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Due to their low weight and superior energy absorption, 
functionally graded porous structures have been used 
recently. In the fields of engineering, biomedicine, and 
aerospace, they have a variety of uses. Therefore, the 
researchers aim to reduce costs by balancing material 
strength and lightweight. To study the impact of the porosity 
gradient through thickness, samples of PLA material were 
designed and created using a 3D printer by international 
standard specifications. An experimental three-point 
bending test was performed, and then simulations were 
performed using ANSYS 2022 R1 software on samples with 
functionally gradient different porosity layers to verify the 
experimental results.The results from the experiment and 
the numerical values were aligned with an error rate of no 
more than 13%. The maximum bending load and maximum 
deflection of the beam were specified experimentally and 
compared with the numerical solution. The maximum 
bending on the minimum deflection When the porosity layer 
in the middle of the beam matched the ideal maximum 
bending load (190,194) N experimentally and numerically, 
respectively. The minimum deflection (5.9,6.4) mm 
experimentally and numerically, respectively, was obtained 
in samples with varying porous layers. 
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1. Introduction    

In science and technology, the ability to exploit 
knowledge of material improvement is becoming 
an increasingly important factor in improving 
economic performance and social interest [1]. 
Modern porous materials engineering has 
dramatically changed design and construction. 
Porosity is common in materials, either due to the 
manufacturing process or intentional formation 
[2]. Functionally gradient porous materials (FGPM) 
are porous structures with a gradient porosity 

distribution throughout their volume, as shown in 
Fig 1. Due to their remarkable weight strength and 
energy absorption option, these materials have 
acquired favor in numerous areas, including 
aerospace, marine, biomedical, automotive, and 
shipbuilding [3]. Due to their extraordinary 
characteristics, such as high bending toughness, 
lightweight, high sound absorption, and great 
damping performance, FGPMs have been widely 
used in mechanical and civil engineering 
throughout the past few decades[3]. Although the 

http://doi.org/10.37649/aengs.2023.139492.1050
https://ajes.uoanbar.edu.iq/
mailto:mut20e2009@uoanbar.edu.iq


Muthanna  / Anbar Journal of Engineering Science, 14,1, (2023) 89 ~ 107                                                                                                  99                                  

 

 

AJES   P-ISSN: 1997-9428  ; E-ISSN: 2706-7440                                                                                                  https://ajes.uoanbar.edu.iq/  

presence of pores in FGPMs affects the rigidity of 
the entire structure, it also contributes to reducing 
the structure's weight. When evaluating the 
performance of FGPMs, it is crucial to consider their 
static and dynamic features [4]. 
Engineers and researchers have been challenged 
with the task of developing new materials to 
improve structural performance for many years. 
Despite these difficulties, due to their versatility in 
design strength and toughness, traditional 
laminated composite materials have become 
popular in various industries, including aircraft, 
aerospace, shipbuilding, and automobiles. 
However, these lamellar compounds can have 
performance limitations, particularly in 
thermoplastic applications, due to problems 
including dissociation, de-bonding, and residual 
stresses. The creation of FGM processes, which are 
advanced high-performance, multifunctional, and 
microscopically heterogeneous materials in the 
family of two- or more-stage engineering 
formulations, can help to overcome these limits. 
FGM is created by enabling a continuous, smooth 
change in the composition of matter in any 
direction utilizing various gradient rules (e.g., 
exponential laws, laws of force and sines). FGM is 
initially created to offer thermal resistance in 
fusion reactors and space structures [5]. 
Several researchers have developed functionally 
graded materials to solve the problems with 
laminated composites. Fig 1. depicts the advanced 
composite material hierarchy [6]. 
 

 
Figure 1. distribution of  porosity  through cross-sectional 

thickness of the sheet [14]. 

 
Figure 2. Hierarchy of advanced composite material [6] 

 

The volume and weight fractions and their 
fluctuations can affect the orientation and 
geometry of these phases. Structures' volume 
fractions could be altered based on their thickness 
or in a different direction, such as along plates or 
shells. Mechanical parameters of FGM parts 
fluctuate in smooth, continuous, and desired 
directions, Young's modulus, thermal conductivity, 
Poisson's ratio, etc. 
 

 

 
Figure 3. Uses of functionally graded materials(FGM) [7] 
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Due to its adaptability in personalizing material 
properties, FGM has grown and become somewhat 
attractive in recent years and is now considered an 
ideal material for a wide range of applications in 
industries including aerospace, nuclear 
engineering, and bioengineering [7]  Fig 3. 
illustrates a variety of FGM application areas. 
Nuclear, Biotechnology, and Space , while Fig 4. and 
Fig 5. respectively show some FGM parts suitable 
for automotive and aviation applications [8]. 
 

 

Figure 4. Automotive applications of FGMs parts [8]. 

 
Figure 5. FGMs parts in aerospace applications [8] . 

 
2. Numerical Analysis    

In this section, a functionally graded beam and 
plate with different porosity distributions are 
numerically modelled. Three-point beam bending 
was studied using ANSYS workbench (Version 
2022 R1). The previous studies are validated using 
ANSYS. Furthermore, the results of the finite 
elements and experiments are validated. 
Experimental and numerical results indicate that 
there is a good agreement. Fig 6. shows the path 
that is used to write a paper 

 

 
Figure 6. Flowchart for numerical solution. 
 
3. Validation test 

Three-point bending is a common test method used 
in materials science and engineering to determine 
the strength and stiffness of a material under 
bending forces. This test involves applying a load at 
two points on a material specimen while a third 
point acts as the support or fulcrum. The bending 
moment created by the load causes the material to 
deform, and the resulting deflection is measured as 
a function of the applied load. This test is widely 
used to specify the material properties required in 
various applications, such as in the aerospace, 
automotive, and construction industries. By 
accurately measuring the deflection and failure of 
materials under three-point bending, engineers 
and scientists can make informed decisions about 
the suitability of materials for specific applications 
and optimize the design and performance of 
structural components [9]. The results obtained by 
the researcher [3]  is validated. The geometry of 
sandwich beam measuring 230 *45 mm is applied 
as depicted in Figure 3.1.In the mesh, as shown in 
Figure 3.2 the number of nodes are (537107) and 
the number of elements are (112094). In addition, 
two metals were used, namely aluminium for the 
upper and lower parts and in the middle layer 
(core) PLA as shown in Table 1. 
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Figure 7. The geometry of  validation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Mesh the  geometry for  validation 
 

Table 1. Properties of the materials used by [3] 

Property core (PLA) Skin (AL- 6061-

T6) 

E (GPa) 1.2 70 

𝜌 (kg/m3) 1360 2702 

𝜈 0.38 0.30 

 
The obtained results were verified with an error 
rate not exceeding 2.1 % for the deflection and  2% 
for  the  force. Fig 9. shows the contour for total 
deflection. And the  Table 2 shows the section A is a 
results of the previous researcher [3] and section B 
is a results obtained from the analysis by the Ansys 
software. 
 

 
Figure 9. Counter for  the  total deflection

 
 

Table 2. Solution output for validation for  beam 

 

section A [3] section B 

  deflection Force Present 
Error (Num and 

present) (%) 
Error (Num and 

present) (%) 

(β) 

FG 
core 
(h) 

(mm) 

EXP. NUM. EXP. NUM. deflection Force deformation force 

0.1 10 13.8 12.45 573 670 12.48 680 0.240384615 1.470588235 

0.1 20 9.56 8.72 2200 2445 8.83 2490 1.245753114 1.807228916 

0.1 25 7.96 7.67 3830 4197 7.83 4252 2.043422733 1.293508937 
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4. Investigation Works 
4.1 Expermintal part 

The samples for the bending test were prepared 
with dimensions according to the American 
specifications that prepared for the examination of 
materials (ASTM D790) [13]. Catalog (100x10x6 
mm), and Fig 10. shows the standard dimensions 
for the bending test samples. The test was 
conducted with the same tensile device mentioned 
in Paragraph 4.2 , where the three points bending 
test was performed on the samples. From the 
device, obtain a load versus deflection curves. The 
results will be discussed in the next section. Fig 11 
shows the bending samples before, during, and 
after  the test. 
 
 
 
 
 
 
 
 
 
 
Figure 10. The standard dimensions of the bending sample [13]. 

 

 
 

Figure 11.Preparing samples (a):before the test ,(b) and (c) 
under the test, and (d after failure 

 
4.2 Numerical part 

Three-point bending is a mechanical test used to 
determine the strength and elasticity of a material. 
It involves applying a force to a material sample at 

two points while a third point is used to measure 
the deflection or deformation. The force is applied 
perpendicular to the sample, creating a bending 
moment that causes the material to bend. The force 
and deflection are measured to determine the 
material's bending strength and stiffness. This test 
is commonly used in the construction industry to 
evaluate the strength of structural materials like 
concrete, wood, and steel. It can also be used in 
other fields, like biomechanics, to study the 
properties of bones and other biological tissues 
[10].  
In ANSYS analysis, there are three primary phases: 
designing the  geometry , defining boundary 
conditions, obtaining results 
 
4.2.1 Geometry Design 

At this stage, the design was divided into two 
phases. The first is to build a solid body (zero 
porous) by choosing the coordinate system, taking 
a sketch, and giving it dimensions, as shown in Fig 
12. (a). The second phase divides the thickness by 
changing the porous layer, as shown in Fig 12. (b) 
 

 
Figure  12( . a) solid body (zero porous) , (b) layers with 

variable porous through the thickness 

 
the materials shown in Table 3 were chosen and the  
Poisson ratio was  taken 0.38 [7]. 
 

Table 3. The Material properties     

Porosity (β) E (GPa) 𝜌 (kg/m3) 𝜈 

Zero 1.64 1253.8 0.38 

0.1 1.48 1128.42 0.38 

0.2 1.312 1003.04 0.38 

0.3 1.148 877.66 0.38 
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4.2.2 Geometry Mesh and the Boundary 
Conditions (B.C) 

The concept underlying finite element analysis 
(FEA) involves dividing a problem into smaller, 
discrete elements that are solved individually and 
combined to obtain a comprehensive solution. The 
process of subdividing an object into smaller 
sections is known as meshing, and the solution's 
accuracy depends on the mesh's size. When 
modeling a beam in ANSYS, the mesh size for the 
elements must be chosen, and it directly impacts 
the speed and accuracy of the results. For the solid 
beam (zero porous), the FEM model consisted of 
11530 elements and 67219 nodes,  For the FGPM 
beam (0.1,0.2,0.3), the FEM model consisted of 
6960 elements and 9304 nodes and boundary 
conditions was applied to the finite element 
analysis. The finite element model is presented in 
Fig 13. 

 
Figure 13.The Mesh generation in ANSYS of beam 

 
5. Result 

 
After conducting the test of the experimental part 
of the three-point bending of six samples 
containing layers with different porosities, the Fig 
(14–19) were obtained from the computer 
connected directly to the testing device, as shown 
in Fig 14. represents the solid sample, and Fig (15–
19) represents the samples with different porous 
layers. From all the figures, the maximum bending 
load and the maximum bending Deflection were 
obtained for the samples. 
 

 
 
Figure 14. The Deflection with the force of the  Non porous. 
 

 
 

Figure 15  . The Deflection with the force of the sample 1 
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Figure 16. The Deflection with the force of the sample 2 

 

 
Figure 17.  The Deflection with the force of the sample 3 

 

 
Fig 20. depicts a deflection counter for a solid 
sample and the experimental results were 
compared with the numerical results and the error 
percentage, as shown in Table 4. Fig (21-22) shows 
the maximum bending Deflection and the 
maximum bending load, respectively, for Non-
porous samples and samples with variable porosity 
layers.   
 

 
Figure 18. The Deflection with the force of the sample 4 

 

 
Figure 19. The Deflection with the force of sample 5 

 

 

 

Figure 20. Counter for  the  total deflection for solid sample 
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Table 4. Comparing the numerical and experimental results and the percentage of error 

 

h 
(mm) 

Case 

 
 

position of porous  
layer 

Porous 
ratio 

Deflection 
(mm) 

Force (N) 
Deflection 

(mm) 
Force 

(N) 

Num. Exp. Num. Exp. 
Error (Num 

and Exp.) 
(%) 

Error 
(Num 
and 

Exp.) 

10 

Zero 
porous 
(Solid) 

 

0 9.3 9.5 257 240 2.11 6.61 

Sample 
1 

 

0.3 

6.88 6.75 191 190 1.93 0.52 

Sample 
2 

 

6.8 6.6 192 190 3.03 1.04 

Sample 
3 

 

6.4 5.9 194 190 8.47 2.06 

Sample 
4 

 

6.68 6.4 187 185 4.37 1.07 

Sample 
5 

 

6.54 5.75 181 180 13.74 0.55 

 
 
 

 

Figure 21. Comparing the numerical and experimental results 
of the samples at the maximum bending deformation 

 

Figure 22. Comparing the numerical and experimental results 
of the samples at the maximum bending Force. 

The load was applied at )180 N( for all samples to 
calculate the deflection value for each sample 
experimentally through the values and plots 
obtained from the experimental three-point 
bending test and numerically through the ANSYS 

β=0
β=0
β=0
β=0
β= 0

β=0
β=0
β=0
β=0

β= 0.3 

β=0
β=0
β=0

β= 0.3 
β=0

β=0
β=0

β= 0.3 
β=0
β=0

β=0
β= 0.3 

β=0
β=0
β=0

β= 0.3 

β=0

β=0

β=0

β=0
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Software. The error ratio was calculated between 
the numerical and experimental tests, as shown in 
Table 5. 

Table 5. Comparison of the results numerically and 
experimentally for diversion at constant load   

Case Porous 
ratio 

Num. Exp. Error  
(%) 

Solid 0 3.64 3.85 5.45 

Sample 1 0.3 5.2 5.37 3.17 

Sample 2 5.1 5.24 2.67 

Sample 3 4.55 4.8 5.21 

Sample 4 5.12 5.3 3.40 

Sample 5 5.5 5.8 5.17 

The results were compared to obtain the least 
deflection for the different porosity distributions of 
the samples at load 180 N, as shown in Fig 23. 

 

Figure 23. Comparing the numerical and experimental results 
of the samples at Force=180 N 

 

6. Conclusion 

 
This work presented the effect of porosity on the 
mechanical properties of structures such as beams. 
The desired target has been reached by changing 
the geometric coefficients, represented by 
changing the number of layers, porosity ratio, and 
layer thickness. This work was related to two parts: 
the experimental part and the numerical part.  PLA 
material was used in this study.  
Experimentally, various specimens were tested 
using three-point bending to specify the 
mechanical properties and compassion. Also, the 
mechanical properties were applied in the ANSYS 

software to validate the experimental results. The 
following paragraphs summarize the most 
important obtained results: 
Conclusion made by three-point bending tests the 
maximum load and deflection. The numerical 
solutions agreed well with the experimental tests, 
with an error rate not exceeding (13%). The 
maximum bending load and maximum bending 
deflection were found  When the porosity layer in 
the middle of the beam, corresponding to an 
optimum maximum bending load of (190,194)N 
experimental and numerical, respectively, and a 
maximum deflection of (5.9,6.4)mm experimental 
and numerical respectively. For samples with 
variable porosity layers. 

The conclusion that was reached when a load of 
(180 N) was applied to all samples was to obtain 
the least deflection for the different porosity 
distributions of the samples, and its value was 
(4.55, 4.8) mm numerically and experimentally, 
respectively, when the porous layer was in the 
middle of the sample. The numerical solutions were 
found to agree with the experimental tests, with an 
error rate not exceeding (7%). 
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