F beams.

o The type of porosity distribution is essential for the val-
ue of the free vibration characteristics.

« For H-H and C-F boundary conditions, the natural fre-
quencies of the FGP sandwich beam are greater in sym-
metric porosity distributions than those of the uniform
porosity distribution.

e For C-C and C-H, when the value of e, is more than
0.8, the natural frequencies in FGP sandwich beams
with uniform porosity distributions start to get higher
than those of the symmetric porosity distribution.
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