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Abstract: In this study, the compressive stresses of dodecahedron diamond lattice 

structures have been investigated. The finite element method has been used for Stress 

analysis. After the simulation, it was found that more stresses are applied at the junction 

of the struts of this structure due to the application of compressive force. For this purpose, 

the connection point of the structure’s struts was strengthened by spherical connections, 

and a new type of dodecahedron structure was created. The validation and effect of 

spherical connections in compressive stresses have been evaluated experimentally. Two 

types of diamond lattice structures are made of stainless steel 316L by the SLM method. 

The results show that in the same condition, the use of spherical connections with twice 

the diameter of the structure’s struts helps to strengthen the structure and increase its 

compressive strength by 18% compared to the simple structure. 
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1 INTRODUCTION AND LITERATURE REVIEW 

Additive manufacturing technologies are known for 

their ability to fabricate parts with complex geometries. 

Lattice structures use this ability to create parts with a 

high strength-to-weight ratio and other desirable 

structural qualities [1-2]. These structures have the 

potential to reduce the weight of components in the 

aerospace and biomedical industries with a new 

approach to incremental fabrication [3]. Using these 

structures more effectively reduces the time and cost 

required to make additive metals. 

Numerical and experimental studies have been carried 

out in this field. In previous research, the properties of 

foam and lattice structures have been investigated, and 

by analyzing the mechanical properties of cellular solids, 

a wide range of properties for alternative structures have 

been presented [4]. This research has been used to 

investigate Maxwell’s stability criterion and the bending 

behavior of the structure in the current research. A 

comprehensive summary of experimental data on 

mechanical response is presented by examining the 

design, construction, and performance of SLM lattice 

structures, a source of experimental and design data for 

AM tools has been provided to designers [1]. In addition, 

research with the design of 9 lattice structures with 

relative density, the geometric quality of stainless steel 

316L construction, and the manufacturing capability of 

the SLM technique have been examined, and reasons for 

the deviation of the dimensions of the lattice struts with 

the designed struts have been determined [5]. The use of 

a series of experimental tests on the mechanical 

properties of random metal foams and regular lattices 

with titanium grade 5 number 3 has been evaluated by 

the EBM technique according to the unit cells of the 

lattices to ensure that the mechanical properties under 

what type of conditions have measured independently of 

the size [6]. In the current study, to obtain the desired 

mechanical properties from the experience of the 

aforementioned research, select the appropriate number 

of unit cells in the structure used. In a doctoral thesis, a 

wide range of mechanical properties of titanium grade 5 

diamond structure made by the EBM technique has been 

analyzed, and its working method is a suitable reference 

for the current study [7]. An early study reported an 

article that was presented at the 13th International 

Conference, which investigated the lattice structures 

made of nickel-based superalloy by SLM, and various 

mechanical tests were performed on them, and their 

anisotropy was also investigated [8]. Since stainless steel 

316L has been used in the current study using the SLM 

method, the compression test results presented in the 

mentioned research have been reviewed and taken into 

consideration in the current study. In previous research, 

the effect of construction direction and strut length on 4 

compressive mechanical characteristics of BCC 

structure under quasi-static axial compressive loading 

was investigated using finite element analysis, and two 

types of lattices were created and analyzed [9]. The 

effect of strut length mentioned in the previous research 

was used and the compatibility of the length of the strut 

with its diameter was considered. The application of the 

lattice structure, according to the selected material, will 

have the ability to be used in an environment with high 

temperatures. It should also be noted that due to the 

presence of chromium, this alloy has acceptable 

corrosion resistance [10-11]. 

In the previous studies and works of researchers, 

structures have been studied from the point of view of 

product stylization. In this research, in addition to 

maintaining the above advantage, the effect of 

compressive stresses on this structure was investigated 

and the critical places where the stress is high were 

identified, with the results obtained in the places where 

the struts of the structure are connected, spherical 

connections were added to the structure to strengthen 

and optimize, this operation created a new dodecahedron 

structure that is stronger than the previous structure. 

Therefore, a piece made with a structure is expected, it 

is suggested that it can be used in places where the 

applied stress level is equal to the experimentally 

measured resistance of this structure. Apart from 

industrial use, this structure may also have the 

possibility of being used in medical applications due to 

its good corrosion resistance. The analyses performed 

and the computational approach of this study can be used 

for materials that have better medical applications. For 

example, making the same structure and using it for 

medical implants made with titanium will be practical 

[3]. 

2 MATERALS AND METHODS 

2.1. Material Properties 

In this study, non-standard tensile tests were used to 

evaluate the material properties. This not only saves 

material and time of tests considerably but also helps to 

consider the effects of position and build rate in the case 

of the metal additive manufacturing process. Miniature 

test specimens similar to the standard ASTM E8 were 

designed and used for testing. The test was mainly 

conducted on the baseline material stainless steel 316L, 

while designing the miniature specimen, the standard 

architecture of the specimen was retained [12].  

ASTM E8 provides test methods for tension testing of 

metallic materials [12]. Considering these guidelines 

and the previous work in the field, a sheet-type specimen 

with a square cross-section was designed for a miniature 

tensile test. These specimens could either have wedge-
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shaped shoulder ends for gripping. The design miniature 

specimen had a gage length of 5.7 mm and a width of 

1.2 mm. The overall length of the specimen was 17 mm 

with a thickness of 0.5 mm. The gage area was 

nominally 1.2 mm by 1 mm. The test set-up was 

designed for 2000 KN ratings and grips were designed 

for this rating [12]. The miniature specimen follows the 

same architecture as the ASTM E8 standard, square 

cross-section test specimen. The dimensions of the 

miniature specimen are shown in “Fig 1”.  

 

 
Fig. 1 ASTM E8 – Sheet type tensile test specimen [12-

13]. 

 
Fig. 2 Expected post failure conduction of designed 

miniature tensile specimen showing the failure in the gage 

section. 

 

 
Fig. 3 Force-displacement diagram of stainless steel 316L 

material. 

 

To validate the test, tensile failure should be in the 

design gage section. Figure 2 shows the expected post-

failure condition of the tensile test specimen that would 

confirm the validity of the test. Tests were conducted on 

the ASTM E8 standard. The tensile tests were conducted 

with a constant speed of 0.15 mm/s on 3 Specimens. 

Force-displacement data was acquired from the test 

frame according to the diagram as shown in “Fig. 3”. 

According to this figure, the properties obtained for the 

Stainless steel 316L material are listed in “Table 1”. 

 
Table 1 Stainless steel 316L material properties 

Yield Strength, MPa 595±9 

Ultimate tensile strength, 

MPa 
671 

Elongation [%] 23.8±0.5 

Density, 𝑔/𝑐𝑚3 7.99 

Composition 
10.34Ni-16.1Cr-2.62Mo-

0.8Mn-0.25Si-0.06C 

 

2.2. Hypotheses and Experimental Work 

The studied structure is a simple dodecahedron diamond 

lattice structure shown in “Fig. 4”. Each node was 

connected to four struts with an angle of 109.5 degrees 

to each other. The struts were designed with a circular 

cross-section with a fixed diameter of 0.3 mm in single 

cells with dimensions of 3x3x3 mm and the overall 

dimensions of the structure are 12x12x12 mm. The 

periodic structure consisting of a dodecahedron structure 

creates a single diamond cell. The number of unit cells 

in each direction is 4 and a total of 64 unit cells in the 

structure have been used.  

 

 
Fig. 4 Simple diamond lattice structure. 

 

For preliminary investigation, a unit cell of the structure 

with the boundary conditions shown in “Fig. 5” was 

subjected to a compressive test simulation in the 

software. In the numerical solution to apply the 

boundary conditions and accurate loading, the constraint 

boundary conditions were used in which the grid is 

placed between two plates so that the upper and lower 
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levels are tied to completely rigid plates while all the 

other four sides of the grid are unrestricted [14]. These 

plates are considered representative of the jaws of the 

compression testing machine. 

 

 
Fig. 5 Constraint boundary conditions. 

 

The vertical behavior of contact between the lattice 

structure and the indicated plates is rigid (Hard) and the 

tangential behavior is also defined without friction. The 

isotropic material is considered and the effects of strain 

rate are ignored. For the numerical solution, the 

relationship between the deformation and stress of the 

material is considered in the form of the entire plastic 

range. The relevant diagram and data points defined in 

the software are given in “Fig. 3”. 

 

 
Fig. 6 4 Nodes rigid 3D shell mesh. 

 

A meshing is shown in “Fig. 6”, the used element type 

is a 4-node rigid 3D shell element. This type of element 

provides high performance in terms of computing time 

and accuracy of results which fulfils the purpose of this 

study, which is to investigate axial compressive stresses. 

As shown in “Fig. 7” in the numerical solution of the 

simulation of the unit cell compressive test, it was found 

that more stresses are applied to the structure at the 

connections of the struts. 

So, knowing this, the connection between the struts was 

strengthened by spherical balls and a new structure was 

created which is shown in “Fig. 8”. In the structure with 

spherical connections, the radius of the spheres was 

considered 0.6 mm. 

 

 
Fig. 7 Normal Stress in the simple diamond lattice 

structure. 

 

 
Fig. 8 Reinforced dodecahedron lattice structure. 

 

The meshes and boundary conditions in the reinforced 

structure unit cell were considered exactly like the 

simple structure unit cell. As shown in “Fig. 9”, in the 

numerical simulation, a unit cell of the new reinforced 

structure was investigated and it was found that by 

performing this operation, the stresses at the connections 

of the struts are reduced. 

 

 
Fig. 9 Normal Stress in reinforced lattice structure. 
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As shown in “Figs. 10 and 11” two samples of each 

structure have been fabricated using SLM additive 

manufacturing technology. Selective Laser Melting 

(SLM) is an additive manufacturing method that is used 

to fabricate different types of complex components 

using a layer-by-layer approach. The parts are produced 

directly from three-dimensional computer-aided design 

data by melting the powdered material layer-by-layer 

with the aid of laser power. The characteristics and 

performance of the process are given in ISO/ASTM 

52904 standard. 

Compressive mechanical testing of both the simple 

structure and the structure with spherical connections 

was done experimentally. All lattice models were 

selected based on a preliminary investigation of the 

effect of spherical connections between struts. 

 

 
Fig. 10 Simple diamond lattice structure. 

 

 
Fig. 11 Lattice structure with spherical connections. 

 

After the experimental test and analysis, the final 

bearing force of the part is considered with two criteria: 

The end limit of linear deformation and the ultimate 

limit of tolerable force can be derived by dividing the 

force number by the equivalent area of the structure, the 

tolerable nominal stress in this structure. 

To validate the simulation, the experimental validation 

of the simple structure and reinforced structures with 

SLM additive manufacturing technology was made with 

the Noura-M100P machine in MAPNA Turbine 

Engineering and Manufacturing Company (TUGA). 

Optimized manufacturing process parameters are used to 

obtain the desired structure of stainless steel 316L with 

the highest quality [15]. The experimental results of the 

compressive test of the simple structure were compared 

with the experimental results of the reinforced structure 

with spherical connections. It should be noted that the 

compressive test of the manufactured samples is by 

ISO/IEC17025 standard. 

3 RESULTS AND DISCUSSION 

The experimental test piece has experienced failure in 

many places. For better clarification, the crushed parts 

after the experimental tests are shown in “Figs. 12 and 

13”. 

 

 
Fig. 12 Simple lattice structure after compressive test. 

 

 
Fig. 13 Reinforced lattice structure after compressive test. 

 

The graph obtained is the experimental comparison of 

the compressive test of the simple lattice structure and 

the reinforced lattice structure with spherical 

connections, which is shown in “Fig. 14”.  

 

 
Fig. 14 Load-displacement comparison diagram of simple 

structure and reinforced structure with spherical connections. 
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The remarkable note about this figure is the 

improvement of the maximum force that the structure 

can tolerate using reinforced connections. This study 

shows the improvement of mechanical resistance by 

adding reinforcement (balls) at the junction between the 

struts.  

In line with the application of this structure, the nominal 

tolerable stress obtained from the experimental test for 

the ultimate force-bearing limit of the simple structure is 

equal to 42 MPa and for the linear end limit is 27 MPa. 

In this situation, the proposed structure can be used for 

applications that have temperature tolerance, corrosion, 

and stress levels equivalent to the above values. In 

addition, due to the very high porosity, high solid-to-

fluid heat transfer capability is expected for this 

structure. Therefore, in cases where it is necessary to 

cool a hard surface resistant to corrosion, this structure 

can be used. 

4 CONCLUSIONS 

The purpose of this study is to investigate the 

compressive stresses of the diamond lattice structure 

under the effect of spherical connections. Increasing the 

compressive strength of the structure can be an effective 

step in making it more practical. The results of the 

simple lattice structure showed that the most 

compressive stress occurs at the connection point of the 

struts, therefore, spherical connections have been used 

to strengthen the strut. Under the same conditions, the 

use of spherical connections with a diameter of 0.6 mm 

in the structure increases the compressive strength 

compared to a simple diamond structure by about 18%.  
According to the experimental results and obtaining the 

maximum nominal stress of 42 MPa, the use of this 

structure is applicable for parts whose stress is 

equivalent to this value. It is important to note that the 

weight of this type of lattice structure has decreased by 

about 10 times compared to the weight of a solid 

structure with the same dimensions. 
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Abstract: The braking system in automotives directly deals with the issue of safety, and as a 
result, it is essential to pay attention to this matter. One of the materials used to make disc and 
brake pads in disc brakes is ceramic material. This research aims to simulate and analyze the 
dynamic-thermal ceramic brake disc during the braking operation using the finite element 
method. Currently, the conventional brake disc is used in the Peugeot 206 automotive 
(domestic production), which has low efficiency in terms of life, wear, etc. Therefore, in this 
research, considering the significant production of Peugeot 206 automotive in the country, the 
disc and brake pads of this automotive have been selected, which were first modelled by Catia 
software, and after transferring the model to Abaqus software and defining the types of 
ceramics, Cast iron was analyzed by finite element method. The results of the Peugeot 206 
ceramic brake disc and pad analysis were compared with the results of the standard (cast iron) 
discs in this automotive. The results showed that the maximum Von-Mises stress in the 
ceramic disc was 260.7 MPa, while the maximum Von-Mises stress in the cast iron disc was 
293.3 MPa. The amount of heat produced in the ceramic disc during the braking action in 4 
seconds was almost 84% less than the cast iron disc in the same period. Also, the results 
showed that the ceramic disc has a higher safety factor (1.98) than the cast iron disc (1.45).  
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1 INTRODUCTION 

As the most vital safety system in automotive, the brake 

has an important task; that's why from the past until now, 

it has witnessed the progress, evolution, and emergence 

of various innovations in automotive brake systems. 

Today, unlike in the past, brakes are responsible for 

slowing down and stopping the automotive and play a 

vital role in the automotive's steering. Now the question 

arises of how to improve the braking system in 

automotives and whether the materials that make up the 

parts of the braking system in automotives affect their 

improvement. Innovation in producing components such 

as pads and brake discs improved the braking and thus 

increased the automotive's safety. Ceramics are among 

the materials used in the production of brake pads and 

discs for modern automotives, which improve the 

braking power of automotives and increase their lifespan 

due to better heat transfer than cast iron and a higher 

friction coefficient [1]. 

Structurally, the brake system installed in the automotive 

can be divided into three general categories: wire brakes, 

hydraulic brakes, and pneumatic brakes. The handbrake, 

also known as the parking brake, is one of the wire 

brakes. A hand brake is used to keep a stopped 

automotive stable. In this case, the engine may be on or 

off. The handbrake must have the necessary power to 

keep the automotive stationary and be able to keep the 

automotive stationary on an incline of 30 degrees. A 

hydraulic brake is a type of hydraulic system that 

transfers the force of the brake pedal to the wheels. The 

components of the hydraulic brake system include the 

main cylinder, booster, combination valve, wheel 

cylinders, and mechanisms acting on the wheels. 

Pneumatic brake systems were first introduced in the 

railway industry of the United States of America by 

George Westinghouse in 1869 [2]. Later, trucks, buses, 

and even light trucks were used. The operation of the 

pneumatic brake is such that the ends of the brake shoes 

are connected to an S-shaped part. During braking, 

compressed air enters the air chamber and moves the 

transmission rod, causing the S-shaped part to rotate, and 

the shoes move and come into contact with the wheel 

bowl. It reduces the speed and eventually stops the 

wheels [3]. 

Based on the mechanisms acting on the wheel, the brake 

is divided into two categories, the drum, and the disc 

mechanism. In drum brakes, the brake drum is connected 

to the wheel and rotates with it, and two crescent-shaped 

iron shoes on which the brake pads are pressed are 

installed on the floor. In the typical case, when the 

automotive does not need to brake, they are adjusted so 

that there is a small distance between the brake drum and 

the pads of the shoes. When the driver presses the brake 

pedal, the oil pressure in the master cylinder increases. 

The internal pistons of the wheel cylinder move away 

from each other due to the oil pressure and move the 

brake shoes towards the brake drum. As a result of the 

force coming from the pad on the brake drum, the 

friction force between the drum and the pad is created, 

resulting in negative acceleration in the wheels and 

stopping them. An example of a brake with a drum 

mechanism can be seen in Fig. 1-b. 

 

 
(a)                                                   (b) 

Fig. 1 (a): Disc brake, and (b): Drum brake. 

 

In an automotive disc brake, when the brake pedal is 

depressed, the push rod applies pressure to the master 

cylinder piston, allowing the return spring to push into 

the master cylinder bore, which creates pressure in the 

reservoir. A pellet of the oil fluid inside the reservoir 

allows it to enter the brake pipes, and a secondary bead 

ensures that oil does not flow back the other way. The 

oil enters the cylinder hole of the caliper set through the 

brake hoses and pushes the pistons of the caliper set that 

are connected to the pad forward causing the pad to 

contact the disc, which slows down the speed of the disc 

due to the friction between the disc and the pad. And 

finally, the disc stops [4]. One of the advantages of disc 

brakes compared to drum brakes is easier cooling, 

lighter weight, and easy placement. Fig. 1-a shows the 

components of a disc brake. 

Brake discs are made of different materials, but the 

important point that gives an advantage to each of these 

alloys is to increase the thermal coefficient of the disc 

and reduce its depreciation against high contact and 

wear. Materials used in brake discs include stainless 

steel, gray cast iron, carbon ceramic composites, 

titanium alloys, and aluminum matrix composites. 

Ceramic composites have received much attention due 

to their high thermal and mechanical properties. These 

properties include thermal conductivity, mechanical 

strength, hardness, and high-temperature resistance. The 

improvement of their performance is due to the use of 

ceramic materials in the matrix and reinforcement, and 

ceramic composites are also used in various 

applications, including automotive brake discs. It should 

be noted that the way of processing and manufacturing 
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directly affects the properties of composites. Common 

manufacturing methods of ceramic composites include 

powder infiltration processing and slurry impregnation, 

polymer infiltration and thermal decomposition (PIP), 

chemical vapor infiltration (CVI), direct metal oxidation 

(DMO), and liquid silicon infiltration (LSI). Choosing 

the right method to produce a ceramic composite 

depends on various factors, such as the type of user, 

construction cost, and availability of raw materials, 

tools, and equipment [5].  

Heydar Khalil et al. [6] analyzed the automotive disc 

brake. This article compared temperature distribution, 

deformation, and Von-Mises stress of gray cast iron and 

carbon ceramic brake discs. The results showed that 

carbon ceramic could show more resistance against 

thermal stress, and there is almost no deformation for it. 

In addition, carbon ceramic was preferred to achieve 

better brake performance. Venkatraman et al. [7] 

investigated and analyzed the brake disc using Ansys 

software. In this research work, they proposed the design 

of a disc brake with a copper lining, and its purpose was 

thermal analysis and temperature distribution in the 

brake disc. The results showed that the maximum heat 

produced in the brake disc made of gray cast iron 

without copper lining is 603.5 °C., while the maximum 

temperature produced in the brake disc with copper 

lining is 335.98 °C. Therefore, it is concluded that 

copper lining can be used in the brake disc at high 

temperatures. 

Manavlan et al. [8] analyzed gray cast iron and ceramic 

brake disc using the finite element method in Ansys 

software. Their goal was to predict the temperature 

distribution in brake discs. This article used ceramic 

composites with carbon materials instead of traditional 

ceramic brake discs. The results showed that heat 

production decreases by adding carbon to ceramic 

materials because their thermal conductivity coefficient 

increases. Therefore, this increases the life of the brake 

and also improves its performance of the brake. 

Belhousin Ali [9] analyzed brake discs and automotive 

pads using the finite element method. This research 

aimed to study the thermodynamic behavior of 

automotive disc brakes in the braking phase and then a 

completely mechanical study of the dry contact between 

the disc and the pads. The results of this research showed 

that the tension on the surface of the disc increases 

during braking. In addition, the friction path between the 

disc and the pads, causes mechanical (radial) phenomena 

such as cracks, wear, and tears. Also, the presence of 

grooves in the pads adversely affects the brake's 

mechanical behavior. The important point here is that 

disc deformation increases significantly when thermal 

and mechanical stresses are combined. 

Limpert [10] investigated the thermal characteristics of 

cast iron discs, which led to the rupture and cracking of 

the disc surface. Thermal stress analysis showed that 

disc surface rupture occurs when the induced 

compressive stress exceeds the compressive yield 

strength of a brake disc, which is an important factor that 

causes disc cracking during repeated braking. Soderberg 

et al. [11] investigated and analyzed the contact between 

the pad and the brake disc to determine the amount of 

wear with the help of Ansys software. In this research, 

they performed two wear simulations, one with disc 

displacement and the other without displacement. The 

approximate sliding distance is 75 meters, and the 

analysis solution time is three minutes. The analysis 

results showed that the deepest wear occurs in the high-

pressure area; while there is almost no wear at the edge, 

after 1600 rotations, the wear process remains in a 

constant state, where all points on the surfaces have the 

same wear rate. 

Mojavar et al. [12] investigated and thermally analyzed 

the automotive brake disc with the aim of temperature 

distribution in the disc during operation using Ansys 

software. The results of the thermal analysis showed that 

the temperature increases from 300 to 800°C during 

braking and also showed that the thermal conductivity of 

the brake pad material is smaller than that of the brake 

disc. In a study, Sridevi et al. [13] modelled and 

analyzed the structural and thermal disc brakes of the 

Honda Civic with three different materials, including 

steel, cast iron, and aluminium alloy, all of which are 

stainless. Because the real disc is without holes, they 

created holes in the design to dissipate more heat. 

Thermal analysis was performed by Ansys software. The 

results showed that the Von-Mises stress values of the 

disc with aluminum alloy are lower than steel and cast 

iron, and thermal analysis showed that the thermal 

gradient in the aluminum alloy is higher than in steel and 

cast iron, while the lowest thermal gradient was 

observed in steel. Pranta et al. [14] performed a 

computational study on modified disc brake rotors' 

structural and thermal behavior. They developed the disc 

brake rotor as a modified ventilated disc with curved 

cross-section valves with holes and slots. They analyzed 

the stress and temperature distribution using the finite 

element method with the help of Ansys software. They 

compared the results with the structural and thermal 

characteristics of the reference disc brake rotor. The 

analysis showed that the proposed disc brake rotors 

perform better than conventional disc brake rotors in 

terms of stress generation, temperature distribution, and 

safety factors.  

Suval et al. [15], in their research, investigated the 

problems in Yamaha FZ_25 disc brakes. In this research, 

they presented four different models of the ventilated 

disc, the first model has equal and symmetrical holes, the 

second model has equal and asymmetrical holes, the 

third model has smooth and straight grooves, and the 

fourth model has curved grooves. They performed the 

analysis using the finite element method with the help of 
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Ansys software and compared the obtained results with 

the reference brake disc. The main goal of this research 

was to choose the best design to solve the problems in 

the reference disc and improve it, such as reducing the 

disc's weight, reducing the disc's deformation, and 

reducing the stress and temperature in the disc. The 

analysis results of four disc models indicate that the 

fourth model has managed to provide better performance 

than the original disc by increasing the stable stress by 

2.05 MPa and reducing the deformation by 0.0002 mm. 

Also, this model performs better than the original disc 

and other models by increasing the stable temperature up 

to 15.73 °C, reducing the weight by 0.05 kg, and 

reducing the production cost by 9.26 rupees. In their 

research, Raj Kamal et al. [16] investigated and analyzed 

the structure of automotive disc brakes. The main goal 

of this research is to reduce the failure of the brake disc 

by using a material that has positive effects compared to 

the current brake disc manufacturing materials; that is 

why they replace the brake disc with materials including 

stainless steel, cast iron, and carbon-carbon composite in 

terms of deformability and thermally. They were 

analyzed using the finite element method to determine 

the temperature coefficient. The results obtained with 

the disc made of vanadium steel were investigated and 

compared. Completing this analysis proved that 

vanadium steel has better resistance and temperature 

distribution factors than the other three materials. 

The innovation of ceramic brake discs and pads in 

automotives, compared to conventional brake discs and 

pads, is the reduction of brake dust, reduction of heat 

loss, reduction of noise, high durability and longevity, 

and corrosion resistance. Ceramic disc plates are easily 

able to perform their tasks at 800 C, and this is thanks 

to the process of processing carbon fibers, and due to the 

low specific weight of the materials used, the amount of 

heat that is generated is less. Since such a structure is 

resistant to rust and erosion, its performance is at least 

300,000 km. Also, ceramic discs have a 50% weight 

reduction compared to conventional metal discs, which 

significantly increases the automotive's controllability. 

The conducted studies show that little research has been 

done in the field of finite element analysis of ceramic 

disc type; Therefore, in this research, finite element 

analysis is performed on Peugeot 206 brake disc and pad 

by defining the characteristics of two types of ceramic 

and cast iron and comparing them in dynamic-thermal 

terms. 

2 MATERIALS AND METHODS  

2.1. Materials Used to Make Discs and Pads 

This research uses materials such as gray cast iron and 

ceramic composites to make the brake disc. In this 

research, ceramic composite is considered for making 

brake discs made of c/c/sic composites by liquid silicon 

infiltration method (LSI) and brake pads made of gray 

cast iron. The mechanical and thermal properties of the 

brake disc (composite c/c/sic) and brake pad (gray cast 

iron GG25), as well as the characteristics of the brake 

disc (cast iron), are presented in “Tables 1 and 2”. 

 
Table 1 Mechanical properties of brake disc and pad [17] 

Specification 

 

Pad (gray 

cast iron 

GG25) 

Disc 

(ceramic 

composite 

c/c/sic) 

Cast 

iron 

disc 

3Density kg/m 1400 1900 7250 

Modulus of 

elasticity (E) Gpa 
103 140 130 

Porosity -- 0.3% -- 

Poisson's ratio (ν) 0.25 0.34 0.28 

Friction coefficient 

between disc and 

brake pads (μ) 

0.35 

 
Table 2 Thermal properties of brake disc and pad [17] 

Specification 

 

Pad 

(gray 

cast iron 

GG25) 

Disc 

(ceramic 

composite 

c/c/sic) 

Cast 

iron 

disc 

heat transfer 

coefficient k 

C)o.2(w/m 

5 20 11 

specific heat c 

C)o(J/kg. 
1000 1200 460 

Thermal expansion 

Co/6-coefficient α, 10 
10 5 8 

2.2. Geometry and Dimensions of Brake Disc and Pad 

The brake disc and pad dimensions were measured for 

3D modeling in Catia software by calipers (“Fig. 2”), 

and the radius and thickness of the disc and pad were 

measured as input for finite element analysis in Abaqus 

software. Figures 3 and 4 show the Peugeot 206 brake 

disc and caliper and the measured brake disc and pad 

symbols, respectively. The measured dimensions can be 

seen in “Table 3”. 

 

 
Fig. 2 Measurement of Peugeot 206  brake disc by caliper. 
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Fig. 3 Peugeot 206  brake disc and caliper. 

 

 

Fig. 4 Measured brake disc and pad symbols. 

 

Table 3 Measured dimensions of brake disc and pad 

Dimensions Concept Symbol 

91 mm 

 

Brake pad inner radius 

(mm) 
pr 

133 mm 

 

The outer radius of the 

brake pad (mm) 
pR 

78 mm 
Brake disc inner radius 

(mm) 
dr 

133 mm 

 

The outer radius of the 

brake disc (mm) 
dR 

6.70 mm 

 

Brake disc thickness 

(mm) 
dδ 

13.6 mm 
Brake pad thickness 

(mm) 
pδ 

2.3. Brake Disc and Pad Modeling 

A three-dimensional brake disc and pad model was 

modeled for dynamic analysis using Catia software 

(“Fig. 5”). 

 
(a) 

 
(b) 

 
(c) 

Fig. 5 Modeling of Peugeot 206 brake disc and pad in 

Catia: (a): Disc map, (b): Pad map, and (c): 3D model of disc 

and pad. 

2.4. Dynamic-Thermal Analysis and Safety Factor 

Calculation 

The main goal of this research is the thermomechanical 

analysis and investigation of temperature and pressure 

distribution between pads and discs in disc brakes. 

Therefore, the goal is to obtain a suitable model to 

identify hot spots between them through simulation to 

optimize and upgrade the disc brake system.  

2.4.1. Dynamic Analysis 

In inelastic stress analysis, a mathematical Equation 

includes three main stresses known as the yield function. 

If the calculated yield function is greater than the initial 

value, yield strength of the material, plastic strain, and 

softening or hardening will occur. In general, there are 

several yield functions to investigate the state of stress 

beyond the elastic region, including the Von-Mises 

stress criterion and the maximum shear stress. If a 
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material is subjected to pressure beyond that, a change 

in the yield surface occurs in the elastic region. There are 

two basic types of change in the yield surface. One is 

based on the assumption that the center of the yield 

surface remains constant while, at the same time, the 

yield surface expands without deformation, known as 

isotropic hardening. The other, known as kinematic 

hardening, is based on the assumption that the yield 

surface is visible in the stress space but does not change 

its size or shape. Both shear stress and Von-Mises stress 

are criteria used to predict the yield levels of flexible 

materials. 

In contrast, the maximum normal stress criterion is 

usually used to predict the failure of brittle materials 

because the yield stress occurs at low strain levels and is 

difficult to define. Shear and Von-Mises stress are 

generally used when structural materials are flexible. 

Von-Mises theory predicts failure more accurately, but 

Tresca theory is often used in the design because it is 

simple and more consistent. Von-Mises theory relates 

the distortion energy of a point under the general state of 

stress. A state of hydrostatic stress occurs when all three 

main stresses are equal. In this condition, normal strains 

are equal in all directions, and there is no shear stress due 

to symmetry. 

2.4.2. Thermal Analysis 

When an automotive is moving at speed, it has kinetic 

energy. By applying the brakes, the pads pressing on the 

brake disc convert this energy into thermal energy. All 

of this is related to the first law of thermodynamics, 

known as the law of conservation of energy, which states 

that energy is neither created nor destroyed but is 

transformed from one form to another. In the case of 

brakes, it is converted from kinetic energy to thermal 

energy; which is equal to: 

 

𝐸𝑐 = 1
2⁄ 𝑚𝑉0

2                                                                  (1) 

 

In Equation 1, m is the automotive's total mass, and V0 

is its initial speed. To obtain the amount of heat released 

by each brake, one must extract the automotive's weight 

distribution. Therefore, the amount of heat released from 

each disc is equal to the following: 

 

𝑄 = 0.5 × 1
2⁄ 𝑚𝑉0

2 = 0.25 𝑉0
2                                      (2) 

 

The heat energy generated by brake friction can be 

transferred to the brake disc and pads. This distribution 

of thermal energy depends on the relative thermal 

resistances of the pad and brake disc, which is a function 

of the density of the respective materials, their thermal 

capacities and thermal conductivity, as well as the 

presence of any transfer film or third layer of the body 

at the interface. In theory, the thermal resistance of the 

pad should be higher than the thermal resistance of the 

disc to protect the brake fluid from high temperatures. 

Still, the amount of thermal resistance varies from one 

pad material to another. In this analysis, the following 

relations and calculations are performed to calculate the 

heat distribution coefficient between pad and disc (γ) for 

thermal input to the brake disc. The thermal penetration 

of the disc ξd and the thermal penetration of the pad ξp 

are obtained from the following relationships [17]: 

 

𝜉𝑑 = √𝐾𝜌𝑑𝑐𝑑                                                                         (3) 

 

𝜉𝑝 = √𝐾𝜌𝑝𝑐𝑝                                                                          (4) 

 

Where, K is the heat transfer coefficient, ρ is the density, 

and c is the specific heat of the disc and pad. Sd and Sp, 

which are the disc and pad frictional contact surfaces, 

respectively, are obtained from the following relations: 

 

𝑆𝑑 = 2𝜋 ∫ 𝑟𝑑𝑟
𝑟3

𝑟2
                                                                      (5) 

 

𝑆𝑝 = 𝜑0 ∫ 𝑟𝑑𝑟
𝑟3

𝑟2
                                                                     (6) 

 

Where, φ0 is the central angle of the pad and r2, and r3 

are the internal and external radii of the disc, 

respectively (“Fig. 6”). 

 

 
Fig. 6 Elements of contact of two surfaces of disc and pad. 

 

The relative braking energy (γ), which is called the heat 

distribution coefficient, is obtained by the following 

Equation: 

 

𝛾 =
𝜉𝑑𝑆𝑑

𝜉𝑑𝑆𝑑+𝜉𝑝𝑆𝑝
                                                                           (7) 

 

The ratio of heat generated for friction between this 

surface is calculated from the following Equation: 

 

𝑑�̇� = 𝑟𝜔𝜇𝑝𝜑0𝑟𝑑𝑟                                                                 (8) 
 

Where, φ0 is the central angle of the pad, μ is the friction 

coefficient, ω is the angular velocity, and p is the surface 

contact pressure. 
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The heat flux in the disc for uniform pressure is a 

function of time and the change of the distance r, the 

reduction of the angular velocity during the braking 

time, and the work done by the friction force. This 

phenomenon often happens when the pads are new. The 

heat flux in the disc is obtained from the Equations (9-a 

and b) [17]: 

 

𝑞𝑑(𝑟, 𝑡) =
𝑑�̇�𝑑

𝑑𝑆𝑑
=

𝛾𝜔𝜇𝑝𝜑0𝑟2𝑑𝑟

2𝜋𝑟𝑑𝑟
=

𝜑0

2𝜋
𝛾𝜇𝑝𝑟𝜔𝑡              (9-a) 

 

𝑞0𝑑(𝑟, 0) =
𝑑�̇�𝑑

𝑑𝑆𝑑
=

𝛾𝜔𝜇𝑝𝜑0𝑟2𝑑𝑟

2𝜋𝑟𝑑𝑟
=

𝜑0

2𝜋
𝛾𝜇𝑝𝑟𝜔0           (9-b) 

 

Where, γ is the heat distribution coefficient between the 

pad and disc, φ0 is the central angle of the pad, μ is the 

friction coefficient, ω is the angular velocity, dE ̇ is the 

rate of heat produced due to friction between two 

surfaces and r is the radius of the disc. 

The heat flux in the pad is also obtained from the 

Equations (10-a and b): 

 

𝑞𝑝(𝑟, 𝑡) =
𝑑�̇�𝑝

𝑑𝑆𝑝
=

(1−𝛾)𝜔𝜇𝑝𝜑0𝑟2𝑑𝑟

𝜑0𝑟𝑑𝑟
= (1 − 𝛾)𝜇𝑝𝑟𝜔𝑡       (10-a) 

 

𝑞0𝑝(𝑟, 0) =
𝑑�̇�𝑝

𝑑𝑆𝑝
=

(1−𝛾)𝜔𝜇𝑝𝜑0𝑟2𝑑𝑟

𝜑0𝑟𝑑𝑟
= (1 − 𝛾)𝜇𝑝𝑟𝜔0      (10-b) 

2.4.3. Calculation of Safety Factor 

The conventional design method in mechanical 

engineering, which is sometimes called the classical 

method or deterministic design method, is based on the 

concept of the safety factor. This means that the design 

of different parts is done in such a way that the maximum 

applied stress is smaller than the minimum resistance of 

the materials used in the structure or part. In this 

research, the safety factor was determined using the 

theory of energy and torsion. According to the DE 

theory, material destruction due to yielding occurs when 

the torsional strain energy (or distortion energy) per unit 

volume is equal to or greater than the strain energy, such 

as its tensile or compressive yield strength. The theory 

of torsional energy is widely used in the case of 

deformable materials, and this theory should be used in 

problems where the type of theory is not mentioned [18]. 

In the DE theory, the Von-Mises stress component is 

calculated from Equation (11): 

 

𝜎′ = [
(𝜎1−𝜎2)2+(𝜎2−𝜎3)2+(𝜎3−𝜎1)2

2
]

1
2⁄

                                (11) 

 

Where, σ1, σ2 and σ3 are the main stresses in the part and 

σ' is the component of Von-Mises stress. The safety 

factor is also determined from Equation (12): 

 

𝜎′ =
𝑆𝑦

𝑛
                                                                             (12) 

In this relation, Sy is the yield strength of the material 

used in the construction of the part and n is its safety 

factor. 

Since the elastic stresses and strains are fully reversible 

and non-cumulative, the brake disc model is only 

considered for one braking period. The range of elastic 

strain with the range of stress σa is by Hooke's law in the 

form of Equation (13): 
 

𝜀𝑒 =
 𝜎𝑎

𝐸
                                                                             (13) 

 

Where, σa is stress, εe is elastic strain and E is modulus 

of elasticity. 

2.5. Dynamic and Thermal Analysis of Finite 

Element Using Abaqus Software 

After 3D modeling of disc and brake pad in Catia 

software; for dynamic analysis using the finite element 

method, the 3D model was transferred to Abaqus 

software.  

2.5.1. Determining the Properties of Ingredients in 

The Property Module 

The mechanical properties of ceramic and gray cast iron 

were defined for disc and brake pad, respectively, 

according to “Table 1” in the property module of the 

Abaqus program, which included density, Poisson's 

ratio, thermal conductivity coefficient, specific heat, and 

modulus of elasticity (“Fig. 7”). 
 

 
(a) 

 
(b) 

Fig. 7 (a): Determining the properties of disc materials, 

and (b): Determining the properties of brake pad materials. 
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2.5.2. Assembling the Disc and Pad 

Each model in Abaqus may consist of different parts, 

which are used to put these parts together and form a 

final system and apply geometric constraints between 

them using the Assembly module. This module's disc 

and brake pads form an integrated brake system after 

assembly (“Fig. 8”). Since each of these parts is 

designed in the same coordinates, when they are called 

in this part, they may overlap with each other, so to move 

them, the option Translate instance is used to move the 

vector. 

 
Fig. 8 Disc and pad assembly. 

2.5.3. Problem-Solving and the Type of Analysis in 

The Step Module 

Each physical phenomenon has its differential 

Equations. Due to the dynamic nature of brake disc and 

pad analysis, a suitable solver is used to analyze the heat 

of folding from the friction between the disc and the 

brake pad. For this purpose, the Dynamic Explicit 

option, i.e., dynamic analysis with a braking time of 4 

seconds, is considered in the Step module. Also, the 

purpose of doing a project in Abaqus software is to get a 

series of output data and analyze and check them. For 

this purpose, it is determined in the Step module that at 

the end of the work, dynamic stresses are delivered as 

output. 

2.2.4. Contact Between the Disc and The Pad in The 

Interaction Module 

Undoubtedly, the importance of collision and contact for 

analyzing a set in Abaqus is very high; therefore, in this 

study, we must specify the type of contact between the 

pads and the brake disc in the Interaction module (“Fig. 

9”). Also, in this section, the contribution of the heat 

input to the disc and pad during braking should be 

determined, which is calculated using Equation (14). 

After calculating it, you should enter the obtained 

numbers in the Interaction module: 

 

𝑄𝑑

𝑄𝑝
=  

√𝜌𝑑∗𝜆𝑑∗𝐶𝑑

√𝜌𝑝∗𝜆𝑝∗𝐶𝑝

                                                                  (14) 

 
Fig. 9 Determination of the type of disc and pad contact. 

 

Where, Qd is the heat input to the disc, Qp is the heat 

input to the pad, ρ is the density, λ is the heat transfer 

coefficient, and c is the specific heat capacity. 

 

2.5.5. Boundary Conditions and Application of 

Forces in The Load Module 

In this section, the initial temperature of the disc and pad 

is assumed to be 30 C, at time t=0, while the constant 

heat flux produced by pressing the pad on the friction 

surface of the disc is the only input heat source of the 

model. The boundary conditions in the symmetry state 

for the disc should only have rotation around the X axis 

(U1) and no rotation along the Y and Z axes. It should 

also specify the same stages of boundary conditions for 

the pad that has freedom of movement only in the 

direction of the X-axis. The initial speed of the disc in 

this section should be specified as VR1, i.e., the speed 

around the X-axis, which is 260 radians/second here. 

The force applied to the pad during braking is a 

compressive force equal to one MPa. (“Fig. 10”). 

 

 
Fig. 10 Determination of the boundary conditions and 

applying force on the disc and pad. 
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2-5-6- Meshing and Loading Conditions of Disc and 

Pad 

In this research, the elements used for meshing, due to 

the symmetry of half of the disc and one number of brake 

pads, hexahedral (C3D8T) meshing with eight nodes, 

was used and created a regular network of elements in it. 

(“Figs. 11 and 12”). The number and size of the elements 

are inversely proportional to each other; that is, the more 

the number of elements in the mesh created on geometry, 

the smaller the size of the elements [19]. According to 

“Fig. 13”, with the increase in the number of elements 

(the elements become smaller), the stress has converged 

to a fixed limit. 

 

 
Fig. 11 Brake disc meshing. 

 

 

 
Fig. 12 Brake pad meshing.   

   

 

 
Fig. 13 Brake disc meshing validation diagram. 

3 RESULTS AND DISCUSSION 

3.1. Von-Mises Stress of Disc 

Figure 14 shows the Von-Mises stress contour of the 

ceramic disc. According to this Figure, the maximum 

Von-Mises stress in the contact area between the pad and 

the disc is equal to 260.7 MPa; meanwhile, in the cast 

iron disc (“Fig. 15”), the maximum Von-Mises stress is 

equal to 293.3 MPa. Figure 16 also shows the Von-

Mises stress contour of an element of a ceramic disc. 

 

 
Fig. 14 Von-Mises stress contour of ceramic disc. 

 

 

 
Fig. 15 Von-Mises contour tension of cast iron disc. 

 

 

 
Fig. 16 Von-Mises stress contour of a ceramic disc 

element. 
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3.1.1 Von-Mises Stress in The Peripheral Path of The 

Disc 

This analysis analyzed three different paths of Von-

Mises stress on the surface of ceramic and cast iron 

discs. Figure 17 shows a path marked on the surface of 

the ceramic disc and close to the hub for the Von-Mises 

stress.  

 

 
Fig. 17 Von-Mises stress of the path on the surface of the 

inner diameter of the ceramic disc. 

 

 
Fig. 18 Von-Mises stress diagram of the path on the surface 

of the inner diameter of the ceramic disc. 

 

 
Fig. 19 Von-Mises stress diagram of the path on the surface 

of the inner diameter of the cast iron disc. 

The Von-Mises stress diagram related to this path (“Fig. 

18”) shows that the Von-Mises stress in the ceramic disc 

is between 0 and 1.75 MPa, while the value of Von-

Mises stress in the same direction on the surface of the 

cast iron disc (“Fig. 19”) fluctuates between 0 and 4 

MPa. 
 

3.1.2. Von-Mises Stress in The Disc Thickness 

Figure 20 shows the Von-Mises stress diagram in the 

thickness of the ceramic disc. According to this figure, 

the stress is linear, and from the beginning of the path to 

the thickness of 2.3 mm, its value is nearly 20 MPa, and 

after that, this stress increases until the end, and its value 

reaches 75 MPa. Compared to the Von-Mises stress 

diagram in the thickness of the cast iron disc (“Fig. 21”), 

the stress along the path of the disc thickness increases 

from the beginning and reaches 14.5 MPa. 

 

 
Fig. 20 Von-Mises stress diagram in the thickness of the 

ceramic disc. 

 

 
Fig. 21 Von Mises stress diagram in the thickness of cast 

iron disc. 

3.1.3. Comparison of Safety Factor of The Ceramic 

Disc and Cast-Iron Disc 

It was considered that the yield strength of the ceramic 

disc is 498 MPa, and the yield stress of the cast iron disc 
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is 425 MPa. Therefore, by placing these numbers and the 

maximum Von-Mises stress value obtained from the 

finite element analysis in Equation (12) and solving it, 

the coefficient Confidence is calculated. Comparing the 

safety factor values of the ceramic and cast iron disc 

shows that the ceramic disc has a higher safety factor 

(“Table 4”). 

 
Table 4 Safety factor of ceramic and cast-iron disc 

Safety factor of ceramic 

disc 

Safety factor of cast iron 

disc 

1.98 1.45 

3.1.4. Shear Stress in Ceramic Disc 

The shear stress contour (τxy) is shown in “Fig. 22”. The 

lowest shear stress in the xy direction equals -25.62 

MPa, and the highest shear stress in the xy direction is 

+42.01 MPa. Also, the shear stress contour (τxz) is shown 

in “Fig. 23”. The lowest shear stress in the xz direction 

equals -36.97 MPa, and the highest stress in the xz 

direction is +99 MPa. “Table 5” compares shear stress 

values in ceramic and cast-iron discs. 

 

 
Fig. 22 Shear stress contour (τxy) in ceramic disc. 

 

 

  
Fig. 23 Shear stress contour (τxz) in ceramic disc. 

 

 

Table 5 Comparison of shear stress values in ceramic and 

cast-iron discs 

The highest shear 

stress (MPa) 

The lowest shear stress 

(MPa) shear 

stress Ceramic 

disc, 

cast iron 

disc 

Ceramic 

disc, 

cast iron 

disc 

+42.01 +44.45 -25.62 -43.27 
xy τ

(S12) 

+99 +130.5 -36.97 -43.87 
xz τ

(S13) 

+70.78 +90.04 -79.53 -80.15 
yz τ

(S23) 

3.1.5. Movement in Ceramic Disc 

The displacement contour in Fig. 24 shows that the 

amount of displacement after the braking action is 

between 0 and +0.00002 mm. 

 

 
Fig. 24 Displacement contour in ceramic disc. 

 

2.3. Estimating the Temperature on The Surface of 

The Ceramic Disc and Comparing It with The Cast 

Iron Disc 

Figure 25 shows the surface temperature contour of the 

ceramic disc, which is predicted by the finite element 

method by Abaqus software at the end of the braking 

operation for 4 seconds.  

 

 
Fig. 25 Ceramic disc surface temperature contour. 
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As can be seen, the maximum surface temperature of the 

ceramic disc is 80.46 C, which is 148.1 C, which is 

84% lower than the cast iron discs (“Fig. 26”). 

Therefore, it can play a significant role in braking 

performance and ability. This analysis considers gray 

cast iron brake pads for both ceramic and cast iron discs. 
 

 
Fig. 26 Cast iron disc surface temperature contour. 

 

Figure 27 shows the contour of an element of a ceramic 

disc where the highest temperature is on its surface. 

Also, Fig. 28 shows the temperature versus time graph 

that shows a sudden increase in temperature from the 

initial moment of braking to the first second. In another 

3 seconds from the time of full braking, the temperature 

is in the maximum range due to the equal rate of heat 

generation and heat exit from the contact area. 

 

 
Fig. 27 Ceramic disc surface temperature contour. 

Temperature contour of a ceramic disc element. 

 

 
Fig. 28 Ceramic disc surface temperature contour. 

Temperature-time diagram of an element of ceramic disc. 

 

3.2.1. Temperature Distribution in The Peripheral 

Path of The Ceramic Disc 

This analysis analyzed three environmental paths 

(external, middle, and internal) of the surface of the 

ceramic disc. Figure 29 shows the temperature contour 

in the second path (average environment) as an example. 

The temperature distribution diagram related to this path 

in “Fig. 30” shows that the temperature distribution in 

this path is mainly in the temperature range between 65 

and 75 C. Compared to the temperature distribution in 

the same route on the surface of the cast iron disc (“Fig. 

31”), the temperature is mainly in the range between 100 

and 130 C. 

 

 
Fig. 29 Ceramic disc surface temperature contour. 

Temperature distribution (average path) on the ceramic disc 

surface. 
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Fig. 30 Ceramic disc surface temperature contour. 

Temperature distribution diagram in the medium path 

(ceramic disc). 

 

 
Fig. 31 Ceramic disc surface temperature contour. 

Temperature distribution diagram (average path) of cast iron 

disc. 

 

 
Fig. 32 Temperature distribution diagram in the thickness 

of the ceramic disc. 

 

3.2.2. Temperature Distribution in The Thickness of 

The Ceramic Disc 

As “Fig.32” shows, the temperature distribution in the 

disc's thickness started from the pad's surface and the 

disc with a temperature of 72.5 C. It penetrated to a 

depth of 2 mm from the disc's thickness. The rest of the 

way, the temperature of the disc thickness remains 

constant in the ambient temperature range; this is due to 

the contact of the back surface of the disc with air and 

its cooling. 

3.2.3. The Effect of Temperature on The Reduction 

of Braking and Friction Coefficient 

Brake discs are forced to absorb a significant amount of 

heat during braking. Decreasing braking creates a 

situation where heat is generated faster than it can 

transfer to the surrounding environment. The normal 

temperature of the disc in everyday driving is less than 

135°C; during frequent braking, excessive heat may be 

generated, which reduces the brake's ability and even 

breaks it down. High temperature in disc brakes reduces 

the coefficient of friction and thus reduces friction, and 

high temperature also increases wear. The same things 

mentioned affect the performance of disc brakes and 

reduce the amount of braking power. Considering that 

the maximum temperature produced in the ceramic disc 

is 80.46°C (“Fig. 25”), it is concluded that even in 

frequent braking, the temperature of the ceramic disc is 

lower than usual. It shows that the ceramic disc does not 

lose its ability in regular braking. 

3.2.4. The Effect of Temperature on The Formation 

of Tribo Layer, Wear, And Cracking 

Pad and disc surfaces change their characteristics due to 

friction, wear, and other mechanical interactions related 

to increased frequent braking and increased temperature. 

The temperature created in the contact between the pad 

and the disc is a significant influencing factor on friction. 

It can be explained from the perspective that temperature 

affects the formation of the so-called tribo layer. 

Surfactant additives are present in the contact line of the 

pad and disc contact surfaces and control friction. The 

speed of production of this layer is influenced by surface 

activity dependent on temperature. Due to 

thermomechanical stresses caused by interactions 

resulting from friction, the ingredients of the disc and 

pad are gradually removed from its surface (wear 

occurs). Since the wear on the contact surface is high, 

the brake assembly's risk of failure and inefficiency 

increases. One of the explanations for this phenomenon 

is that metal wear debris fills the open area on the disc 

surface and increases the tendency for more friction 

between the two contact surfaces. It makes it easier for 

the two contacting surfaces to form an adhesive-like 

bond (welded joint). 

The increase in disc temperature and the resulting 

thermal stress is the main cause of disc cracking, 

especially on the disc surface. This cracking can be 

caused by the thermal energy entering the friction 

surfaces. The occurrence of surface tearing and cracking 

that occurs in a brake depends on the induced 

temperature. During repeated braking, fatigue 

characteristics can be an important factor in determining 

the initiation of the disc cracking. The result of the 

analysis of the ceramic disc shows that due to the low 

temperature, wear, and cracking factors do not occur due 

to the high temperature. 
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4 CONCLUSIONS 

This research used finite element analysis to study stress 

and temperature in ceramic disc brakes. By comparing 

the analysis of stress and temperature in ceramic discs 

compared to cast iron discs, the following results were 

obtained. 

• The maximum Von-Mises stress in the ceramic disc is 

260.7 MPa. This maximum tension is created in the 

contact area between the pad and the disc. While the 

maximum Von-Mises stress in the cast iron disc is 293.3 

MPa. 

• Comparison of shear stress values in ceramic and cast 

iron discs shows that cast iron disc has more shear stress 

in xy, xz and yz directions (respectively +44.45, +130.5 

and +90.04 MPa) than ceramic disc. It is entered in xy, 

xz and yz directions (+42.01, +99 and +70.78 MPa, 

respectively). 

• The comparison of calculated safety factor values of 

ceramic and cast iron disc showed that ceramic disc has 

a higher safety factor (1.98) than cast iron disc (1.45). 

• Comparison of analysis of ceramic and cast iron brake 

discs during braking by finite element method showed 

that the amount of heat produced in the ceramic disc 

during braking action in 4 seconds is almost 84% less 

than the cast iron disc in the same period. 

• The low temperature in the ceramic disc reduces wear 

and cracking and ultimately improves the braking 

performance of the brake disc. 
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1 INTRODUCTION 

The vital role of electricity in the industrial and 

economic infrastructure and the huge amounts of 

investment in this sector makes proper utilization and 

efforts necessary for optimizing the power industry. 

Most thermal power plants are old but play a key role in 

supplying the required electricity. Identifying the 

minimum and maximum energy losses in different parts 

of power plants and estimating the optimal first- and 

second-law efficiencies with the maximum values for 

components and the power plant greatly help the proper 

design and improvement of thermal power plants 

bringing useful environmental and economic outcomes. 

Different methods are used for repowering and 

optimizing to achieve better performance in power 

plants. The ANN and GA are useful methods for this 

purpose and have been extensively used in the literature. 

Jack et al. used an ANN based on the simulation results 

of a physical model for optimizing and minimizing the 

costs of a CHP plant. According to their results, the 

ANN reduced the time required for analyzing the system 

by more than 7000 times. The optimization results also 

confirmed the role of exact prediction of the 

performance of each piece of equipment using a physical 

model. The computational time decreased in this study 

while improving the optimization accuracy [1]. In 

another study, after modelling and obtaining the results 

for different modes in Bandar Abbas Steam Power Plant, 

Nikbakht et al. optimized the power cycle by the GA 

using the exergy efficiency and power generation cost 

functions. The Pareto diagram displaying cost variations 

versus the exergy efficiency plays a key role in selecting 

the proper investment mode [2]. The GA and the 

feedforward ANN with multiple hidden layers were 

considered for the optimal estimation of daily power 

consumption in a real university building in the UK. 

Considering the significant relationship between the 

influential factors and power consumption in the real 

world, the use of multiple hidden layers improves the 

prediction accuracy of the ANN. The optimal 

architecture of the model is generally determined by a 

very complex time-consuming trial-and-error process. 

To cope with this problem, the GA was used for the 

automatic design of an optimal architecture with 

improved generalizability. Data measured during 1.5 

years was used for training and testing the proposed 

model [3]. An intelligent GA-based ANN was employed 

to deal with the estimation error, long delays, high 

inertia, and the nonlinear nature of the steam 

temperature controlled in the power plant. The GA 

allows optimization, global searching, rapid 

convergence, and improvement of the network weights. 

The simulation results confirmed the superiority of the 

intelligent ANN control system over the conventional 

control system in terms of control and robustness [4]. 

Full repowering methods can be used as efficient, 

previously experienced, and generalizable techniques 

considering the large number of old power plants and the 

need to rebuild the vital power generation sector. This 

method is usually used for repowering power plants at 

the end of their useful life. In such cases, the initial 

capital costs significantly decrease as compared to the 

construction of a combined cycle with the same 

specifications. Taking into account the unit price of 

electricity and the exergy efficiency of Besat Power 

Plant as objective functions, Hosseinalipour et al. 

obtained the most optimal technical-economic 

specifications of the repowering cycle of Baset Power 

Plant using the GA optimization technique in single- and 

two-objective optimization scenarios. Using the full 

repowering method and GA optimization, a 12-17% 

increase was obtained in the thermal efficiency [5]. 

Adding a gas turbine to the steam power plants is also 

known as a repowering method to enhance the 

specifications of the steam cycle and heat recovery from 

additional cycles. Repowering methods can be divided 

into partial and overall repowering techniques. Parallel 

Feedwater heating is considered a novel partial 

repowering method. Mehrpanahi et al. applied this 

method to Shahid Rajaei Power Plant. The electricity 

price and exergy efficiency were considered objective 

functions in the single- and two-objective optimizations. 

The use of the GA led to reasonable results for improved 

performance of the cycle [6]. 

In this study, an ANN is used for processing data 

extracted from analyzing and modeling the considered 

power plant. The GA [7-12] is used to obtain the optimal 

values for the variable thermodynamic parameters of the 

cycle, the minimum losses, the maximum first- and 

second-law efficiencies, and the power generation 

conditions with the maximum efficiency. 

2 PROBLEM STATEMENT 

For the first time in this study, an ANN is designed and 

applied to data extracted from modeling and analyzing 

the considered power plant. The error backpropagation 

network was selected as the optimal network, and the 

generator load or capacity, the condenser pressure, and 

the Feedwater temperature were considered inputs to the 

ANN. Power plant energy and exergy analysis (first and 

second laws of thermodynamics), and the overall energy 

and exergy losses of the cycle were considered the ANN 

outputs. The generator loads and capacities were 15, 30, 

45, and 60 MW, and the Feedwater temperatures were 

200, 210, 220, and 230˚C. The condenser pressure 
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ranged from 0.050 to 0.175 bar. These values were 

considered inputs to the designed ANN. Considering 

these inputs, 96 data were extracted from 

thermodynamic modelling of the cycle for each output. 

3 ANN ARCHITECTURE AND TRAINING 

Neural networks can be regarded as information 

processing systems. By training the ANN with the 

learning algorithms, the neural network makes the 

output vector closer to the target by changing and 

modifying the weight vector and biases. 

This study aims to achieve optimal conditions for a 

power plant with maximum efficiency and minimum 

energy and exergy losses. The results are analyzed by 

the error backpropagation ANN in which the output 

error is computed by comparing the output rate with the 

desired value or the experimental value. The network 

has a feedforward architecture in which input data to the 

network are processed feedforward, and the output of 

each layer barely affects the next layer. Figure 1 

schematically displays the architecture of the designed 

ANN.   

 

Fig. 1 The architecture of the error backpropagation 

network [11]. 

 

To analyze the results using the error backpropagation 

network, the generator load or capacity, the condenser 

pressure, and the Feedwater temperature were 

considered inputs to the ANN. The energy and exergy 

efficiencies of the power plant and the overall energy 

and exergy losses of the cycle, were considered the ANN 

outputs. The ANN was coded and designed with the help 

of MATLAB. 

Considering the role of ANN training and architecture in 

the output of the improved network performance, the 

network architecture was examined by varying the 

number of neurons in the hidden layer (10, 15, and 20 

neurons). Various training methods were considered for 

the error backpropagation networks, and the best 

training method and network architecture were selected 

for outputs. The results are given in “Tables 1 to 4”. 

After multiple tests and comparison of the performance 

of the ANN with different architectures and training 

methods, the error backpropagation network via a single 

secret layer and 10 neurons trained by the Levenberg-

Marquardt algorithm was considered the best network 

with a good performance for analyzing the study results. 

“Tables 1 to 4” show a significant decrease in the mean 

squared error (MSE) of all four outputs in the 

Levenberg-Marquardt algorithm. The learning rules of 

the Levenberg-Marquardt algorithm are as follows:   

 

𝒙𝑘+1 = 𝒙𝑘 − [𝑱𝑘
𝑇𝑱𝑘 + 𝜇𝑘𝑰]

−1𝑱𝑘
𝑇𝒆𝑘                              (1) 

 

𝑱𝑘 =
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                                             (2) 

 

Where, 𝒆𝑇 = [𝑒1 𝑒2 ⋯ 𝑒𝑁] and e shows the error 

(difference) between the existing output and the desired 

worth. 𝜇𝑘 checks the convergence quickness so that it 

increases to accelerate training as the error increases. In 

contrast, it decreases to guarantee convergence of the 

algorithm when the error decreases. 

 
Table 1 Contrast of network architectures and training styles 

for the initial output 

Training type 

Neurons 

numbers in the 

hidden layer 

Mean square 

error (MSE) 

MATLAB default 20 0.00094 

MATLAB default 15 0.0000092 

MATLAB default 10 0.000000514 

Gradient descent 

training (traingd) 
10 0.45 

Gradient descent 

with momentum 

training (traingdm) 

10 0.88 

Variable learning 

rate (traingda) 
10 0.22 

Variable learning 

rate (traindgx) 
10 0.058 

Resilient back 

propagation (trainrp) 
10 0.008 

Conjugate gradient 

(traincgf) 
10 0.046 

Conjugate gradient 

(traincgp) 
10 0.028 

Conjugate gradient 

(traincgb) 
10 0.017 

Conjugate gradient 

(trainscg) 
10 0.013 

Quasi-Newtonian 

(trainbfg) 
10 0.0024 

Quasi-Newtonian 

(trainoss) 
10 0.17 

Levenberg 

Marquardt (trainlm) 
10 0.00000215 
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Table 2 Contrast of network architectures and training styles 

for the second output 

Training type 

Neurons 

numbers in the 

hidden layer 

Mean square 

error (MSE) 

MATLAB default 20 0.000266 

MATLAB default 15 0.00000677 

MATLAB default 10 0.000000136 

Gradient descent 

training (traingd) 
10 0.163 

Gradient descent 

with momentum 

training (traingdm) 

10 5.06 

Variable learning 

rate (traingda) 
10 1.27 

Variable learning 

rate (traindgx) 
10 0.16 

Resilient back 

propagation 

(trainrp) 

10 0.095 

Conjugate gradient 

(traincgf) 
10 0.015 

Conjugate gradient 

(traincgp) 
10 0.146 

Conjugate gradient 

(traincgb) 
10 0.084 

Conjugate gradient 

(trainscg) 
10 0.015 

Quasi-Newtonian 

(trainbfg) 
10 0.003 

Quasi-Newtonian 

(trainoss) 
10 0.2 

Levenberg 

Marquardt (trainlm) 
10 0.00000154 

 

Table 3 Contrast of network architectures and training styles 

for the third output 

Training type 

Neurons 

numbers in 

the hidden 

layer 

Mean square 

error (MSE) 

MATLAB default 20 1202.84 

MATLAB default 15 544.68 

MATLAB default 10 252.31 

Gradient descent 

training (traingd) 
10 584698785.16 

Gradient descent with 

momentum training 

(traingdm) 

10 3602804076.61 

Variable learning rate 

(traingda) 
10 10315158.62 

Variable learning rate 

(traindgx) 
10 3701847.85 

Resilient back 

propagation (trainrp) 
10 280775.64 

Conjugate gradient 

(traincgf) 
10 1832222.88 

Conjugate gradient 

(traincgp) 
10 389779.9 

Conjugate gradient 

(traincgb) 
10 362442.54 

Conjugate gradient 

(trainscg) 
10 337732.16 

Quasi-Newtonian 

(trainbfg) 
10 3865188.29 

Quasi-Newtonian 

(trainoss) 
10 4846449.38 

Levenberg Marquardt 

(trainlm) 
10 574.16 

 

Table 4 Contrast of network architectures and training styles 

for the fourth output 

Training type 

Neurons 

numbers in the 

hidden layer 

Mean square 

error (MSE) 

MATLAB default 20 1584.15 

MATLAB default 15 489.62 

MATLAB default 10 171.93 

Gradient descent 

training (traingd) 
10 24445553224.9 

Gradient descent 

with momentum 

training (traingdm) 

10 5819427709.58 

Variable learning 

rate (traingda) 
10 50957217.11 

Variable learning 

rate (traindgx) 
10 47142966.22 

Resilient back 

propagation (trainrp) 
10 3551275.95 

Conjugate gradient 

(traincgf) 
10 2304328.88 

Conjugate gradient 

(traincgp) 
10 49396333.66 

Conjugate gradient 

(traincgb) 
10 66943211.48 

Conjugate gradient 

(trainscg) 
10 6070721.82 

Quasi-Newtonian 

(trainbfg) 
10 5272623.91 

Quasi-Newtonian 

(trainoss) 
10 40014703.3 

Levenberg 

Marquardt (trainlm) 
10 64.295 

4 GENETIC ALGORITHMS 

Influenced by the evolutionary manner in nature, the 

Genetic Algorithm (GA) solves problems. Like in 

nature, the GA makes a population of creatures and 

obtains an optimum set or an optimum creature through 

certain operations. According to the GA structure, after 

recognizing and modeling the problem, and forming the 

initial population to achieve the final solution, namely 

the optimal values for the problem parameters, an 

iterative process should be repeated to meet the end 

conditions. Given the problem geometry, a multi-
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objective optimization problem is solved in this study by 

the GA with specifications in “Table 5”. The GA forms 

an elementary population of N random arrangements [7-

9]: 

 

�̅�𝑖𝑗 ∈ [−𝜔,+𝜔] 𝜔 > 0,                                                         (3) 

 

𝑤𝑖𝑗𝑘 ∈  [−𝜔,+𝜔] 𝜔 > 0,                                              (4) 

 

𝐹𝑠
𝑔

=
1

𝐸𝑠
𝑔 𝑆 = 1,2, … , 𝑁,                                                  (5) 

 

𝐸𝑠
𝑔

=
1

2𝑃
∑ ∑ (𝑦𝑠𝑝𝑖

𝑔
− 𝑑𝑝𝑖

𝐾
𝑖=1

𝑃
𝑝=1 )2  𝑦𝑠𝑝𝑖

𝑔
= Γ(�̅�𝑠

𝑔
, 𝑤𝑠

𝑔
, 𝑥𝑝)   

                                                                                    (6) 

 

𝑃(𝑍, 𝑡 + 1) = 𝑃(𝑍, 𝑡)
𝑓(𝑍)

𝑓̅
(1 − {𝑃𝑐𝑙𝑜𝑠𝑠𝑒𝑠}) +

{𝑃𝑐𝑔𝑎𝑖𝑛𝑠}                                                                         (7) 

 

This is moreover part of an idealized model of a 

rudimentary GA. The potentiality of “losses” and 

“gains” for the string Z = 000 is calculated below, while 

PI0 = 1 signifies the possibility of crossover [10]. 

 

Losses = 𝑃I0𝑓(111)𝑓�̅�(111, 𝑡) +
𝑃I0𝑓(101)𝑓�̅�(101, 𝑡) + 𝑃I1𝑓(110)𝑓�̅�(110, 𝑡) +
𝑃I2𝑓(011)𝑓�̅�(011, 𝑡),                                                  (8) 

 
𝐺𝑎𝑖𝑛𝑠
= 𝑃I0𝑓(001)𝑓̅𝑃(001, 𝑡)𝑓(100)𝑓�̅�(100, 𝑡)             
+ 𝑃I1𝑓(010)𝑓�̅�(010, 𝑡)𝑓(100)𝑓�̅�(100, 𝑡)

+ 𝑃I1𝑓(011)𝑓�̅�(011, 𝑡)𝑓(100)𝑓�̅�(100, 𝑡) 
𝑃I2𝑓(001)𝑓�̅�(001, 𝑡)𝑓(110)𝑓̅𝑃(110, 𝑡)   +
𝑃I2𝑓(001)𝑓�̅�(001, 𝑡)𝑓(010)𝑓̅𝑃(010, 𝑡)                   (9) 

 

Table 5 The GA specifications 

Specifications Factor 

Number of variables 3 

The upper limit of 

variations 
60, 0.175, 230 

The lower limit of 

variations 
15, 0.05, 200 

Population size 50 

Display level ‘iter’ 

Plot function (plotFcn) ‘gaplotparet’ 

Pareto fraction 0.6 

5 RESULTS AND DISCUSSION 

As previously mentioned, this study aimed to design and 

apply an ANN on data extracted from modeling and 

analyzing the 60 MW combined heat and power 

generation power plant. The error backpropagation 

network was selected as the optimal network for this 

purpose. The generator load or capacity, the condenser 

pressure, and the Feedwater temperature were 

considered inputs to the neural network. The energy and 

exergy efficiencies of the power plant and the overall 

exergy and energy losses of the cycle were considered 

the ANN outputs. The results obtained from the selected 

network are analyzed in the following sections. 

5.1. The Performance Diagram of The Optimal 

Network 

To ensure the accuracy of the designed neural network, 

besides the training dataset for the network, a dataset is 

automatically used for validation and some data in the 

test dataset to examine error variations. When a network 

is well trained, the error decreases in both the test and 

validation datasets and error propagation ends. The 

performance or efficiency diagrams versus the epoch 

show error variations in datasets. As shown in “Figs. 2 

to 5”, the most excellent network appearance for the first 

output, i.e., the energy efficiency, is obtained at epoch 

724 with an MSE of 0.00000215.  

 

 
Fig. 2 The optimal performance of the network for the 

first output. 

 

 
Fig. 3 The optimal performance of the network for the 

second output. 
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It was seen that the best network performance for the 

second (exergy efficiency), third (energy losses), and 

fourth outputs is obtained at epochs 501, 92, and 466 

with an MSE of 0.00000154, 574.16, and 64.295. 

 

 
Fig. 4 The optimal performance of the network for the 

third output. 

 

 
Fig. 5 The optimal performance of the network for the 

fourth output. 

5.2. The Regression Diagram for The Optimal 

Network 

A major challenge facing linear regression is to reduce 

diversity among the predicted & observed values in 

existing data. A lower difference indicates better 

consistency between the predicted and observed values 

so that the regression approaches a desired value of 

unity. Figures 6 to 9 show the regression diagrams of the 

optimal network for the first to fourth outputs. As shown 

in “Figs. 6 to 9”, three regression diagrams are plotted to 

separately analyze the accuracy. The 4th diagram tests 

the three datasets together to plot the accuracy diagram. 

For all four outputs, any dataset with a regression value 

of 1 shows a very good accuracy suggesting that the 

designed neural network  was well and adequately 

trained and well predicted all untrained points. 

Consequently, the network is reliable with sufficient 

accuracy to analyze the study results. 

 
Fig. 6   Regression chart at first output of the optimum 

network.  

 

 
Fig. 7   Regression chart at the second output of the optimum 

network 
 

5.3. The Network Consequences at Trained Points  

Figures 10 and 11 display the results for the optimal 

neural network. As shown, the power plant efficiency 

increases with increasing the generator load as it 

approaches the production capacity of the power plant 
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(60 MW). The maximum exergy and energy efficiencies 

are obtained at full loading of the cycle when the 

generator is at a maximum capacity of 60 MW. Peaks 

appear with increasing the Feedwater temperature. 
 

 
Fig. 8   Regression chart at the third output of the optimum 

network. 

 

 
Fig. 9   Regression chart at the fourth output of the optimum 

network. 

 
Fig. 10   Energy efficiency against the load at various 

Feedwater temperatures. 

 

 
Fig. 11   Exergy efficiency against load at various Feedwater 

temperatures. 

 

The observed increase in the exergy and energy 

efficiencies can be justified considering the design of the 

power plant cycle at full load. The increased efficiency 

seems logical with increasing the power plant output 

relative to the required input of the cycle. Figures 10 and 

11 show the uptrend of the power plant efficiency by 

increasing the generator capacity. The peaks in the 

diagrams decrease with decreasing the Feedwater 

temperature. Fuel consumption by the boiler decreases 

with increasing the water temperature in the boiler as it 

requires less thermal energy for vaporizing water in the 

turbine. As a result, energy consumption and thermal 

exergy of the boiler decrease leading to an increase in 

the exergy and energy efficiencies of the boiler. This in 

turn positively affects the overall performance of the 

cycle causing an increase in the overall energy and 

exergy efficiencies of the power plant. 

As expected, the exergy and energy losses of the cycle 

increase with increasing the production load of the 
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power plant. Figures 12 and 13 show an uptrend for both 

energy and exergy losses with increasing the generator 

capacity. The peaks decrease with increasing the 

Feedwater temperature. Fuel consumption by the boiler 

decreases with increasing the water temperature in the 

boiler improving the cycle performance while reducing 

the energy and exergy losses. 

 

 
Fig. 12   Total energy losses against the load at various 

Feedwater temperatures. 

 

 
Fig. 13   Total exergy losses against load at various 

Feedwater temperatures. 

 
Energy losses also increase despite an increase in the 

energy and exergy efficiencies at the maximum load of 

the power plant equipment and the generator. The 

energy and exergy losses could be decreased up to a 

certain limit by increasing the Feedwater temperature 

using specific equipment under certain conditions. 

5.4. Application of the Designed Neural Network at 

New Points 

In addition to the optimal performance at trained points, 

an optimal neural network must also show an acceptable 

performance at untrained points. To this end, the 

network was tested at new points and the results are 

displayed for the four outputs respectively in “Figs. 14 

to 17”. These results are consistent with those obtained 

for the trained points in “Figs. 10 to 13”. According to 

“Figs. 14 and 15”, the peaks for the first and second 

outputs occur at the maximum load and Feedwater 

temperature. The energy and exergy efficiencies 

increase as the Feedwater temperature and the 

production load increase. 

 

 
Fig. 14   Effect of load and Feedwater temperature on the first 

output. 

 

 
Fig. 15   Effect of load and Feedwater temperature on the 

second output. 

 

As shown in “Figs. 16 and 17”, the peaks for the third 

and fourth outputs occur at the maximum load factor and 

minimum Feedwater temperature. Thus, more energy 

and exergy are lost at lower Feedwater temperatures, 

because more fuel is consumed or more energy and 

exergy are consumed from the thermodynamic point of 

view when low-temperature water enters the boiler. 

Certainly, the consumed energy and exergy are not 

totally useful and losses increase with increasing fuel 

consumption. Notably, with increasing the Feedwater 

temperature, energy losses sharply decline even at the 

maximum generator capacity. However, the exergy 
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losses slowly decrease with increasing the Feedwater 

temperature at the full load of the power plant. 

 

 
Fig. 16   Effect of load and Feedwater temperature on the 

third output. 

 

 
Fig. 17   Effect of load and Feedwater temperature on the 

fourth output. 
 

Figures 18 to 21 display the effect of the condenser 

pressure and generator capacity at a constant Feedwater 

temperature on the energy and exergy efficiencies and 

the total energy and exergy losses. As shown in “Figs. 

18 and 19”, the utmost energy and exergy efficiencies 

are achieved by decreasing the condenser pressure and 

increasing the generator capacity. As the condenser 

pressure decreases, the vacuum at the end of the turbine 

increases and end-stage vapors are sucked into the 

condenser. This process facilitates the movement of 

steam along the turbine and reduces the resistance to 

steam movement. Also, a larger share of steam energy is 

converted into electrical energy. As shown in “Figs. 20 

and 21”, the energy and exergy losses decrease with a 

relatively same slope with decreasing the pressure 

condenser and load factor. In other words, the energy 

lost at higher condenser pressures can be converted into 

useful work, and the energy and exergy losses can be 

minimized by reducing the condenser pressure. 
 

 
Fig. 18   Effect of load and condenser pressure on the first 

output. 

 

 
Fig. 19   Effect of load and condenser pressure on the second 

output. 

 

 
Fig. 20   Effect of load and condenser pressure on the third 

output. 
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Fig. 21   Effect of load and condenser pressure on the fourth 

output. 

 

 
Fig. 22   The error chart for the initial output 

 

 
Fig. 23   The histogram for the initial output. 

5.5. Network Error 

As mentioned in the network accomplishment part, the 

MSE of the network varies with the network architecture 

and training method. Moreover, the number of data, data 

scattering, and classification affect the network error and 

the study results. Figures 22 to 29 show the error and 

histogram diagrams for all four outputs of the network.  

 
Fig. 24   The error chart for the second output. 

 

 
Fig. 25   The histogram for the second output. 

 
Fig. 26   The error chart for the third output.   
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Fig. 27   The histogram for the third output. 

 

 
Fig. 28   The error chart for the fourth output.   

 

 
Fig. 29   The histogram for the fourth output. 

 

As shown in the error diagrams, data discretization and 

scattering have good density and accuracy in the 

designed neural network. However, the histograms show 

that the gaps where data are not available cause an error 

in the network. 

5.6. Optimization of Results by The Genetic 

Algorithm 

The GA aims to discover the optimum benefits for the 

problem outputs. In multi-objective optimization when 

the outputs are competing, by overcoming some points 

over other ones, an optimum curve named the Pareto 

front is obtained by the GA. This diagram is a set of 

optimal solutions from which the best solution can be 

selected according to the problem geometry and 

limitations. Figures 30 and 31 show the optimal 

solutions for the first and second, and the third and 

fourth outputs, respectively. 

 

 
Fig. 30   The Pareto front diagram for the first and second 

outputs. 

 

 
Fig. 31   The Pareto front diagram for the third and fourth 

outputs. 
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This study aims to achieve the maximum efficiency and 

the minimum energy and exergy losses. Accordingly, 

from the optimal solutions obtained by the GA, the best 

solutions in the output space were obtained in the 23rd 

Pareto where the energy efficiency, exergy efficiency, 

energy losses, and exergy losses are 28.4%, 27.2%, 

2539.2 kW, and 71963.7 kW, respectively. The best 

solutions in the input space are 229.99˚C, 0.0502 bar, 

and 31.67 MW, respectively for the Feedwater 

temperature, the condenser pressure, and the optimal 

generator capacity. The optimal solutions are listed in 

“Table 6”. 
 

Table 6 The optimal points in the input and output spaces 

obtained from the GA 

Num

ber 

Load 

[MW] 

Energy 

Efficie

ncy 

[%] 

Exergy 

Efficie

ncy 

[%] 

Energy 

Losses 

[KW] 

Exergy 

 Losses 

[KW] 

1 59.305 29.547 28.357 
5048.2

92 

134664.

984 

2 30.405 28.197 27.023 
2428.6

74 

69109.4

36 

3 59.295 29.546 28.356 
5054.4

29 

134647.

379 

4 16.395 25.346 24.662 
1327.4

48 

37166.3

34 

5 24.117 26.539 26.254 
1909.8

38 

54732.8

01 

6 35.468 28.748 27.439 
2860.4

85 

80605.3

37 

7 17.621 25.426 24.983 
1421.2

03 

39926.4

66 

8 55.038 29.404 28.241 
4627.7

73 

124975.

984 

9 27.499 27.554 26.732 
2171.3

99 

62410.8

55 

10 59.305 29.546 28.357 
5047.9

85 

134667.

348 

11 15.001 25.283 24.263 
1217.3

45 

34044.8

80 

12 42.403 29.013 27.806 
3444.0

52 

96351.2

77 

13 50.942 29.275 28.122 
4224.7

72 

115679.

178 

14 45.827 29.115 27.945 
3747.6

31 

104104.

766 

15 47.097 29.148 27.986 
3865.2

41 

107009.

842 

16 15.328 25.262 24.327 
1248.7

11 

34824.5

33 

17 26.042 27.107 26.526 
2058.2

40 

59149.3

30 

18 44.266 29.071 27.887 
3605.6

05 

100558.

348 

19 56.132 29.441 28.272 
4732.1

99 

127454.

901 

20 41.113 28.975 27.750 
3331.0

74 

93422.1

15 

21 22.088 26.037 25.927 
1756.5

2 

50074.8

15 

22 43.992 29.065 27.878 
3581.5

57 

99930.9

33 

23 31.669 28.401 27.147 
2539.1

71 

71963.7

04 

24 38.394 28.884 27.614 
3101.3

42 

87255.7

86 

25 19.544 25.595 25.412 
1569.7

09 

44315.2

55 

26 51.583 29.295 28.141 
4286.5

18 

117135.

385 

27 49.379 29.227 28.073 
4078.9

69 

112133.

979 

28 53.608 29.358 28.199 
4492.2

98 

121733.

563 

29 39.590 28.910 27.670 
3202.9

74 

90016.5

55 

30 52.287 29.312 28.157 
4355.3

97 

118752.

508 

6 CONCLUSIONS 

An ANN was used for better processing the simulation 

results of a 60 MW combined heat and power generation 

power plant. The optimum network with proper 

performance was selected. Through multiple tests, the 

optimal architecture and training method were 

determined to ensure the accurate performance of the 

designed neural network. The results are summarized 

below: 

1. Despite an increase in the energy and exergy 

efficiencies of the power plant at the maximum load of 

equipment and generator, the energy and exergy losses 

also increased. By heating the Feedwater and raising its 

temperature, the energy and exergy losses can be 

reduced up to a certain value. 

2. With increasing the Feedwater temperature, energy 

losses sharply declined even at the maximum generator 

capacity. However, the exergy losses slowly decreased 

with increasing the Feedwater temperature at the full 

load of the power plant. Huge amounts of energy and 

exergy are lost in the boiler when low-temperature water 

entered the boiler. By raising the Feedwater temperature, 

energy losses could be compensated even at full load. 

However, the exergy losses significantly decreased by 

increasing the Feedwater temperature and decreasing the 

produced load. 

3. Maximum energy and exergy efficiencies were 

obtained by decreasing the condenser pressure and 

increasing the generator capacity. On the other hand, the 

energy and exergy losses decreased with a relatively 

same slope by decreasing the pressure condenser and 

load. In other words, the energy losses at higher 

condenser pressures can be converted into useful work, 
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and the energy and exergy losses can be minimized by 

reducing the condenser pressure. 

4. From the optimal solutions obtained from the GA, the 

best solutions in the output space were 28.4%, 27.2%, 

2539.2 kW, and 71963.7 kW, respectively for the first-

law efficiency (energy), second-law efficiency (exergy), 

energy losses, and exergy losses. The best solutions in 

the input space were 229.99˚C, 0.0502 bar, and 31.67 

MW, respectively for the Feedwater temperature, the 

condenser pressure, and optimal generator capacity. 
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Abstract: The present study investigates the deformation of FGM plates under  blast load. 
Hamilton's principle is used to obtain the dynamic Equations. The two constituent phases, 
ceramic and metal, vary across the wall thickness according to a prescribed power law. 
Boundary conditions are assumed to be Simply Supported (SS). The type of explosive 
loading considered is a free in-air spherical air burst and creates a spherical shock wave that 
travels radially outward in all directions. For the pressure time of the explosion loading, 
Friedlander’s exponential relation has been used. In order to determine the response 
analytically, the stress potential field function is considered. Using the Galerkin method, 
the final Equations are obtained as nonlinear and nonhomogeneous second-order 
differential Equations.  The effect of temperature including thermal stress resultants and 
different parameters on the dynamic response have been investigated. Results have been 
compared with references and validated. Results showed that the amplitude of the center 
point deflection of the FGM plate is less than the pure metal plates when exposed to blast 
load, by increasing the volumetric index percentage of FGM, center point deflection is 
increased and in the FGM plates, deformation of symmetrical plates is smaller than the 
asymmetric plates. Also by applying the damping coefficient of the FGM plates, the 
amplitude of center point deflection is reduced, and by increasing the aspect ratio of the 
FGM plate, its center point deflection against explosion waves is reduced and by 
considering the effects of thermal resultant forces and moments, center point deflection is 
increased. 
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1 INTRODUCTION 

Increasing the knowledge of scientific and industrial 

communities always has been a factor in improving 

technology and achieving superior technology. In this 

regard, the use of new materials to achieve specific 

functional properties always have been a consideration 

of engineering researchers. Functionally graded 

Material (FGM) is a kind of modern material that has 

been widely used in recent years. Extensive research has 

been conducted to produce the FGM in order to resist 

high temperature and thermal shock for use in the body 

of spacecraft and nuclear power plants. FGMs are a kind 

of composite materials that are heterogeneous in terms 

of infrastructure, and the volume fraction of its 

constituent material is a function of the spatial position 

in each body, so that, in accordance with volume 

fraction, the other mechanical properties are also 

exhibiting continually gradual changes along the 

thickness from one plane to another. This feature of 

these materials not only increases their resistance to 

mechanical loadings but also makes them tolerable in 

extreme temperature gradient environments. The 

common type of this material is the combination of 

ceramic and metal, in which case it has a metal face and 

the other face is ceramic, and mechanical properties 

change continually from metal to ceramic through the 

thickness [1].   
Recently, more attention has been paid to the design and 

development of explosion-resistant structures. As in 

most countries, extensive studies have been done on the 

reaction of structures, buildings, facilities, and 

equipment against explosions caused by explosive 

materials. Therefore, considering the remarkable 

characteristics of FGM materials of ceramic-metal based 

combination, in carrying loads such as explosion and 

penetration, investigating and understanding the 

behavior and response of these materials under various 

dynamic loads such as the explosion wave has been 

attractive to the researchers. 
So far, extensive research has been done to study the 

mechanical effects of explosion on plates made of FGM 

materials, which can be mentioned below. Turkmen and 

Mecitoglu [2] compared the results of experimental tests 

and numerical solutions with the finite element method 

for a composite plate with reinforced layers under 

explosive load, and the effect of reinforcements and 

applied load on the dynamic response of the plate has 

been studied. Chi and Chung [3] have studied the 

mechanical behaviour of an elastic rectangular plate 

supported on the FGM bed exposed to transversal 

loading with SS boundary conditions. Alibeigloo [4] has 

studied the three-dimensional thermoelastic analysis of 

FGM rectangular plates with small deformation on SS 

boundary conditions. In this study, the thermoelastic 

properties of the plate change with exponential function 

in the thickness direction. Tung and Duc [5] studied the 

nonlinear analysis of stability for functionally graded 

plates under mechanical and thermal loads. Hause [6] 

has investigated the deflection of the functionally graded 

plates under the influence of the explosion theoretically. 

The theory of classic plates (CPT) has been used and 

plates have been exposed to a Friedlander exponential 

explosive loading. Aksoylar et al. [7] investigated the 

nonlinear transient analysis of FGM and FML composite 

plates under non-destructive explosive loads using 

experimental and FE methods. 

 Sreenivas et al. [8] studied and investigated the transient 

dynamic response of functionally graded materials. 

Goudarzi and Zamani [9] have investigated the 

maximum deflection of circular plates under the effect 

of uniform and nonuniform shock waves due to 

explosion by experimental and numerical analysis. 

Duong and Duc [10] considered the evaluation of the 

elastic properties and thermal expansion coefficient of 

composites reinforced by randomly distributed spherical 

particles with negative Poisson ratios. Duc et al. [11] 

presented the nonlinear dynamic response and vibration 

of imperfect shear deformable functionally graded plates 

subjected to blast and thermal loads. Duc et al. [12] 

presented the nonlinear dynamic and vibration of the S-

FGM shallow spherical shells resting on elastic 

foundations including temperature effects. Cong et al. 

[13] investigated the nonlinear vibration and dynamic 

response of ES-FGM plates using third-order shear 

deformation theory (TSDT).  

Hajlaoui et al. [14] presented the nonlinear dynamics 

analysis of FGM shell structures with a higher order 

shear strain enhanced solid-shell element. Tong et al. 

[15] studied the thermo-mechanical buckling and post-

buckling of cylindrical shells with functionally graded 

coatings reinforced by stringers. Duc et al. [16] 

presented the nonlinear dynamic response of 

functionally graded porous plates on elastic foundations 

subjected to thermal and mechanical loads. Cong and 

Duc [17] studied analytical solutions for the nonlinear 

dynamic response of ES-FGM plates under blast load. 

Kim et al. [18] studied the nonlinear vibration and 

dynamic buckling of eccentrically oblique stiffened 

FGM plates resting on elastic foundations in a thermal 

environment. Duc et al. [19] presented the free vibration 

and nonlinear dynamic response of imperfect 

nanocomposite FG-CNTRC double-curved shallow 

shells in a thermal environment. 
The main goal of this paper is to calculate the dynamic 

response of FGM plates under explosive load by 

considering the thermal forces and moments. Studying 

the effect of thermal forces and moments on the response 

of FGM plate is one of the innovations and advantages 

of this research that less has been studied in the previous 

research and the literature. Also, the effect of the 
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damping coefficient, power law index of FGM plate, 

aspect ratio (L1/L2) of FGM plate, and symmetric and 

asymmetric FGM plate on dynamic response have been 

investigated. 

2 GOVERNING EQUATIONS 

2.1. Mechanical Properties of FGM Material 

As shown in “Fig. 1ˮ, a rectangular FGM plate with 

dimensions L1  and, L2 and thickness h is in Cartesian 

coordinates, so that the origin of the coordinate system 

(x, y, z) is located at the middle surface of the plate. 

 

 
Fig. 1 Geometric characteristic of FG plate.  

 

If Vm and Vc are the volume fractions of ceramic and 

metal in the FGM, respectively, then the relation of each 

mechanical property related to the volume fractions will 

be as follows [20]: 

 
( )  ( )  ( )f m m c cP z P V z PV z= +  (1) 

 

As Pm and Pc are, respectively, metal and ceramic 

properties in the FGM, therefore, with respect to the 

above relations, the properties of a FGM material such 

as modulus of elasticity, linear coefficient of expansion, 

shear modulus, or density can be obtained as: 

 

( )( ) - ( )f c m c mP z P P V z P= +  (2) 
 

Two cases for grading and gradual changes of ceramic 

and metal phases along the thickness of FG plates can be 

considered: 

Symmetrical case: The ceramic and metal phase 

elements are changed symmetrically in the thickness 

direction of plate, so that both outer surfaces of the plate 

are completely ceramic and the middle surface of the 

plate is full metal. In this case, the volume fractions of 

ceramic VC(z) is expressed in the form of Equation (3) 

[6]: 

( ) ( )1 sgn 1- sgn-
( )  

2 2
2 2

N N

c

z zz z
V z

h h

    +   
   = +   
         

 
(3) 

 

In the above Equation, N is the volumetric percentage 

index of the material FGM, h is the thickness of the plate 

and z is the coordinates perpendicular to the middle 

surface along the thickness direction. 

Asymmetrical case: Ceramic and metal phase elements 

change asymmetrically in the thickness direction of the 

plate, the upper surface of the plate is full ceramic and 

the bottom surface of the plate is full metal. In this case, 

as in “Fig. 1ˮ, the bottom of the plate is completely 

metallic and its upper surface is completely ceramic and 

between these two surfaces will be a combination of 

ceramic and metal. In this case, the volume fraction of 

ceramic VC(z) is expressed in the form of Equation (4) 

[6]: 

 

N

c

2z+h
V (Z)=( )  

2h
 (4) 

 

Regarding the function of FGM materials in high-

temperature environments, according to Reddy [1], the 

mechanical properties of its constituents have significant 

changes with temperature. Therefore, according to 

Equation 6, properties such as the Ef modulus of 

elasticity, the Poisson ratio f , the thermal expansion 

coefficient f , and the thermal conductivity coefficient 

Kf could be related to the temperature [1]. 

 

( ) ( ) ( ) ( )
2

,   
2

-

N

f c m m

Z h
P Z T P T P T P T

h

+ 
= + 

 
  

 (5) 

2.2.The Fundamental Equation of FGM Plate 

2.2.1. Displacement components 

According to the classical theory of plates, the 

displacement field is as follows [21]: 

 

( ) ( )

( ) ( ) ( )

0

0 0

u = u x, y, t z x, y, t

v = v x, y, t - z x, y, t w = w

 - 

x y, t, ,

x

y




 (6) 

 

In the above relations u0 and v0, respectively, represent 

the displacements of the middle surface in thex and y 

directions, and w0 is the transverse displacement along 

the z direction. Also, the functions ψx and ψy are 

rotations of the middle surface around x and y axes, 

respectively, and are as follows: 

 

0 0,x y

w w

x y
 

 
= =

 
 (7) 

2.2.2. Nonlinear strain- displacement relations 

The nonlinear relations of Von-Karman between strain 

and displacement at any point in the thickness of the 

plate at distance z from the middle surface according to 

x 

y 

z 

h 

ceramic 

metal 
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the strains and curvatures of the middle surface are as 

follows [22]: 

 
0 0

0

+ z , + z

+ z , = 0

xx xx x yy yy y

xy xy xy zz xz yz

     

     

= =

= = =
 (8) 

 

In the above relations 
0

xx , 0

yy and 0

xy , are the strain 

of the middle surface and κx, κy and κxy are the curvatures 

of the middle surface, which are related to the 

displacement components u, v, w as follows: 

 
22

0 0

2
0

2

2 2

2

1 1
,

2 2

,

, 2

xx yy

x
xy x

y yx
y xy

u w v w

x x y y

u v w w w

y x x y x x

w w

y y y x x y

 


 

 
 

     
= + = +   
      

    
= + + = − = −
     

  
= − = − = − − = −

     

 
(9) 

 

According to Hooke's law, the stress-strain relations are 

defined by the following Equation: 

 

( )

( )
11 12

12 22

66

0 ,

0 ,

0 0

0

xx xx

yy yy

xy xy

zz xz yz

Q Q z T T

Q Q z T T

Q

 

  

  

 



   −  
    

= −     
    

=

 

=

 

=



 
(10) 

 

In the above relations, which include mechanical and 

thermal strains, α is the thermal expansion coefficient 

and Qij are the elements of the stiffness matrix, which 

are functions of the plate thickness and temperature; 

their relations are as follows: 

 

( )

( )

( )

( )

( )

( )( )

11 22 122 2

66

z, z,
= = , = 

1  1  

,
  

2 1  

f f f

f f

f

f

E T E T
Q Q Q

T T

E z T
Q

T



 



− −

=
+

 
(11) 

2.2.3. The Force and moment resultants   

The vector of forces N and moments M caused by 

stresses in unit length are expressed in terms of strain 

components as follows [21]: 

/2 /2

/2 /2

. , .z.

xx xx xx xxh h

yy yy yy yy

h h

xy xy xy xy

N M

N dz M dz

N M

 

 

 − −

       
       

= =       
       
       

 
 
(12) 

 

By replacing stress relations from the above Equations, 

we can find the forces and moment resultants in terms of 

the following matrix strain: 

   
   

0

6 1 6 16 6

-

-

T

T

A BN N

B DM M k



 

    
=    

    

 (13) 

 

In the above relations NT and MT, are the thermal forces 

and moments resultants, matrices A, B, and D are the 

extensional, coupling, and bending stiffness matrices, 

respectively, and they are as follows: 

 

( ) ( ) ( ) ( )

( ) ( )

( )
( )

( )

11 22 11 22 11 22 1 2 32

12 12 12 1 2 32

66 66 66 1 2 3

1
, , , , , , ,

1

, , , ,
1

, , , ,
2 1

A A B B D D E E E

A B D E E E

A B D E E E











  =  −

=
−

=
+

 

(14) 

 

In the above relations, the values of E1, E2, and E3 are 

based on Young's modulus Em, Ecm, the thickness of 

plate (h), and volumetric percentage index (N) for two 

cases of FGM plate (symmetric and asymmetric) as 

follows [5-6]: 

 

Asymmetric 

 

( ) ( )

( ) ( ) ( )

1

2

2

3
3

3

1

1 1

2 2 2

1 1 1

12 3 2 4 4

cm
m

cm

m
cm

E h
E E h

N

E E h
N N

E h
E E h

N N N

 
= +  

+ 

 
= − 

+ +  

 
= + − + 

+ + +  

 
(15) 

 

Symmetric 

 

( )

1 2

3

3

1
1 , 0

1

1 1

12 4 3

cm

cm

E E h E
N

E E h
N

 
= + = 

+ 

 
= + 

+  

 
(16) 

 

Therefore, by replacing the stresses (Equation. (10)) and 

the strains (Equation (8)) and the effective Young's 

modulus in Equations (12), the resultant forces and 

moments are obtained as follows: 

 

𝑁𝑥𝑥 =
𝐸1

1 − 𝑣2
(𝜀𝑥𝑥

0 + 𝑣𝜀𝑦𝑦
0 )

+
𝐸2

1 − 𝑣2
(𝑘𝑥 + 𝑣𝑘𝑦)

−
𝜙𝑚

1 − 𝑣
 

(17) 
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𝑁𝑦𝑦 =
𝐸1

1 − 𝑣2
(𝜀𝑦𝑦

0 + 𝑣𝜀𝑥𝑥
0 )

+
𝐸2

1 − 𝑣2
(𝑘𝑦 + 𝑣𝑘𝑥)

−
𝜙𝑚

1 − 𝑣
 

𝑁𝑥𝑦 =
𝐸1

2(1 + 𝑣)
𝛾𝑥𝑦

0 +
𝐸2

1 + 𝑣
𝑘𝑥𝑦 

 

𝑀𝑥𝑥 =
𝐸2

1 − 𝑣2
(𝜀𝑥𝑥

0 + 𝑣𝜀𝑦𝑦
0 ) 

               +
𝐸3

1 − 𝑣2
(𝑘𝑥 + 𝑣𝑘𝑦) −

𝜙𝑏

1 − 𝑣
 

 

𝑀𝑦𝑦 =
𝐸2

1 − 𝑣2
(𝜀𝑦𝑦

0 + 𝑣𝜀𝑥𝑥
0 ) 

              +
𝐸3

1 − 𝑣2
(𝑘𝑦 + 𝑣𝑘𝑥) −

𝜙𝑏

1 − 𝑣
 

𝑀𝑥𝑦 =
𝐸2

2(1 + 𝑣)
𝛾𝑥𝑦

0 +
𝐸3

1 + 𝑣
𝑘𝑥𝑦 

 
 

In the above relations, the parameters m and b are as 

follows: 

 
(𝜙𝑚, 𝜙𝑏)

= ∫ [𝐸𝑚 + 𝐸𝑐𝑚 (
2𝑧 + ℎ

2ℎ
)

𝑁

] [𝛼𝑚

+ℎ/2

−ℎ/2

+ 𝛼𝑐𝑚 (
2𝑧 + ℎ

2ℎ
)

𝑁

] Δ𝑇(1, 𝑧)𝑑𝑧 

(18) 

 

Also, the thermal force and moment resultants (NT and 

MT) are defined as follows: 

 

( )

( )
( )

11 12/2

12 22

/2

66

0 1 0
,

0 0 1 1,
,

0 0 0 0

T T

xx xx h

T T

yy yy

T T h

xy xy

N M Q Q
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N M Q Q T z dz
z T

N M Q





+

−
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= −       
          


 

(19) 

 

Where, T is the increase of temperature relative to the 

reference temperature T0 (without thermal strain) is as 

follows: 

 

( ) 0T T z T = −  
(20) 

 

2.3. Equations of Motion of the Plate 

The dynamic Equations of motion of the plate and its 

boundary conditions are extracted from Hamilton's 

principle, which are defined as four boundary conditions 

at the edges of the plate and three equilibrium Equations 

as follows [1], [6]: 

 

2 2 22

0

2 2 2

2 2

0 0
0 0 02

0 , 0

 2 + 

2 2

xy yy xyxx

xy yyxx
xx

xy yy

N N NN

x y y x

M M wM
N

x x y y x

w w
N N P w I w

x y y


  
+ = + =

   

  
+ + +

    

 
+ + − =

  

 
(21) 

 

Where, P (x, y, t) is the distribution of external force on 

the upper surface of the plate (z = + h / 2) and μ is the 

coefficient of viscous damping per unit area of the plate. 

Also, I0 is the inertial of the plate in the z-direction, and 

is defined as follows: 

 

( )
/2

0

/2

  

h

h

I dzz
+

−

= 
 

(22) 

 

Where 𝜌(𝑧) is the density of the plate. 

2.4. Boundary Condition 

The boundary condition of the plate is defined as 

follows: 

At x=0 and x= L1: 

 
* 0

0 0 0 , -xx xx xx xxw v M N N N= = = = =  (23) 
 

At y=0 and y= L2: 

 
* 0

0 0 0 , -yy yy yy yyw v M N N N= = = = =  (24) 

2.5. Extraction of The Equation of FGM Plate 

Deflection 

In order to establish the first two Equations of motion 

(Equations (21)), the function of the potential stress field 

 is considered as follows [6]: 

 

, , ,, ,xx yy yy xx xy xyN N N  = = = −  (25) 
 

Moreover, the third Equation (Equation (21)) can be 

obtained in terms of the two unknown parameters of the 

stress field () and the transverse displacement (w0). For 

this purpose, by applying inverse algebraic operations on 

Equation (13), it can be written as follows: 

 

 
(26) 

As shown in Equation 26, the matrices shown are as 

follows: 

 

     

         

1 1* *

1 1* *

,

,
T

A A B A B

B B A D D B A B

− −

− −

   = = −   

   = − = −   

 
(27) 

 

   
   

* *0

* *- -

T

TT

A B N N

M M B D





       −       =   
               
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By substituting the above relations, in the third Equation 

of motion of the plate and simplifying, the first fourth-

order governing Equation is obtained with respect to two 

unknown parameters of the stress field (φ) and 

transverse displacement (w0) [6]: 
 

( )4

0 , 0, , 0, , 0,

2 22
0 0 0

1

2

2

xx yy xy xy yy xx

T T

D w w w w

E
I w cw P N M

E

   − − + +

 
+ = −  + 

 

 (28) 

 

Where, D is a parameter defined as follows: 

 

𝐷 =
𝐸1𝐸3 − 𝐸2

2

𝐸1(1 − 𝑣2)
 (29) 

 

To solve the above Equation, we need another Equation 

including two unknown parameters mentioned above, 

which can be obtained from the compatibility conditions 

and simplification. The compatibility Equation is: 
 

𝜀_(𝑥𝑥, 𝑦𝑦)^0 + 𝜀_(𝑦𝑦, 𝑥𝑥)^0
− 𝛾_(𝑥𝑦, 𝑥𝑦)^0
= 𝑤_(0, 𝑥𝑦)^2
− 𝑤_(0, 𝑥𝑥) 𝑤_(0, 𝑦𝑦)                

 

(33) 

 

 

By substituting the strains from relation 17 and the 

function field of stress potential (relations 25) in 

Equation (30), the second fourth-order governing 

Equation, including two unknown parameters of the 

stress field (φ) and the transverse displacement (w0) is 

obtained as follows: 

 

∇4𝜙 = 𝐸1(𝑤0,𝑥𝑦 − 𝑤0,𝑥𝑥𝑤0,𝑦𝑦)

− (1 − 𝑣)∇2𝑁𝑇 

 

(31) 

 
 

Thus, two Equations 28 and 31 are the basic governing 

Equations, including the terms of thermal force and 

moment resultants to obtain the general dynamic 

response of the FGM plates under the external 

excitation. 

3 SOLVING EQUATION OF FGM PLATES BY 

CONSIDERING THERMAL TERMS 

In order to solve the governing Equations in general, 

taking into account the boundary conditions, the 

unknown parameters of w0 and  are assumed to be in 

the form of sinusoid functions as follows [6]: 

 

𝑤0(𝑥, 𝑦, 𝑡) = 𝑤𝑚𝑛(𝑡). 𝑆𝑖𝑛𝜆𝑚𝑥. 𝑆𝑖𝑛𝜇𝑛𝑦 (32) 

( ) ( ) ( )

( ) ( )

m

m

* 2 * 2
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2 x 2
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mn n mn m n
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N y N x

  

   

= + +

+

+ +

 
(33) 

 

Where: 

 

𝜇𝑛 =
𝑛𝜋

𝐿2

                 ,               𝜆𝑚 =
𝑚𝜋

𝐿1

 (34) 

 

In Equation (32), ( )mnw t  is the maximum deflection of 

the FGM plates, and m, n = 1, 2, 3, ..., represent the 

number of half waves along the axes x and y, 

respectively. 

Also, thermal force and moment resultants are assumed 

to be in the form of the following functions: 

 
T T

mn m n

T T

mn m n

N N Sin xSin y

M M Sin xSin y

 

 

=

=

 
(35) 

 

Where, 𝑁𝑚𝑛
𝑇  and  𝑀𝑚𝑛

𝑇  from relation 19 are obtained as 

follows:  

 

𝑁𝑥𝑥
𝑇 = 𝑁𝑦𝑦

𝑇

=
ℎ∆𝑇

1 − 𝜈(𝑇)
[
𝐸𝑐𝑚(𝑇)𝛼𝑐𝑚(𝑇)

2𝑁 + 1

+
𝐸𝑐𝑚(𝑇)𝛼𝑚() + 𝐸𝑚(𝑇)𝛼𝑐𝑚(𝑇)

𝑁 + 1

+ 𝐸𝑚(𝑇)𝛼𝑚(𝑇)] 

(36) 
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(37) 

By substituting Equation (32), (33) and (35) into (31), 

the coefficients of  𝐴𝑚𝑛, 𝐵𝑚𝑛 , 𝐶𝑚𝑛  and 𝐷𝑚𝑛  are 

obtained as follows: 

 
2 2 2 2

1 1

2 2

2 2
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32 32
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 (38) 
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Therefore, by replacing these coefficients in relation 33, 

the function  is obtained as follows: 

 

( )
( ) ( )

( )

( )

2 2 2 2

1 1
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32 32
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 
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
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−
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+
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 (39) 

 

The external excitation force on the plate is considered 

to be proportional to the transverse displacement as 

follows: 

 

( ) ( ), ,t mn m nP x y t P t Sin xSin y =  (40) 
 

In the above relation, the coefficient Pmn (t) is obtained 

by the Fourier series expansion as follows: 

 

( ) ( )
1 2

1 2 0 0

4
, ,

L L

mn t m nP t P x y t Sin xSin ydxdy
L L

 =    (41) 

 

In this research, the external load applied on the FGM 

plate is explosive load and the type of the explosive 

loading is considered as a free in-air spherical air burst. 

Such an explosion creates a spherical shock wave that 

travels radially outward in all directions with 

diminishing velocity. The form of the incident blast 

wave from a spherical charge is shown in “Fig. 2ˮ. 

 

 
Fig. 2 Incident pressure profile of a blast wave [23]. 

 

Where PSO is the peak overpressure above ambient 

pressure, P0 is the ambient pressure, ta is the time of 

arrival, tp is the positive phase duration of the blast wave, 

t is the time and b is the coefficient of reduction of the 

amplitude wave of the explosion which is determined by 

adjustment to a pressure curve from a blast test. The 

waveform shown in “Fig. 2ˮ is given by an expression 

known as the Friedlander Equation and is given as 

follows [6], [23]: 

( ) ( )
( ) ( )

0

1

3 2 3

1 exp

Where

172 / 114 / 108 / , /

a a

t So

p p

so

t t t t
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   − −
= − − −   

   
   

= − + =

 (42) 

 

Where, R is the standoff distance in meters and W is the 

equivalent charge weight of TNT in kilograms. By 

substituting Equation (42) in (41), Pmn(t) under the 

loading due to the explosion, it is obtained as follows: 

 

2

16 ( )
( ) , ( , ) (1,1)t

mn

P t
P t m n


= =  (43) 

 

By replacing Equation (39) and (32) in (28), and using 

the Galerkin method, the following second-order 

Equation describing the nonlinear differential governing 

Equations of FGM plates under external exaction due to 

the explosion considering the expressions of the thermal 

force and moment resultants are obtained. The main 

unknown parameter of these Equations is the Wmn(t) 

plate, which is the purpose of this research obtained as 

follows: 

 

( ) ( ) ( )

( )
( )

( ) ( )

2

0

4 4

1 2 1 3

0

2 2 2

0 1

2

16

1

mn mn mn mn

m n

mn

T T

mn m n mn mn

c
w t w t w t

I

E L L
w t

I

E
P t N M

I E



 

 

+ + +

+
=

  
+ + −   

  

 (44) 

 

In Equation (44), wmn(t) is the deflection of the FGM 

plate in terms of time, and the natural frequency mn is 

obtained from the following Equation: 

 

0

mn
mn

K

I
 =

 
(45) 

 

I0 is the mass moment-of-inertia of the plate and the Kmn 

is defined as follows: 
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(46) 

 

Where, ψ is the ratio of length to width of the plate 

(aspect ratio). Also, in Equation (44) the dimensionless 

damping coefficient mn could be defined as follows: 



 Int.  J.   Advanced Design and Manufacturing Technology             44 

  

0 0

2
2 mn mn mn

mnI I


 


=  →  =  (47) 

 

In order to obtain a time response of FGM plate, the 

fourth-order Ronge-Kutta code with zero initial 

conditions in the MATLAB program is used to solve 

Equation (44) which is a second-order nonlinear non-

homogeneous differential Equation. 

4 RESULTS AND DISCUSSION     

4.1. Validation 

The considered FGM plate consists of Titanium alloy Ti-

6Al-4V as a metal component and aluminum oxide as a 

ceramic component and has been restrained as simply 

supported on all edges. Its geometric and physical 

characteristics are selected in accordance with “Tables 1 

and 2ˮ [6]. Also, the number of half-waves considered 

along the axes x and y are m = n = 1, respectively. 
 

Table 1 Geometric parameters of FGM plate   

L1 (m) L2 (m) h (m) aspect ratio(ψ)   

1 1 0.0254 1 

 
Table 2 Mechanical properties of FGM plate 

Em (GPa) Ec (GPa) m c 

105.7 320.24 0.2981 0.26 

αm (0C-1) αc (0C-1) 𝜌𝑚(
𝑘𝑔

𝑚3) 𝜌𝑐(
𝑘𝑔

𝑚3) 

6-8.7*10 6-7.1*10 4429 3750 

 

Also, the characteristics of the explosive loading wave 

in the air, the weight of the explosive, and distance of its 

center from the plate are shown in “Table 3ˮ. 
 

Table 3 Characteristics of the explosive wave loading  

Tp (s) ta (s) R (m) W (Kg) α 

0.001372 0.000408 0.766 0.7 0.5 

 

In order to verify the results, using the above Tables, in 

similar geometric conditions and similar loading, the 

results of this study are compared with the results of Ref. 

[6]. Time response of the center point deflection of FGM 

plate in terms of the explosion time without 

consideration of temperature mode for asymmetric and 

symmetrical states with a volumetric percentage index 

of N = 0.5 are shown in “Figs. 3 and 4ˮ, respectively. 

Comparison between the results of Ref. [6] and the 

present study have been presented in “Tables 4 and 5ˮ. 

This comparison shows that the error percentage 

between them is negligible which confirms the accuracy 

of the present study. 

 

 
Fig. 3 Time response of the center point deflection of 

asymmetric FGM plate with N=0.5 without thermal effects. 

 

 
Fig. 4 Time response of the center point deflection of 

symmetric FGM plate with N=0.5 without thermal effects. 

 
 

Table 4 Comparison between the results of Ref. [6] and the 

present study 

Asymmetric FGM plate 

 
Ref.[6] 

Present 

study 
Error 

Maximum deflection 

in the first 

period(cm) 

1.6 1.7 %6.25 

Time of maximum 

deflection in the first 

period(s) 

0.0046 0.0049 %6.5 
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Table 5 Comparison between the results of Ref. [6] and the 

present study 

Symmetric FGM plate 

 
Ref.[6] 

Present 

study 
Error 

Maximum 

deflection in the 

first period(cm) 

1.39 1.53 %10 

Time of maximum 

deflection  in the 

first period(s) 

0.0043 0.0044 %2.32 

4.2. Effects of Different Parameters on The Dynamic 

Response 

In this section, the results of the parametric study of the 

effect of different parameters on the time response of the 

center point deflection of the FGM plate have been 

investigated. The effect of temperatures ∆T(K) = 

(30,500,600, 700) on the nonlinear dynamic response of 

the asymmetric FGM plates with N = 0.5 is shown in 

“Fig. 5ˮ. The geometrical and mechanical properties of 

the FGM plate and the characteristics of the explosive 

wave loading are similar to the previous ones. It can be 

seen that the dynamic response amplitude increases 

when the temperature ∆T increases since the flexibility 

of the plate increases. It means that the dynamic 

response amplitude is directly proportional to the 

temperature ∆T. The results of the first period in each 

temperature are given in “Table 6ˮ. 

 

 
Fig. 5 The effect of temperature on the nonlinear response 

of the FGM plates under blast load with N=0.5. 

 

Figure 6 shows the effect of the volumetric percentage 

index N on the nonlinear dynamic response of the 

asymmetric FGM plates with N = 0, 5, 10, 50 and 

considering the effect of thermal forces and moments 

resultants. Obviously, the amplitude of the nonlinear 

dynamic response of the FGM plate is directly 

proportional to the power-law index N. At N = 0, the 

plate has a pure ceramic property and by increasing N, 

the metal property is added. In fact, by increasing N, the 

behavior of the plate becomes more flexible and the 

deflection is increased, as a result, the plate exhibits 

more geometric nonlinear effects. 

 
Table 6 The effect of temperature on the response FGM plate 

Results 

Asymmetric FGM plate with N=0.5 

Difference temperature (℃) 

700 600 500 25 

Maximum 

deflection in the 

first period(cm) 

1.92 1.79 1.71 1.67 

The time of 

Maximum 

deflection in the 

first period(s) 

0.0043 0.0047 0.0049 0.005 

 

 
Fig. 6 The effect of power-law index N on the time 

response of the center point deflection of asymmetric FGM 

plate with ∆𝑇 = +600 ℃  and without damping effect under 

blast load. 
 

 
Fig. 7 The effect of various amounts of damping on the 

time response of the center point deflection of asymmetric 

FGM plate with N=0.5. 



 Int.  J.   Advanced Design and Manufacturing Technology             46 

  

Effects of various amounts of damping on the time 

response of the center point deflection of asymmetric 

FGM plate with N=0.5 and without temperature are 

shown in “Fig. 7ˮ. It can be seen that central deflections 

vs. time attenuate faster as the amount of the damping 

coefficient is increased for a fixed volume fraction of the 

constituent materials. Because damping causes waste of 

energy and reduces the deflection amplitude. 

The effect of damping with a value of Δ11 = 0.1 on the 

time response of the center point deflection of symmetric 

and asymmetric FGM plate with N=0.5 is also compared 

with temperature (∆𝑇 = +600 ℃ ) and without 

temperature as shown in “Fig. 8ˮ. As can be seen, 

regardless of the thermal effects, the smaller deflection 

amplitude corresponds to the symmetric FGM 

configuration. 

 
Fig. 8 The effect of FGM configuration on the time 

response of the center point deflection of symmetric and 

asymmetric FGM plate with temperature (∆𝑇 = +600 ℃ ) 

and without temperature. 

 

Also, the effects of various amounts of damping on the 

time response of center point deflection of asymmetric 

FGM plate with N=0.5 and with temperature ∆T =
+600 ℃  are shown in “Fig. 9ˮ. It can be seen that by 

increasing the amount of the damping coefficient, the 

amplitude of the central deflections vs. time is decreased 

and damped. Because damping causes a waste of energy 

and reduces deflection in the presence of thermal effect. 

Figure 10 illustrates the effect of the aspect ratio (L1/L2) 

of the plate on the time response of the center point 

deflection of the FGM plate under blast load with N=0.5. 

It is clear that the plate fluctuation amplitude decreases 

when increasing the aspect ratio of the plate. In 

conclusion, the plate fluctuation amplitude is in inverse 

proportion to the aspect ratio of the plate. So, in similar 

conditions, by doubling the ratio of length to width of 

the plate (ψ=2), the center deflection of the plate is 

decreased by about 70%. Therefore, for optimal design, 

the use of FGM plates with a high aspect ratio leads to 

smaller deflections against blast load and consequently 

leads to lower stress values. 

 

 
Fig. 9 The effect of various amounts of damping on the 

time response of the center point deflection of asymmetric 

FGM plate with N=0.5 and temperature (∆𝑇 = +600 ℃ ). 

 

 
Fig. 10 The effect of aspect ratio (L1/L2) of asymmetric 

FGM plate on the time response of the center point deflection 

under blast load. 
 

Figure 11 shows the effect of explosive mass on the time 

response of the center point deflection of FGM plate 

under blast load. The physical and geometric 

characteristics of the plate and the characteristics of the 

explosive loading are the same as in the previous cases, 

and only the explosive mass is different. As can be seen, 

the center point deflection amplitude of FGM plate 



47                                  Reza Azarafza et al. 

 

increases when explosive mass is increased. Amplitude 

of deflection is directly proportional to the explosive 

mass. For example, an increase in the mass of explosives 

from 0.4 to 0.7 kg leads to an increase in the central 

deflection of the plate at the peak of the first period from 

1.41 cm to 1.69 cm, which is an increase of about 20%, 

as well as an increase the mass, reduces the occurrence 

time of the peak of the domain during the first period 

from 0.0056 seconds to 0.0044 seconds. 
 

 
Fig. 11 The effect of explosive mass on the time response 

of the center point deflection of FGM plate under blast load 

with N = 0.5. 

5 CONCLUSIONS 

In this paper, the behavior and dynamic response of 

FGM plates against blast load were investigated. The 

main purpose of the reduction of deflection and 

displacement is to reduce the stresses caused by the 

explosion waves in the plates. Various factors and 

parameters are effective in increasing or decreasing the 

deflection of the plate, including the FGM material 

percentage index (N), the aspect ratio of the plate, the 

geometric structure of the FGM plate (phase gradation) 

in terms of the symmetrical or asymmetric structure, 

weight of the explosive, the distance of the explosive 

from the plate, the damping, the effects of temperature, 

etc. In the present study, these parameters were 

investigated. Finally, the following results can be 

summarized : 

A) The amplitude of the center point deflection of the 

FGM plate is less than the pure metal plates when 

exposed to the blast load and in the FGM plates, the 

deformation of symmetrical plates is smaller than the 

asymmetric plates. 

B) By applying the damping coefficient of the FGM 

plates, the  amplitude of the center point deflection is 

reduced and damped during the explosion. 

C) By increasing the aspect ratio of the FGM plate, its 

center point deflection against explosion waves reduces. 

Therefore, the use of plates with a high aspect ratio leads 

to smaller deflection and lower stress values. 
D) By increasing the volumetric index percentage of 

FGM, the center point deflection is increased.  

E) By considering the effects of thermal resultant forces 

and moments, the center point deflection is increased 

and by increasing the temperature, the center point 

deflection of the plate is increased. 
Finally, it should be noted that the theory presented in 

this study is based on the theory of elasticity, and no 

plastic deformation or fracture is considered, and it is 

assumed that the behavior of the plate remains elastic all 

the time. 
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1 INTRODUCTION 

Destructive tests are often performed to assess the 

properties of in-situ concrete for the quality control and 

assurance of concrete. However, non-destructive test 

methods are more practical and cost-effective in 

material evaluation. Changes in concrete properties 

with time and external effects could also be studied 

using non-destructive techniques; thus, it is plausible to 

assess quality assurance and quality control using non-

destructive testing [1]. 

Non-destructive method of testing concrete is used to 

obtain the compressive strength and other properties of 

concrete from existing structures and also provide 

immediate results for the strength of concrete structure 

[2]. Avoiding damage and disturbance to the 

performance of structural components of concrete are 

the main advantages of the non-destructive method, 

with quick and simple application, the test results can 

be achieved easily on the site [2-3]. Non-destructive 

tests provide an opportunity to assess many properties 

of concrete which include fundamental parameters such 

as density, elastic modulus, strength surface hardness, 

surface absorption, reinforcement location, size and 

distance from the surface. The test is also useful for 

inspecting the quality of workmanship and structural 

integrity by its ability to detect voids, cracking and 

delamination [4]. 

Since the quality of some materials can be sometimes 

related to their elastic stiffness, therefore a 

measurement of the ultrasonic pulse velocity of the 

materials can often be used to study their quality and 

determine their elastic properties [5]. 

The quality of concrete is usually specified in terms of 

strength it is therefore helpful to use ultrasonic pulse 

velocity measurements to give an estimate of concrete 

strength. The relationship between ultrasonic pulse 

velocity and strength is affected by several factors such 

as the age of the concrete, mix proportions, moisture 

condition, curing conditions, type of cement and type 

of aggregate [6]. The principle that a wave travels 

faster in denser media is applied to determine the 

quality of a material from the velocity of the wave 

which can be applied to several types of materials such 

as wood, and concrete, among others [7]. The velocity 

of an ultrasonic pulse travelling in a solid depends on 

some properties of the material such as its density and 

elastic properties. The ultrasonic wave measurement is 

a useful tool in evaluating the dynamic modulus of 

elasticity of concrete [8] and is an important factor 

when assessing the quality and performance of 

structural concrete [9-10]. The Ultrasonic Pulse 

Velocity (UPV) is a suitable parameter for estimating 

static modulus of elasticity, dynamic modulus of 

elasticity, static Poisson's ratio and dynamic Poisson's 

ratio [11]. The concrete quality, homogeneity and 

compressive strength of existing structures can also be 

evaluated by the UPV testing [12]. Therefore, empirical 

relationships may be established between the pulse 

velocity and both the dynamic and static elastic moduli 

and the strength of concrete. The strength relationship 

is influenced by several factors including the type of 

cement, cement quality, admixtures, type and size of 

the aggregate, curing conditions and age of concrete 

[4]. Concrete, as a material with a very heterogeneous 

composition owes its heterogeneity to the nature of its 

constituents (cement, sand, and gravel), their 

dimensions, geometry and/or distribution. Thus, it is 

highly possible that defects and damages could exist in 

the concretes [7], [13].  

Fine aggregates for concrete construction purposes are 

normally sourced locally and are available in natural 

deposits at various locations and along the courses of 

rivers, on the shores of lakes and the sea, and in arid 

regions, the quality of fine aggregate can vary 

significantly due to the geographic location and 

environmental condition. Fine aggregates have a great 

influence on the workability and cost of concrete, very 

coarse sands produce harsh and unworkable concrete 

mixtures, and very fine sands increase the water 

requirement and are therefore uneconomical [14]. The 

coarse aggregates commonly used are granites, trap-

rocks, gravels, limestones, sandstones, slags, and coal 

cinders. These materials differ greatly in strength, 

hardness, porosity, and available gradation of the size 

of particles [14]. 

Aggregates determine the quality and features of 

concrete and play an important role in concrete 

properties such as strength, stiffness, dimensional 

stability, durability, workability, and economy; 

therefore, the physical and chemical properties of 

aggregates are of interest [15]. Concrete is sensitive to 

the geological origin of natural aggregates, and its 

porosity plays an important role in affecting the elastic 

modulus of concrete because dense aggregates have 

better mechanical properties [15]. The modulus of 

elasticity used in concrete design computations is 

usually estimated from empirical expressions that 

assume direct dependence on the strength, unit weight 

and aggregate origin of the concrete [16]. 

Reported that the use of ultrasonic pulse velocity 

(UPV) as a non-destructive testing of concrete for 

assessment of concrete quality has been extensively 

investigated for decades and is more likely to assess the 

quality and characteristics of site concrete[17], [18] and 

described the development of pulse-echo techniques to 

permit the detection of defects and cracks from tests on 

one surface as well as the use of a vacuum coupling 

system, and the application of signal processing 

techniques to yield information about internal defects 

and features [19]. Another interesting development 
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described by [20] involves the use of rolling transmitter 

and receiver scanners which do not need any coupling 

medium; giving room for a faster and effective way of 

measuring the pulse velocity. Reported the correlation 

between UPV and compressive strength of concrete for 

some typical mixes in simultaneous measurements of 

pulse velocity and compressive strength made on 150 

mm cubes, at different ages from 1 day to 28 days, the 

result revealed a linear relationship between strength 

and velocity [21]. 

Studied the concrete setting time and concrete strength 

using the Impact-Echo method and found no difference 

in the correlation between ultrasonic velocity and 

concrete compressive strength when the water-cement 

ratio ranged from 0.57 – 0.5, whereas the aggregate 

content influenced their correlation [22]. A relationship 

between ultrasonic velocity and compressive strength 

of concrete was found [23] using different mineral 

admixtures such as high volume of fly ash (FA), Blast 

Furnace Slag (BFS) and combination of FA and BFS in 

replacement of Portland cement. The compressive 

strength and the ultrasonic pulse velocity values were 

determined at curing periods of the 3rd, 7th, 28th and 

120th days. An exponential relationship between 

compressive strength and ultrasonic pulse velocity was 

reported. 

Conducted an experimental investigation on the 

modulus of elasticity of concrete with a total of 60 

mixtures and the effects of water/cement ratio, 

aggregate type, aggregate maximum size, and fly ash 

content were investigated [24]. The modulus of 

elasticity of the concretes was obtained besides 

compressive strength and ultrasound pulse velocities of 

the concrete. A model was also proposed to predict the 

dynamic modulus of concrete; the predicted model has 

a close association with experimental test results. 

Proposed an empirical equation between UPV and 

Cube Compressive strength of Concrete which revealed 

a strong correlation between the UPV and compressive 

strength [25].  

Proposed a Non-destructive evaluation for Glass-Epoxy 

composite [26]. Impact-echo was used to investigate 

the thickness and integrity of composite plates. Four 

composite plates are made of epoxy and fibreglass with 

different thicknesses of which one comprises a 

predetermined internal flaw. The impact-Echo device 

was utilized to detect plate thickness and internal flaws. 

It was reported that the method is appropriate for 

thickness measurement and flaw detection of Epoxy-

Glass composites within acceptable accuracy. 

A warm accumulative roll bonding process (Warm- 

ARB) using Al-1060 and fine particles of Al2O3 was 

applied to produce Aluminum Metal Matrix Composite 

(AMMCs) [27]. The microstructure and mechanical 

properties of composites were studied after different 

Warm-ARB passes by tensile test, Vickers 

microhardness test and scanning electron microscopy. 

It was reported that as the ARB passes increase, the 

uniformity of clusters increases considerably and 

further submitted that the Al2O3 particles have an 

enhancing effect on the elongation after a certain 

number of passes and the tensile strength of the 

composites increases with ARB passes and enhances 

the tensile toughness of the composite with more 

passes. It was established that adding Al2O3 particles to 

AMMCs leads to an improvement of the hardness. 

Aggregate is one of the major aspects of concrete that 

is generally more plentiful, rigid, and resistant part 

which influences the ultrasonic-compressive strength 

correlation and changes the elastic properties [28-29]. 

There have been different views on the impact of 

aggregate on compressive strength of concrete, studied 

the properties of normal-strength concrete as affected 

by coarse aggregate size and demonstrated that an 

increase in aggregate size from 10 mm (3/8 in.) to 64 

mm (2½ in.) results in a decrease in the compressive 

strength of concrete, by as much as 10 per cent [30].  

Investigated changes in concrete strength for mixes 

made with various aggregate sizes and different water-

to-cement ratios and reported that an increase in 

maximum aggregate size from 19 mm (¾ in.) to 38 mm 

(1½in.) decreases the compressive strength by about 30 

per cent for water-to-cement ratios (0.40 to 0.70) [31]. 

Compared the effect of four different coarse aggregate 

types on the behaviour of normal and high-strength 

concretes [32]. It was submitted that high-strength 

coarse aggregates typically yield higher compressive 

strengths in high-strength concretes, while coarse 

aggregate strength has little effect on compressive 

strength in normal-strength concretes. Showed that 

compressive strength increases with an increase in 

coarse aggregate size [33]. Studied the effect of coarse 

aggregate size on the compressive strength and flexural 

strength of concrete and reported that the compressive 

strength of concrete increases with an increase in 

coarse aggregate sizes [34]. 

Studied the effect of aggregate type on the compressive 

strength of concrete and reported that aggregate type 

affects the compressive strength of normal concrete 

[35]. The effect of aggregate mineralogy on the 

strength of concrete was assessed by [36] who reported 

that concrete with igneous aggregate performed better, 

followed by concrete with aggregate from sedimentary 

origin while concrete with metamorphic aggregate had 

the least compressive strength. 

Aggregate sources are necessary for societal needs and 

cannot be obtained without causing environmental 

impacts. The environmental impacts can however be 

minimized by assessing different sources of aggregate 

and reducing the dependence of natural aggregate on a 

sole source of natural aggregate. Riverbed sand 

excavation has been one of the major sources of fine 
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aggregates in Southwestern Nigeria because of the 

presence of many rivers in the region as well as 

because of recommendations of riverbed sands for use 

as fine aggregate [14]. Sand washes up into drainages 

which causes their blockage and thus flooding in most 

parts of the country can be another source of fine 

aggregate. By collecting this sand for use as fine 

aggregate, flooding which is a major problem in the 

region is greatly reduced. 

The choice of fine aggregate in concrete production is 

crucial, as it influences the workability, strength, and 

durability of the resulting concrete. Riverbed sand is 

often preferred for its naturally rounded particles, while 

drainage sand, sourced locally, may offer economic 

advantages. However, the influence of these sand 

sources on the overall quality of concrete is not fully 

understood. By employing non-destructive assessment 

techniques, this study aims to investigate the qualities 

of concretes produced using riverbed sand and drainage 

channels as fine aggregate by providing a 

comprehensive analysis of concrete quality, considering 

factors such as compressive strength, ultrasonic pulse 

velocity, and other relevant parameters. 

The knowledge provided by this study can be used as a 

prerequisite for selecting suitable sand to be used as 

fine aggregate for concrete production. 

2 EXPERIMENTAL MATERIALS 

Limestone Portland cement (LPC) (42.5N) was used as 

the binder for the concrete. The cement complies with 

the relevant Nigerian Industrial Standards, [37-42]. The 

coarse aggregate used was granite obtained from a 

quarry and crushed into three different sizes 9.5 mm 

(3/8 inch), 12.5 mm (½ inch) and 19 mm (¾ inch) 

respectively with sands obtained from local drainage 

and along the bank of Ogun river used as fine aggregate 

(all aggregates were obtained in Abeokuta). Impurities 

and larger aggregates were separated from the fine 

aggregates using a 5 mm sieve [43] and sieve analysis 

was carried out on all the aggregates [44]. “Table 1” 

shows the physical properties of the aggregate used and 

“Figs. 1 and 2” show the sieve analysis for the coarse 

and fine aggregates, respectively. 
 

Table 1 Physical properties of coarse aggregates 

Material 
Density 

(g/cm3) 
Fineness Modulus 

Granite 2.67 - 

Drainage sand 1.53 2.51 

Ogun riverbed sand 1.65 2.58 

 

The water of drinkable quality was used for mixing the 

concrete constituents with a mix ratio of 1: 1½: 3 [45] 

and a water-cement ratio of 0.55 for non-air entrained 

concretes for compressive strength of 30MPa. There 

were six sample types [1GO (3/8 inch granite and Ogun 

riverbed sand), 1GL (3/8 inch granite and local 

drainage sand), 2GO (½ inch granite and Ogun riverbed 

sand), 2GL (½ inch granite and local drainage sand), 

3GO (¾ inch granite and Ogun riverbed sand) and 3GL 

(¾ inch granite and local drainage sand)]. Each sample 

was cast in a metal cube mould (150 mm) to produce 

ten standard concrete cubes (150 × 150 × 150 mm) for 

each sample type. The samples were initially cured in 

the air for 24 hours. The moulds were removed and 

concrete cubes were immersed in a curing tank 

containing clean water for 28 days [46]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Coarse aggregate particle size distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 Fine aggregate particle size distribution. 

3 EXPERIMENTAL METHOD 

Ten similar sample specimens were made for each 

sample type to guarantee statistical validity. Statistical 

analysis was performed on the ultrasonic pulse velocity 

for each measurement day, the parameters calculated 

were; mean, standard deviation, coefficient of variation 

and p-value. 
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3.1. Ultrasonic Pulse Velocity (UPV) 

UPV test, as one of the non-destructive tests, operates 

by sending high-frequency elastic waves into a medium 

and the travel time for the pulse to propagate through 

the medium is measured [47]. Pundit lab+ equipment 

was used to measure ultrasonic pulse velocities through 

the concrete samples, the pulse was generated by a 

transmitter and received by a receiver (“Fig. 3”) using 

the direct transmission mode because the transfer of 

energy between transducers is at its maximum and the 

accuracy of the path length measurement is principally 

governed by the accuracy of velocity determination. 

The pulse velocity (v) can be calculated when the 

measured time (t) and the path length (L) are known as 

follows: 

 

V⁼L/t                                                                       (1) 

 

 
Fig. 3 Pundit Lab+ Equipment. 

 

“Table 2” shows the use of UPV to classify the quality 

of concrete. The ultrasonic wave velocity measurement 

was taken on each concrete cube five times at a weekly 

interval for 28 days. The concrete cube samples were 

removed from the curing tank; the water was allowed to 

drain before subjecting each cube to an ultrasonic pulse 

velocity test [48-49]. 

 
Table 2 Quality of concrete as a function of the Ultrasonic 

Pulse Velocity (UPV) 

UPV 

(km/sec) 

Above 

4.5 

3.5 

to 

4.5 

3.0 to 

3.5 

2.0 

to 

3.0 

Below 

2.0 

Concrete 

Quality 

Excellent 

(E)  

Good 

(G) 

Medium 

(M) 

Poor 

(P) 

Very 

Poor 

(V.P) 

Source [25]. 

3.2. Compressive strength 

The compressive strength of five concrete cubes from 

each sample type was determined on the 7th day while 

the compressive strength of another three concrete 

cubes from each sample type was determined on the 

28th day using the hydraulic universal testing machine 

(WE 1000B). 

3.3. Statistical Distribution 

Kolmogorov-Smirnov and Shapiro-Wilk goodness-of-

fit tests were applied to all the cases to check if the data 

can be modelled statistically following a normal 

distribution using the mean and standard deviation for 

the Kolmogorov-Smirnov test and distribution around 

the minimum and maximum values for the Shapiro-

Wilk test. The proposed null hypothesis (H01) stated 

that "the means obtained from experimental 

observations data of Ultrasonic Pulse Velocity (UPV) 

behaved according to a normal distribution", and the 

Alternate Hypothesis (HA1) stated that "the means of 

the data does not behave according to a normal 

distribution". The p-value represented the probability of 

rejecting the null hypothesis, the smaller the p-value, 

the smaller the probability that there will be an error in 

the hypothesis. A recommended value often used is 

0.05 which implies that the hypothesis should be 

rejected when the p-value is less than 0.05. The level of 

skewness and kurtosis of the distributions was also 

determined. A rule of thumb for interpreting skewness 

suggests that if the skewness is less than −1 or greater 

than +1, the distribution is highly skewed, if it is 

between −1 and −0.5, or between +0.5 and +1, the 

distribution is moderately skewed, however, the 

skewness is approximately symmetric if it is between 

−0.5 and +0.5. For the kurtosis, when the excess 

kurtosis is greater than 0, the distribution is platykurtic 

but leptokurtic when the excess kurtosis is less than 0 

[50]. 

4 RESULTS AND DISCUSSION 

4.1. Statistical Distribution 

The statistical distribution analyses (“Table 3”) 

revealed that all samples' UPV measurements behaved 

according to a normal distribution when subjected to 

the Kolmogorov-Smirnov normality test for all the 

measurement days. When subjected to the Shapiro-

Wilk normality test, sample 1GL UPV behaved 

according to a normal distribution only on day 28 while 

that of 1GO deviated from a normal distribution only 

on day 28, sample 2GL's UPV deviated from normal 

distribution only on day 7 but 2GO behaved as a 

normal distribution throughout the measurement days, 

the UPV of sample 3GL deviated from normal 

distribution only on day 7 while sample 3GO's UPV 

also behaved according to a normal distribution 

throughout the measurement days.  

Although some of the samples' p-value values were less 

than 0.05 (statistically significant) with the Shapiro-

Wilk normality test, all sample distributions were 



 Int.  J.   Advanced Design and Manufacturing Technology             54 

  

however normally distributed when subjected to the Kolmogorov-Smirnov uniformity test.  
 

Table 3 Statistical distribution test for the UPV measurements 

Sample  Mean ± sd Skewness Kurtosis  

Goodness-of-fit test (Normality) 

Sample size = 10          D5% = 0.409 

Kolmogorov-Smirnov Shapiro-Wilk 

Dmax P-value Remark  P-value Remark  

Day 1         

1GL 3923±250 0.163 -2.050 0.288 0.378 Normal 0.039 Not Normal 

1GO 3408±87 0.608 -1.255 0.243 0.594 Normal 0.072 Normal 

2GL 3747±51 -1.545 2.617 0.147 0.982 Normal 0.511 Normal 

2GO 3435±58 -0.100 -0.227 0.205 0.792 Normal 0.172 Normal 

3GL 3920±104 -0.545 -0.828 0.201 0.815 Normal 0.481 Normal 

3GO 3656±148 0.045 -1.440 0.148 0.981 Normal 0.601 Normal 

Day 7         

1GL 4170±101 -1.545 2.617 0.201 0.816 Normal 0.045 Not Normal 

1GO 4170±68 -0.100 -0.227 0.187 0.895 Normal 0.866 Normal 

2GL 4218±90 -0.665 -1.487 0.281 0.407 Normal 0.020 Not Normal 

2GO 4206±75 -0.053 -0.618 0.130 0.996 Normal 0.962 Normal 

3GL 4187±57 -2.050 5.317 0.292 0.363 Normal 0.007 Not Normal 

3GO 4251±45 -0.312 -0.822 0.142 0.988 Normal 0.562 Normal 

Day 14         

1GL 4208±51 2.100 4.470 0.370 0.500 Normal 0.008 Not Normal 

1GO 4150±58 0.975 1.892 0.255 0.902 Normal 0.651 Normal 

2GL 4238±51 0.199 -0.644 0.150 1.000 Normal 0.956 Normal 

2GO 4233±50 -0.276 -1.141 0.207 0.983 Normal 0.629 Normal 

3GL 4363±76 1.486 2.461 0.284 0.814 Normal 0.245 Normal 

3GO 4370±81 0.378 -1.376 0.235 0.945 Normal 0.753 Normal 

Day 21         

1GL 4268±90 4.470 2.100 0.352 0.569 Normal 0.012 Not Normal 

1GO 4236±97 1.892 0.975 0.294 0.782 Normal 0.172 Normal 

2GL 4378±50 -1.142 0.409 0.192 0.993 Normal 0.717 Normal 

2GO 4274±69 -0.471 -0.055 0.115 1.000 Normal 0.999 Normal 

3GL 4530±103 0.261 0.847 0.169 0.999 Normal 0.765 Normal 

3GO 4519±176 1.036 -0.802 0.204 0.986 Normal 0.840 Normal 

Day 28         

1GL 4408±50 -0.664 0.816 0.246 0.923 Normal 0.594 Normal 

1GO 4375±62 3.124 1.808 0.314 0.708 Normal 0.023 Not Normal 

2GL 4420±82 -0.372 0.323 0.136 1.000 Normal 0.988 Normal 

2GO 4412±46 0.241 0.062 0.158 1.000 Normal 0.983 Normal 

3GL 4536±74 -2.137 0.012 0.211 0.979 Normal 0.645 Normal 

3GO 4624±84 -3.186 -0.579 0.325 0.665 Normal 0.058 Normal 



55                                  Aderemi. A. Alabi et al. 

  

 

Also, when the strength of concrete does not exceed 70 

MPa, the normal distribution is appropriate in most 

cases [51]. Therefore, from a general point of view, it is 

convenient to accept the initially proposed hypothesis 

that 'the experimental data follows a normal 

distribution'. 

4.2. Quality Assessment of Concrete Samples 

The samples' quality assessment result (“Table 4”) 

shows that all samples made with local drainage fine 

aggregate were of good quality on the first day of 

measurement, samples made with Ogun riverbed 

sand were of medium quality except the sample 

which, was made with 19.5 mm aggregate size, the 

samples were all of the good quality on day 7 and 

remained good quality till day 28 but samples made 

with 19.5mm aggregate size achieved excellent 

quality on day 21. The samples' quality comparison 

revealed that all the concretes' quality increases with 

age, ANOVA was however used to determine if there 

were statistical differences between the samples' 

quality for each age (“Table 5”).  

 
Table 4 Samples’ quality assessment 

Sample 

DAY 1 DAY 7 DAY 14 DAY 21 DAY 28 

 UPV 

(m/s) 
Quality  

UPV 

(m/s) 
Quality 

UPV 

(m/s) 
Quality 

UPV 

(m/s) 
Quality 

UPV 

(m/s) 
Quality 

1GL 3923 G 4170 G 4208 G 4268 G 4408 G 

1GO 3408 M 4170 G 4150 G 4236 G 4375 G 

2GL 3747 G 4218 G 4238 G 4378 G 4420 G 

2GO 3435 M 4206 G 4233 G 4274 G 4412 G 

3GL 3920 G 4187 G 4363 G 4530 E 4536 E 

3GO 3656 G 4251 G 4370 G 4519 E 4624 E 

 

 

Table 5 ANOVA result of statistical comparison of samples’ qualities 

Aggregate size 9.5mm 12.5mm size 19mm size 

Day 1 SSD SSD SSD 

 
F(2,27) = 37.98, 

p = 0.000 

F(2,27) = 162.71, 

p = 0.000 

F(2,27) = 21.34, 

p = 0.000 

Day 7 NSSD NSSD SSD 

 
F(2,27) = 0.00, 

p = 0.998 

F(2,27) = 0.11, 

p = 0.741 

F(2,27) = 7.76, 

p = 0.012 

Day 14 NSSD NSSD NSSD 

 
F(2,12) = 2.78, 

p = 0.134; 

F(2,12) = 0.03, 

p = 0.875 

F(2,12) = 0.02, 

p = 0.891 

Day 21 NSSD SSD NSSD 

 
F(2,12) = 0.31, 

p = 0.592 

F(2,12) = 7.33, 

p = 0.027 

F(2,12) = 0.01, 

p = 0.909 

Day 28 NSSD NSSD NSSD 

 
F(2,12) = 0.86, 

p = 0.380; 

F(2,12) = 0.04, 

p = 0.843 

F(2,12) = 3.10, 

p = 0.116 

 
 
 

On day 1, the comparison revealed that there was a 

statistically significant difference between the 

quality of samples made with local drainage fine 

aggregate and Ogun riverbed fine aggregate for all 

aggregate sizes. Samples made with local drainage 

fine aggregate were statistically significantly of 

higher quality (3923±250, 3747±51 and 3920±104) 

than samples made with Ogun riverbed sand fine 

aggregate (3408±87, 3435±58 and 3656±148). On 

the 7th day, there was no statistically significant 
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difference between the quality of samples for 9.5 

mm size and 12.5 mm size granite coarse aggregates, 

however, samples made with local drainage fine 

aggregate were statistically significantly of lower 

quality (4187±57) than the samples made with Ogun 

riverbed fine aggregate (4251±45) for the 19 mm 

granite coarse aggregates size. No statistically 

significant difference was observed between the 

samples' qualities on the 14th day. On the 21st day, a 

statistically significant difference was only observed 

between the qualities of samples made with 12.5 mm 

aggregate size, the local drainage fine aggregate 

(4378±90) sample was statistically significantly of 

higher quality than the samples made with Ogun 

riverbed fine aggregate (4274±69). There was no 

statistically significant difference between the 

qualities of the samples on the 28th day. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

Fig. 4 Relationship between UPV and fc for local drainage 

sand (Day 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 5 Relationship between UPV and fc for Ogun 

riverbed sand (Day 7). 

4.3. Compressive Strength Determination 

The results of the measured compressive tests (fc) 

were determined by averaging the result of crushing 

five specimens on the 7th day and 3 specimens on 

the 28th day and used to obtain a relationship 

between UPV and compressive strength (Figs. 4-7), 

an exponential relationship was proposed for both 

day 7 and day 28 in “Table 6” which was used to 

determine the predicted compressive strength (fcp) 

(“Table 7”) of the samples. The predicted 

compressive strength was compared with the 

measured compressive strength and the percentage 

variations wase within the allowable ±20 per cent 

variation [52]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Relationship between UPV and fc for local drainage 

sand (Day 28). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 7 Relationship between UPV and fc for Ogun 

riverbed sand (Day 28). 
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Table 6 The proposed exponential relationship between UPV and compressive strength 

 Day 7 Day 28 

Sample Equation R2 Equation R2 

1GL fc = 1.5874e0.0006Vp 0.628 fc = 0.6108e0.0009Vp 0.911 

1GO fc = 0.1492e0.0012Vp 0.911 fc = 2.2803e0.0006Vp 0.883 

2GL fc=0.5231e0.0009Vp 0.546 fc = 1.3394e0.0007Vp 0.839 

2GO fc = 7E-05e0.003Vp 0.691 fc = 4.6251e0.0004Vp 0.997 

3GL fc = 0.0002e0.0028Vp 0.977 fc = 0.7789e0.0008Vp 0.991 

3GO fc = 1E-05e0.0034Vp 0.932 fc = 1E-05e0.0031Vp 0.825 

 
Table 7 Variation between measured compressive strengths and estimated compressive strengths 

 Day 7 Day 28 

Sample fc (MPa) fcp (MPa) % Var fc (MPa) fcp (MPa) % Var 

1GL 20.84±1.07 19.41±1.13 -6.86 29.10±1.21 32.30±1.47 11.00 

1GO 19.45±1.35 22.29±1.82 +14.60 29.51±1.34 31.5±1.19 6.74 

2GL 19.34±1.91 23.37±1.86 +20.84 28.27±1.71 29.60±1.70 4.70 

2GO 18.74±2.65 21.61±4.85 +15.31 30.67±0.39 27.07±0.50 -11.74 

3GL 20.59±0.99 24.94±3.52 +21.13 28.68±2.26 29.37±1.74 2.41 

3GO 19.52±1.99 19.10±2.84 -2.15 28.71±1.16 23.17±4.21 -19.30 

 

 

5 CONCLUSIONS 

In conclusion, the non-destructive assessment of 

concrete quality produced with riverbed sand and 

drainage sand using three different aggregate sizes 

yielded valuable insights into the performance of the 

concrete. The findings can be summarized as follows: 

1. The study demonstrated the effectiveness of non-

destructive assessment methods in evaluating the 

quality of concrete. Non-destructive techniques, such as 

ultrasonic pulse velocity, proved to be reliable tools for 

characterizing concrete properties without causing 

damage to the structure.  

2. The quality of concrete samples was predominantly 

'Good' at early ages, with a consistent improvement 

observed as the concrete aged. This suggests a positive 

correlation between concrete quality and curing time. 

3. Concrete samples made with local drainage sand 

exhibited better quality compared to other sources. This 

indicates that the choice of fine aggregate source can 

significantly influence the overall quality of the 

concrete. 

4. Despite variations in aggregate sources and sizes, 

there were generally no statistically significant 

differences detected in the quality of the concrete 

samples. This suggests that factors other than the ones 

investigated might be influencing concrete quality. 

5. The study did not reveal a clear effect of both sand 

sources and aggregate size on the compressive strength 

of the concrete samples. This implies that factors 

beyond the chosen parameters might be more 

influential in determining compressive strength. 

6. The relationship observed between compressive 

strength and ultrasonic pulse velocity suggests a 

potential method for estimating the compressive 

strength of similar concrete compositions. This finding 

could have practical applications in non-destructive 

testing. 

7. The proposed equations for estimating compressive 

strength based on ultrasonic pulse velocity 

demonstrated reliability, with estimated values falling 

within the acceptable ±20% variation range. This 

strengthens the utility of these equations for practical 

applications. 

8. The non-destructive assessments revealed that 

concrete produced with riverbed sand and drainage 

sand as fine aggregates exhibited comparable quality. 

This suggests that, at least within the parameters 

investigated, both sand sources can yield concrete of 

similar structural integrity, the choice between these 

two sand sources may not significantly impact concrete 

performance. 

In summary, the non-destructive assessment of concrete 

quality with riverbed sand and drainage sand as fine 

aggregates demonstrates the reliability of these 

methods in evaluating structural properties. The study 

supports the notion that both sand sources can produce 

concrete of comparable quality, emphasizing the 

importance of considering non-destructive techniques 

for quality control and monitoring in concrete 

construction. 
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Abstract: The brake system must be reliable and display unchanging action throughout 

its use, as it guards the health and life of many people. Properly matched friction pair, a 

drum, and a brake pad have a great impact on these factors. The brake pads are far more 

complex components. New technologies make it possible to develop materials with 

various compositions and different proportions and connect them permanently in fully 

controllable processes. This elaboration shows that all these factors have a greater or 

lesser impact on the coefficient of friction, resistance to friction wear and high 

temperature, and the brake pad’s operating life.  The friction materials are required to 

provide a stable coefficient of friction and a low wear rate at various operating speeds, 

pressures, temperatures, and environmental conditions. The aim of this work is therefore 

to investigate the possibility of using a Finite Element Analysis (FEA) approach to 

evaluate the braking performance of a heavy-duty elevator with different non-

conventional pad materials including Composite Carbon fiber reinforced, Composite 

Epoxy SMC and SiC (silicon carbide). The results show that the performance of SiC 

(silicon carbide) is better than two other materials. In the braking system with SiC, the 

required time for stoppage of the system is lower than two other materials.  
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1 INTRODUCTION 

Brakes are one of the most important components of the 

elevators. The brake system must be reliable and display 

unchanging action throughout its use, as it guards the 

health and life of many people. The term drum brake 

usually means a brake in which shoes press on the 

inner/outer surface of the drum. When shoes press on the 

outside of the drum, it is usually called a clasp brake. 

Drum brake components include the backing plate, brake 

drum, shoe, wheel cylinder, and various springs and pins. 

In operation, the brake shoe of an external contracting 

brake is tightened around the rotating drum by moving 

the brake lever. The brake shoe carries the brake lining, 

which is riveted or glued to the shoe. When the brake is 

applied, the shoe moves and presses the lining against the 

inside of the drum. The friction between the lining and 

drum provides the braking effort. Energy is dissipated as 

heat. In most elevators (as in this project), the external 

shoe brake system is applied. Figure 1 shows some 

external shoe brakes and different pad linings. 

In the past two decades, asbestos has become a popular 

ingredient used to produce brake pads, due to its strength, 

resistance to heat and fire-proof. Since the 1980s, 

asbestos has been known as a harmful content and was 

banned from being used as an ingredient to produce brake 

pads. Therefore, non-asbestos contents like Kevlar 

(aramid fiber), glass fiber, and graphite were used to 

replace the asbestos.  

More than 10 different constituents are usually contained 

in a frictional brake pad. These constituents often contain 

binder resin, reinforcing fibers, solid lubricants, 

abrasives, wear resistance, and other friction modifiers. 

Binder resin and reinforcing fibers used in friction 

materials have a substantial influence in determining 

friction characteristics. For improved physical strength 

and friction performance, the friction materials usually 

contain two or three different fibers from metallic, 

ceramic, glass, acrylic, and other fiber. New technologies 

make it possible to develop materials with various 

compositions and different proportions and connect them 

permanently in fully controllable processes. The friction 

materials are required to provide a stable coefficient of 

friction and a low wear rate at various operating speeds, 

pressures, temperatures, and environmental conditions. 

Furthermore, these materials must also be compatible 

with the rotor material to reduce its extensive wear, 

vibration, and noise during braking. Therefore, 

improving the design of a brake system is a significant 

practical problem. Shoe brake devices are simple in 

design and have cost advantages. Ma et al. developed an 

elevator safety gear braking testing rig based on the disc-

pad braking model in principles of energy equivalent and 

speed equivalent to evaluate the braking behavior of short 

carbon fiber (SCF) reinforced carbon/carbon (C/C) 

composite and Cu-based powder metallurgy (P/M) 

material [1]. 

 
Fig. 1 External shoe brakes and linings. 

 

El-Hija et al. developed Novel C/C–SiC materials for 

their use as brake pads for high-speed elevators. Under 

dynamic and stationary conditions, these materials 

exhibit high thermal shock resistance, high coefficients 

of friction, and extremely low wear rates. In addition, it 

has been found that the SiC content of the C/C–SiC 

materials on the friction surface heavily influences the 

frictional behaviour [2]. Liew et al. studied the 

tribological properties difference of potentially newly 

designed non-commercial brake pad materials with and 

without asbestos under various speeds and nominal 

contact pressure. The two fabricated non-commercial 

asbestos brake pad (ABP) and non-asbestos brake pad 

(NABP) materials were tested and compared with a 

Selected Commercial Brake Pad (CMBP) material using 

a pin-on-disc tribo-test-rig under dry contact conditions. 

Results showed that friction coefficients for all materials 

were insensitive to increasing speed and pressure [3]. 

Borawski published a review article in which he 

mentioned and investigated the kinds of material for the 

braking system. His review collects the most important, 
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and the most unconventional materials used in the 

production of brake pads, and characterizes their impact 

on the tribological properties of pads. According to his 

review, the brake system must be reliable and display 

unchanging action throughout its use, as it guards the 

health and life of many people. Properly matched friction 

pair, a disc and brake pad (in disc brakes), have a great 

impact on these factors [4]. Applying FEM methods has 

been very common among researchers [5-8], for 

example, Riva et al., investigated the possibility to use a 

Finite Element Analysis (FEA) approach combined with 

a COF pv-map to compute the global COF of a disc brake 

system. The local COF is determined from a pv-map for 

each local sliding velocity and contact pressure 

determined by the FEA. Results obtained by the 

simulation are compared with dyno bench test of the 

same brake system to investigate the validity of the 

simulation approach. Results show that the simulation is 

perfectly in line with the experimental measurements in 

terms of in-stop COF development, but slightly higher 

with a positive offset for every braking [9]. Günay et al., 

recommended research and development studies based 

on finite element modeling and prototype manufacturing 

in order to produce high-efficiency and safety brake 

systems compatible with rail system vehicles [10]. Verma 

et al. focused on the tribological behaviour of a 

commercial friction pad material dry sliding against a 

cast iron disc. Pin-on-disc tests were conducted at room 

temperature under mild wear conditions, as concerns load 

and rotating speed. The effect of some components of pad 

material, in particular copper, on the dynamic of 

formation of tribological layer and wear debris was 

presented [11]. By applying finishing methods, the 

surface integrity of manufactured pads can be improved 

[12-16]. Dmitriev et al. established a model typical for 

contact situations of automotive brakes based on the 

method of movable cellular automata [17]. Nouby et al. 

presented an FE model of the disc brake corner that 

includes the wheel hub and steering knuckle. Their model 

was an extension of earlier FE disc brake models. 

Experimental modal analysis of the disc brake system 

was initially used to validate the FE model [18]. By 

appearing advanced manufacturing methods such as 

modern machining, new pads with advanced materials 

have been manufactured [19-23]. Yevtushenko et al. 

carried out Finite Element Analysis (FEA) of a single 

braking process for the axisymmetric heat conduction 

problem of friction in a pad/disc brake system in the 

present article. Two materials of the pad FC-16L (retinax 

A) and FMC-11 (metal ceramic) and one material of the 

disc (cast iron) were analyzed in their study [24]. Talati 

et al. extracted the governing heat Equations for the disk 

and the pad in the form of transient heat Equations with 

heat generation that is dependent on time and space. The 

problem is solved analytically using Green’s function 

approach [25]. Yevtushenko et al. studied the influence 

of nine various (experimental and theoretical) formulas 

for heat partition ratio on temperature in a pad/ disc 

tribosystem. The real dimensions, operating conditions, 

and thermophysical properties of materials of two 

different disc brake systems were adopted for the finite 

element analysis [26]. Shanker reviewed different 

braking methods and procedures used in the study of 

automotive braking system. It covers types of braking 

systems, material properties and different types of 

materials used in the manufacturing of especially disc 

brakes [27]. Lu et al. tested a brake pad material used in 

a popular, commercially available vehicle that consisted 

of steel wool, iron powder, graphite, coke, styrene–

butadiene rubber, MgO, BaSO4, and phenolic resin with 

the friction assessment and screening test. Their material 

exhibited an average friction coefficient of 0.419 and a 

low total wear of 6.25wt% [28].  

In this study, the effects of the brake pad materials on the 

braking system performance are investigated via FEM 

simulation. In this case, some different materials of brake 

pads including modern materials including Composite 

Carbon fiber reinforced, Composite Epoxy SMC and SiC 

(silicon carbide) are selected, then, their properties are 

extracted from their manufacturer catalogues as well as 

related papers. The brake system is modelled in a CAD 

software (SolidWorks) and the FEM simulation is 

performed in Ansys software. The performance of the 

brake system is compared by different pad materials and 

the proper pad material is introduced.  

2 MATERIALS AND METHODS 

In this study, the simulations are performed in Ansys 

software 2022. The initial model was designed via 

SolidWorks software and then was imported in the Ansys 

software according to “Fig. 2”. The model contains 

braking system parts including brake pads, shaft, lever, 

pulley and link. 

In this project, non-conventional (modern) materials 

were used for the brake pads including Composite 

Carbon fiber reinforced, Composite Epoxy SMC and SiC 

(silicon carbide). These materials were selected due to 

their growing applications in the braking pad. The 

properties of selected pads materials are demonstrated at 

the “Table 1”. 

To analyze this problem in Ansys, three modules can be 

used: rigid dynamic, static structural and transient 

structural. In the present study, the third module - 

transient structural- has been applied. Transient structural 

module is proper for problems with high deflection as 

well as high velocity. This module also has a higher 

analysis rate. In the next step, the materials should be 

defined. The shaft material was defined as a structural 

steel with a yield stress equal to 25 MPa.  
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Fig. 2 Initial model of braking system. 

 
Table 1 Properties of Composite Carbon fiber reinforced, 

Composite Epoxy SMC and SiC 

 Materials 

Properties 
SMC 

Carbon 

fiber 
SiC 

Denisty 1.47e-6 
3kg/mm 

1.7e-6 
3kg/mm 

33.1 kg/mm 

Young’s 

Modulus 

57810 MPa 94870 MPa 410000 

Mpa 

Poisson’s 

Ratio 

0.303 0.319 0.14 

Bulk Modulus 49033 MPa 87745 MPa 3900 Mpa 

Shear Modulus 22175 MPa 35941 MPa 55000 MPa 

Ultimate 

Strength 

261 MPa 503 MPa 1020 MPa 

Yield Strength 249 MPa 503 MPa 1015 MPa 

Thermal 

Conductivity 

0.00046 

W/mm.C 

0.026 

W/mm.C 

0.12 

W/mm.C 

 

In the next step, connections among parts in the 

Connection module were defined. In the other world, the 

boundary conditions were set. According to “Fig. 3”, the 

holder is fixed and the shaft can rotate in the centre of it. 

In addition, the motion of the pad is defined. In this way, 

when forces are imposed on the lever, the movement of 

the lever leads to the movement of the pad and contact of 

the pad to the shaft. 

In the Contact module, the action and reaction of parts 

when colliding with each other are defined. In this 

section, if no contact is defined between two parts, these 

two parts pass through each other. Therefore, three kinds 

of contacts can be defined among parts: frictional, 

sticking, and no frictional. In the present project, the 

frictional contact between the shaft and pads was defined. 

It is worth mentioning that the Coefficient of Friction 

CoF is not constant and depends on the velocity of the 

shaft and the temperature. Precisely defining the CoF is 

not easy, and many surveys have been conducted to 

measure it. For example, “Fig. 4” shows the results of a 

study in which the CoF was measured in different 

conditions [22]. Anyway, in the present study, the CoF is 

presumed constant for each material and independent of 

speed. 

 

 

 
Fig. 3 Boundary conditions. 

 

 
Fig. 4 Coefficient of friction versus speed in some 

materials [22]. 
 

The Meshing is defined in the Mesh module. According 

to “Fig. 5”, meshing was performed between the shaft 

and the pad’s halves. Here, due to the significance of the 

shaft and pads, these parts have fine mesh sizes; despite 

the other parts such as the pulley and links which have 

larger mesh sizes. If the mesh size of the whole of the 



65                                  Mohammad Sajjad Mahdieh et al. 

  

mechanism is identical, the run time increases 

dramatically. The mesh size is 15mm and it is a 2D 

(surface mesh) type. In addition, the mesh control was 

applied to investigate the convergence of the results. 

 

 
 

Fig. 5 Meshed part. 

3 RESULTS & DISCUSSIONS 

In this study, the effects of the brake pad materials on the 

braking system performance were investigated via FEM. 

The results are as follows. According to “Fig. 6”, the 

whole braking system was stress analyzed and, the 

maximum stress imposed on brake pads and the shaft was 

obtained. 

 

 
 

Fig. 6 Stress analyzed of braking system 

 

Figure 7 shows the stress on the shaft for the carbon fiber 

pad’s material. As it is obvious, the maximum stress on 

the shaft with this pad’s material is 84MPa. Figure 8 

demonstrates the stress on the shaft for the SMC pad’s 

material. As it is clear, the maximum stress on the shaft 

with this pad’s material is 54MPa which is lower than 

carbon fiber. The maximum stress on the pads with 

carbon fiber pad material is about 455MPa which is 

shown in “Fig. 9”. In addition, the maximum stress on the 

pads with SMC pad material is about 301MPa (“Fig. 

10”). The stresses on pads are very high and result in an 

increase in the temperature of pads and consequently 

increase in their abrasion. 

 

  
 

Fig. 7 Stress on the shaft (carbon fiber pad). 

 

 
 

Fig. 8 Stress on the shaft (SMC pad). 

 

 
 

Fig. 9 Stress on the pads (carbon fiber pad) 

 

 
 

Fig. 10 Stress on the pads (SMC pad). 
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The strain imposed on the braking system (pads, links and 

levers) was obtained as well and is shown in “Fig. 11” 

(for carbon fiber pad’s material) and in “Fig. 12” (SMC 

pad’s material). The maximum strain was 0.004 mm/mm 

for both materials which implies the stiffness of the 

braking system. 

 

 
Fig. 11 Strain of the pads and levers (carbon fiber pad). 

 

 
Fig. 12 Strain of the pads and levers (SMC pad). 

 

In “Fig. 13”, the velocity contour and in “Fig. 14”, the 

acceleration contour are demonstrated. The acceleration 

and velocity of the rotating elements further from the 

center are more than those located at the center of 

rotation. In addition, in “Fig. 15”, the total displacement 

of the elements that occurred during the braking action is 

shown. The total displacement of the external elements 

of the pulley is maximum and equals 30cm. 

 

 
Fig. 13 Velocity contour. 

 
Fig. 14 Acceleration contour. 

 

 
Fig. 15 Total displacement. 

 

In “Fig. 16”, the diagram of the negative acceleration of 

the braking system for fiber carbon pad material is 

shown. according to this diagram, the system stops after 

0.5s, which is acceptable. As it was mentioned before, the 

initial rotary speed of the shaft was 10m/s. In addition, as 

“Fig. 17” shows, the stresses imposed on the system 

increase dramatically during the braking period. 

 

 
Fig. 16 Negative acceleration of the braking system for fiber 

carbon pad. 

 

In the “Fig. 18”, the performance of three pad materials 

is compared. To investigate the performance of the pad 

material, the negative acceleration, negative velocity, and 

the increase in stress during the braking period are 

analyzed.  
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Fig. 17 Stresses imposed on the system during braking 

period for fiber carbon pad. 

 

 

 

 

 
Fig. 18 Comparison performance of three pad materials 

(Stress, Velocity and Acceleration). 

Accordingly, the performance of SiC (silicon carbide) is 

better than two other materials. In the braking system 

with SiC, the required time for stoppage of the system is 

lower than two other materials.  In addition, the 

performance of SMC is better than Composite Carbon 

fiber reinforced. 

4 CONCLUSIONS 

In this study, the effects of the brake pad materials on the 

braking system performance were investigated via FEM 

simulation. The following conclusions can be drawn from 

the present work: 

• The maximum stress on the shaft with carbon fiber 

pad material was 84MPa. 

• The maximum stress on the shaft with the SMC 

pad material was 54MPa which was lower than 

carbon fiber. 

• The maximum stress on the pads with carbon fiber 

pad material was about 455MPa. 

• The maximum stress on the pads with SMC pad 

material was about 301MPa.  

• The stresses on pads were very high resulting in an 

increase in the temperature of pads and 

consequently increase in their abrasion. 

• The strain imposed on the braking system (pads, 

links, and levers) was obtained as well. 

• The maximum strain was approximately 0.004 

mm/mm for both materials which implies the 

stiffness of the braking system. 
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Abstract: The attractive mechanical properties of 7075 alloy, such as its high strength-to-weight 

ratio and fracture toughness, have received special attention in the automotive and aerospace 

industries. However, welding as a fabrication process has a detrimental effect on this alloy’s 

properties which affects its mechanical performance. In this work, to compensate for the loss in 

mechanical properties caused by welding, proper heat treatment operations are adopted. To this 

end, 1.5 mm AA7075 sheets were first preheated and butt welded using the gas tungsten arc 

welding process. The welded sample was solution heat treated, quenched, and then artificially 

aged. Microhardness tests showed an increase of hardness in all zones of the aged specimen 

compared to those of the original welded blank before heat treatment. A maximum 

microhardness value of 180 HV was recorded in the heat-affected zone of the aged specimen. In 

addition, elongation at break, and strength (yield, tensile, and fracture) of the original welded 

blank increased by about 50% after the artificial aging operation.  

Keywords: AA7075, Mechanical Properties, Post-Weld Heat Treatment, TIG Welding  

Biographical notes: Alireza Jalil is a PhD student in the field of manufacturing engineering at 

Shahid Rajaee Teacher Training University, Tehran, Iran. He received his MSc from Shahid 

Rajaee Teacher Training University in 2014.  Nasrollah Bani Mostafa Arab is an Associate 

professor of Mechanical Engineering at Shahid Rajaee Teacher Training University, Iran.  He 

received his PhD from IIT Delhi, India, in 1993. Malek Naderi is a Professor in the Department 

of Mining and Metallurgical Engineering, at Amirkabir University of Technology, Tehran, Iran. 

He received his PhD from RWTH Aachen University in Germany, in 2007. Yaqoub Dadgar 

Asl is an assistant professor in the Department of Mechanical Engineering at Technical and 

Vocational University, Iran. He received his PostDoc in mechanical engineering from Pusan 

National University, South Korea, in 2019. 
 

 

https://creativecommons.org/licenses/by/4.0/
mailto:ar.jalil@sru.ac.ir
mailto:n.arab@sru.ac.ir
mailto:mnaderi@aut.ac.ir
mailto:ydadgar@tvu.ac.ir


 Int.  J.   Advanced Design and Manufacturing Technology             70 

  

 

1 INTRODUCTION 

The environmental concerns and requirements of 

greenhouse gas emissions have led transportation 

industries to lightweight products. Aluminum alloys as a 

subset of lightweight materials are abundantly used in 

automotive and aircraft structures due to their low density, 

high strength-to-weight ratio, and good corrosion 

resistance [1]. Among aluminum alloys, the AA7075 

alloy with precipitates of Mg2Zn and Al2CuMg phases 

presents the strength and stiffness required for the body in 

white (BIW) in aerospace and automotive industries [2]. 

This alloy is a precipitate-strengthened alloy with the 

additions of zinc, magnesium, and copper alloying 

elements.  

The Solution Heat Treatment (SHT) process on 7075 Al 

alloy as a heat-treatable Al−Zn−Mg−Cu alloy, influences 

the content and distribution of the coarse secondary 

phases and the evolution of the microstructure, thus 

leading to a change in the mechanical properties of the 

alloy. The distribution and size of precipitates mainly 

depend on the SHT process. Hence, a suitable SHT 

condition is important to gain proper mechanical 

properties. It has also been reported that aging is the most 

preferred method to improve the hardness and strength of 

AA7075 [3]. During aging, precipitation occurs in a 

super-saturated aluminum solid solution, and then the 

alloy's hardness and strength increase [4]. Aging is the 

precipitation strengthening that provides by far the 

strongest contribution to the strength of aged Al-Zn-Mg-

Cu alloys.  

The precipitation mechanism of aging or precipitate 

hardening in most commercially 7xxx alloys such as 

AA7075 is α → Guinier Preston (GP) zones → η′ → η. 

Here α represents supersaturated solid solution (SSS) and 

is obtained by rapid cooling to room temperature after 

taking it into solution. The η phase is the equilibrium 

phase with a hexagonal structure containing Al, Zn, Mg, 

and Cu, which can be considered to be based on a solid 

solution of MgZn2 with AlCuMg components (i.e., Mg 

(Zn, Al, Mg)2 or Mg (Zn2, AlMg)). However, η′ phase 

(fine precipitates of Zn and Mg-rich metastable MgZn2 

phase) is a metastable hexagonal phase.  GP zones can 

form as progenitors of the metastable η′ phase. The age-

strengthening factor of AA7075 is more related to fine-

scale precipitation of the metastable η′ phase and has a 

very important role in the mechanical properties of the 

7075 alloy. η' phase occurs after aging at 120 ◦C for 4 h, 

and phases form after 24 h aging time. The size, shape, 

concentration, and distribution of precipitates are 

effective parameters for the mechanical properties of this 

alloy [5-8]. XU et al. [9] observed that MgZn2 particles 

completely dissolved at a heat treatment of 475°C for 5 

minutes. The Al2CuMg phase gradually disappeared and 

finally dissolved into the matrix completely at 490 °C, and 

the Al7Cu2Fe phase exhibited no change during the SHT 

[10].  
Welding is one of the most common joining methods for 

aluminum alloys and tungsten inert gas (TIG) is one of the 

most used welding processes [11]. As an efficient metal 

joining process, the welding process makes the joint's 

strength equal to or sometimes greater than the strength of 

the base metal and has been widely used in almost all 

branches of industry [12-13]. In spite of advantages, 

welding Al-Zn-Mg-Cu aluminum alloys is difficult 

because of the weld metal zone's porosity, slag inclusion, 

and cracks. Welding as a production process has a 

negative impact on the mechanical properties of AA7075 

alloy which significantly decreases these properties 

compared to the base material [14]. Significant strength 

reduction after the gas tungsten arc welding process 

(GTAW) and thus considerably lower hardness in the 

fusion zone (FZ) and heat affected zones (HAZs) are the 

result of significant precipitate dissolution and coarsening 

of heat-treatable alloys undergoing high welding 

temperatures [15]. AA 7075 alloy also exhibits hot 

cracking and porosity defects via fusion-based additive 

manufacturing methods. Appropriate post-weld heat 

treatment can be used to overcome the loss in mechanical 

properties caused by welding. 

To improve the mechanical performance of welded joints, 

an appropriate post-weld heat treatment is required for the 

7xxx aluminum alloy joints [8]. The post-weld heat 

treatment has shown a practical option to recover the 

strength of the joints by modifying the graining and 

distribution of the secondary strengthening particles, 

therefore it can be an effective method of improving the 

mechanical properties of welded joints [8], [11]. 

Liu Xiao et al. [16] carried out TIG butt welding of 7075 

aluminum alloy by a self-made 7075 wire before and after 

heat treatment. They reported that after heat treatment, the 

mechanical properties of the joint greatly improved. The 

maximum elongation and tensile strength reached 16.9% 

and 94% of the base metal (BM). Before heat treatment, 

η(MgZn2), S(CuMgAl2), T(AlZnMgCu), and other 

precipitates distributed continuously at the grain 

boundary, reduced the mechanical properties of the joint 

and weakened the influence of grain size. After heat 

treatment, most of the precipitated phases dissolved into 

the matrix, and the grain size became the main factor 

affecting the mechanical properties of the joint. Using 

TIG AA7075 welding, Tusk et al. [17] found the 

formation of hot cracks in welded joints and studied the 

effect of heat treatment and cooling rate on mechanical 

and microstructural properties. The filler metal type has 

an important effect on the properties of the welded joint. 

Welding with dissimilar filler materials aims to dilute the 

crack-sensitive BM with less crack-sensitive filler 

material. By diluting the melting zone with dissimilar 

filler, the concentration of alloy elements of AA7075 
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decreases. This leads to a decrease in weld strength and 

an increase in the likelihood of liquation cracking [18]. 

Kou et al. [19] found aluminum filler alloys such as 

ER5356 cause the melting zone to solidify earlier than the 

partially melted zone abutting the melt pool (pure 

AA7075), creating tension towards the center of the melt 

pool leading to liquation cracks. 

For some authors, the loss of hardness in the boundary 

between the BM and the HAZ is the major reason for the 

failure in aluminum alloys. The hardening phase 

dissolution operation in the matrix during the welding 

causes a reduction in the mechanical properties of the 

HAZ. Also, the increased grain size near the molten pool 

applies greater softening [20]. One way to control 

solidification cracking is to correct the FZ grain structure 

with fine-grained coaxial grains. Coarse columnar grains 

are more prone to solidification cracks than fine coaxial 

grains while fine-grained coaxial grains deform more 

easily with contractile strains [21]. 

Few studies have reported GTAW welding of AA7075 

with features of SHT and aging on the mechanical 

properties of the welded joints. In the present study, 

preheated 1.5 mm thick AA7075 sheets were initially butt 

joined using the GTAW welding process. The welded 

sample was subjected to SHT, then rapidly quenched in a 

cooling die to form a supersaturated solid solution, and 

finally artificially aged (AA). Investigations were carried 

out to study the effect of welding, and artificial aging on 

microstructure, elongation, strength, and Vickers 

microhardness of TIG welded AA7075.  

2 EXPERIMENTAL PROCEDURES  

2.1. Materials  

In the present study, AA7075-T6 sheets with 140*120 

mm dimensions with a thickness of 1.5 mm were cut and 

prepared. Also, sub-size tensile test specimens were cut 

following the ASTM E08 standard [22] in the rolling 

direction using a wire cut machine. Uniaxial tensile tests 

were carried out on a SANTAM universal testing machine 

at a speed of 1 mm/min using an extensometer with a 50 

mm gauge length to measure exact displacements. The 

0.2% offset yield strength, ultimate tensile strength, and 

elongation at break were evaluated for tensile specimens. 

The Chemical composition of the base material in the as-

received condition and filler rod are shown in “Table 1”. 

Vickers microhardness (HV) test was also performed 

using a Vickers indenter with 300gf load and 10s dwell 

time according to ASTM E384-16 standard [23].  
 

Table 1 Chemical composition (wt. %) of base metal (AA 7075) and filler metal (5356) 

Material Zn Mg Cu Cr Fe Si Ti Mn Zr Al 

AA7075 5.70 2.02 1.35 0.18 0.15 0.07 0.047 0.02 0.01 Remaining 

Filler metal (5356) 0.10 

 

5.50 

 

0.10 0.12 0.40 

 

0.25 
 

0.13 0.10 - Remaining 

 
2.2. Preheating   

Preheating builds up additional heat which decreases the 

cooling rate of a welded joint. Preheating does not affect 

the final outlook of the weld zone cross-section but may 

improve the weld joint properties. The extra heat of 

preheating increases the temperature of the material 

around the weld zone to facilitate welding. In this work, 

AA7075 sheets were first cleaned and deoxidized with a 

wire brush and acetone solution. The sheets were then 

subjected to 80 ° C for a period of 4 minutes in a furnace 

to obtain a homogeneous microstructure throughout the 

sheets [24]. By preheating, the sheets are prepared for 

welding with a moderate thermal gradient.  

2.3. Welding Operation 

The GTAW process was selected for welding as this 

process produces high-quality welds [11] at a reasonable 

cost. One of the most critical factors to consider for 

GTAW is the filler metal. The ER5356 (Mg-rich) plays an 

important role in the strength of the weldment joint due to 

its good penetration depth [25]. The filler metal ER5356 

of 1.6 mm diameter was therefore used for butt welding 

the sheets under the conditions given in “Table 2”. 

 

Table 2 GTAW welding process parameters 

Tungsten electrode diameter (mm) 2.4 

Filler rod diameter (mm) 1.6 

Alternating Current (AC) (A) 90-110 

Welding speed (mm /min) 16 

Gas flow rate (l /min) 10 

Pre-heat temperature (◦C) 80 

Shielding gas Argon 

Gas pressure (bar) 100 

Gas purity 99.99 % 

 

In this work, a thick plate with a V-shaped groove was 

used as a fixture to fix the sheets with a root gap of 1mm 

during the welding process as shown in “Fig. 1(a)”. 

Before welding, the parts and fixture surfaces were 

cleaned with a soft wire brush and acetone solution to 

remove oxides and other contaminants. The welding 

direction was chosen perpendicular to the sheet's rolling 

direction. GTAW welding process parameters were set 

according to “Table 2”. The welding process was 

performed manually as shown in “Fig. 1(a)”. Figure 1. (b) 

shows the welded blank with the designed set-up.  
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Welded samples were prepared for tensile, 

microhardness, and metallographic tests to evaluate the 

mechanical properties (“Fig. 2”). The specimens were 

prepared perpendicular to the weld line (“Fig. 2 (b)”). 

 

 
(a)                                                           (b) 

Fig. 1    The welding set-up: (a): Fixture for welding the sheets, and (b): The final welded blank. 

 

 
Fig. 2 Test specimens: (a): The tensile specimen geometry and dimensions, and (b): Positions of the test specimens. 

 
2.4. Post-Weld Heat Treatment 

For post-weld heat treatment of the welded blank, the 

solution heat treatment was first performed at 480 °C for 

a soaking time of 10 min using a controlled temperature 

furnace. The solution heat treated samples were then 

quenched to ambient temperature as quickly as possible 

using a flat water-cooling die. Finally, an artificial aging 

operation was carried out at 120°C for a soaking time of 

24 h in a heat treatment furnace to complete the post-

weld heat treatment. 

 

2.5. Uniaxial Tensile and Hardness Tests  

To obtain tensile properties (tensile strength 𝜎𝑈, yield 

strength 𝜎𝑌, percentage of elongation El%, and fracture 

strength 𝜎𝐹), uniaxial tensile tests with a constant strain 

rate of 1 mm/min were carried out. The tensile 

specimens for the welded blank (WB) and the AA 

specimen were prepared perpendicular to the welding 

direction using a wire cutting machine as explained in 

section 2.1, according to ASTM E8 [22].  

Vickers microhardness (HV) test was also performed (as 

explained in section 2.1) to measure the hardness values 

of the BM, the WB, and the AA specimen. The hardness 

profiles were obtained over the joint cross-section using 

ASTM E384-16 standard [23]. 

2.6. Metallography 

Metallographic samples were prepared as ASTM E3-11 

standard [26] technique using sandpaper and alumina 

powder for polishing. After polishing, the etching 

solution of nitric acid, hydrochloric acid, hydrofluoric 

acid, and distilled water was first used and the final 

etching was done with a modified chlorine solution, 

according to ASTM E883-11 [27] to reveal the 

microstructure. The microstructural analysis was 

performed using an optical microscope. Also, An X-ray 

diffraction (XRD) test was performed to identify the 

phases in the as-received AA7075. 

3 RESULTS AND DISCUSSION  

3.1. Microstructure Studies 

To describe the characteristics of the weldment joint, a 

cross-sectional macrograph of FZ, HAZ, and BM zones 

of WB is shown in “Fig. 3”. Figur 4” shows that the 

microstructure morphology of the BM has a typical rolled 

structure, and the grains are banded or fibrous along the 

deformation direction. The base metal microstructure 

consisting of coarse and elongated Al grains with a 

dispersion of fine and coarse precipitates diffused in the 

field of α matrix of the alloy is shown in “Fig. 4”. 
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Fig. 3 Cross-section macrograph of FZ, HAZ and BM 

zones in the WB. 

 

 
Fig. 4 Optical micrograph of the AA7075 base metal. 

 

The XRD graph for the as-received AA7075 is shown in 

“Fig. 5”.  
 

 
Fig. 5 X-ray diffraction of the as-received AA7075.  

 

This XRD reveals the different contents of phase 

compositions of the alloy. Based on the peaks of the 

graph, it is observed that the microstructure consists of 

Al, AlCuMg, and Al2CuMg particles. The very small 

precipitates of MgZn2 also act as a strengthening phase 

of aluminum alloy 7075 as reported by other researchers 

[28-29]. However, the presence of MgZn2 was not 

detected, which may be due to the XRD technique that 

was not sensitive enough to study the low content of 

MgZn2 intermetallic phases or the dissolving of some Zn 

and Mg atoms in the Al matrix. 

As observed in the optical micrograph of HAZ and FZ of the 

WB in “Fig. 6”, the precipitates are dispersed inside the 

grains and at the grain boundaries. The overaging caused 

by the welding heat input that leads to the formation of 

coarse precipitates inside the FZ spherical grains reduces 

the strength and hardness. In contrast to the base metal’s 

microstructure, the microstructure of the FZ consisted of 

equiaxed grains. The dispersion of precipitates into the 

matrix of the FZ is due to the incidence of dynamic 

recrystallization. The hardening phase dissolution 

operation in the matrix during the welding process and 

the increased grain size near the molten pool cause 

greater softening and a reduction in the mechanical 

properties of the HAZ as reported by Gomez et al. [20]. 

 

 
Fig. 6    Optical micrograph of HAZ and FZ of the WB. 

 

 
Fig. 7 Optical micrograph of a microcrack in the FZ 

(200X). 

 

The properties of the FZ of the WB are also affected by 

the filler metal type. As mentioned earlier in the 

introduction section, welding with dissimilar filler metal 

ER5356 dilutes the melting zone and the concentration 

of the alloying elements of AA7075 decreases resulting 
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in a decrease in weld strength and an increase in the 

likelihood of liquation cracking [18-19]. This type of 

crack was observed in the FZ of the WB as shown in 

“Fig. 7”. Microcracks of this nature usually originate 

from grain boundaries where intergranular cracks 

developed. 

Figure 8 presents the microstructure of the BM of the 

WB after artificial aging (AA) at 120°C for 24 h. 

Artificial age hardening of the 7075-type alloys is 

considered the main source of alloy strength [28]. 

During the AA process, several structural 

transformations such as precipitation hardening, solid 

solution strengthening, and grain refinement occur 

within the aluminum alloy 7075.  

 

 
Fig. 8    Optical micrograph of the BM of AA specimen. 

 

These mechanisms offer improved strength, hardness, 

and fatigue resistance. The fine precipitates within the 

microstructure of the alloy are composed of 

strengthening elements such as Cu, Zinc, and Mg. These 

precipitates act as obstacles to the movement of 

dislocations, leading to increased strength and hardness. 

The solid solutions formed during solid solution 

strengthening, and the fine-grain structures also 

contribute to better mechanical properties after the AA 

process. Comparison of micrographs of “Fig. 4” (initial 

material) and “Fig. 8” (AA specimen)” indicates the 

recovery of the microstructure and hence improvement 

in the mechanical properties after the AA operation. It is 

seen that after the AA process, the morphology of 

irregular coarse particles is changed into almost globular 

shapes, as also reported previously by Ding et al. [11].  

Figure 9 reveals the changes and modification of the WB 

joint microstructure in three regions (BM, HAZ, and FZ) 

of the AA sample. Examining the microstructure of Fig. 

9, the almost uniform distribution and fineness of 

precipitates in the HAZ matrix of the AA specimen due 

to proper aging operation tend to improve this zone's 

hardness and strength compared to those of the WB. 

After the aging process, the microstructure consisted of 

very fine and dense precipitates inside the grains, while 

precipitation density at the grain boundaries almost 

disappeared. The grain shape and morphology of FZ also 

showed the coaxial and regular grains. The smaller and 

more uniformly distributed precipitates inside the grains 

can lead to higher strength and hardness of the FZ of the 

AA sample.   

 

 
Fig. 9    Optical micrograph of different zones of artificially 

aged joint.  

3.2. Tensile Properties 

The tensile properties of the BM, the WB, and the AA 

specimens are presented in “Table 3” and “Fig. 10”. The 

harmful effect of welding caused an almost 38% 

reduction in the tensile properties (𝞼U, 𝞼Y, and 𝞼F) of the 

WB compared to those of the BM. A 65% decrease in 

elongation was also observed. As stated earlier in section 

3.1, these reductions are mainly due to the 

microstructural changes in the WB. However, post-weld 

heat treatment of the WB was found to be beneficial to 

enhance the tensile properties. Variations of mechanical 

properties indicate that the strength values of the AA 

specimen are very close to those of the BM. Despite a 

65% loss of ductility of the WB, the aging operation 

caused improvements of 50% in elongation at break and 

54% in fracture strength. Therefore, a noticeable 

improvement in mechanical properties can be achieved 

after proper post-weld heat treatment of the specimens. 

 

 

Table 3 Mechanical properties ratios (%) of the BM, the WB, and the AA specimens 

El% 𝝈𝐹 (MPa) 𝝈𝑌 (MPa) 𝝈𝑼 (MPa) specimen 

9 (69%) 520 (100.4 %) 445(90 %) 546 (96 %) AA 

4.5 (35%) 337 (65 %) 295 (60 %) 352 (62 %) WB 

13 (100%) 518 (100%) 495 (100%) 569 (100%) AA7075 

FZ 

BM 



75                                  Alireza Jalil et al. 

  

 

 
Fig. 10    Variation of strength and elongation at break of the BM, the WB, and the AA specimens. 

 

3.3. Microhardness Measurement  
The distribution of Vickers microhardness across the 

cross-section of the BM, the WB, and the AA specimens 

is presented in “Fig. 11”. The detrimental effect of 

welding has resulted in the lowest hardness in the FZ and 

the HAZ of the WB, compared to those of the BM and 

the AA sample. The AA process performed on the WB 

caused an increase in the hardness level of different 

zones of the AA sample due to the mechanisms of 

precipitation hardening, solid solution strengthening, 

and grain refinement explained earlier. Figures 10 and 

11 show that the fusion zones in the WB and the AA 

specimens have the lowest strength and hardness where 

the fracture occurs in the tensile test (“Fig. 12”). 

 

 
Fig. 11    Distribution of microhardness across the cross-section of the BM, the WB, and the AA specimens. 

 

 

 

 

 

 

 

 

(a)                                                                                                         (b)  

Fig. 12 Fractures in the weld zone of: (a): The WB, and (b): The AA specimens. 
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4 CONCLUSIONS 

In this article, 1.5 mm thick sheets of AA7075 were first 

preheated and welded using the gas tungsten arc welding 

process. The effect of post-weld heat treatment on the 

microstructure and mechanical properties of the welded 

parts was investigated. The results of this study 

demonstrate that: 

1- The tensile properties and microhardness of the 

welded part decreased compared to those of the original 

sheet due to microstructural changes caused by welding. 

2- The lowest Vickers microhardness of about 110 was 

observed in the fusion zone of the welded part compared 

to 170 of the base metal. 

3- Welding caused an almost 40% reduction in yield, 

tensile, and fracture strengths and a 65% decrease in 

elongation. 

4- The post-weld heat treatment performed on the 

welded part changed the microstructure and significantly 

improved the mechanical properties in such a way that 

the tensile properties and microhardness of the aged 

specimen were close to those of the base metal. 

5- Tensile tests caused fractures in the fusion zones 

(weakest zone) of both the welded part and the 

artificially aged specimens. 
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Abstract: In this study, we have synthesized nano Aluminum Fluoride (nAF) nanoparticles by 

the sol-gel method and studied the nano-sized morphology of crystals. In the other section, the 

PVC/NiAl2O3/AlF3 (nPNA) nanocomposite was successfully prepared and characterized by 

FT-IR, and HRTEM techniques. FTIR peaks of the PVC and nPNA have been shown spherical 

shape of PVC and also spherical shapes nanoparticles of nPNA loaded on PVC. A 

solvothermal method has been successfully introduced and applied for catalyst efficiency. This 

nanocomposite was used for the removal of Congo red dye. For this purpose, the morphology 

and the structure of crystals have been changed by modification on precursor gel. Meanwhile, 

precursor gel preparation and the interaction on the nano-sized area have been studied. This 

study exhibited that PVC/NiAl2O3/AlF3 (nPNA) nanocomposite is an effective catalyst for the 

synthesis of some organic derivatives. The results show that the as-prepared nanocomposite is 

an efficient catalyst and that PVC/NiAl2O4/AlF3 nanocomposite can be used in the next-

generation of some organic reactions and faster production of various materials. 
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1 INTRODUCTION 

Synthesis of the sol-gel method has been so widely 

developed that nano-metal oxides, either pure or 

organic-inorganic hybrid materials, are applied and 

available now [1-8]. One of the most common 

applications of Al2O3 and nAlF3 (and their derivatives) 

is as a catalyst support. Many physical properties of the 

catalyst support, such as temperature, pH, aging time, 

raw materials and preparation technique, have a major 

impact on the performance of the catalyst in sol-gel 

processes [9-11]. Ono et al. [12] were the first to report 

this procedure and they managed to study the 

effectiveness of the pH and number of pH-swing 

frequencies on the Aluminium Oxide formation. Maity 

et al. [13] prepared the catalyst supported by alumina 

via various techniques, such as pH-swing, and 

determined that this method improved the pore size 

distribution (PSD). [14].  

Aluminum fluoride has a number of current and 

potential applications as an additive to the molten 

electrolyte of the aluminum production cell in order to 

lower the melting point and increase the electrical 

conductivity. Moreover, among metal fluoride catalysts 

and catalyst supports for halogen exchange reactions, 

AlF3 is one of the most important catalysts [15-18]. 

We have recently developed a reduction method of 

converting Ag nanospheres into nanorods [19], 

nanoplates [20], their antibacterial activity [21-22], an 

improved and easy synthetic route for silver 

nanoparticles in poly (diallyldimethylammonium 

chloride( )PDDA) [23], synthesis of Gold/HPC hybrid 

nanocomposite [24], preparation of Ag/ZnO 

nanocomposite [25-26] and comparison nanosilver 

particles and nanosilver plates for the oxidation of 

ascorbic acid [27]. 

As part of our efforts to investigate the usefulness of 

nanocomposite catalysts for the synthesis of organic 

and heterocyclic compounds [28-30], we report an 

efficient process for the synthesis of arylidende 

barbituric acid derivatives from the cyclo-condensation 

reaction between barbituric acid, various aldehydes by 

using 1 mol% ammonia mediated at room temperature. 

In the present paper, nPNA composite was successfully 

prepared (from nAF) and then, catalytic activity of 

nPNA has been considered in the synthesis of two 

organic derivatives.  

2 EXPERIMENTAL 

2.1. Characterization 

Transmission electron microscopy (TEM, Model 

Hitachi 4500-M) was used to study morphology and 

particle size. It was performed using Bruker AXS 

diffractometer D8 ADVANCE with Cu-Kα radiation in 

the range 2θ=10º–80º. FT-IR spectra of the samples 

were done using a spectrometer (Model Perkin–Elmer) 

in the wavelength range 400-4000 cm-1. 

2.2. Materials and Methods 

Baribituric acid (BBA) and various aldehydes were 

purchased from Aldrich company and used as received 

without further purification. Solution pH ranged 

between 7 and 10. The resulting gel nAF was kept at 50 

ºC for 20 h. Then, obtained gel were filtered and rinsed 

with a NH3.  

 

2.3. Catalytic Activity 

The catalytic activity of the PVC/NiAl2O4/AlF3 

(nPNA) was shown as below optimization procedure. 

BBA, nPNA, and methanolic solution of various 

benzaldehydes were added to hot water and stirred until 

the color precipitate of the products has been prepared. 

The precipitate of solid was filtered. A solvothermal 

method has been successfully introduced and applied 

for catalyst efficiency. The ABBA derivatives have 

been characterized by FT-IR spectroscopy.  

2.4. Result and Discussion 

During the preparation, the chemical reactions (reaction 

1) that occurred are highlighted as changes in the 

various crystalline phases observed in the XRD pattern. 

It can therefore be said that Nano Aluminum fluoride 

(nAF) was utilized in this sample as precipitant [15-

16].  

 

                                                               alkaline regions 

Al (CH3COO)3 + Al2O2F4 + 5HF                            3nanoAlF3 + 3 CH3COOH + H2 + O2           (NH3 Solvent)           (1) 

In glass reactor           (nAF) 
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Fig. 2    HR TEM images of the nAlF3 sample. 

 

Figure 1 (a, b) represents the HRTEM direct image of 

nAlF3 sample. The size of the particle is spherical in 

shape and has a size in the range of 10-18 nm which 

was a good similarity to the size obtained in the optical 

model. TEM images were prepared to determine the 

produced nanoparticles' size, morphology, and 

uniformity. The results showed the production of 

hexagonal nAlF3 nanoparticles, and it matches the XRD 

patterns. 

The FTIR spectrum of nAlF3 is shown in “Fig. 2”. In 

this sample, there is not broad absorption bands at 

3300-3500 cm-1 associated with O-H stretching of 

adsorbed water. The sharp peak at 1645 cm-1 belongs to 

the bending vibration of H-OH in (a small amount of 

water) H2O molecules. The band at 1075 cm-1 is related 

to symmetrical Al-F bending modes. The adsorption 

peak at 1635 cm-1 belongs to the bending vibration of 

O-H group in the adsorbed water [31-35].  

 

Fig. 2    FTIR spectrum of the nano AlF3. 
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PVC/NiAl2O4/AlF3 (nPNA) nanocomposite was 

prepared using the reaction of PVC, AlCl3, and NiCl2 in 

the presence of NaOH. The chemical structure of PVC 

and PVC/NiAl2O4/AlF3 was studied by FT-IR 

spectroscopy and the results are presented in “Fig. 3”.  

 

 

 
Fig. 3    FT-IR spectra of: (a): PVC, and (b): PVC/NiAl2O4/AlF3 composite. 

 

The absorption bands in the infrared spectrum of 

polyvinyl chloride at 503, and 650 cm-1 are assigned to 

the amorphous absorption band of C–Cl stretching, and 

C–Cl crystalline absorption band, respectively. The 

υ(C–C) stretching vibrations band has been showed 

around 845. The bands at 1100 and 1175 cm-1 

correspond to perpendicular chain stretch and parallel 

chain stretch [36]. The absorption band at 1359 cm-1 

corresponds to CH2 wag and the other band at 

1430 cm-1 is due to the bending mode of CH2. The 

absorption band at 1631 cm-1 is assigned to the 

carbon=carbon double bond stretching vibration for 

conjugated bonds, or either aromatic or aliphatic or 

both. The band at 1724 cm-1 is probably from the 

carbonyl stretching vibration. The wideband at 2925 

cm-1 corresponds to the CH2 asymmetric stretching 

mode, the peak broadening is due to the intermolecular 

and intra-molecular hydrogen bonds [37]. However, the 

small shift in 650, 845, and 1724 cm-1 band positions 

confirmed the formation of PVC/NiAl2O4/AlF3 

nanocomposite in the PVC polymer matrix. The peaks 

at 689, 614, and 427 cm-1 concerning Metal-O (Al-O 

and Ni-O) stretching [38-40].  

 

2.5. Catalytic Activity of Arylidene Barbituric Acid 

Derivatives 

The color of barbituric acid is white, while the color of 

FCG-1 (R=COOH) is pale-brown and FCG-2 (R=NH2) 

is orange. The melting point of FCG-1 is about 293 ºC 

and is more than the melting point of FCG-2 (223 ºC), 

due to the COOH group that causes increasing 

hydrogen bond strength in FCG-2. 

“Table 1” shows the conditions for the synthesis of 

ABBA, under various derivatives. The yield of the 

products is very low in acetonitrile, dichloromethane 

and is a medium in methanol and water, while the yield 

increased to ≥ 97% using a water-methanol (l: 1 v/v) 

mixture. Preparation of FCG-2 (40 sec) is faster than 

FCG-1 (210 sec) because NH2 is an electron donor 

while COOH is an electron acceptor. The results 
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presented in this article are a continuation of previous 

works [41]. For example, the yield and time for the 

preparation of FCG-2 (entry 2 in “Table 1”) are higher 

than this compound prepared by Rajput and Kaur [41]. 

By increasing the catalyst, the yield of FCG-1 and 

FCG-2 increased from 82 to 92 and 90 to 97%. Also, 

by changing the solvent from methanol to methanol-

water, the yield of FCG-1 and FCG-2 increased. In the 

absence of the PVC/NiAl2O4/AlF3, only a trace (< 

50%) of FCG-1 and FCG-2 was obtained which is in 

agreement with previous reports [42]. This reaction has 

been monitored by the formation of colored precipitate 

product and is simple, and clean. The purified 

compounds have been recrystallized and characterized 

by FT-IR and UV-vis spectroscopies. Until now, there 

have been many reports on the preparation of arylidene 

barbituric acid by various catalysts [41], [43-46]. 

 
Table 1 Optimization of the preparation of arylidene barbituric acid derivatives 

Entry R Time (min) Yield (%) Catalyst amount (g) Solvent 

  Arylidene  Barbituric Acid Derivatives  

1 COOH 4 92 0.03 Methanol-Water (1: 1) 

2 NH2 1 97 0.03 Methanol-Water (1: 1) 

3 COOH 6 82 0.02 Methanol-Water (1: 1) 

4 NH2 2 90 0.02 Methanol-Water (1: 1) 

5 COOH 17 80 0.03 Methanol 

6 NH2 6 89 0.03 Methanol 

7 COOH 27 77 0.02 Methanol 

8 NH2 9 80 0.02 Methanol 

  

3 CONCLUSIONS 

In conclusion, a multi-step precipitation method with 

the sol-gel technique was implemented. The TEM 

images and FT-IR spectroscopy indicated that the 

prepared nAlF3 had low crystallinity and images 

showed that particle size is nanometer scale. Using the 

TEM images, the crystal size of the sample was 19.5 

nm. The FT-IR spectroscopy confirmed the formation 

of nAlF3 and PVC/NiAl2O4/AlF3 nanocomposite in 

PVC polymer matrix. nPNA has been prepared and 

used as a new catalyst for the preparation of ABBA. 

The result confirmed that the nPNA composite is a 

good catalyst. This catalyst produces the FCG-1 and 

FCG-2 compounds in a very short time and with high 

yields. FTIR peaks of the PVC and nPNA have been 

shown spherical shape of PVC and also spherical 

shapes of nanoparticles of nPNA loaded on PVC. The 

main information from this study can be fixed or 

altered to optimize responses at more levels for future 

studies. These results show that PVC/NiAl2O4/AlF3 

nanocomposite can be used in next-generation of some 

organic reactions and faster production of various 

materials. 
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1 INTRODUCTION 

Sled testing technology is now limited to a few 

countries. Experimental facilities of this technology 

include long rails, chassis, carriage, propulsion engines, 

and sled or projectile body. Slippers are used to connect 

this system to the rails. The slippers slide on the rails to 

allow the sled to move. Fig. 1 shows how to connect rail 

and slipper. 

 

 
Fig. 1 Sled and rail connection. 

 

The sled technology is used to achieve supersonic speeds 

up to 8 Mach and to provide experimental conditions in 

the field of space equipment [1], projectile penetration 

[2], parachute [3], pilot seat [4], anti-penetration 

structures [5], propulsion tests [6], and ultrasonic 

aerodynamic tests [7]. Real examples of sleds are also 

shown in “Fig. 2”. 

 

 
Fig. 2 Real example of mono-rail sled system [8]. 

 

Sled testing technology has attracted the attention of 

researchers in recent years [9–13]. Due to the high speed 

of this technology, the vibrations on the sled are one of 

the main bottlenecks of this system, which has been 

noticed by many researchers [14–17]. Minto discussed a 

sled capacity development program to achieve high 

supersonic speeds. The results of their research show 

that the generated vibrational loads due to the impact of 

the slipper on the rail at speeds more than 6000 ft/sec 

lead to the failure of the sled body [18]. Bosmajian et al. 

studied the magnetic rail system of the sled. The aim of 

this study was to increase the sled capability for 

reduction of the vibrational environment at a final speed 

of 3000 m/s [19], and in the continuation of this research, 

Gurol et al. investigated the condition of the magnetic 

rail track in sled test at a higher speed. They showed that 

using a magnetic suspension system could significantly 

reduce sled vibrations [20]. Chen et al. investigated the 

amplitude of rocket sled vibrations and the time and 

frequency measurements of irregularity characteristics 

using statistical methods [21]. Turnbull et al. 

investigated the dynamic analysis of a sled system using 

narrow-gauge rails. The aerodynamic parameters of drag 

and lift, and pitch and yaw torques have been studied as 

a function of the angle of attack and acceleration has 

been obtained at four points on the sled [22]. Dunshee 

has modeled the mono-rail sled system as a two-degree-

of-freedom beam with the capability to twist slightly in 

addition to moving in a vertical direction, using dynamic 

and vibrational analysis, and also has assumed the 

dynamic movement and a harmonic stimulation of a 

slipper [23]. Researchers have used mathematical 

models such as beams to analyze the behavior of 

dynamic systems such as high-speed trains, bridges, and 

automobiles [24–27]. Afshar et al. modelled the train 

bridge as a beam and investigated the use of linear and 

nonlinear vibration dampers for nonlinear beams at 

transient loads. The results show that for normal forces 

and short beams, linear and nonlinear models have 

similar behaviors [28].  

Despite the research that has been done on sled testing, 

vibration analysis and modal analysis of sleds 

considering study of the role and the pressure 

distribution on slipper, which are the main outstanding 

of the present paper, have not been carried out by 

researchers so far. In the present paper, using the 

analytical method, first the vibrational Equations of the 

system are extracted and the natural frequencies are 

obtained. Then, the numerical simulation method is used 

to validate the obtained results and the modal analysis of 

a mono-rail sled with dampers is performed and the 

shape of its modes is clarified. Finally, the pressure and 

velocity distributions in the computational domain and 

the body of the sled and the slippers are also examined. 
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2 MATHEMATICAL MODELING 

Most of the sled vibrations are caused by the impact of 

the slippers on the rails. Since the materials used in sleds 

and slippers are stiff, considerable vibrations are 

transmitted from the slippers and the rails to the body 

due to the impact of the rails [29], most of which occur 

in the upper parts of the slipper [30]. Thus, the use of 

dampers at the junction of the sled body to the slipper 

can greatly prevent the transmission of vertical 

vibrations from the rail surface to the sled. In this case, 

the sled can be modeled as a system that is excited 

transversely from the slipper. An overview of this type 

of sled modeling is shown in “Fig. 3”. 

 

 
Fig. 3 Sled mathematical model. 

 

 

The parameters of present modeling describe mb as sled 

body mass, mw1 as front slipper mass, mw2 as rear slipper 

mass, zb as vertical sled body displacement, zb1 as rear 

slipper displacement, zb2 as rear slipper displacement, θb 

as a rotation of sled body around Y-axis (pitch motion) 

and Iyy as inertia moment.  

3 EXTRACTIONS OF GOVERNING EQUATIONS 

Considering the displacement of the slippers due to the 

transverse motion of the center of mass as well as the 

twisting motion around the Y-axis (θb), there is: 

 

(1) ( )b1 b 1 1 bz z a e  θ= − −
 

  

(2) ( )b1 b 1 1 bz z a e  θ= − −
 

  

(3) ( )b2 b 2 2 bz z a e  θ= + −
 

  

(4) ( )b2 b 2 2 bz z a e  θ= + −
 

  
So, the vibrational Equations of the various components 

of the sled are now being extracted. To move the front 

slipper, there is mw1 in the Z direction as obtained in 

relation (5): 

( )( )

( )( )
( )

¨

11 1 1 1 1

1 1 1 1

1 1 1

       

   

    0

ww b b b w

b b b w

t w

m z k z a e z

c z a e z

k z z





− − − −

− − − −

− − =
 

(5) 

 

For the rear slipper motions, there is mw2 in the Z 

direction as discussed in the relation (6): 

(6) 

( )( )

( )( )
( )

¨

w 2w 2 b2 b 2 2 b w 2

b2 b 2 2 b w 2

t2 w 2 2

m  z  k   z a e  θ z

c   z a e  θ z

 k   z z 0

− + − −

− + − −

− − =
 

 

For the sled body motion (mb) in the Z direction, there 

is: 

(7) 

( )( )

( )( )

( )( )

( )( )

¨

bb b1 b 1 1 b w1

b1 b 1 1 b w1

b2 b 2 2 b w 2

b2 b 2 2 b w 2

m  z  k   z a e  θ z

c   z a e  θ z  

k   z a e  θ z  

c   z a e  θ z 0

+ − − − +

− − − +

+ − − +

+ − − =
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For the sled body rotation around the Y-axis, there is: 

(8) 

( )( ) ( )

( )( ) ( )

( )( ) ( )

( )( ) ( )

¨

byy b1 b 1 1 b w1 1 1

b1 b 1 1 b w1 1 1

b2 b 2 2 b w 2 2 2

b2 b 2 2 b w 2 2 2

I θ k   z a e  θ z   a e

c    z a e  θ z   a e

 k   z a e  θ z   a e

c   z a e  θ z   a e 0

− − − − −

− − − − −

+ + − − −

+ + − − − =
 

 

By multiplying the above values as indicated in relation 

(8), and simplifying them, the vibrational Equations of 

the four-degree-of-freedom system are obtained. 

(9) 

¨ ´

w1 13w1 b1 w1 b1 b b

b1 w1 b1 b 12 b

m  z c  z c  z S  θ

k  z k  z S  θ 0

+ − + +

− + =  

(10) 

¨ ´

w2 15w2 b2 w2 b2 b b

b2 w2 b2 b 14 b

m  z c  z c  z S  θ

k  z  k  z S  θ 0

+ − − +

− − =  

(11) 

¨ ´

b 23b b1 w1 b2 w 2 b

´

25 b b1 w1 b2 w 2 22 b

24 b

m  z c  z c  z S  z

S  θ k  z k  z S  z

S  θ 0

− − + −

− − + −

=  

(12) 

¨ ´ ´ ´

b 13 15 25yy w1 w 2 b

´

27 b 12 w1 14 w 2 24 b

26 b

I  θ S  z S  z S  z

S  θ S  z S  z S  z

S  θ 0

+ − − +

+ +− −

=  
 

In the above Equations, the parameters are introduced as 

follows: 

 

(13) ( )1 1 1 12   bk a e S− =  

  

(14) ( ) 131

.

1 1 bc e Sa − =  

(15) ( )2 2 2 14 bk a e S− =  

  

(16) ( ) 152

.

2 2 bc e Sa − =  

  

(17) ( ) ( )
2

1 1 1 12 1 1 16bk a e S a e S− = − =  

(18) ( ) ( )
2

13 171

.

1 2 2

.

1bc a e a eS S− = − =  

  

(19) 
2

2 1 1 14 2 2 18( ) ( )bk a e S a e S− = − =  

(20) ( ) ( )
2

15 192

.

2 2 2

.

2bc a e a eS S− = − =  

  

(21) 1 2 22  b bk k S+ =  

  

(22) 
231 2

.

b bc c S+ =  

  

(23) 12 14 24  S S S− =  

  

(24) 
.

13 1 5

. .

5 2  S S S− =  

  

(25) 16 18 26  S S S+ =  

  

(26) 
17 19 27

. . .

S S S+ =  

  

(27) ( )1 1 1 1     t w wk z z f− =  

  

(28) ( )2 2 2 2   t w wk z z f− =  

 

That Equation of system motions is obtained as relation 

(29): 

 

(29)      M  z C  z K  z F+ + =
 

 

Thus, the Equations of vibrational motion of the system 

are obtained as relation (30): 

 

(30) 

b b

yy b

w1 w1

w 2 w 2

23 25 1 2

25 27 13 15

11 13 1

22 15 2

22 24 1 2

24 26 12

m 0 0 0

0 I 0 0 θ
       

0 0 m 0

0 0 0 m

 

 
0

0
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wb b
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z

zc
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z
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S S

S S
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S S k

S S
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S

S S

S



   
   
   
   
   
   

 − − −  
   
− −   +
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0
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     
− −       
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According to the modeling of a mono-rail sled, mass 

values and geometry of different components were 

extracted. The amount of elastomer stiffness used on top 

of the slipper was also obtained experimentally. “Table 

1” shows the values of the various parameters of the 

designed sled. 

 
Table 1 The values of the various parameters of the designed 

sled [31] 

Parameter Values Unit 
𝑚𝑏 14.69 kg 

𝑚𝑤1 =  𝑚𝑤2 0.79 kg 
𝑘𝑏1 = 𝑘𝑏2 370 kN/m 
𝐶𝑏1 = 𝐶𝑏2 29.94 N.s/m 

𝑎1 450 mm 
𝑎2 393 mm 
𝑒1 285 mm 
𝑒2 195 mm 

4 RESULTS 

Vibrational analysis and sled modal analysis need to be 

carried out numerically and the numerical simulation 

results must be verified before numerical simulation of 

the sled is done. 

4.1. Validation of Numerical Results  

In terms of the aerodynamic geometry of the sleds, a 

study is done in which the drag force of an Ogive body 

is obtained experimentally in the NASA wind tunnel of 

the United States. In addition to the advantage of 

presenting experimental results, the model has no wings 

and is geometrically similar to the sled in this study. 

For validation, an Ogive cylinder body is simulated 

according to the test conditions using computational 

fluid dynamics methods and the drag force is calculated. 

To extract the values related to the Ogive nose in the 

experimental work, first, according to “Fig. 4”, the 

following relations were used. 

(31) ( )
22y ρ L x R  ρ= − − + −

 

(32) 
2 2R L

 ρ
2R

+
=

 
 

For the nose profile relations, the following values are 

placed and the y parameter is calculated for different x 

parameters. 

(33) L 14 in. ,R 2 in.     ρ 50 in. = =  =  

(34) ( )  
2

y 2500 14 48  .x in= − − −
 

 

 
Fig. 4 Measurement with parameters of Ogive nose. 

 

 

Considering the obtained values, “Fig. 5” is represented. 

 

 
Fig. 5 Measurement of the sled nose section. 

 

Then, the Ogive nose is designed, which is shown in 

“Fig. 6”. 

 

 
Fig. 6 Design of the sled nose section. 

 

The body geometry is designed using the model 

specifications shown in “Fig. 7”. 
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Fig. 7 Geometry of model regarding [32]. 

 

The computational field and the network around the 

model are taken into consideration using the software 

and the range of fluid flow is analyzed. The dimensions 

of the domain should be considered large enough that it 

does not affect the results. (“Fig. 8”).  

 

 
Fig. 8 Boundary condition and computational domain. 

 

 

 
Fig. 9 Networking model of reference [32]. 

In this study, the length of the calculated range is 28 

times more than the length of the body, so the distance 

from the beginning of the domain range to the nose 

portion is 7 times more than the length, and the distance 

from the end of the body to the end of the domain is 20 

times more than it. The width and height of the domain 

are also 12 times more than the length. In all cases, for 

all boundaries around the domain, a freestream boundary 

condition was applied. The mesh networking of the 

model is produced using the trimmer method, which has 

four rows of boundary layers, the number of cells is 

2707757 and the total thickness of the boundary layer 

network is 0.0072 m. Fig. 9 shows the research 

networking of the aforementioned reference. The side 

view and the front view of the meshing in the whole 

computational range are also shown in “Fig. 10”. 

 

 
Fig. 10 Side view and front view of meshing in the whole 

computational range. 

 

In all simulations, the k- model is selected, which is 

suitable for engineering problems with high Reynolds 

numbers. In the k- model, the Y+ boundary layer 

network must be greater than 30 and less than 300, as 

“Fig. 11” confirms. 

 

 
Fig. 11 Y+ values. 

 

The amount of drag force in the present numerical 

method in comparison with the amount of drag force 

obtained from the experimental test at two different 

cross-sectional levels and pressures is given in “Table 

2”. 
Table 2 Comparison of numerical and experimental 

simulation results 

0 P

[psi] 
Experimental 

results [N] 
Present 

working [N] 
Error 

percent 
7.5 64.76 59.23 8.54 
4.5 40.39 36.8 8.88 
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The results show that the error of the numerical method 

is less than 10% of the experimental test results, so the 

results of the numerical simulation method in the present 

study are confirmed. 

4.2. Numerical Simulation 

Considering the accuracy of the numerical solution 

methods, the numerical analysis of the sled is carried 

out. The studied sled in the present study is integrated 

and due to the mono-rail option, it lacks chassis and 

carriage. Dimensions and computational domain 

meshing, coordinate system and boundary conditions 

were carried out regarding the validation model of [32]. 

The computational domain and meshing network around 

the body are shown in “Fig. 12” from the front view. The 

mesh number in the computational domain is 2846662. 

 

 
Fig. 12 Front view of the complete computational domain 

meshing. 

The simulation settings were considered to be the same 

as the validation. The properties of the working fluid are 

shown in “Table 3”. 

 
Table 3 Working fluid properties and environmental 

conditions [33]. 

Parameter Values Unit 

𝑃0 101325 Pa 

𝑇0 288.15 K 

c 340.3 
𝑚

𝑠
 

𝜇 51.789 10− 
kg

.m s
 

𝜌 1.225 
kg

𝑚3 

 

The sled model of the present study is finally shown in 

“Fig. 13”.  

 
Fig. 13 Side view of sled model. 

4.3. Modal analysis 

For multi-degree-of-freedom systems, matrices and 

vectors are used to determine modal properties, and to 

extract natural frequencies. The Equation of motion of 

the system is considered as relation (35): 

 

(35)   ( )    ( )    ( )   
¨

M   z t C   z t K   z t F+ + =

 
 

Also, there is: 

 

(36)   ( )       i t

r
z t Z e  = =

 

Considering Equation (36), to investigate the motion of 

free vibrations of the sled system, there is relation (37): 

  

(37)    ( )   2     0K M− =ω   Ψ 

 

Considering orthogonality of modes, there is: 

(38) ( )2  ,   1, 2,...,r
r

r

k
r n

m
 = = 

 

In the above relations, mr and kr are related to the mass 

and stiffness of the modal or the generalized mass and 

stiffness of the rth mode. [Kr] and [Mr] are considered as 

the mass and stiffness matrices for the rth mode 

respectively, so the natural frequency and the mode 

shape matrices can be written as (39) and (40): 

 

(39) 

2

1

2

2 2

2

0 ... 0

0 ... 0

... ... ... ...

0 0 ...

r

n








 
 
   =   
 
  

 

(40)        
1 2 
, ,...,

n
  =      

 

The Equation of motion of a multi-degree-of-freedom 

system with disproportionate structural damping is 

expressed as relation (41): 

 

(41)           
¨

*         0M x K x i C x + + = 
 

 

The damping structure matrix can be considered as an 

imaginary part of a complex stiffness matrix, defined as 

relation (42): 

 

(42)  * *

 
 

c
K K i C   = +     
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To solve the above Equation, relation (43) is obtained: 

 

(43) ( )      j tx t X e =
 

 

In this relation, λ is a complex frequency and includes 

both vibration and damping terms, and {X} indicates the 

complex vector of displacement domains. By 

substituting the value, the following problem of complex 

eigenvalue is obtained as the following relation.  

 

(44)  ( )   * 2

 
      0

c
K M X  − =   

 

The solution of Equation (44) includes the diametric 

matrix of the eigenvalue [λr] and the eigenvector matrix 

[Ψ]. The relation of the eigenvalue λr2 with the natural 

frequency ωr and the damping dissipation coefficient of 

the system ηr is obtained as relation (45): 

 

(45) ( ) ( )2 2 1      ,   1, 2,...,r r ri r n  = + =
 

 

λr is known as the complex natural frequency of the 

system. [λr2] is the natural frequency matrix of the 

system. The corresponding eigenvector, {Ψ}r, is a 

complex vector. All eigenvectors, corresponding 

eigenvalues of ωr in ascending order, are placed next to 

each other and these values result in the mixed matrix as 

the mode shape matrix of [Ψ]. Considering the 

orthogonal properties of the system, there is: 

 

(46)    
  12      r r rm k
−

  =   
 

In this case, the modal mass of mr and the modality 

stiffness of kr are complex values. To obtain natural 

frequencies, given the four degrees of freedom of the 

system, [λr2] value for the four modes of the system is 

considered equal to the matrix of [B]. 

 

(47)      
1

B M   K  
−

=  
 

By placing the value of [mr]-1 in Equation (46) and 

obtaining the root mean square of the eigenvalues, the 

natural frequencies of the system will be in the form of 

a matrix of [λr]. 

 

(48) r

84.7       / 13.48     

129.9     / 20.68    
λ  

866.5     / 137.9   

855.1     / 136.1   

rad s Hz

rad s Hz

rad s Hz

rad s Hz

 
 
 

=  
 
    

Finally, the system modes are obtained as follows: 

 

(49) 

1 2

3 4

 0   0.73

0.99 0
u ,  u

0.11 0.48

0.11 0.48

 0.05  0

0 0.12
u ,  u

0.71 0.7

0.71 0.7

−   
   
   = =
   − −
   

−   

   
   
   = =
   −
   
− −     

 

Where, the first and second modes indicate torsional and 

transverse vibrations of the system, respectively. The 

third and fourth modes show the vertical vibrations of 

both slippers and the vibrational motion due to torsion, 

respectively. The transverse and torsional vibrations of 

all modes demonstrate the importance of the slipper role 

in the sled system.  

To validate the values of the natural frequencies of the 

system analytically and to obtain the shape of the modes, 

a modal analysis of the designed sled is carried out 

numerically. The mesh model of the designed sled is 

shown in “Fig. 14”. 

 

 
Fig. 14 Meshing of designed sled model. 

 

Fig. 15 shows the sled modal analysis for the first mode 

of the system which is related to the torsional vibration 

around the center of mass of the sled. Due to the rigidity 

of the sled body, the amount of torsional vibration is low. 

 

 
 

Fig. 15 First (torsional) mode of sled. 
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Fig. 16 shows the second mode, which shows the 

transverse vibrations of the sled. In this case, the sled 

vibrates vertically without torsional motion, and the 

vibration rate of the two slippers is equal to each other. 

 

 
Fig. 16 Second (transverse) mode of the sled. 

 

In the third mode, both slippers vibrate in one direction 

(transverse) and there is no torsional movement in the 

sled as shown in “Fig. 17”. The vibrations are much 

greater than the first and second vibrations modes which 

implies the importance of the slipper role in the sled 

system. 

 

 
Fig. 17 Third mode of the sled. 

 

The fourth mode is similar to the third mode, except that 

the displacement of slippers is in opposite directions due 

to torsional vibrations. Fig. 18 represents the fourth 

mode. 

 

 
Fig. 18 Fourth mode of the sled. 

 

“Table 4” describes the values of the natural frequencies 

of the system in both analytical and numerical methods. 

The results error is less than 8%, and both results are 

confirmed. The difference in results can be attributed to 

the distribution of mass and geometry of the sled. On the 

other hand, the obvious difference between the 

frequencies of the first and second modes from the 

frequencies of the third and fourth modes shows the 

significant role of the slipper in the sled system. 

 
Table 4 Comparison of natural frequencies in numerical 

simulation method with analytical method 

Natural 

frequency  
Numerical 

result (Hz) 
Analytical 

result (Hz) 
Error 

percentage 

First mode 12.49 13.48 7.34 

Second mode  19.56 20.68 5.41 

Third mode 127.9 137.9 7.25 

Forth mode  126.5 136.1 7.42 

4.4. Pressure and Velocity Distribution  
Fig. 19 shows the contour of the Mach number in the 

computational domain. According to the velocity 

distribution, it is assumed that a vortex is formed due to 

the pressure difference in the back of the sled body. 

Also, the highest pressure after the front slipper is 

applied on the distance part between the two slippers. 

 

 
Fig. 19  Contour of the Mach number in the computational 

domain. 

 

Fig. 20 shows the high-pressure areas of the fluid around 

the sled. As can be seen, the highest pressure, except the 

front slipper, is in the distance between the two slippers. 

 

 
Fig. 20 Static pressure contour in the computational 

domain. 
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5 CONCLUSIONS 

In this paper, the pressure distribution on the slippers of 

a mono-rail sled has been investigated, and the 

vibrational and modal analyses are also investigated 

with an emphasis on the role of slippers. First, the 

governing vibration Equations, natural frequencies of 

the system, and vibration modes were extracted in the 

analytical method. Then, by validating the numerical 

method with the experimental results performed in the 

wind tunnel, modal analysis of sled system was carried 

out, and the modes shapes were designed. The torsional 

and transverse vibrations created in the slippers as well 

as the static pressure distribution of the slippers show 

that this part of the sled, which has more risk of damage 

due to applied stresses, is very important. 
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Abstract: Wheel/rail interaction is one of the most important research topics in railway 
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structure failures caused by wheel/rail impact dynamic forces can lead to significant 
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track structure. In the present work, a freight train (3D model) was used to analyze the 
dynamic impact caused by the wheel flat using UM software. The effects of wheel flat depth 
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dynamic forces have been investigated. The results showed that the presence of a wheel flat 
defect significantly increases the wheel/rail dynamic impact. For example, by increasing 
the wheel flat depth to 3 mm, the values of maximum force at speeds of 50 and 80 km/h 
have changed by about 235% and 400%, respectively. 
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1 INTRODUCTION 

The existence of a geometric defect in the interaction 

between the rail and the wheel is one of the sources of 

the dynamic interaction of the train. Wheel profiles have 

a significant effect on the safety and dynamic 

performance of the vehicle; For example, in terms of the 

dynamic stability of the vehicle, the magnitude of the 

wheel/rail contact forces, and/or ride comfort. Wheel 

tread defects are usually divided into two main 

categories: (i) defects along a portion of the wheel 

circumference and (ii) defects around the entire wheel. 

Both mentioned defects are considered types of wheel 

out-of-roundness (OOR) phenomena. The first group 

includes wheel flat, shelling, spalling, etc., and is mainly 

caused by braking damage and rolling contact fatigue 

cracking. The second category includes corrugation of 

the wheel and polygonal wheel (due to non-uniform 

wear), which are periodic irregularities around the wheel 

that can be caused by unbalanced loads. The non-

roundness of the railway wheels has an undesirable 

effect on the components of the track and the railway 

vehicle. In recent decades, some researchers have 

focused on the methods of diagnosing and analyzing the 

dynamic behaviour of the train due to wheel flat [1-12]. 

When the wheel-set is locked and slides along the rails 

as a result of improper or defective brakes, wheel flat 

occurs. Therefore, the surface of the wheels becomes flat 

instead of round due to the friction between the wheels 

and the rails. Wheel flats create high dynamic impact 

loads on railway substructure, which cause significant 

damage to rail and track vehicles. Among these 

damages, we can mention broken axles, hot axle-boxes, 

damaged rolling bearings, and cracks in wheels, rails, 

and ballasts. In addition, this type of wheel defect causes 

excessive noise and vibration. These large vibrations are 

transmitted to the rolling stock and by applying and 

inducing excessive forces (more than the permissible 

values), they cause damage to the suspension systems, 

bogie frame, and body of rail vehicles. In addition, wheel 

and track irregularities can lead to improper 

performance of the train and overhead track interaction. 

Therefore, in order to deal with this issue, railway 

centers generally carry out the necessary measures and 

monitoring. As a precaution, most passenger trains are 

now equipped with advanced anti-slip systems that 

slightly reduce wheel/rail slip. However, with increasing 

operating speeds and axle loads, wheel flatting cannot be 

completely avoided. In addition, since freight trains do 

not have anti-slip systems, the condition of the wheels is 

usually worse and has a significant impact on the useful 

life of the trains and substructure [13-29]. 

In recent years, various researchers have studied the 

field of wheel flat defects (causes, solutions to reduce 

defects, maintenance, and railway vehicles monitoring), 

among which can be referred to Bosso et al. [17], Mishra 

et al. [18], Chen et al. [19], Ng et al. [20], Wang et al. 

[21], Sattari et al. [22], etc. Bosso et al. [17] used an 

algorithm in the time domain to detect wheel flat defects 

(early stage and to estimate the severity) by measuring 

the vertical acceleration on the axle-box. Mishra et al. 

[18] presented the real-time implementation of fiber 

Bragg grating sensors on rail tracks and investigated the 

train's wheel flat status (passenger train running at a 

speed 70 kmph). Chen et al. [19] assessed wheel 

conditions in high-speed trains under various 

operational conditions. Ng et al. [20] studied the 

association between wheel flat, wheel/rail impact 

responses, and vibration signals (a 3D finite element 

model). Wang et al. [21] investigated the axle-box 

vertical vibration caused by wheel flat in the 

conventional time and frequency domain by modeling a 

high-speed railway system (94 degrees of freedom with 

wheel flat defect). Sattari et al. [22] studied the dynamic 

and safety of a freight train with wheel flat when passing 

through turnouts. Their results showed that the depth of 

the wheel flat, as well as the train speed, strongly affect 

the dynamic forces and derailment coefficient at the 

turnout. 

Train wheels, among other components, are critical for 

the safety and ride comfort of railway systems. Various 

methods have been used to assess the wheel health 

conditions. In this paper, dynamic simulation is used to 

determine the effect of two basic parameters of wheel 

flat depth and train speed on wheel/rail dynamic forces, 

which is rarely presented in other research. In the current 

paper, first, the modeling of a freight train is done in the 

Universal Mechanism (UM) multi-body software, and 

then the effect of the depth and length of the wheel flat 

on the vertical force of the wheel/rail is evaluated. 

Investigations were carried out from the depth of the 

wheel flat from 0 to 3 mm (up to a length of 168 mm) at 

two speeds of 50 and 80 km/h and on a straight route. 

2 RAILWAY SYSTEMS 

The structural structure of the railway can be considered 

as consisting of two main parts: superstructure and 

substructure. What is generally referred to as the 

superstructure of railway tracks consists of the sleeper, 

fastening system, ballast, and sub-ballast layers (or other 

alternative components in different types of slab tracks), 

which provide a suitable platform for the train to pass. 

In general, and in terms of structure, the types of the 

superstructure in railway tracks can be classified into 

two general groups: ballasted and slab track. According 

to the conditions of the route and technical and economic 

studies, both types of these tracks can be used. In “Fig. 

1”, a sample of ballasted tracks in Iran and Gaduk 
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railway station (Tehran-Mazandaran route) can be seen. 

The use of ballasted tracks is widely used in Iran's 

railway tracks and due to their lower construction cost 

and taking into account all their advantages and 

disadvantages, it has an acceptable performance overall 

[30-36]. 

 

 

 
Fig. 1 Train-track system and considered bogie. 

 

 

3 MODELING (TRAIN AND WHEEL FLAT) 

To simulate a freight train, a three-piece bogie type 18-

100 used in the countries of America, Russia, China, 

Canada, India, Australia, Brazil, and Iran has been used. 

Generally, simulations of three-piece bogies are based 

on models of a wedge friction system. The inertial 

properties of the wedges have been ignored and the 

linear model of tangential contact forces has been used. 

Some researchers used this train model for dynamic 

simulations. After completing the simulation of the 

dynamic characteristics of the train in the UM input 

section, the UM simulation section has been used to 

simulate the dynamic behavior of the system. Figure 2 

shows a diagram of the simulated model, including the 

body, bogie, and its components, as well as the 

wheel/rail force. Generally, 3-piece bogies simulations 

are based on models of a wedge frictional system. The 

inertia properties of wedges are ignored and the linear 

model of tangential contact forces is used. The bogie has 

rigid contacts between the side frame and axle-boxes, 

car-body and bolsters in the center plate and side 

bearings including clearances, between frictional 

wedges and bolster or side frame. Hertzian solution and 

FASTSIM algorithm by Kalker as well as a modified 

non-elliptic multipoint contact model are used. To 

provide more details about the simulation, refer to 

references [22-24], [29-31], [37-38]. 
 



 Int.  J.   Advanced Design and Manufacturing Technology             102 

  

 

 
Fig. 2 Freight train modeled in UM software and its component. 

 
The wheel flat defect generally occurs in two ways and 

a schematic of these two can be seen in “Fig. 3”. In “Fig. 

3 (a)”, the wheel flat is rounded and in “Fig.  3 (b)” the 

wheel flat is deformed with smooth areas and sharp 

points (newly formed) [22-23], [39-44]. In this research, 

dynamic forces have been extracted from the wheel flat 

defect in the rounded state (“Fig. 3(a)”) and at different 

depths. 

 

 
Fig. 3    Wheel flat defects in the form of: (a) rounded and (b) newly formed. 
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4 RESULTS AND DISCUSSION 

Researchers with a field study of vibrations and train-

track interaction have a great desire to obtain the values 

of wheel/rail forces considering different conditions of 

track and train. Today, the available methods for 

calculating wheel/rail dynamic forces are divided into 

two direct and indirect methods. In direct methods, the 

internal reactions of the wheel or train (including shear 

and bending moments, acceleration or displacement) are 

measured, which are directly related to the dynamic 

force of the wheel/rail.  

There are many indirect methods, and among them, it is 

possible to measure the response of the train on the 

wagon body, bogie frame and axle-box of the train 

passing the track to calculate the dynamic force of the 

wheel/rail. These methods are more flexible, as trains 

can be equipped at stop times. Also, the use of software 

such as MATLAB, ABAQUS, UM, ANSYS, etc. to 

simulate railway systems and extract wheel/rail dynamic 

forces is interesting for researchers (indirect method). 

Today, with the increasing speed of trains, the growth of 

freight train loading and the variety of working 

conditions, the comprehensive study of wheel and rail 

dynamics is becoming more and more important [22-

24], [30-33]. 

The bogie of the freight wagon has three main 

components, namely the wheelset, the bolster, and the 

side frame. In Iran, the widely used wagon bogie is 

shown in “Figs. 1 and 2”. The single-section freight 

wagon is mainly composed of one car-body and two 

bogies. Each group of bogies includes two wheelsets 

(including axle-boxes), two side frames, one bolster, and 

two suspension systems (114 DOFs). The car-body and 

bogie are rigid bodies with mass and they are assumed 

to move at a uniform speed along a straight railway line. 

The dynamic balance equation of a freight car can be 

expressed by the following formula (“Eq. (1)”): 

 

�̈�𝑓𝑤 + 𝐶𝑓𝑤�̇�𝑓𝑤 + 𝐾𝑓𝑤𝑈𝑓𝑤 = 𝑓𝑤𝑟 (1) 

 

Where, 𝑀𝑓𝑤 is the mass matrix of the freight wagon, 𝐶𝑓𝑤 

and 𝐾𝑓𝑤 are the  damping and stiffness matrices of the 

freight wagon, respectively, �̈�𝑓𝑤, �̇�𝑓𝑤, 𝑈𝑓𝑤 are the 

acceleration, velocity, and displacement vectors of the  

freight wagon, 𝑓𝑤𝑟 is the vector of the wheel/rail contact 

force [29]. 

The wheel flat is mainly characterized by the wheel flat 

length (L) and the flat depth (D), calculated according to 

Equation (2): 

 

𝐷 =
𝐿2

16𝑟𝑤
 (2) 

 

In which, 𝑟𝑤 is the radius of the wheel. Also, the wheel 

flat vertical profile deviation (Z) is defined as (“Eq. 

(3)”): 

 

𝑍 = −
𝐷

2
(1 − 𝑐𝑜𝑠

2𝜋𝑥

𝐿
)𝐻(𝑥 − (2𝜋𝑟𝑤 − 𝐿)),

0 ≤ 𝑥 ≤ 2𝜋𝑟𝑤 

(3) 

 

In which, H is the Heaviside periodic function, and x is 

the coordinate aligned with the track longitudinal 

direction. When a defective wheel rotates, the flat of the 

wheel causes a periodic impulse to the track with a 

particular frequency. The frequency of the periodic 

impulse corresponding to the flat impact frequency (ff) 

can be determined as follows (“Eq. (4)”): 

 

𝑓𝑓 =
𝑉

2𝜋𝑟𝑤
 (4) 

 

In which, V is the train speed [22-23], [27-28]. 

Figures 4 and 5 show the effect of wheel flat depth on 

wheel/rail vertical dynamic forces in a freight train with 

a speed of 50 and 80 km/h, respectively. The results 

show that with the increase in the depth of the wheel flat, 

the wheel/rail forces have increased significantly and it 

is consistent with the results of other researchers [39-

44]. As can be seen in “Figs. 4 and 5”, the wheel/rail 

vertical force fluctuates in the range of 115 kN in all 

wheels of the train in the state without wheel flat defects 

(“Figs. 4 and 5 (a)”). However, by applying the defect 

and increasing the wheel flat depth and the speed of the 

train, these values show a significant increase. The 

results of the studies by Masilo et al. [39], Pringer et al. 

[40], Mosleh et al. [41], Spiro et al. [42], Bayan et al. 

[43], and Newton et al. [44] also show that with 

increasing the wheel flat depth, dynamic forces have 

increased. 
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Fig. 4 Wheel/rail dynamic force at a speed of 50 km/h and in the wheel flat with different depths: (a): 0, (b): 0.2, (c): 0.5, (d): 1, 

(e): 1.5, (f): 2, and (g): 3 mm. 
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Fig. 5 Wheel/rail dynamic force at a speed of 80 km/h and in the wheel flat with different depths: (a): 0, (b): 0.2, (c): 0.5, (d): 1, 

(e): 1.5, (f): 2 and (g): 3 mm. 

 
Figure 6 compares the wheel/rail dynamic forces 

(maximum and minimum values) at different depths of 

the wheel flat and different speeds. The results show that 

the wheel flat depth and train speed are two important 

factors in estimating the wheel/rail dynamic forces. The 

results of the studies by Spiro et al. [42] and Wall et al. 

[45] also showed that with the increase in train speed, 

the wheel/rail dynamic forces increased and it is in 
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accordance with the current research. By increasing the 

wheel flat depth at a constant speed, the dynamic force 

is increased. For example, by increasing the wheel flat 

depth to 3 mm, the values of maximum force at speeds 

of 50 and 80 km/h have changed by about 235% and 

400%, respectively. Also, by increasing the speed of the 

train at a wheel flat depth, the dynamic forces have 

increased. For example, at speeds of 50 and 80 km/h and 

a wheel flat depth of 1 mm, the maximum force values 

change by about 37%. 

 

 

Fig. 6 Effect of train speed and wheel flat depth on 

wheel/rail dynamic force. 

5 CONCLUSIONS 

Calculation and estimation of wheel/rail dynamic forces 

can be done directly and indirectly. In this research, UM 

multi-body dynamics software was used for modeling, 

simulating, and extracting dynamic forces (indirect 

method). A common freight train in many countries was 

modeled with an 18-100 3-piece bogie, and then the 

effects of two parameters of train speed and wheel flat 

depth on wheel/rail dynamic forces were evaluated. 

Wheel flats are a key source of issues in railway systems, 

as they generate significant wear on both the 

infrastructure and the train carriages.  

They can cause serious damage to the train and 

accidents, so identifying worn wheels is critical for 

human safety and rail transit. The results showed that 

both mentioned parameters are highly effective in 

estimating the forces and influencing them. By 

increasing the wheel flat depth at a constant speed, the 

dynamic forces of the wheel/rail have increased 

dramatically. Also, by comparing the changes in the 

train speed in a certain wheel flat depth, an increase in 

dynamic forces has occurred. For example, in the wheel 

flat depth of 0.2 mm, with the change of train speed from 

50 to 80 km/h, the maximum value of vertical wheel/rail 

forces has changed by about 16% from about 147 to 171 

kN. 
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