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 One of the significant problems of our time and future is environmental pollution. There are 
many factors that cause environmental pollution and the main concerns are waste material. 
Since production, consumption and service activities have increased with rapid 
industrialization and increasing population. Waste assessment is a process that includes 
minimization, separate collection at source, intermediate storage, pre-treatment, the 
establishment of waste transfer centers, recovery and disposal when necessary, which are 
qualified as outputs as a result of activities such as production, application and consumption. 
The purpose of waste assessment is to ensure the process of wastes generated by human 
action without harming the environment and human health. In this context, re-evaluation of 
agricultural and aquaculture products that turn into waste after being used as a product is 
important both in terms of economic and environmental pollution. Herein, the use of cumin 
black pulp, which is waste at the end of black seed oil production, as a bio-based filler material 
in ethylene-propylene diene rubber (EPDM) was examined. Accordingly, the effects of cumin 
black pulp added to the EPDM matrix at different content on the rheological, mechanical and 
crosslinking degree of EPDM were determined. With the use of 10 phr cumin black pulp, the 
mechanical and rheological properties of EPDM and the degree of crosslinking increased. The 
tensile strength and elongation at break of the EPDM/CB composites increased up to 11 MPa 
and 480% with the addition of 10 phr CB, respectively. In addition, it was revealed that the 
vulcanization parameters were also enhanced. Consequently, it has been concluded as a result 
of the analysis that the waste cumin black pulp can be used as a filling material in the EPDM 
matrix. Thus, it has been seen that a product in the state of waste can be recovered and become 
an economic value. 
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1. Introduction  
 

Rubber is a significant material with a multi-purpose 
and wide range of uses and it is a polymeric material 
obtained naturally from the tree sap of some plants or 
artificially produced from petroleum and alcohol [1]. 
Rubbers are widely used in many industrial applications 
[2]. For example, rubber is the main component of the 
low-pressure hoses of the wheels and the car body 
connections in the automotive industry. In addition, fuel 
and brake hoses, windshield wipers, transmission belts, 
gaskets, axle bellows, radiator and air hoses, door and 
window profiles, oscillation and vibration wedges, and 
insulation elements are other examples of rubber 
materials used in the automotive industry [3–5]. 

Rubbers differ from other polymeric materials due to 
their unique characteristics. In the unstressed state, 

rubbers are amorphous and elastic over glass transition 
temperatures, conversely, plastics are crystalline and are 
used under glass transition temperatures to maintain 
their stability [6]. Rubbers gain a significant elasticity at 
room temperature due to the elongation properties of 
the molecular chains that are in the form of a ball [7]. 
Under the influence of high temperature and deforming 
forces, they show viscous flow and can be shaped under 
suitable conditions. In addition, with increasing 
temperature, the fluidity of the material increases and 
they exhibit a thermoplastic behavior [8,9]. 

The use of rubber in daily life increased with Charles 
Goodyear's discovery of vulcanization in 1843. Goodyear 
and Hancock added sulfur to the rubber to eliminate the 
difficulties in use such as softening of the rubber in the 
heat and embrittlement in the cold medium, and heated 

https://orcid.org/0000-0002-8319-1652
https://dergipark.org.tr/en/pub/tuje
https://orcid.org/0000-0002-8319-1652
https://dergipark.org.tr/tr/pub/tuje/issue/75987/1180753
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rubber up to 130-140°C after shaping, and this process is 
called vulcanization [10,11].   

Terpolymer EPDM, which is one of the synthetic 
rubber types, is synthesized by the polymerization 
reaction of diene together with ethylene and propylene. 
With the participation of diene in the reaction, a double 
bond, that is, unsaturation occurs in the chain [12]. This 
chemical modification allows curing with sulfur as well 
as peroxides and mixing with other polymers [13]. Since 
the unsaturation is in the side group in EPDM, the olefinic 
segments are saturated [13]. Therefore, EPDM-based 
products are rubbers with very high resistance to 
oxygen, ozone and chemicals [14]. Since EPDM is 
nonpolar, it is resistant to polar chemicals. While EPDM 
is resistant to acids and bases, it is not resistant to oils 
and is highly affected by aromatic, aliphatic and 
chlorinated hydrocarbons [15]. 

Depending on the physical properties desired in the 
field of use as a final product, there are various additives 
and fillers with different properties in the composition of 
rubber-based materials, as well as some natural or 
synthetic polymers, and these substances are added to 
the unvulcanized mixture in a certain amount in the 
rubber dough preparation process [16]. Fillers are added 
to the composition to improve the physical properties of 
the product, give a specific functionality to the product, 
or reduce the unit cost [17]. One of the most commonly 
used filling materials in the rubber industry is carbon 
black and it improves mechanical properties of rubbers. 
In addition, the use of carbon black causes an increase in 
hardness, breaking strength and electrical conductivity 
and a decrease in elastic modulus after vulcanization in 
rubbers [18].  

Despite all these advantages it provides to rubber 
materials, it has been determined that carbon black is a 
genotoxic material, and its use as a filling material is very 
harmful for both employees and the environment 
[19,20]. For this reason, in recent years, the use of bio-
based filling materials has been emphasized in the 
rubber industry instead of filling materials such as 
carbon black, which are known to be harmful, 
considering both the sustainable environment and 
employee health. For this purpose, natural components 
such as walnut shell, fish scale, peanut shell, which are in 
the form of waste, can be used as filling material [21]. 
Thus, both a waste material is evaluated and the negative 
effects caused by carbon black can be minimized. 

Cumin black (Nigella sativa L.), a flowering plant, 
mostly grows in Asia, the Middle East and the 
Mediterranean. Cumin black, which has a peppery flavor, 
is used as a spice in Indian and Middle Eastern. It is 
consumed in powder form or oil is obtained by squeezing 
the seeds [22,23]. Today, cumin black is a valuable 
product used in spice, functional food, herbal drug 
preparations, health and cosmetics sectors [24]. Turkey 
is one of the leading countries in black seed production 
due to its suitable climate and land conditions. The 
composition of the seed contains 30-45% fixed oil, 0.01-
0.5% essential oil, 20-30% protein, alkaloid bitter 
substances and saponins [25]. Due to its high oil content, 
black seed oil production has been increasing in recent 
years. After the black seed oil is obtained, the remaining 
pulp is generally used as animal feed [25].  

In this study, the use of cumin black pulp, which is 
waste after black seed oil production, in EPDM rubber 
was examined. To the best our knowledge, the use of 
cumin black pulp, which is waste as a result of cumin 
black oil production, as a biodegradable filling material 
in EPDM has not been found in the literature. In this 
direction, cumin black pulp was added to the EPDM 
matrix in different amounts and its effect on the 
rheological, mechanical and chemical properties of the 
final product was examined. 

 

2. Method 
 

The cumin black pulp (CB) was obtained from a local 
cumin black seed oil producer. Before the use of CB, a 
filler material, it applied some pre-treatment. In this 
regard, cumin black pulp is washed with de-ionized 
water to remove the impurities. The cleaned CB was 
dried in an oven at 50 °C. The dried CB was milled and 
then sieved with different mesh-sized sieves. CB particles 
below 250 micrometers were used throughout the study. 
In the second step, the unvulcanized EPDM compound 
and CB were mixed with a Kneader-type closed mixer 
until a homogeneous dough is obtained at 60 °C. After 
that, the obtained compound was compressed in a two-
roll mill [14]. 
 

Table 1. The recipe applied for the synthesis of EPDM 
and EPDM/CB composite materials 

Materials Function Amount (phr) 

KELTAN 9650Q Rubber 100 

Carbon Black Filler 1 

Zinc Oxide Activator 1.5 

Mineral Oil Lubricant 32 

Stearic Acid Activator 1 

TAC/50 Coagent 1 

Perkadox Crosslinker 5 

Cumin Black pulp (CB) 
(0CB-5CB-10CB-15CB)  

Biobased 
Filler 

0-5-10-15 

 
In characterization studies, the effects of CB added to 

the EPDM matrix as a bio-based filling material at 
different rates on the rheological, mechanical and 
chemical properties of the material were investigated. 

The rheological properties and vulcanization 
parameters of EPDM and EPDM/CB composite materials 
were determined with a moving die rheometer (MDR) 
device. A universal mechanical testing machine 
(Shimadzu AGS-X) was used to determine the mechanical 
properties. 2mm EPDM samples were cut into dog bone 
shapes by ASTM D412 standard and all mechanical 
analyzes were performed in accordance with ASTM D412 
standard. 

The crosslinking density of EPDM and EPDM/CB 
composites was determined by the Soxhlet extraction 
method. The crosslinking density of the prepared 
composites was calculated via Equation 1, where wi is the 
initial weight of the composite and wf is the final weight 
of the composite. Hexane was used as solvent throughout 
the experiment and the extraction process were carried 
out at 75 °C. 
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𝐺𝑒𝑙 𝐶𝑜𝑛𝑡𝑒𝑛𝑡, % =  𝑤𝑓 𝑤𝑖⁄ ∗ 100 (1) 
 

The crosslinking degree was also calculated by 
swelling test. The EPDM and EPDM/CB composites were 
prepared 1cm x 1cm with a thickness of 2 mm and the 
toluene was utilized. The swelling ratio was determined 
by Equation 2. 
 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜, % =  (𝑤𝑓 −  𝑤𝑖) 𝑤𝑖⁄ ∗ 100 (2) 
 

3. Results and Discussion 
 

In this study, the use of cumin black pulp, which is 
waste after cumin black seed oil production, a filling 
material in EPDM rubber was investigated. Accordingly, 
different amounts of CB particles as bio-based filling 
materials were added to the EPDM matrix and the effects 
of the amount of CB on the rheological, mechanical and 
chemical properties of the composite material were 
investigated. 

 
3.1. Rheological properties 

 
Vulcanization is the process of crosslinking long 

rubber chains to form a three-dimensional elastic 
structure. The vulcanization process can usually occur 
with the help of sulfur or sometimes with a different 
chemical such as peroxide. Vulcanization is a chemical 
process that improves the physical properties of 
elastomer mixtures. On the other hand, rheology is the 
science of the flow and deformation of matter. Shear 
stress deals with the relationships between shear 
deformation and time. It covers the study of the 
mechanical properties of gases, liquids and solids. 
Therefore, characterization of rheological properties and 
vulcanization parameters has important in the 
evaluation of rubber materials [26,27]. 

Torque curves of EPDM and EPDM/CB composite 
materials produced are shown in Figure 1. As seen in 
Figure 1, the torque values of the material increase up to 
10 phr CB content. However, a significant decrease is 
observed in the torque value of the synthesized 
composite material when the amount of CB used is above 
10 phr. Increasing the amount of CB may cause a 
decrease in the homogeneity of the rubber mixture, 
which can lead to the formation of void regions (fail 
points) in the rubber matrix. These fail points may cause 
the torque values of CB15 to decrease under the applied 
stress actuation. 

In Table 2, the vulcanization parameters of the 
synthesized EPDM and EPDM/CB composite materials 
are tabulated. The effect of CB added into the EPDM 
matrix on ts2, t90 and MH-ML values was investigated in the 
evaluation of vulcanization parameters. 
 

Table 2. Vulcanization parameters of EPDM and 
EPDM/CB composite materials 

Samples ts2 (sec) t90 (sec) MH-ML (N.m) 

0CB 38.92 95.86 11.85 

5CB 40.12 93.87 12.17 

10CB 43.81 90.24 13.41 

15CB 34.53 101.63 11.26 

 
Figure 1. Torque curves of EPDM and EPDM/CB 

composite materials 
 

The ML and MH values represent the minimum and 
maximum torque, respectively. ML value is the smallest 
torque value at which vulcanization starts and is related 
to mixing conditions. The MH value is related to 
properties such as tensile, tear and rupture strength. ts2 
time is the scorch time of the rubber mixture. Scorch time 
refers to the time to start vulcanization. The short scorch 
time causes the rubber to cure prematurely. When there 
is an early curing problem, shape stability and 
workability decrease and the mechanical properties of 
rubber decrease. Therefore, it is desirable for the ts2 
value should be long. The t90 value is the time it takes for 
90% of the EPDM to cure. 90% is the optimum curing 
time. If the vulcanization process is completed before 
reaching the t90 time, deformation of the rubber and a 
decrease in mechanical properties may occur. 

When the effect of CB on ts2 is examined, it is seen that 
CB added up to 10 phr increases the flux time of the 
rubber. The ts2 time of the material is significantly 
reduced when the amount of CB used is above 10 phr. At 
t90 values, a similar trend is observed for ts2 time. In 
addition, the optimum curing time of the rubber 
decreases until the use of 10 phr CB. With the increasing 
amount of filler material, an increase in the optimum 
curing time is also observed. Furthermore, when the 
torque difference values (MH-ML) related to the 
crosslinking degree of rubber materials were examined, 
the highest torque difference value was obtained in the 
CB10 sample. Considering the vulcanization parameters, 
it is concluded that the addition of CB until 10 phr 
positively affects the vulcanization parameters of the 
material. Thus, it has been understood that waste CB 
particles can be used as a bio-based filler in the EPDM 
rubber. 
 
3.2. Tensile properties  
 

In the preparation of rubber materials, the 
production of high mechanical properties for the area to 
be used is one of the most important parameters. 
Therefore, the characterization of the mechanical 
properties of rubber materials is significant for the 
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evaluation of the rubber material. In this study, the 
effects of bio-based CB particles used as filler material on 
the mechanical properties of EPDM were investigated 
and the analysis results were given in Figure 2-4. Tensile 
strength, elongation at break, hardness and toughness 
(energy) properties of EPDM and EPDM/CB composites 
were taken into account in the evaluation of mechanical 
properties. 

In Figure 2, the effects of CB on the tensile strength 
and elongation at break values of the prepared samples 
are given. Tensile strength is the maximum amount of 
load the polymer can tolerate without breaking when 
two forces applied to the polymer in the same way but in 
opposite directions. When the applied force overcome 
the tensile strength of the polymeric material, rupture 
happens in the polymeric material [28]. When the tensile 
strengths of EPDM and EPDM/CB samples were 
examined, it was observed that the tensile strength of the 
material increased up to CB10 sample, while the CB0 and 
CB5 samples gave similar results. In parallel with the 
increase in the amount of CB used, the tensile strength 
also decreased. On the other hand, elongation at break is 
the rate of elongation of the material at full break during 
the tensile test applied to the material. The elongation 
value is usually expressed as a percentage, so it is not a 
value dependent on the unit area over which the force is 
applied. As can be seen from Figure 2, CB used as filler 
material increased the elongation at break of the material 
and an elongation value of approximately 500% (CB10) 
was reached. The results of elongation at break and 
tensile strength results are similar to each other, and it is 
revealed that the mechanical properties increase with 
the use of 10 phr CB in both analyzes. 

The effects of CB on the toughness and hardness of the 
prepared composites are given in Figure 3 and Figure 4, 
respectively. Toughness refers to the total energy 
absorbed by the material until it deforms. Toughness is 
an engineering property that matters when it comes to a 
material's ability to withstand an impact without 
breaking. The toughness of a material is equal to the area 
under the stress-strain graph of the material [29]. As can 
be seen in Figure 3, it is seen that CB used as a bi-based 
filling material increases the toughness values of EPDM 
by up to 10 phr CB content. Therefore, it has been 
concluded that CB added to the EPDM matrix increases 
the ductility of the produced composite materials. With 
the addition of more than 10 phr of CB to the EPDM 
matrix, the ductility of the EPDM composite decreased 
and it became a more brittle material.  

Hardness is the resistance of a material against a hard 
object immersed in its surface, and it is of great 
importance as the hardness values are directly related to 
the strength of the materials [30]. Figure 4 shows the 
effect of the amount of CB used as a bio-based filler on the 
hardness of EPDM composites. Compared to Neat EPDM 
(0CB), EPDM with different CB content had a reduction in 
hardness values. In parallel with the increase in the 
amount of CB added to the EPDM matrix, the hardness 
values also decreased, that is, the material is in a softer 
form and therefore its resistance to the applied force 
decreases. 

When the mechanical analysis results were evaluated, 
it was concluded that the tensile properties of the 

material increased in the use of CB, which is used as a 
filling material, up to 10 phr. On the other hand, the use 
of CB above 10 phr decreased the mechanical properties., 
It is understood that the optimum amount of CB is 10 phr 
considering the mechanical analysis results. In addition, 
the results of the mechanical and rheological analysis are 
compatible with each other. It is also understood that CB 
can be used in the EPDM matrix as a bio-based filler 
material. 
 

 
Figure 2. Tensile strength and elongation at break 
values of EPDM and EPDM/CB composite materials 

 

 
Figure 3. Toughness values of EPDM and EPDM/CB 

composite materials 
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Figure 4. Hardness values of EPDM and EPDM/CB 

composite materials 
 
3.3. Gel content and swellling ratio of EPDM 
composites  
  

The gel content (crosslinking density) of rubber 
materials is directly related to their mechanical 
properties and is therefore an important analysis method 
for the evaluation of the material. In general, the 
traditional Soxhlet extraction method and swelling ratio 
analysis are frequently used to the determine the gel 
content of rubber materials [30]. 

Figure 5 shows the effect of the amount of CB used as 
a bio-based filler on the gel content of EPDM composites. 
Gel content was calculated using Equation 1. Accordingly, 
the mass change during the extraction process was taken 
into account. The high gel content of the rubber material 
indicates that the mass loss will be less. As can be seen in 
Figure 5, the gel content of the material increased with 
the addition of up to 10 phr of CB and the highest gel 
content was reached in the CB10 sample at about 86.5%. 
With the increasing amount of CB, the gel content 
decreased significantly. 
 

 
Figure 5. Gel content of EPDM and EPDM/CB composite 

materials 
 

Figure 5 shows the effect of the amount of CB used as 
a bio-based filler on the swelling ratio of EPDM 
composites. Swelling ratio analysis also gives 

information about the gel content of the rubber material. 
The higher the gel content of the rubber material, the less 
water it absorbs into its structure and the less it swells. 
As seen in Figure 6, the swelling ratio of the samples 
decreased with the addition of CB. The highest swelling 
ratio was reached in the CB15 sample and about 180%, 
while the lowest swelling ratio was calculated as 105% 
in the CB10 sample. 
 

 
Figure 6. Swelling ratio values of EPDM and EPDM/CB 

composite materials 
 

According to the gel content and swelling ratio 
analysis results, it was understood that the sample with 
the highest crosslink density was the CB10 sample using 
10 phr CB. Gel content and swelling ratio analysis also 
support each other. In addition, the results of the 
crosslink density analysis are also compatible with the 
mechanical analysis results. Accordingly, composite 
material with high crosslink density and mechanical 
properties was synthesized by using 10 phr CB. The 
mechanical properties of the material have also 
decreased considerably due to the reduced crosslink 
density with the use of 15 phr CB. 
 

4. Conclusion  
 

Carbon black, which is one of the filler materials 
frequently used in the rubber industry, is a very harmful 
material in terms of both the environment and employee 
health, despite the superior mechanical properties it 
provides. For this reason, many research is carried out on 
the use of bio-based fillers to replace carbon black or to 
reduce the carbon black used per unit of rubber weight. 
The selection of bio-based filler materials, especially the 
selection of waste products, provides a great advantage 
with regard to both economic and sustainable 
environments. Herein, as a result of the production of 
cumin black oil, which is frequently used and consumed 
in our country, the waste cumin black pulp was added to 
the EPDM matrix at different weight ratios as a bio-based 
filler material. The effect of added CB particles on the 
rheological, mechanical and chemical properties of the 
produced composite material was investigated. MDR 
analysis shows that CB added up to 10phr increases the 
torque values and ts2 time of the material and decreases 
the t90 time. From the mechanical analysis results, it was 
understood that the EPDM sample (CB10) containing 10 
phr CB was the optimum sample considering the tensile 
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strength, elongation at break and toughness values. In 
addition, both the gel content and swelling analysis 
results are in accordance with the rheological and 
mechanical analysis results and show that the sample 
with the highest crosslink density in both analyzes is 
EPDM containing 10 phr CB. As a result of the 
characterization studies, it is evaluated that the waste CB 
can be used as a bio-based filling material in EPDM and 
rubber materials. The use of waste materials such as CB 
as filling material in the rubber industry is a very 
important gain in terms of both economic and 
environmental pollution. 
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1. Introduction  
 

The industrial revolution has been an important 
turning point in the history of humanity, where new 
materials have been developed. New materials have 
played a major role in the development of technology 
used in land, air, sea and space studies due to their low 
cost and durability. The 20th century has witnessed the 
growth in engineering works and development of the 
materials [1]. While this expansion in the material range 
allows engineers to design specific parts and equipment, 
it has also created new situations where different 
materials are used in the construction. Combining parts 
made of different materials in terms of chemical, thermal, 
physical and mechanical properties also created 
difficulties. Mechanical joining has been a suitable 
method for many of the different materials. However, the 
need for high-performance construction has paved the 
way for welded joints to replace mechanical joints such 
as rivets and bolts. The use of welding construction has 
gained great importance especially in the realization of 
structures where lightness comes to the fore [2]. 

Welding is the metallurgical joining process of two 
metal parts to produce a single piece. This joining is the 
leading way of obtaining monolithic structures and is 
often accomplished with the use of heat and/or pressure. 
According to the chemical composition of the main 
material, fusion welding or solid-state welding is used in 
welded joining. In fusion welding method, which is based 
on melting the base metal parts to be welded in the 
welded area using heat, filler metal is added to the 
molten area to increase the strength in the joint. Electric 
arc, electric current or gas mixtures are used in the 
melting process in the welding zone of the parts to be 
joined. If the melting process in the welded joint is 
carried out with an electric arc, it is expressed as arc 
welding. The heat released from the resistance of the 
parts held together under pressure against the electric 
current passing through the contact surfaces, and the 
bonding provided by the melting process formed on the 
contact surface constitute the source of resistance [3]. 

If the hot flame required to melt the metal parts to be 
joined and the filling material, if used, is provided by 
combustible gas and oxygen, it is called a gas source. In 
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recent years, electron beam and laser are also used for 
melting in the weld zone in welded joints. If melting in 
the welding zone is carried out using an electron beam, it 
is referred to as electron source, if melting using laser, it 
is expressed as laser source. In welded joining, electron 
welding and laser welding are superior to other fusion 
welding methods by forming a small melt pool and 
narrower heat affected zone (HAZ). Fusion welding 
methods are most widely used in welded joining of 
metallic materials. However, welded joining of metallic 
materials with high thermal and electrical conductivity 
coefficients, such as copper and aluminum, by fusion 
welding methods, is carried out under special conditions. 
In joining, welding methods in which only pressure or 
pressure and heat are applied together without melting 
are called solid state welding. When the two-part 
surfaces are pressed together under high temperature 
below the melting temperature, the parts are combined 
by solid state diffusion. This source in solid state is called 
diffusion welding. The parts are placed on top of each 
other and moderate pressure is applied, and the jointing, 
which uses high frequency sound waves to create 
vibration motion parallel to the part contact surfaces, is 
called ultrasonic welding method. Welded joining of 
parts with the help of heat released from friction 
between two surfaces is expressed as friction welding. 
Solid state welding methods are used successfully in 
welded joining of many metallic materials, especially 
copper and aluminum, which are problematic to be 
joined by fusion welding methods. Numerous scientific 
studies have been conducted using solid-state welding 
methods for welded joining of the same type of materials. 
In recent years, welded joining of different types of 
metallic materials has been carried out with the friction 
stir welding method, which is one of the solid-state 
welding techniques. 

Solid state welding methods include one of the oldest 
welding methods in the world, such as forging [4]. The 
katana swords used by the ancient Japanese Samurai 
were also produced with forging welding (forged steel) 
[5]. Pressure and/or heat are used in solid state welds, 
but the effect of heat does not melt the parts and softens 
them [6]. 

The FSW method can be applied for the similar or 
dissimilar materials, materials which have different 
melting points and non-ferrous materials [7]. 

Singh et. al. [8] studied microstructure and 
mechanical behavior of friction-stir-welded magnesium 
alloys: as-welded and post weld heat treated conditions. 
The tensile strength, elongation and efficiency improved 
by 8.8%, 32.4%, and 3.8% after post weld heat treatment 
at the stir zone. Hardness of the stir zone reduced by  
12.95% after heat treatment [8]. 1400 r/min tool 
rotation speed and 25 mm/min tool traverse feed rate 
were found suitable for FSW of dissimilar magnesium 
alloys. 

Singh et. al. [9] studied investigation on the 
microstructure and mechanical properties of a dissimilar 
friction stir welded joint of magnesium alloys.  

Cakan et. al. [10] applied FSW method to dissimilar 
pure copper and the aluminum alloy AA7075-T6 plates. 
A maximum tensile strength of 224 MPa obtained at 660 

rpm tool rotation speed and, 32 mm/min traverse speed 
with same tool geometry. 

Singh et. al. [11] studied influence of post welding 
heat treatment on the microstructure and mechanical 
properties of friction stir welding joint of AZ31 Mg alloy. 
Tensile strength and elongation of FSW joint were 
145.4 ± 4.9 MPa and 9.5 ± 0.9%, in their study. Tensile 
strength and elongation of the joint were improved by 
4.74% and 15.78% after PWHT [11]. 

Wang et. al. [12] studied FSW and heat treatment of 
7050 Aluminum Alloy. With T74 heat treatment after 
welding, the tensile strength of weld increased by over 
12% [12]. 

Prasad et. al. [13] investigated mechanical properties 
of AA6061T6 and AA6351T6 plates joined by friction stir 
welding. They used vertical milling machine for FSW and 
5 mm thickness Al plates. FSW process applied with 
different pin geometries, tool rotational speed and 
traverse speeds. 167.95 MPa ultimate tensile strength 
and 92 RHN maximum microhardness value obtained 
[13]. 

Singh et. al. [14] investigated the influence of holding 
time on the characteristics of friction stir welded 
dissimilar magnesium alloy joints during PWHT (post 
welding heat treatment). They applied post weld heat 
treatment after FSW to magnesium alloys AZ31 and AZ91 
to improve characteristics and performance of welded 
joints. For microhardness performance, at 60 min PWHT 
holding time, researchers got smoother microhardness 
profile. PWHT joints had the highest impact energy of 4.2 
J for 30 min [14]. 

Su et. al. [15] applied double sided(DS) FSW 
(compared with single sided (SD)) to 6063-T6 aluminum 
alloy with thickness of 10mm . 92 MPa fatigue strength 
obtained at DS FSW, and 76 MPa fatigue strength 
obtained at SS FSW [15]. 

Singh et. al. [16] studied influence of PWHT on FSW 
joint of AZ61 Mg alloy. After PWHT, the microhardness in 
the stirring zone was reduced approximately 16% and 
the percentage elongation of the weld joint was increased 
by 18.5%. The microstructure of the welded zone 
improved [16]. 

Hunt et. al. [17] studied a generalized Method for In-
Process Defect Detection in Friction Stir Welding. In their 
study, it is mentioned that the welding speed is expected 
to be faster for FSW method, in the industry. The 
challenging part of the faster welding speed at FSW 
method, is to produce defect-free welded zone. In their 
study, when FSW applied to aluminum blanks at 1500 to 
3000 mm/min traverse speed, their methodology 
succeed to detect defects and lower the cost of NDE (non-
destructive evaluation) in the industry [17]. 

In this study, FSW application, advantages and 
disadvantages and usage areas of friction stir welding 
were examined. 

 
2. Principle of FSW 

 
In the FSW process, the temperature is generated by 

the friction between the rotating tool and the material 
surface, as shown in Figure 1. Materials softening along 
the welding line are mixed and combined with each other 
by giving the rotating tool a forward movement along the 
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material surface [19]. During this process, parameters 
such as the rotational speed of the rotating tool, the 
traverse speed, the geometry of the tool, the tilt angle of 
the tool, the force applied by the tool to the material and 
the fixation of the material affect the structure of the 
weld. In addition, the direction of rotation of the rotating 
tool (determines the advancing side and retreating side 
of the weld shown in Figure 1) is an effective parameter 
for the FSW process. Tool shoulder geometries used for 
friction stir welding shown in Figure 2. Examples of tools 
with different pin geometries are shown in Figure 3. 
 

 
Figure 1. Schematic representation of the Friction Stir 

Welding process [18] 
 

 
Figure 2. Tool shoulder geometries, viewed from 

underneath the shoulder (Copyright© 2001, TWI Ltd) 
(after Thomas et al. [20]) 

 

 
Figure 3. Examples of tools with different pin 

geometries [21] 
 

2.1. Parameters of friction stir welding 
 

The parameters that are effective in the FSW process 
are divided into three groups as indicated in Figure 4, 
these are: 

a) Tool geometry: Shoulder profile, pin profile, shoulder 
and pin diameter, shoulder and pin material. 
b) Welding parameters: traverse speed, rotational speed, 
tilt angle, etc. 
c) Other parameters: Workpiece properties, tool size, 
workpiece size, tool material [22] 
 

 
Figure 4. Parameters in the friction stir welding process 

[22] 
 

2.2. Tool geometry 
 

Tool geometry is one of the important factors to 
consider when joining using the FSW method. As seen in 
Figure 5, the tool with different geometries performs 
many functions such as generating heat, mixing, cutting 
the joint line, breaking the oxide layers, creating forging 
pressure and adding material to the joint. At the same 
time, the geometry of the tool must be able to meet the 
force and torque values that occur during the joining 
process and must be compatible with the plunge depth 
[23]. 

 

 
Figure 5. Tools used in the FSW method [24] 
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Whereas older tool designs consisted of straight, 
featureless shoulders and cylindrical or threaded pins, 
some of the earliest design innovations today were 
developed by Thomas et al. [20]. These innovations were 
the Flared-Triflute™ and Skew-Stir™ sets, indicated in 
Figure 5, designs aimed at increasing the degradation of 
the interfacial oxide layer and increasing the ITAB width 
especially in thrust welds [20, 23]. The Welding Institute 
(TWI) designed the Trivex™ tool shown in Figure 6, 
which can reduce process forces and are relatively easy 
to manufacture [23]. Studies on tool design and 
development focused on welded joining of many 
materials, especially in the welding of aluminum alloys, 
continues increasingly [23]. 
 

 
Figure 6. Trivex tool, designed by TWI [25] 

 
Zhao et al. [26] investigated the effects of pin 

geometry on material flow in AA2014 butt welding. 
Elangovan and Balasubramanian [27] investigated the 
effects of AA2219 butt welds of straight cylindrical, 
conical cylindrical, toothed cylindrical, square and 
triangular profile pins on microstructure, tensile 
strength and microhardness. Scialpi et al. [28] 
investigated the effect of shoulder geometry on 
microstructure, strength and microhardness in butt 
welds of AA6082 material. The shoulder part of the tool 
usually includes geometries consisting of a cavity and a 
corner. Liu et al. [29] investigated the effects of varying 
shoulder and pin sizes on the microstructure and 
mechanical properties of 6061-T651 butt welds. It was 
stated that cracks formed in the low hardness region of 
the weld, an increase in the tensile strength of the weld 
area was observed with the increase in the feed rate, and 
the changes in the tool dimensions did not affect the 
welding performance. 

Sorensen and Nielsen [30] designed a convex hollow 
shoulder assembly with spiral pins, which offers lower 
process forces and the ability to work with zero degree 
tilt angle. Longhurst [31] used a straight screw shoulder 
design shown in Figure 7. He stated that the shoulder 
design, which allows 0° axis angle, minimizes burr 
formation. He emphasized that the choice of pin 
geometry is also extremely important, along with the 
shoulder design, to strengthen the mix of the workpiece. 

Muthu and Jayabalan [32],  studied the effects of 
helical, flat conical and flat conical screw pin profiles on 

plates joined by FSW method. They reported that they 
obtained better mechanical properties with the use of flat 
conical pin profile in the study using AA1100 series 
aluminum and pure copper.  

Hassanifard et. al. [33] employed various Friction Stir 
Welding (FSW) tools to investigate mechanical 
properties of Al 6061-T6 joints.  Tensile properties of 
aluminum joint samples were improved as cone angle 
increased from 0° to 20° through different welding tools 
[33]. 

In the FSW process, the rotation speed, the traverse 
speed, the tool plunge force on the workpiece and the tilt 
angle between the tool and the workpiece constitute the 
welding parameters. With the rotation of the tool, the 
mixed material moves from the front to the back of the 
pin. It is extremely important for the welded joint to 
rotate the tool at the appropriate speed, to advance the 
rotating tool along the welding line at the appropriate 
speed, to contact the shoulder of the rotating tool to the 
welded parts to generate heat. 
 

 
Figure 7. Tool with hollow spherical shoulder and 

cylindrical threaded pin [23] 
 

The tool, which rotates faster than expected, 
generates more heat than necessary in the weld area, 
causing turbulent flow in the weld seam area. This 
creates micro-scale voids in the mixing zone, resulting in 
a decrease in strength. The low rotational speed causes 
not enough heat to be produced to ensure the bond, 
which produces a weak bond and low strength value [34–
36]. Suresha et al. [37] stated that tool rotation speed is 
the most effective parameter on the mechanical 
properties of the weld when joining AA7075 aluminum 
alloy plates using the FSW method [22]. 
 
3. Advantages and disadvantages of friction stir 

welding 
 
Advantages of friction stir welding: 
 

➢ Good material mixing and seamless bonding 
around the interfaces [38]. 

➢ A non-consumable tool is used in the joining 
process performed with the FSW method [20]. 

➢ FSW can be applied as fully automatic welding 
process [39]. 

➢ Shielding gas and filler wire are not using at FSW 
method [40]. 

➢ Welding of alloys such as light and durable 
Aluminum 7075-T6 series, which are known as 
non-weldable, can be welded with FSW [41]. 

➢ Dissimilar materials can be welded [42]. 

https://www.sciencedirect.com/topics/materials-science/tensile-property
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➢ Performing the welding process at low 
temperature prevents welding defects such as 
porosity, wormholes and crack formation [43]. 

➢ FSW is a solid-state welding process [44]. 
➢ FSW is environmentally friendly [45]. 
➢ Lightweight materials such as titanium, 

magnesium and composite materials can be 
welded [46–48]. 

➢ FSW can be applied as a portable joining process 
[49]. 

 

The disadvantages of FSW are: 
 

➢ High cost robotic systems are needed in complex 
geometry joints [39]. 

➢ Initial investment cost is higher than some of 
conventional methods [50]. 

➢ Additional apparatus is required for fixing 
process [51]. 

➢ Since the joining of materials with the FSW 
method is a solid state welding process, 
abrasions may occur on the rotating tool and pin 
during the joining of the material [52]. 
 

According to Table 1, for Al 6082 T6 alloy, mechanical 
properties of MIG, TIG and FS welded materials shows 
close values. For pure copper plates, FS welded materials 
shows better mechanical properties then TIG welding 
and mechanical properties closer to BM values. 
 
 

Table 1. Comparison of material properties of FS welded, TIG and MIG Welded Materials (BM: Base Material, TS: 
Tensile Strength, UTS: Ultimate Tensile Strength) 

Material Yield Strength (MPa) UTS/ TS (MPa) Elongation (%) References 
Al 6082 T6 (BM) 291 317 (TS) 11.3 [53] 
Al 6082 T6 MIG-pulse 147 221 (TS) 5.2 [53] 
Al 6082 T6 TIG 145 219 (TS) 5.4 [53] 
Al 6082 T6 FSW (low traverse speed) 150 245 (TS) 5.7 [53] 
Pure Copper (BM) 68 212 (UTS) 28.1 [54] 
Pure Copper TIG 53 168 (UTS) 12.3 [54] 
Pure Copper FSW 70 194 (UTS) 22.8 [54] 

 
4. Friction stir welding applications 
 
4.1. Defense industry 
 

The FSW method is used in the defense industry, in 
the manufacture of armored boxes, turrets and structural 
parts. FSW method is used for joining materials like Al 
7075-T651 rolled sheet metal for structural applications 
in defensive areas like military [55].  
 
Defense industry applications using the FSW method: 
 

➢ FSW method can be used in light military tanks 
manufactured using high strength aluminum 
alloys. 

➢ Military bridges and amphibious personnel 
carriers. 

➢ Titanium light field howitzers [56]. 
 

There is wide interest in the defense industry in using 
aluminum alloys for survivability related applications. 
Aluminum alloys have a low density compared to existing 
solutions and Al alloys are relatively cost-effective 
compared to other light armor materials such as 
titanium. FSW method is preferred for welding defense 
industry lightweight materials, as it has nearly similar 
properties to the base material and provides higher 
strength. tank body prototype manufactured by the FSW 
method are shown in Figure 9. 
 
4.2. Aerospace industry 
 

In 1995, NASA had to use light and durable 
aluminum-lithium alloy material in the external fuel tank 
of the spacecraft. However, since these materials are 
difficult to weld, the fuel tanks are combined with the 

FSW method [58]. The NASA SLS launch rocket produced 
by the FSW method is shown in Figure 10. 
 

 
Figure 9. A prototype of a tank body manufactured with 

the FSW method [57] 
 

 
Figure 10. NASA SLS launch rocket produced by the 

FSW method [61] 
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Aluminum alloys are frequently used in the aero 
plane industry as well as in the aerospace industry. 

Parts of the fuselage structure of the Eclipse 500 
private plane welded by the FSW method is shown in 
Figure 11 [59]. In the outer panel design of aircraft 
fuselages, beams riveted to the outer panel surface are 
used. This leads to sealing problems. FSW technology is 
applied to the outer panel designs of airframes, 
increasing the production speed and optimizing the 
stress, fatigue and corrosion values of the structure [60]. 
 

 
Figure 11. Demonstration of joined parts of the fuselage 

structure of Eclipse 500 private plane using FSW 
method [62] 

 
4.3. Marine industry 
 

Aluminum panels formed by aluminum extrusion are 
used in the shipbuilding industry in the shipbuilding 
industry, honeycomb panels, decks, helipads and some 
ship partitions are manufactured with FSW technology. 
With FSW method, modular manufacturing of ships is 
possible, the assembly process is accelerated, weight 
savings are achieved and maintenance needs are reduced 
[63]. FBFSW (Floating Bobbin Friction Stir Welding ) 
technology developed for shipbuilding can be combined 
with a portable apparatus developed for FSW process 
[64]. Portable friction stir welding devices for marine 
applications are shown in Figure 12 and Figure 13. 
Portable friction stir welding (PFSW) devices can be used 
for repairing ships and manufacturing parts in field. 
 

 
Figure 12. Portable friction stir welding device named 

Mobi-weld system [64] 

 
Figure 13. Portable Friction Stir Welding Device design 

[65] 
 

4.4. Automotive industry 
 

FSW and FSSW (Friction Stir Spot Welding) 
technology are used by manufacturers and suppliers in 
the automotive industry. Lightweight structures is using 
in Automobile components for fuel economy and meeting 
reduction in emissions regulation [66]. Automobile 
components joined with FSW are shown in Figure 14. 
Nowadays, aluminum is used in the cooling components 
of electric vehicles due to its being light weight and its 
thermal performance, and with the FSW method, which 
is the most ideal joining method for aluminum parts, is 
used in these parts. 

 

 
Figure 14. Friction stir spot welded dissimilar 

aluminum and steel sub-frame Honda Accord 2003 [67] 
 
4.5. Railway industry 
 

In railway industry lightweight materials can be 
joined with FSW method. FSW robot system for high-
speed trains is shown in Figure 15. 
 

5. Conclusion  
 

In recent years, space travel has been on the agenda, 
high-speed trains have become widespread, electric 
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vehicles have begun to replace internal combustion 
engines, and developments in the field of maritime have 
increased the demand for light, high-strength and fast-
manufacturable parts. The main materials for these fields 
are Aluminum 2xxx, 5xxx, 6xxx and 7xxx series materials, 
which are difficult or impossible to combine with 
conventional methods. The FSW method was a method 
for joining aluminum materials, but can now be used for 
steel, titanium and titanium alloys that need to be joined 
at higher temperatures. 
 

 
Figure 15. FSW robot system for high speed trains [68] 
 

Friction Stir Welding method has a cost advantage 
besides its features such as preventing welding defects 
and enabling the possibility of welding, eliminating the 
need for filler material and being able to be applied 
faster. With increasing production amount, the FSW 
method is less costly than a conventional welding 
method such as MIG [69].  

One of the advantages of friction stir welding over 
laser welding, which can be considered as an alternative, 
is that its parameters (rotational speed, welding traverse 
speed, tilt angle, axial force, probe and shoulder profile 
[70] are easy to apply, the laser source needs cooling and 
it is difficult to provide a stable energy flow. FSW 
technology is becoming widespread with the spread of 
robotic systems (for welding complex geometries), 
decreasing in initial investment costs, the widespread 
use of portable systems in repair and manufacturing, 
minimizing welding defects and the increasing need for 
lightly different materials. Additionally, FSW method is 
the most suitable method for combining the cooling 

systems and battery systems of electric vehicles and 
hybrid cars. Welding dissimilar materials, plastics, 
ceramics, composite materials as well as steel with the 
FSW method is possible with the studies carried out 
today. The FSW method stands out as a strategic 
technology that is becoming widespread nowadays. 
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1. Introduction  
 

Fracture toughness is defined as a stress intensity 
factor (SIF) in fracture mechanics [1]. It also 
characterizes the resistance of materials against crack 
development. In terms of rock mechanics, it is a 
fundamental concept that provides a physical framework 
for understanding many processes associated with rock 
fractures. In a typical brittle material, three types of 
stress-strain states have been documented. Figure 1 
shows a schematic plot of failure stress versus fracture 
toughness. For low toughness materials, brittle fracture 
is the governing failure mechanism, and critical stress 
varies linearly with fracture toughness, which is 
calculated using Equation 1 [2]. 
 

IK a =
 

(1) 

 
Where a is the radius of the crack plate, σ is the tensile 

stress causing the fracture in the material. 

 

 
Figure 1. Effect of fracture toughness on the governing 
failure mechanism in a typical brittle material (LEFM: 
Linear elastic fracture mechanics, 2a: diameter of the 

crack plate, σ: tensile stress triggering fracture 
development) [2] 
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When the fracture toughness of the rock material 
increases, the principles of nonlinear fracture mechanics 
and limit load analysis are valid for the evaluation of 
various fracture types. 

Based on modern rock mechanics and rock 
engineering approaches, three types of fracture 
toughness models have been identified, which are 
illustrated in Figure 2. Mode I fracture toughness (KIC), 
where the principal load is applied normally to the crack 
plane, tends to open the crack. Mode II fracture 
toughness (KIIC) corresponds to in-plane shear loading 
and tends to slide one crack face concerning the other. 
Mode III fracture toughness (KIIIC) refers to out-of-plane 
shear. A cracked body can be loaded in any one of these 
modes, or a combination of two or three modes [2]. 
 

 
Figure 2. Three fracture toughness models in fracture 

mechanics [2] 
 

Extensive scientific works have been carried out on 
the fracture toughness of rocks from different 
engineering geological aspects [3–12]. In these studies, 
the effects of elevated temperature, microwave 
treatment, and heating-cooling cycles on fracture 
toughness and the methods to determine the fracture 
toughness of rocks have been profoundly investigated. 
Regarding rock mechanics practices, the most common 
method to determine fracture toughness is based on 
using Brazilian disks with definite notches and cracked 
Chevron-notched Brazilian discs [13–21]. 

However, the determination of fracture toughness in 
the laboratory is laboring due to the requirement of 
special sample preparation and complicated testing 
procedures. Hence, several theories have been 
postulated to estimate the fracture toughness of rocks. 
Some empirical relationships to estimate the KIC of rocks 
is listed in Table 1. However, the empirical relationships 
in Table 1 are valid for small-scale datasets or they 
represent a specific area of interest. Therefore, 
Pappalardo [22] described the regression-based 
predictive models as site-specific and he claimed that 
they have some limitations in dealing with larger 
datasets with different rock origins. To deal with larger 
datasets with different rock origins, soft computing tools 
would enable one to establish comprehensive predictive 
models. Based on a comprehensive literature survey, 
only two studies by Guha Roy et al. [23] and Afrasiabian 
and Eftekhari [24] proposed some soft computing-based 
predictive models for the evaluation of KIC for different 
rock types (Table 2). 
 

 
Table 1. Empirical relationships to estimate the KIC of different rock types 

Equation R2 Units Ref. 
4 0.183.510− −=IC pK V

 
0.64 Vp in m/sec 

[5] 34.28 10 1.05−=  +ICK UCS
 0.30 UCS in MPa 

0.50 1.70= − +IC eK n
 0.36 ne in % 

0.332 0.000361= − +IC pK V
 0.96 Vp in m/sec 

[25] 0.0006147 0.5517= −IC sK V
 0.95 Vs in m/sec 

0.02150 0.2468= +IC dK E
 0.93 Ed in GPa 

3.2962 7.8974= −IC dK
 0.48 γd in kN/m3 

[26] 

1.24640.0093=ICK SHV
 0.35 SHV and SH in numerical 

digits 0.0126 0.3644= +ICK SH
 0.28 

( )0.5304ln 2.5345= − +ICK BAV
 0.61 BAV in cm3/50cm2 

( )0.0408exp 0.0384=ICK ISI
 0.37 ISI in % 

0.1331 0.3921= +ICK PLI
 0.59 PLI in MPa 

( )0.4075exp 0.1427=ICK BTS
 0.71 BTS in MPa 

0.50380.1013=ICK UCS
 0.36 UCS in MPa 

( )0.0037exp 0.0022=IC dK
 0.54 ρd in kg/m3 

[27] 0.45 0.58= −IC pK V
 0.55 Vp in km/sec 

0.90 1.06= −IC sK V
 0.60 Vs in km/sec 

Explanations: Vp: P wave velocity, Vs: S wave velocity,  
Ed: Dynamic Young modulus, UCS: Uniaxial compressive strength, ne: Effective porosity, γd: Dry unit weight,  

SHV: Schmidt hammer rebounding number, SH: Shore hardness, BAV: Böhme abrasion value, ISI: Impact strength index,  
PLI: Point load index, BTS: Brazilian tensile strength,  

ρd: Dry density 
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Table 2. Soft computing-based predictive models to estimate KIC for different rock types 

Data analysis method 
R2 

Independent variables n Ref. 
Training Testing 

ANN 0.87 0.91 
BTS, Vp, Vs 45 [23] FIS N.R 0.92 

ANFIS N.R 0.97 

GEP 

0.88 0.57 UCS, BTS 

60 [24] 
0.88 0.76 UCS, E 
0.86 0.75 BTS, E 
0.86 0.87 UCS, BTS, E 

Explanations: BTS: Brazilian tensile strength, Vp: P wave velocity, Vs: S wave velocity UCS: Uniaxial compressive strength,  
BTS: Brazilian tensile strength, E: Young Modulus, ANN: Artificial neural networks, FIS: Fuzzy inference system, ANFIS: Adaptive 

neuro-fuzzy inference system, GEP: Gene expression programming, N.R: Not reported. 

 
 
 

It is clear to figure out that using soft computing tools 
for the evaluation of KIC for different rock types has not 
been much studied. For this reason, the present study 
aims to build comprehensive predictive models for the 
evaluation of KIC using several soft computing tools and 
also to find out their superiority over one another. 

For this purpose, artificial neural network (ANN), 
adaptive neuro-fuzzy inference system (ANFIS), gene 
expression programming (GEP), and multivariate 
adaptive regression spline (MARS) were adopted as the 
data analysis methods. The datasets were compiled from 
various published literature, and they are transformed 
into a comprehensive database for soft computing 
analyses.  

As a result, four robust predictive models have been 
developed as a function of the UCS and BTS of rock 
material. The robustness of the models was evaluated by 
the coefficient of determination (R2) values. 

The details and mathematical formulations behind 
the proposed models are also given in this study to let 
users implement them in their work more efficiently. 

The present study, in this manner, can save time and 
provide accurate and practical information on the KIC of 

different rock types and understand the physical 
interaction between the input parameters and the KIC. 
The predictive models established in this study could 
also be integrated into rock mechanics applications such 
as hydraulic fracturing and drilling and blasting in 
fractured rock medium. 
 

2. Data documentation 
 

A comprehensive literature survey was conducted 
to compile quantitative data on the KIC for different rock 
types. Unfortunately, a significant number of previous 
studies could not have been regarded due to a lack of 
information on physical and mechanical rock properties, 
which are so important as input parameters. As a result 
of the literature survey, a database composed of 60 cases 
including the UCS and BTS of rocks was developed (Table 
3). Before involving the database in the soft computing 
analyses, the database was randomly divided into the 
training (70/100) and testing (30/100) parts. The soft 
computing analyses were first conducted using the 
training parts of the database then the models were 
verified using the testing part. 

 

Table 3. Datasets employed in soft computing analyses 
Rock type UCS (MPa) BTS (MPa) KIC (MPa m0.5) n Reference 
Limestone 105.0 2.3 0.40 1 [3] 

Shale 12.0–16.0 0.86–1.07 0.15–0.22 2 [10] 
Gabbro 132.5 11.1 1.97 1 [11] 
Granite 151.0–157.4 9.7–12.0 1.60– 1.70 3 [18] 

Limestone, Travertine, Marble, Trachyte, 
Basalt 

43.3–145.9 3.3–9.6 0.60–1.80 15 [26] 

Sandstone, Shale, Basalt, Tonalite 33.0– 145.2 5.4–19.4 0.30–3.50 6 [27] 
Basalt, Syenite 148.6–222. 11.10–13.20 1.35–1.70 2 [28] 

Sandstone, Limestone 32.3–144.9 2.7–8.5 0.30–0.90 3 [29] 
Granite, Diorite, Marble, Sandstone, Limestone 40.0– 219.0 5.0–15.0 1.10–3.80 6 [30] 

Granite 173.0–259.0 7.9–12.8 1.26–1.71 3 [31] 
Diorite 211.0 14.9 3.8 1 [32] 

Granite, Diorite 165.0–224.0 10.0–14.5 1.00–25.0 2 [33] 
Diorite 165.0 14.8 3.30 1 [34] 

Sandstone 32.0 3.6 0.28 1 [35] 
Andesite, Marble 52.3–82.8 5.1–7.0 0.56–0.94 2 [36] 

Marble 52.3–75.3 4.7–5.9 1.15–1.22 3 [37] 
Pegmatite, Gneiss 105.0–123.0 10.0–14.0 1.9–3.1 3 [38] 

Limestone, Rhyolite, Granite 55.0–240.0 10.7–12.2 0.80–1.21 3 [39] 
Travertine 26.1–29.6 4.9–5.3 0.54–0.59 2 [40] 

Explanations: UCS: Uniaxial compressive strength, BTS: Brazilian  
tensile strength, KIC: Mode 1 Fracture toughness, n: Number of samples  
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Before performing the soft computing analyses, 
simple correlations of the considered variables were 
revealed by Pearson’s correlation coefficient (r) and 
spearmen rho values, which are listed in Table 4. 
Accordingly, the UCS is moderately associated with the 
KIC, whereas the BTS is highly correlated with the KIC.  

Therefore, these two independent variables can be 
readily selected as input parameters in soft computing 
analyses. 
 
Table 4. Correlations of independent variables for the 
evaluation of KIC for different rock types 

Indicator UCS BTS 
Pearson’s correlation coefficient, r 0.595 0.829 
Spearman rho value 0.689 0.811 

 
3. Data analysis methods 
 
3.1. Adaptive neuro-fuzzy inference system 

(ANFIS) 
 

Considering many advantages, researchers have used 
ANFIS to build various predictive models that are many 
used in engineering geological problems [41–43]. The 
advantage of the ANFIS is that it practices a hybrid 
learning process to estimate the premise and consequent 
parameters [44]. 

In most ANFIS models, Sugeno fuzzy reasoning 
algorithm is primarily adopted based on numerous 
membership functions. Based on this information, the 
ANFIS analyses were carried out in the MATLAB 

environment in this study. The UCS and BTS of rocks 
were selected as input parameters for the evaluation of 
KIC (Figure 3a). For each input parameter, three 
triangular membership functions were identified (Figure 
3b, 3c). Then, nine different if-then rules were developed 
in the context of ANFIS analyses (Figure 3d). Finally, the 
ANFIS model structure was completed (Figure 3e) for 
interpretation. The if-then rules employed in the ANFIS 
analyses are listed in Table 5. 
 
Table 5. If-then rules established in the ANFIS analyses 

Rule Description 
1 If UCS is in(1) and BTS is in(1) then KIC is 0.1889 
2 If UCS is in(1) and BTS is in(2) then KIC is 0.7836 
3 If UCS is in(1) and BTS is in(3) then KIC is 11.09 
4 If UCS is in(2) and BTS is in(1) then KIC is 0.4918 
5 If UCS is in(2) and BTS is in(2) then KIC is 1.747 
6 If UCS is in(2) and BTS is in(3) then KIC is 3.206 
7 If UCS is in(3) and BTS is in(1) then KIC is 8.582 
8 If UCS is in(3) and BTS is in(2) then KIC is 0.2904 
9 If UCS is in(3) and BTS is in(3) then KIC is 6.43 

 
3.2. Artificial neural networks (ANN) 
 

ANN can analyze the data, learn and save the 
experience-based knowledge, and utilize it in future 
predictions [45, 46]. This parallel distributed learning 
algorithm is applicable to many problems, from social 
sciences to applied sciences. In most ANN models, a feed-
forward backpropagation algorithm is adopted.  
 

 

 
Figure 3. ANFIS outputs a) Input parameters b) UCS membership functions c) BTS membership functions d) If-then 

rule viewer e) ANFIS model structure
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In this study, several ANN analyses were performed 
using the neural network toolbox (nntool) in the 
MATLAB environment. The novel ANN-based predictive 
model was introduced with definite mathematical 
equations using the weights and biases extracted from 
the ANN analyses. The ANN architecture adopted in this 
study is illustrated in Figure 4.  

The UCS and BTs of rocks were adopted as input 
parameters. Six different hidden layers were developed 
in the ANN analyses and finally, a robust ANN model was 
developed to estimate the KIC of rocks. 

 

 
Figure 4. ANN architecture adopted in this study. 

 
Before performing the ANN analyses, the database 

was normalized between –1 and 1 using Equation 2. As a 
result of the ANN analyses, KIC can be estimated using 
Equation 3. The subfunctions of Equation 3 were 
determined based on the deterministic approach 
described by Das [47] and they are listed in Table 6. 

 

min

max min

2 1i
n

x x
V

x x

 −
= −  −   

(2) 

 
where xi is the relevant parameter to be normalized, xmin, 
and xmax are the minimum and maximum values in the 
dataset (Table 3). 
 

6
2

( )
1

1.778tanh 0.547 1.9177, 0.90
IC ANN i

i

K x R
=

 
= − + =  

 


 

(3) 

 
Table 6. Subfunctions of the proposed ANN model 

( )1
2.9235tanh 9.6091 4.0477 3.5939n nx UCS BTS= − −

 

( )2
2.8967tanh 12.2927 5.7981 4.9622n nx UCS BTS= − − −

 

( )3
0.39318tanh 4.2588 9.8239 3.9321n nx UCS BTS= − + +

 

( )4
0.91735tanh 5.1937 2.3084 2.1721n nx UCS BTS= − +

 

( )5
0.47452tanh 1.0616 13.8607 5.3417n nx UCS BTS= − − − +

 

( )6
0.85583tanh 1.958 1.2956 0.55962n nx UCS BTS= − + −

 
Normalization functions 

0.0081 1.0972nUCS UCS= −  
0.1081 1.093nBTS BTS= −  

 
3.3. Gene Expression Programming (GEP) 
 

The GEP is an evolutionary-based algorithm that 
produces an explicit mathematical formulation series 

between dependent and independent variables. The GEP 
was first developed by Ferreira [48], and for the past two 
decades, the GEP has gained popularity among 
researchers in various engineering fields.  

In the context of the GEP models, the number of 
chromosomes, head sizes, and gene sizes were assigned 
to 10, 7, and 3, respectively. The linking function was the 
multiplication and root means squared error (RMSE) was 
regarded as the fitness function. As a result of GEP 
analyses, sub-expression trees are given in Figure 5. 
These sub-expression trees are also listed in Table 7 as 
mathematical formulations. 
 
Table 7. Mathematical equations of the sub-expression 
trees 

( )( )
( )

− + −  
=  − 

 
1

1.694 1 1
min exp 3.702 ;

2

BTS
x

UCS
 

( )( ) ( )= − − + +
2

min ; 0.552 min ;x BTS UCS UCS BTS BTS
 

( )
 − +

=  −  
 

3

1.851 1
min ; exp 4.378 2

2

BTS
x BTS

BTS
 

 
Based on the GEP model, the KIC can be estimated 

using Equation 4 as follows: 
 

3
2

( )
1

0.9415 0.0721, 0.73IC GEP i
i

K x R
=

= + =
 

(4) 

 
 
3.4. Multivariate adaptive regression spline (MARS) 
 

The MARS was firstly proposed by Friedman [49] as a 
nonparametric regression method, which can be 
perceived as a hybrid linear model. There are two 
important parts in typical MARS models. One is the 
forward pass and the other one is the backward pass. In 
the forward pass, MARS models are initiated with 
constant terms, which are called basis functions (BFs). 
On the other hand, in the backward pass, the BFs are 
connected with linear regression models. In this study, a 
novel MARS model was introduced to estimate the KIC of 
rocks.  

The MARS analyses were performed using the 
software R and the established MARS model is given as 
Equation 5. The BFs of the MARS model are listed in Table 
8. 
 
Table 8. BFs of the established MARS model 

Basis functions Equation 

BF2 ( )max 0;11.18 BTS−
 

BF3 ( )max 0; 9.57BTS −
 

BF5 ( )max 0; 10.22BTS −
 

BF10 ( )max 0; 144.9UCS −
 

 

 
𝐾𝐼𝐶(𝑀𝐴𝑅𝑆) = 2.00 − 0.192𝐵𝐹2 − 1.336𝐵𝐹3 + 1.671𝐵𝐹5 + 0.0027𝐵𝐹10,  𝑅2 = 0.75 (5) 
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Figure 5. Sub-expression trees of the established GEP model (d0: UCS, d1: BTS, g1c1: –3.702, g1c7: 2.008, g2c7: –0.552, 

g3c3: –1.851, g3c6: –4.378) 
 
4. Discussion 
 

Simple regression models to estimate the KIC of 
compiled rock types are illustrated in Figure 6. 
Accordingly, the BTS of rocks is highly associated with 
the KIC. However, simple regression models are not 
enough for precise estimations. Therefore, soft 
computing analyses were performed to estimate KIC 
values with intended accuracy. As a result of the soft 
computing analyses based on the database collected from 
rock mechanics test results (Table 3) presented in the 
literature by some researchers, four robust predictive 
models were developed to estimate the KIC for different 
rock types. The predicted KIC values by this study versus 
KIC values compiled from the literature are plotted in 
Figure 7 for each model. Accordingly, the predicted and 
measured KIC values are in good agreement which shows 
the model’s relative success. The correlation of 
determination value (R2) for the ANFIS, ANN, GEP, and 
MARS models was found to be 0.86, 0.90, 0.73, and 0.75, 
respectively (Figure 7). 

The soft computing analysis results obtained from 
the present study indicated that the ANN model 
(Equation 3) is found to be the best predictive model for 
the evaluation of KIC. This finding indicated the strong 
learning ability and adaptivity of the ANN methodology. 

The soft computing models presented better R2 
values than most of the regression models proposed in 
the literature except for the regression models proposed 

by Zhixi et al. [25]. Because the regression models of 
these researchers were developed using 13 cases 
composed of several sandstone samples.  

As it is well known, if the sample size decreases and 
it is distributed more evenly, the regression models may 
have a better prediction performance. 

When comparing the performance of the established 
soft computing models with the ones previously 
proposed by Guha Roy et al. [23] and Afrasiabian and 
Eftekhari [24], it is clear to state that the proposed ANN 
model is better than the GEP models proposed by 
Afrasiabian and Eftekhari [24]. Nevertheless, the GEP 
model in this study was not as successful as the GEP 
model proposed by Afrasiabian and Eftekhari [24]. The 
reason for this phenomenon may be interpreted as the 
structure of the GEP model being quite different.  

On the other hand, the proposed models presented 
a lower performance than the models proposed by Guha 
Roy et al. [23]. The reason for this phenomenon can be 
attributed to the fact that the dataset used in this study 
involves different rock types unlike the dataset of Guha 
Roy et al. [23] and also input parameters that were 
integrated into the soft computing analyses are different. 
It is certain that as the variety of the rock types increases, 
the model performances may decrease. 

However, it can be claimed that the BTS of rocks can 
be a correlative parameter for the evaluation of KIC. The 
Pearson’s correlation analysis results also support this 
phenomenon (Table 4). 
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Figure 6. Simple regression models for the evaluation of KIC based on different rock properties  

a) UCS b) BTS 
 

 
Figure 7. Predicted and measured KIC values for the established models a) ANFIS b) ANN c) GEP d) MARS 
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On the other hand, the use of MARS models has not 
been previously used for estimating the KIC for a wide 
range of rock types. It was found that although the MARS 
and GEP models provide lower performances than the 
ANFIS and ANN models, they might have the potential on 
estimating the KIC. 

Overall, the findings obtained from the present study 
and the ones from the previous studies indicated that the 
UCS, BTS, Vp, and Vs can be used to estimate the KIC of 
rocks. In this study, only UCS and BTS of rocks were 
adopted since they are the most commonly measured 
parameters in engineering geological projects. 

Since the ANN model was found to be the best 
predictive model among the models established in this 

study, an example of calculating the proposed ANN 
model was given as follows: 
 
Example 1: 
Case study 1 (Data was obtained from Reference 3) 
UCS: 105.0 MPa, BTS: 2.3 MPa 
 
Normalized values:  

0.0081 105.0 1.0972 0.2467

0.1081 2.3 1.093 0.84437

n

n

UCS

BTS

=  − = −

=  − = −  
 
 

 
Subfunctions: 
 

𝑥1 = 2.9235 tanh  (9.6091 ⊗ −0.2467 − 4.0477 ⊗ −0.84437 − 3.5939) = -2.88438 
 

𝑥2 =-2.8967 tanh (12.2927 ⊗ −0.2467 − 5.7981 ⊗ −0.84437 − 4.9622) = 2.88494 
 

𝑥3 = 0.39318 tanh (−4.2588 ⊗ −0.2467 + 9.8239 ⊗ −0.84437 + 3.9321) = −0.39214 
 

𝑥4 = 0.91735 tanh (5.1937 ⊗ −0.2467 − 2.3084 ⊗ −0.84437 + 2.1721) = 0.91110 
 

𝑥5 = −0.47452 tanh (−1.0616 ⊗ −0.2467 − 13.8607 ⊗ −0.84437 + 5.3417) = −0.47452 
 

𝑥6 = 0.85583 tanh (−1.958 ⊗ −0.2467 + 1.2956 ⊗ −0.84437 − 0.55962) = −0.70559 
 

𝐾𝐼𝐶 (𝐴𝑁𝑁)
 =1.778 tanh (−2.88438 + 2.88494 − 0.39214 + 0.91110 − 0.47452 − 0.70559 − 0.547)  + 1.9177 =

0.43138𝑀𝑃𝑎 𝑚0.5 (Measured KIC=0.40 MPa m0.5) 
 
5. Conclusion  
 

In this study, the KIC of different rock types has been 
examined using ANN, ANFIS, GEP, and MARS 
methodologies. For this purpose, a comprehensive 
literature survey was conducted to compile such datasets 
for the implementation of the above-mentioned analysis 
methods. Consequently, 60 cases composed of the KIC, 
UCS, and BTS of rocks from various published literature 
were considered. Based on the UCS and BTS of rocks, four 
robust predictive models have been developed.  

Even though the ANN, ANFIS, and GEP models have 
been studied before for the evaluation of KIC, the MARS 
model has not been used to estimate the KIC of rocks.  

Among these techniques, the ANN model (Equation 
3) presented the best prediction performance. Contrary 
to the published literature, the GEP model has the lowest 
prediction capability with an R2 of 0.73 for the evaluation 
of KIC. The details and mathematical framework of the 
proposed models were introduced in this study to let 
users implement them more efficiently. The present 
study, in this context, can be declared a case study, 
indicating the applicability of several soft computing 
techniques for the evaluation of KIC. However, the 
number of samples for different rock types should be 
increased to improve the established predictive models 
in future studies. Last but not least, it is important to note 
that the adopted techniques to estimate the KIC of rocks 
may have some uncertainties due to their operational 
flow and the expert knowledge of the physical 
relationship between the input and output parameters. 
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 Global warming is a result of the greenhouse effect caused by the gases released into the 
atmosphere; It is usually expressed as an increase in the measured average temperatures. In 
addition to this, extreme weather events such as droughts, floods, and severe hurricanes 
become more frequent, and the specified extreme events become more severe. The effects of 
global climate change on hydrological and meteorological variables are increasing day by day. 
Therefore, hydro-meteorological parameters should be examined carefully. In this study, the 
effects of global climate change on the Hirfanli Dam Basin temperature series were 
investigated using the Mann-Kendall Test and Sequential Mann–Kendall Test. The annual 
mean temperature series of six stations recorded between 1965 and 2017 were analyzed and 
evaluated. It has been determined that the annual mean temperature has increased 
throughout the basin and significant increases started since the 1990s. Researches analysing 
the effects of global climate change on hydro-meteorological parameters related to the Hirfanli 
Dam Basin should be increased. These studies may be the investigation of the trends of climate 
parameters with different methods, as well as their relations with global atmospheric indices 
such as the North Atlantic Oscillation and Southern Oscillation. In the Hirfanlı Dam Basin, 
which shows semi-arid climate characteristics, especially drought disaster should be 
investigated. In addition to drought detection, these studies should be conducted with an 
integrated disaster management perspective in order to prepare for drought disasters. With 
the perspective of integrated disaster management, it will be more resilience to disasters with 
plans in which all components in the basin are together and effective against many disasters, 
especially drought. 
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1. Introduction  

 

Natural resources are of great importance in the 
rapidly developing world with the industrial revolution. 
The natural resources needed by industrialization 
started to be consumed quickly and unconsciously in this 
process. In addition, urbanization around the world has 
also accelerated by means of the industrial revolution. 
Subsequently, harmful gases emerged as a result of 
industrialization and urbanization. Considering the 
decreasing natural resources, this situation has caused 
changes in the world climate. Therefore, the causes and 
effects of climate change are being studied intensively by 
scientists. 

Global climate change has become an important 
problem affecting civilization around the world. Global 
climate change manifests itself to different degrees in 
various geographies in Turkey. These effects were 

investigated using hydro-meteorological climate 
parameters [1–18]. 

Keskin et al. [19] examined the effects of global 
climate change on the Eastern Anatolia region by using 
precipitation and temperature parameters. The 
increasing trend in temperature series was determined 
at 12 stations except for Erzurum and Bitlis, increasing 
trends of precipitation series were determined in Kars 
and Ardahan. Ulke Keskin and Ozkoca [20] investigated 
the changes in temperature series of the Central Black 
Sea Region with the Mann-Kendall (MK) Trend Test and 
Sen's Trend Slope Test. They stated that the 
temperatures in the region are in an increasing trend. 
Köyceğiz and Buyukyildiz [21] researched the trends of 
annual average temperature, maximum temperature and 
minimum temperature data of Konya Closed Basin, 
stating that more than 80% of the annual temperature 
series has a statistically significant increasing trend. 

https://orcid.org/0000-0001-5307-8563
https://dergipark.org.tr/en/pub/tuje
https://orcid.org/0000-0001-5307-8563
https://dergipark.org.tr/tr/pub/tuje/issue/75987/1145716
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In this study, the annual temperature series of the 
Hirfanli Dam Basin, which is stated to have drought 
climate characteristics in the literature [22–24], were 
investigated using MK Test and Sequential Mann-Kendall 
(S-MK) Test methods. 

 
2. Material and Method 
 

2.1. Study area and Data 
 

The sub-basin containing the Hirfanli Dam Basin, 
which is located between 33.3°E and 38.7°E longitudes 
and 38.3°N and 40.1°N latitudes, is within the Kizilirmak 
River Basin, and has a surface area of approximately 
26700 km2. In the basin, the altitude varies between 799 
and 3880 m (Figure 1).  The east part of the basin is the 
hilliest region of the basin, which consists of high peaks 
and is bordered by mountainous areas. Plateaus, wide 

plains, and meadows are more common in the west part 
of the basin. The Hirfanli Dam, which was built on the 
Kizilirmak River in 1959 for flood control and 
hydropower purposes, has a surface area of 263 km2 and 
reservoir volume of 5,980 hm3 at normal water surface 
level [22–24]. 

Annual temperature data of stations in the basin 
were procured from the Turkish State Meteorological 
Service (TSMS). Descriptive statistics (Minimum, 
maximum, mean, Std. Dev., Variation, Skewness and 
Kurtsosis) of temperature records between 1965 and 
2017 are shown in Table 1. The graphs of the 
temperature series for each station in the Hirfanli Dam 
Basin are given in Figure 2 The mean temperature is 
around 10.02°C and also the annual temperature 
decreases from the upstream to the downstream due to 
the increase in altitude (Figure 3) [23]. 

 

 
Figure 1. Geographical distributions of stations in Hirfanli Dam Basin [26] 

 
Table 1. Descriptive statistics of temperature records of stations used in this study 

oC Gemerek Kayseri Kirsehir Nevsehir Sivas Zara 

Min. 6.94 8.41 9.43 8.49 6.64 5.94 

Max. 11.77 13.23 13.78 13.64 11.99 11.27 

Mean 9.63 10.52 11.46 10.69 9.17 8.63 

Std. Dev. 0.96 1.03 0.84 0.98 1.04 0.96 

Variation 0.92 1.06 0.71 0.97 1.07 0.92 

Skewness 0.06 0.22 0.33 0.40 0.23 -0.14 

Kurtosis 0.40 -0.06 0.35 0.48 0.43 0.92 
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Figure 2. Temporal distribution of temperature records of station 

 
2.2. Mann Kendall (MK)Trend Test  
 

The MK test is independent of the distribution of 
variables [27–28]. Whether there is a tendency in the 
time series is tested by the null hypothesis (H0: no trend) 
[29–31]. The pairs xi, xj in the series x1, x2, …, xn are 
divided into two groups. The test statistic (S) is 
expressed by Equation (1), where for i <j the number of 
pairs with xi <xj is P and the number of pairs with xi> xj is 
M. Kendall correlation coefficient with Equation (2); 
variance is calculated by Equation (3). If there are equal 
values in observations in the series, the variance value is 
calculated using Equation (4). 
 

𝑆 = 𝑃 −𝑀 (1) 

  

𝜏 =
𝑆

[𝑛
(𝑛 − 1)

2⁄ ]
 (2) 

  

𝜎𝑠 = √
𝑛(𝑛 − 1)(2𝑛 + 5)

18
 (3) 

  

𝜎𝑠 = √
𝑛(𝑛 − 1)(2𝑛 + 5) − ∑ 𝑡𝑖(𝑡𝑖 − 1)(2𝑡𝑖 + 5)

18
 (4) 
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Figure 3. Spatial distribution of annual temperature series 

 
Standardized MK test statistics are calculated by 

Equation (5). 
 

(𝑆 − 1)

𝜎𝑠
; 𝑆 > 0

0 ; 𝑆 = 0
(𝑆 + 1)

𝜎𝑠
; 𝑆 < 0

 (5) 

 

If the absolute Z obtained by Equation (5) is less than 
the critical Z of the normal distribution corresponding to 
the selected α significance level, the H0 is accepted; 
otherwise, the existence of the trend is determined. 
Positive values indicate the presence of an increasing 
trend, while negative values indicate a decreasing 
tendency [32]. 
 

2.3. Sequential Mann Kendall (S-MK) Test  
 

The S-MK Test is used to find out whether the series 
increases or decreases over time. While the test presents 
the results graphically, it can also determine the starting 
point of the trend [33]. 

The t value, which is the test statistic, is calculated by 
summing the ni values obtained by counting the smaller 
ones from the previous ranks for each rank. Mean value 
of t's is calculated by Equation (7); variance Var(t) is 
calculated by Equation (8) and Test statistic u(t) is 
calculated by Equation (9). The backward test statistic 
u'(t) is calculated similarly to u(t) [34-35]. 

The point where u(t)-u'(t) intersect shows where the 
trend starts [33]. 
 

𝑡 =∑𝑛𝑖

𝑛

𝑖=1

 (6) 

 

𝐸(𝑡) =
𝑛(𝑛 − 1)

4
 (7) 

 

𝑉𝑎𝑟(𝑡) =
𝑛(𝑛 − 1)(2𝑛 + 5)

72
 (8) 

 

𝑢(𝑡) =
(𝑡 − 𝐸(𝑡))

√𝑉𝑎𝑟(𝑡)
 (9) 

 
 
3. Results and Discussion  
 

The MK Trend Test was applied to identify the 
tendency in the Hirfanli Dam Basin stations recorded by 
TSMS in the period of 1965-2017. The results of the 
analyzes performed at 95% confidence levels are shown 
in the Table 2. 

An upward trend has been determined in all stations 
in the basin except Zara. Upward trends in Gemerek, 
Kayseri, Kirsehir, Nevsehir and Sivas stations are 
statistically significant (Z>ZCr).  

In order to determine the starting time of the 
tendency, S-MK Test was applied to the temperature time 
series obtained from Gemerek, Kayseri, Kirsehir, 
Nevsehir and Sivas stations which statistically significant 
trends were determined. The graphical results of the 
station are given in Figure 4. 

It is seen that there was a fluctuation in the trend 
change in the first half of the 90s in Gemerek. In the u(t)-
u'(t) graph, the curves intersect at two points, in 1992 
and 1995. The temperature series started to decrease in 
1992 and to increase in 1995. This increasing trend 
continues throughout the observation period after 1995. 
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Table 2. Results of MK Trend Test 
 Zcr Z Trend 

Gemerek ±1.96 2.43 Significant upward 

Kayseri ±1.96 4.48 Significant upward 

Kirsehir ±1.96 3.18 Significant upward 

Nevsehir ±1.96 3.82 Significant upward 

Sivas ±1.96 3.32 Significant upward 

Zara ±1.96 1.90 No trend 

 

  

  

  
Figure 4. S-MK results of stations 
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From the u(t)-u'(t) graphs of Kayseri, Kirsehir, 
Nevsehir and Sivas stations, the curves do not intersect. 
Therefore, the starting date of the trend could not be 
determined. Despite this situation, it is thought that the 
increasing tendencies became evident in Kırşehir and 
Nevşehir after 1993; it becomes prominent in Kayseri 
and Sivas after 1994. 

As can be seen in the literature, the effects of global 
climate change on various hydro-meteorological 
parameters are being investigated. It is known that the 
temperature series in the world show an increasing 
trend [35–36]. In previous studies involving this study 
area, increasing trends were determined in annual and 
seasonal temperature series for Turkey [1, 38–44].  

The existence of an increasing trend in annual 
temperature records has been ascertained by various 
trend analysis methods in the Central Anatolia region 
and the Kizilirmak River basin [21, 25, 39, 43–48].  

In addition, Doğan et al. [40] stated that 1992 was a 
turning point for increasing trends. Terzi and Ilker [44] 
determined increasing trends in Kayseri, Kirşehir, 
Nevşehir and Sivas as a result of the temperature records 
for 1980-2017. Another study was carried out by Ercan 
and Yüce [43] who stated that there are increasing trends 
for Gemerek, Kayseri, Kirşehir, Nevşehir and Sivas for the 
1975-2015. As a result of this study, the increase trends 
determined throughout the basin, except Zara, support 
each other with the studies in the literature and similar 
study areas. The determination of increasing trends in 
the first half of the 90s shows parallelism with the results 
of the study of Doğan et al. [40]. 
 

4. Conclusion  
 

In this study, the effect of global climate change on 
the temperature series in the Hirfanli Dam Basin was 
investigated. Hirfanli Dam basin, which is located in the 
semi-arid climate region where climate change can be 
seen due to its location. The annual mean temperature 
values measured by TSMS in the period 1965-2017 were 
used. The trend in the basin was determined using the 
MK test. And the S-MK test was used to determine the 
starting date of the tendency. An increasing trend has 
been determined in the temperature values throughout 
the basin except Zara. Statistically significant increasing 
trends were found in Gemerek, Kayseri, Kırşehir, 
Nevşehir and Sivas stations. According to the S-MK Test, 
the temperatures in this drought-threatened basin 
increased significantly, especially since the first half of 
the 1990s. 

As a result of global climate change, drought in the 
basin is expected to increase even more in the future. 
Therefore, the following measures and activities can be 
carried out: 

• Plans involving the community should be made 
against disasters caused by hydro-meteorological 
climate parameters [49]. 

• A drought-monitoring center for the basin can be 
established to monitor the temperature time 
series. 

• A drought action plan should be prepared by 
evaluating all hydro-meteorological parameters in 
the basin. 

• Activities related to the efficient use of water 
resources should be carried out. 

• Information, prevention and sustention activities 
should be carried out against possible negative 
effects in agricultural activities. 

• Existing urban green spaces should be protected 
and afforestation activities should be increased. 

 
In the Hirfanli Dam basin, which has a semi-arid 

feature, it is peradventure that drought actions will be 
seen as a result of the temperature increase caused by 
global climate change. It is thought that future drought 
events may be severe and long-lasting. For this reason, it 
is of great importance to put to good use in the basin in 
terms of hydro-meteorological climate parameters, 
drought, water resources, agriculture, industry, and also 
civilization. 
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1. Introduction  
 

Nowadays, instead of traditional materials such as 
metal, wood, polymer, composite materials that combine 
the excellent properties of their constituent components 
are used in many industries. Since the materials used in 
industrial production are desired to have superior 
properties, the need for new material types is increasing 
daily [1]. In line with this need, research and 
development studies have focused on the production of 
new composite materials with superior properties by 
changing material combinations. 

While epoxy resin is generally used as matrix 
material in the production of fiber reinforced composite 
materials, glass fiber, carbon fiber, basalt fiber and 
aramid fiber are used extensively as reinforcement 
materials. In addition, hybrid composites that these 
fibers are used together has been increasing rapidly in 
recent years. The most important reasons for the 
widespread use of fiber-reinforced polymer composites 
are their high strength and modulus of elasticity. 

Fiber reinforced composites can also be produced as 
hybrids using more than one fiber type. Hybrid 
composites can have better mechanical properties when 
comparing pure fiber composites. In hybrid composite 
materials, the stacking sequence can positively or 
negatively affect the mechanical behavior of the 
composite structures. For this reason, it is crucial to 
subject different stacking sequences hybrid composite 
samples to mechanical tests. In some scientific research 
that includes composite materials, the stacking 
sequence's effect on mechanical strength has been 
investigated [2-5]. 

Reinforcement materials such as glass, carbon and 
aramid fiber are widely used as reinforcement 
components in composite materials. The tensile strength 
of glass fibers is considerably higher than polymers. They 
also have a high strength-to-weight ratio [6,7]. Aramid 
fibers have superior characteristics such as high 
strength, high modulus of elasticity, high temperature 
resistance, high chemical corrosion resistance and high 
shear strength [8-11]. 

https://dergipark.org.tr/en/pub/tuje
https://orcid.org/0000-0003-3088-7610
https://orcid.org/0000-0002-6405-4724
https://orcid.org/0000-0002-3536-3931
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In engineering applications, besides experimental 
studies, there are many studies in which results are 
obtained with numerical analysis without the need for 
experimentation [12-16]. Tests are carried out to 
determine the mechanical strength of composite 
materials that cause costs in terms of both material and 
labor. Today, these tests can be done by physically, also 
can be done by numerical analysis in computers. ANSYS 
and LS-DYNA software are widely used in the numerical 
analysis of composite materials. According to the tests to 
be applied, the properties of the samples, which are 
modeled in three dimensions in the computer 
environment, can be defined on the material cards which 
in the software interface and numerical analyzes can be 
made. Thus these numerical analyzes, the mechanical 
behavior of the material planned to be produced can be 
tested virtually. Eventually, the numerical analysis can 
save labor and material costs. 

Song [17] examined the tensile and bending 
strengths of layered composites prepared by 
carbon/glass and carbon/aramid fiber hybridization. 
Composite samples, which were formed by using six 
different layer numbers and stacking sequences, were 
produced by vacuum assisted resin transfer method. As a 
result of the study, it was concluded that both 
carbon/glass and carbon/aramid hybrid composites 
have much better tensile and flexural strengths of 
samples with carbon in the interior compared to samples 
with other stacking sequences. 

Jaroslaw et al. [18] produced composite samples 
based on aluminum alloy and glass or carbon fiber 
reinforced laminated polymer composites and 
investigated their low-velocity impact behavior. They 
analyzed the effect of fiber stacking sequence angles by 
interpreting the damage and impact responses. As a 
result of the study, they observed that while plastic 
deformation creation, delamination initiation and 
progression were seen in samples containing glass fiber, 
collapse (penetration) and puncture (perforation) 
occurred in samples that containing carbon fiber. 

Wagih et al. [19], investigated the low-velocity 
impact responses of carbon fiber and aramid fiber 
reinforced hybrid composites at different energy levels. 
Three-point bending tests were applied to the impact 
damaged samples and compared with the flexural 
strength of the undamaged samples. They observed that 
in the samples placed aramid fiber between the carbon 
fiber layers, no damage occurred in the lowest carbon 
layer as a result of low-velocity impact. They concluded 
that aramid reinforcement significantly increased the 
strength of the samples compared to pure carbon fiber 
reinforced and pure glass fiber reinforced composites. 

Gemi et al. [20] applied low-velocity impact tests at 
4 different velocities to 6 layers of glass fiber reinforced 
ring composites produced in 3 different diameters. It was 
observed that the energy absorption ability decreased 
with the increase of the impact velocity. As a result of the 
study, it was concluded that as the diameter of the 
samples increased, the maximum contact force and the 
amount of absorbed energy decreased [20]. 

Rezasefat et al. [21], produced 8 layers of aramid 
fiber and glass fiber hybrid composites and applied a 
low-velocity impact test. They investigated the effect of 

hybridization and stacking sequence on impact 
resistance in samples exposed to impact at 19 J, 37 J and 
72 J energy levels. As a result, it was seen that the 
resistance to impact increased up to the energy level of 
49.5 J with hybridization, and at higher energy levels, the 
pure glass fiber reinforced composite performed better. 

Uyaner et al. [22] investigated the impact response 
of 18-layer E-glass fiber reinforced composites with 
different sized experimentally and numerically. 
Numerical analyzes were performed with the MAT 055 
material model using the LS-DYNA software. According 
to the results of the numerical and experimental, it was 
determined that the size of the composite materials 
remarkably affects the impact behavior of the materials. 

Mesh density is a significant parameter in studies 
that includes finite element analysis. According to the 
mesh number determined in the analysis, the results may 
vary up to the optimum mesh number value, but there is 
no visible change in the results obtained after the 
optimum mesh number is reached [22]. In this work, the 
contact force values were determined at an element size 
of 2 mm, corresponding to the number of elements in one 
plate being 4500. Also, the impactor was created with 
12096 elements. 

Composite materials can be exposed to low-velocity 
impacts at different energy levels during their lifetime. 
These impacts result in different types of damages in 
composite structures. The researchers applied impact 
simulations at different energy levels to the materials 
which is modeled three-dimensionally in the computer 
environment and aimed to create predictions against 
impacts that could be encountered in real life with the 
data they obtained. In these studies, in the literature, 
generally 20 J and 30 J energy levels were used [23,24]. 

In this study, 12-layer glass fiber/epoxy, aramid 
fiber/epoxy composites and glass fiber/aramid 
fiber/epoxy hybrid composites were modeled with LS-
DYNA software and the low-velocity impact test was 
simulated in a virtual environment. Impact energies were 
determined as 20 J, 30 J and 40 J in analyzes which 
performed on 6 different composite models. The stacking 
sequences of the layers forming the composites are 
common to all samples and the form of stacking 
sequences angles [0,90]6. This study aims to predict the 
impact response of composite materials, which are very 
difficult and costly to manufacture, with a preliminary 
evaluation made in the computer environment. 

 

2. Method 
 

In this study, six different composite material 
designs were first carried out. Glass fiber and aramid 
fiber were chosen as reinforcement material and epoxy 
resin as matrix material. Composite structures modeled 
in Figure 1 are given schematically. The designed 
composite structures are pure aramid epoxy [A]12, pure 
glass epoxy [C]12, hybrid1 [AC]6, hybrid2 [CA]6, 
functional1 [AAAAAACCCCCC] and functional2 
[CCCCCCAAAAAA]. All samples are designed to be 180 × 
100mm in size with 12 layers. Low-velocity impact tests 
were applied to the designed samples at 20 J, 30 J and 40 
J energy levels. During the impact tests, the samples were 
modeled as free (180 mm) on both sides and embedded 
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(100 mm) on both sides. LS-DYNA software, which is 
widely used in the literature, was preferred for 
performing low-velocity impact tests. 
 

                            
 

                                 
 

(a) (b) (c) 
                                                            

 

(d) (e) (f) 
Figure 1.  Designed 12-layer composite samples 

(a)pure glass fiber, (b)pure aramid fiber, (c)hybrid1, 
(d)hybrid2, (e)functional1 and (f)functional2 

 
In order to define the layer properties of composite 

samples; 
MAT055 (MAT_ENHANCED_COMPOSITE_DAMAGE) 
material card is used. The MAT 055 material card uses 

the Tsai-Wu damage criterion in numerical analysis, and 
the formula technique is given in Equation 1-3. 

Tensile damage in fiber direction; 
 

(
𝜎11

𝑋𝑇

)
2

+ 𝛽 (
𝜎12

𝑆𝐶

)
2

− 1 {
≥ 0 𝑓𝑎𝑖𝑙𝑒𝑑
≤ 0 𝑒𝑙𝑎𝑠𝑡𝑖𝑐

 (1) 

 
Compression damage in the fiber direction; 
 

(
𝜎11

𝑋𝐶

)
2

− 1 {
≥ 0 𝑓𝑎𝑖𝑙𝑒𝑑
≤ 0 𝑒𝑙𝑎𝑠𝑡𝑖𝑐

 (2) 

 
Tensile and compression damages in the transverse 

fiber direction; 
 

(
𝜎22

𝑌𝐶𝑌𝑇
)

2

+ (
𝜎12

𝑆𝐶
)

2

+ (
𝜎22(𝑌𝐶 − 𝑌𝑇)

𝑌𝐶𝑌𝑇
) − 1 {

≥ 0 𝑓𝑎𝑖𝑙𝑒𝑑
≤ 0 𝑒𝑙𝑎𝑠𝑡𝑖𝑐

 (3) 

 
calculated using the formulas. The subscript “1” 

denotes the fiber array direction, and the “2” denotes the 
transverse fiber direction (the normal of the fiber). σ11 is 
the normal stress in the fiber direction, σ12 is the in-plane 
shear stress, σ22 is the transverse normal stress in the 
fiber direction, and β is the weight factor in the shear 
stress. SC corresponds to interlayer shear strength, XC 
longitudinal compression strength, XT longitudinal 
tensile strength, YT cross-sectional tensile strength and 
YC cross-sectional compression strength values. 

Composite samples were modeled as 12 different 
layers, and aramid/epoxy and glass/epoxy layer 
properties were defined for each layer using the Part 
Composite material card. The layers are connected to 
each other using with the 
Contact_Automatic_One_Way_Surface_To_Surface_Tiebr
eak material card. In accordance with the literature, the 
glass/epoxy layer thickness is 0.2125 mm and the 
aramid/epoxy layer thickness is 0.3875 mm [22]. The 
material properties of aramid/epoxy layers are given in 
Table 1, and the material properties of glass/epoxy 
layers are given in Table 2. 

Table 1. Material properties of aramid/epoxy ply [25] 
LS-DYNA Flag Value Unit 
E11 40300 MPa 
E22 10300 MPa 
G12 2500 MPa 
V12 0.23 - 
XT 743 MPa 
XC 249.6 MPa 
YT  59.4 MPa 
YC 87.6 MPa 
SC 34.5 MPa 
DFAILT 0.0184 - 
DFAILC 0.0062 - 
DFAILM 0.0058 - 
DFAILS 0.0138 - 

 
Table 2. Material properties of glass fiber/epoxy ply [22] 

LS-DYNA Flag Value Unit 
E11 42000 MPa 
E22 9500 MPa 
G12 3500 MPa 
V12 0.34 - 
XT 690 MPa 
XC 300 MPa 
YT  66 MPa 
YC 147 MPa 
SC 56 MPa 
DFAILT 0.0164 - 
DFAILC 0.0071 - 
DFAILM 0.0069 - 
DFAILS 0.0160 - 

 
The impactor properties used in the numerical 

analysis are given in Table 3. Impact material properties, 
modeled as solid spherical and 12 mm in diameter, were 
defined using the MAT_020 Rigid material card. The 
MAT_020 material card has been used in many low-
velocity impact studies in the scientific studies [26]. The 
impactor was defined as having a mass of 10 kg and its 
density was determined as 1.112885 kg/m3. The 
connection between the impactor and the composite 
sample was established with the 
CONTACT_AUTOMATIC_NODES_TO_SURFACE material 
card and numerical analysis was performed [27]. 
 

Table 3. Material properties of impactor [23] 

Material Density, ρ 
Modulus of 
elasticity, E 

Poisson’s 
ratio 

Steel 1.112885 kg/m3 207000 MPa 0.3 

 
3. Results  
 

In low-velocity impact tests using LS-DYNA 
software, 20 J, 30 J and 40 J impact energy levels were 
preferred. Low-velocity impact tests with the specified 
properties were applied to the modeled samples by 
making 6 different combinations, force-time and force-
displacement graphs were created.  

In Figure 2a force-time and Figure 2b force-
displacement graphs of 12-layer glass fiber composite 
samples at different energy levels are given. 

Figure 3 shows (a) force-time and (b) force-
displacement histories of 12-layer aramid fiber 
composite sample at different energy levels. 
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(a) (a) 

  
(b) (b) 

Figure 2.  The graphs of (a) force-time and (b) force-
displacement for 12-layer glass fiber composite sample 

at different energy levels 

Figure 3.  The graphs of (a) force-time and (b) force-
displacement for 12-layer aramid fiber composite 

sample at different energy levels 
 

When the force-time histories given in Figure 2a are 
examined, it is seen that the contact force increases 
rapidly as the impactor contacts the sample and starts to 
decrease after reaching a certain value. Since the 
impactor rebound from the sample surface, the contact 
force value decreased to 0 at all energy levels. It is seen 
that the force-time changes are in the form of a bell-
shaped curve for all energy levels. Vibrations occurring 
especially in the part where the force increases, indicate 
that the composite samples are damaged [28]. As the 
impact energy level increases, the maximum contact 
force value also increases. In Figure 2b, the force-
displacement changes for different energy levels are 
given together. The slope in the increasing part of the 
force-displacement change is called bending rigidity in 
the scientific research due to the resistance of the sample 
against the impact load [22]. While the bending rigidity 
value was nearly same at 20 J and 30 J energy levels, it 
decreased at 40 J energy level. This indicates that the 
resistance of the glass fiber/epoxy composite sample 
decreases somewhat with the increase in the energy 
level. As the impact energy increases, sample’s 
displacement increases. The area under the force-
displacement curve gives the amount of energy absorbed 
by the material during the impact. It is clearly seen from 
the graphs that the amount of energy absorbed increases 
with the increase of the impact energy. 

When the force-time changes given in Figure 3a are 
examined, it is seen that the force increases rapidly with 
the contact of the impactor to the sample, similar to the 
glass fiber/epoxy sample, and decreases to 0 after 
reaching a certain value. The highest contact force values 
obtained for the same energy levels were higher in 

aramid fiber/epoxy samples. The most important reason 
for this is that aramid fiber behaves more rigidly than 
glass fiber. As the stiffness of the specimen increased, the 
maximum contact force value also increased. Figure 3b 
shows the force-displacement changes of the aramid 
fiber/epoxy composite sample for different energy 
levels. When the graph is examined, it is seen that the 
bending rigidity value for the 20 J energy level is higher 
than the others. The bending rigidity values at 30 J and 
40 J energy levels were nearly same. For the same energy 
level, it is seen that the largest displacement value in the 
samples is lower than the glass fiber/epoxy composite 
samples. 

In Figure 4, 12-layer hybrid1 and in Figure 5, 12 layer 
hybrid2 glass and aramid fiber reinforced composite 
samples' (a) force-time and (b) force-displacement 
graphs are given. 

When the force-time changes given for the hybrid1 
sample in Figure 4a and for the hybrid2 sample in Figure 
5a are examined, they are characteristically similar to the 
graphs obtained from pure glass and pure aramid 
composite samples. The highest contact force values 
obtained from hybrid1 and hybrid2 composite samples 
were found to be higher than pure glass sample and 
lower than pure aramid sample for the same energy level. 
When the hybrid1 and hybrid2 samples were evaluated 
within themselves, it was seen that the highest contact 
force value obtained from the hybrid2 sample was higher 
for the 20 J energy level. The maximum contact force 
values were nearly the same for 30 J and 40 J energy 
levels. The impacted surface in the hybrid2 sample is the 
aramid surface and has a higher stiffness value. This 
resulted in a higher contact force for the 20 J energy level. 



Turkish Journal of Engineering – 2023, 7(4), 314-321 

 

  318  

 

Since the damage to the samples will increase at other 
energy levels, the impact response was similar. 

Force-displacement graphs at different energy levels 
are given for the hybrid1 sample in Figure 4b, and for the 
hybrid2 sample in Figure 5b. When the graphs are 
examined, the bending stiffness values of the hybrid1 
sample impacted from the glass surface were nearly the 
same for 20 J and 30 J energy levels, but decreased at 40 
J energy level. This variation is similar to a pure glass 
sample. On the other hand, bending rigidity values at 30 
J and 40 J energy levels were nearly same in hybrid2 
sample, which was impacted by the aramid surface, while 

bending stiffness was higher at 20 J energy level. This 
change was similar to the force-displacement changes 
obtained from the pure aramid sample. When the 
maximum displacement values for the same energy level 
are examined, it is seen that nearly same displacement 
values are reached in hybrid1 and hybrid2 samples. 

In Figure 6a and Figure 7a force-time, Figure 6b and 
Figure 7b force-displacement graphs of 12-layer 
functional1 and 12-layer functional2 glass and aramid 
fiber reinforced composite samples are given at different 
energy levels. 

 

  
(a) (a) 

  
(b) (b) 

Figure 4.  The graphs of (a) force-time and (b) force-
displacement for 12-layer hybrid1 glass and aramid fiber 

reinforced composite sample at different energy levels 

Figure 5.  The graphs of (a) force-time and (b) force-
displacement for 12-layer hybrid2 glass and aramid fiber 

reinforced composite sample at different energy levels 
 

When the force-time changes given for the 
functional1 sample in Figure 6a and for the functional2 
sample in Figure 7a are examined, the maximum contact 
force values obtained from the same energy levels were 
lower than the previous samples. When the functional1 
and functional2 composite samples were evaluated 
within themselves, lower force values were obtained for 
the same energy level than the functional1 sample. 
Obtaining lower force values by producing the samples 
functionally indicates that the samples' stiffness has 
decreased. Otherwise, raw material of the impacted 
surface for functional samples is extremely important in 
impact responses. 

Force-displacement graphs at different energy levels 
are given for the functional1 sample in Figure 6b and for 
the functional2 sample in Figure 7b. For the same energy 
levels, higher displacement values were obtained from 
the functional2 sample compared to the functional1 
sample. When the bending rigidity values in force-
displacement changes are examined, different values 

occur at different energy levels in the functional1 sample, 
while nearly same bending rigidity values are obtained in 
the functional2 sample. 
 
4. Conclusion  
 

Composite materials are frequently used in aviation, 
space, automotive and defense industry sectors due to 
their superior properties such as high strength/weight 
ratio, high wear and corrosion resistance. The most 
disadvantageous features of composite materials are 
their sensitivity to impact loading and their high cost. For 
this reason, predicting the damages that will occur with 
impact load in composite materials and designing them 
accordingly will make a significant contribution to 
reducing the cost. In this study, the low-velocity impact 
response of 180x100mm glass, aramid and hybrid 
composite materials at 20 J, 30 J and 40 J energy levels 
was investigated using LS-Dyna software. The results 
obtained from the study are presented below; 
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• When the force-time histories of all test samples at 
different energy levels were examined, it was 
determined that the maximum contact force 
increased with the increase of the impact energy. It 
was observed that the oscillations indicating damage 
also increased with the increase of the impact energy. 

• In the force-displacement curves of the 12-layer glass 
fiber composite sample, the bending rigidity value 
was nearly same for 20 J and 30 J, but decreased 
slightly at the 40 J energy level. 

• In the force-displacement curves of the 12-layer 
aramid fiber composite sample, the bending rigidity 
value was found to be higher at 20 J energy levels than 
the other energy levels, and nearly same at 30 J and 
40 J energy levels. 

• In the force-displacement curves of the hybrid1 
sample, it was observed that the bending rigidity 
values at 20 J and 30 J energy levels were nearly same, 

but decreased at 40 J energy level. On the other hand, 
for the hybrid 2 composite sample, while the bending 
rigidity value was nearly same at 30 J and 40 J energy 
levels, but it was higher at 20 J energy level. 

• Force-displacement curves of the functional1 sample 
show that different bending rigidities occur at 
different energy levels; The graphs of the functional 2 
sample show that nearly same bending rigidities 
occur at different energy levels. 

• The area under the force-displacement curves gives 
the amount of absorbed energy by the sample during 
the impact. For all test samples, as the impact energy 
increased, the amount of absorbed energy also 
increased. 

• Since this study examines the low-velocity impact 
responses of aramid and glass fiber reinforced 
composites at different energy levels, it will lead to 
future studies on this subject. 

 

  
(a) (a) 

  
(b) (b) 

Figure 6.  The graphs of (a) force-time and (b) force-
displacement for 12-layer functionally graded glass and 
aramid fiber reinforced functional1 composite sample at 

different energy levels 

Figure 7.  The graphs of (a) force-time and (b) force-
displacement for 12-layer functionally graded glass and 
aramid fiber reinforced functional2 composite sample at 

different energy levels 
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 Cancer is one of the leading health problems, occurring in various organs and tissues of the 
body, and its incidence is increasing worldwide. Lung cancer is one of the deadliest types of 
cancer. Due to its worldwide prevalence, increasing number of cases, and deadly 
consequences, early detection of lung cancer, as with all other cancers, greatly increases the 
chances of survival. As with all other diseases, the diagnosis of cancer is only possible after the 
appearance of various symptoms and an examination by specialists. Known symptoms of lung 
cancer are shortness of breath, coughing, wheezing, jaundice in the fingers, chest pain, and 
difficulty swallowing. The diagnosis is made by an expert on site based on these symptoms 
and additional tests. The aim of this study is to detect the disease at an earlier stage based on 
the symptoms present, to assess more cases with less time and cost, and to achieve results in 
new situations that are as successful or even faster than those of human experts by deriving 
them from existing data using different algorithms. The aim is to develop an automated model 
that can detect early-stage lung cancer based on machine learning methods. The developed 
model includes nine different machine learning algorithms (NB, LR, DT, RF, GB, and SVM). The 
success of the classification algorithms used was evaluated using the metrics of accuracy, 
sensitivity, and precision calculated using the parameters of the confusion matrix. The results 
obtained show that the proposed model can detect cancer with a maximum accuracy of 91%. 
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1. Introduction  
 

Lung cancer is the formation of a mass (tumor) in 
the lung by cells that are structurally normal lung tissue 
but that multiply uncontrollably. The mass formed here 
first grows around itself and, in later stages, spreads via 
the blood to surrounding tissue or distant sites (liver, 
bones, brain, etc.) and causes damage. This spread is 
called metastasis. Lung cancer is responsible for the 
largest proportion of deaths from malignant diseases 
worldwide [1-6]. The International Agency for Research 
on Cancer (IARC) provides estimates of incidence and 
mortality rates for 36 specific cancers in 185 countries 
and for all cancers combined for the year 2020, according 
to its latest estimates of the global cancer burden as of 
December 15, 2020 [6-7]. Worldwide, the total number 
of cancer patients still alive within 5 years of cancer 
diagnosis (5-year prevalence) is estimated at 50.6 
million. The most common cancer worldwide is breast 
cancer in women (11.7%), followed by lung cancer 
(11.4%), colorectal cancer (10.0%), prostate cancer 

(7.3%), and stomach cancer (5.6%) [6]. The causes of 
cancer are diverse and range from behavioral 
characteristics such as high body mass index, tobacco, 
and alcohol use to physical carcinogens such as exposure 
to ultraviolet rays and radiation, including certain 
biological and genetic carcinogens [8]. Malaise, fatigue, 
nausea, a persistent cough, difficulty breathing, weight 
loss, muscle pain, and bleeding and bruising are among 
the most common cancer symptoms [3, 9, 10]. Again, 
none of these symptoms are cancer-specific, and not 
every patient has them all. Without a comprehensive 
diagnostic examination such as a computed tomography 
scan (CT) [11], magnetic resonance imaging (MRI) [12], 
13], positron emission tomography (PET) [14], 
ultrasound, or a biopsy, it is impossible to detect the 
presence of cancer. In the early stages, those affected 
often show few or no symptoms. As with all other 
malignancies, timely and early detection of lung cancer is 
critical due to its prevalence, high mortality rate, and 
increasing incidence. Clinicians want to know the actual 
relationship between observations, interventions, and 
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outcomes (outputs). In other words, they need a model 
to detect, classify, or predict disease. Currently, this 
information is based on clinical trials and clinicians' 
experience. Reviewing medical records to determine the 
best treatment options for patients is also very time-
consuming. A good estimation and classification model 
simplifies the whole process.  

The diagnosis of cancer is made by doctors who are 
experts in the field by interpreting the observable 
symptoms and the results of examinations. Intensive 
studies in the field of artificial intelligence [15–17], 
together with rapidly developing technology, have paved 
the way for machines to make the right decisions in many 
areas, just like human experts. The branch of artificial 
intelligence that enables predictions about new 
situations by using correlations obtained from data by 
interpreting the data of the current situation is called 
machine learning (ML) [18–20]. It is a set of techniques 
that enable rapid and accurate decisions to be made for 
new and different situations by learning from data that 
has been studied in a particular subject area. These 
techniques have enabled successful applications in 
healthcare [18, 19] and many other fields. ML has a wide 
range of applications, from disease detection in 
pathology to intelligent systems that can prescribe 
conventional drugs when evaluated based on the 
patient's symptoms [21]. When provided with high 
quality and sufficient data, it can deliver results that are 
as accurate as those of human experts, even faster and 
more powerful. 

When it comes to methods of diagnosing disease, 
computer technology and artificial intelligence have 
shown incredible potential in the diagnostic industry, 
offering a powerful alternative to traditional diagnostic 
methods. Diagnosing a particular disease requires taking 
a sample from a patient, running a series of tests on those 
samples, converting the results into an interpretable 
form, and finally having a trained person make a decision 

based on those results. If the samples taken from a 
patient are digital or have been digitized in some way, 
they can be analyzed by machines. They can then be 
provided with a dataset containing decisions about 
similar situations in the past. In machine learning, 
making decisions based on information obtained from 
past scenarios is called "supervised learning" [22]. Over 
the last three decades, many supervised learning 
algorithms have been developed that are ideal for 
working with biomedical data. By using biomedical data 
[23], artificial intelligence can offer a new dimension in 
the field of medical diagnosis [24] and is increasingly 
becoming a viable alternative to traditional diagnostic 
methods. Although AI models appear promising on paper 
and in controlled experiments, they are not yet reliable 
enough to be trusted with life-changing decisions. Of 
course, some simple diagnostic procedures are only 
performed by machines with little or no human 
intervention. Yet AI methods often still struggle in 
practice. These challenges are being overcome by 
collecting more practical data, developing new and 
improved learning algorithms, and rigorously testing 
new models.  

In this study, we developed a ML-based 
classification model based on a performance comparison 
of algorithms that can diagnose lung cancer. The results 
showed that the model is able to classify associated lung 
cancer with high reliability. In the following sections, we 
describe this approach to cancer diagnosis and provide 
the necessary graphs, tables, charts, and other drawings 
to facilitate interpretation. 

The rest of the article is structured as follows: 
Chapter 2 explains the principles of the methods and 
techniques required to build this model. This section 
explains the dataset, the machine learning algorithm, and 
the performance evaluation metrics used. Finally, 
chapter 3 presents the results and discussion.  
 

 

 
Figure 1. Flowchart of the process for machine learning based lung cancer diagnosis 

 
2. Method 

 

Early detection of lung cancer is thought to increase 
survival rates and reduce cancer-related deaths 
worldwide. People at high risk often undergo annual 
radiological screening by computed tomography, the 
current method of clinical lung cancer diagnosis. The 

performance of CT screening is not satisfactory due to its 
high cost and high prevalence of false-positive results 
[25]. In this study, the predictive biomarkers for the 
diagnosis of lung cancer were a persistent or worsening 
cough, blood or bloody sputum when coughing, chest 
pain that worsens when coughing or laughing while 
breathing deeply, loss of appetite, weakness, fatigue, 
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weight loss, hoarseness, shortness of breath, and 
recurrent or persistent lung infections such as bronchitis 
or pneumonia. These data are combined using machine 
learning techniques to find diagnostic indicators of early-
stage lung cancer. Figure 1 shows the overall framework 
of the proposed architecture. 
 

2.1. Dataset 
 

The effectiveness of the cancer prediction system 
helps people know their cancer risk at a low cost and 
helps them make the right decision based on their cancer 
risk status. The data used in this study [25] consists of 
responses from 309 different people from a lung cancer 
survey conducted in 2013. In addition to the basic 
information about the individuals in the dataset, there 
are several observable anomalies about their harmful 
habits and health. The dataset contains information on 
15 characteristics. Depending on these features, a label is 

generated indicating whether lung cancer was diagnosed 
in the returns of the same individuals. The features in the 
dataset and the correlation between them are listed 
below. The 16th feature in the dataset was obtained as 
feedback from participants. A study was conducted to 
estimate the 16th feature using the first 15 features 
related to lung cancer in the dataset. Figure 2 shows a 
diagram of the general distribution of the data. 

The statistical method used to determine whether a 
linear relationship exists between numerical 
measurements of data in a data set and, if so, the 
direction and strength of that relationship, is called 
correlation. If the correlation coefficient is negative, 
there is an inverse relationship between the two 
variables. If the correlation coefficient is positive, there is 
a correct relationship between the two variables, i.e., "if 
one variable increases, so does the other." Table 1 shows 
the correlation of the data used. 

 

 
Figure 2. Visualize All attributes 

 
Table 1. Lung cancer data correlation table 
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2.2. Machine Learning Classifiers  
 

Machine learning (ML) [26–28] is the process of 
instructing computers to use data more efficiently and 
effectively through reinforcement learning. It refers to 
the supervised learning process used in classification, 
whereby the software learns from incoming data and 
then applies this knowledge to categorize future 
observations. Classification techniques are used to 
determine the classification of the data. Similar to the 
regression model, the categorization model predicts 
future outcomes. In this study on ML-based lung cancer 
detection, we used the following algorithms: Naive 
Bayes, Logistic Regression, Fast Large Margin, Decision 
Tree, Random Forest, Gradient Boosting, and Support 
Vector Machin. 
 
2.2.1. Naive Bayes (NB) 
 

Naive Bayes is a simple learning procedure developed 
by Thomas Bayes [29] that applies Bayes' rule and makes 
a strong assumption about the conditional independence 
of features with respect to class. Naive Bayes is widely 
used in practice because of its computational efficiency 
and several other advantageous properties. The 
quantitative component of the Bayesian network 
consists of three basic components: probability theory, 
Bayes' theorem, and conditional probability functions. 
Bayes' theorem starts from the premise that the 
conditional probability is proportional to the probability 
of events occurring. This makes it easy to represent the 
probability distribution in graphical models as 
conditional dependence or independence [30, 31]. 
 
2.2.2. Logistic Regression (LR) 
 

Logistic regression (LR) is a simpler and more 
accurate method for dealing with binary and linear 
classification problems, i.e., modelling the probability of 
a discrete outcome as a function of an input variable. It is 
a basic classification model that works effectively for 
classes that can be linearly separated [32]. 
 
2.2.3. Decision Tree (DT) 
 

The decision tree method is a supervised learning 
technique that can handle categorical and numerical data 
under supervision and corresponds to the ideal node and 
edge tree for classification problems. Each node in the 
tree indicates the class of the problem, while each edge 
reflects the result of the analysis. This classifier is a 
predictive machine learning model that illustrates the 
relationship between the values of the dataset and the 
features. The goal of decision-making is to determine the 
best option considering the entire probability 
distribution. Each branch of the decision tree represents 
the possible value of a different category. The nodes are 
determined based on entropy measurements of the 
features in the dataset. The root node is the feature with 
the highest entropy [33–35]. 
 
 
 

2.2.4. Random Forest (RF) 
 

Random Forest was developed by Leo Breiman [36] 
to create a community of estimators by generating a set 
of decision trees in randomly selected data subdomains, 
where each tree has the same value and depends on the 
values of an independently generated random vector. 
Random forests, also known as random choice forests, 
are a type of ensemble learning technique used to solve 
classification, regression, and other problems that 
require training a large number of decision trees. The 
output of the random forest is the class of the 
classification problem that is chosen by the majority of 
the trees [37, 38]. 
 

2.2.5. Gradient Boosting (GB) 
 

The method was developed by combining the 
concepts of gradient descent and boosting. improves the 
results of decision trees using the gradient descent 
algorithm. Splitting the dataset into multiple sub-
datasets as in a Random Forest is not done in this 
approach. A decision tree is created from the existing 
dataset and a new decision tree is created based on its 
errors [39–41]. 
 

2.2.6. Support Vector Machine (SVM) 
 

Support Vector Machine (SVM) is a supervised 
machine learning algorithm that can be used for 
classification or regression problems. However, it is 
mainly used for classification problems. Draws a line to 
separate points that lie on a plane [42–44]. The objective 
is that this line has the maximum distance between the 
points of the two classes.  SVM was developed by Vapnik 
et al [45]. 
 

2.3. Performance Metrics 
 

The purpose of the performance evaluation is to 
analyze the effectiveness of the algorithms used and 
show the usability of the system. The output values are 
compared with the actual values to validate a 
classification approach. In this study, the confusion 
matrix [46] was used to measure the classification 
success of the proposed approach, and six different 
performance measures were used, namely accuracy, area 
under the curve (AUC), precision, F-measure, sensitivity, 
and specificity. The corresponding calculation formulas 
can be found in Table 2. In the table, TP (True Positive) 
represents the number of correctly classified positive 
data, FP (False Positive) represents the number of 
misclassified positive data, TN (True Negative) 
represents the number of correctly classified negative 
data, and FN (False Negative) represents the number of 
misclassified negative data [46]. 

The Receiver Operating Characteristic Curve (ROC) is 
characterized by the AUC. AUC is a graphical 
representation of the false-positive rate (FPR) and the 
true-positive rate (TPR) at different confidence levels. 
Since AUC is not based on a discontinuity number, it is a 
more reliable measure of overall performance than 
accuracy [51]. 
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Table 2. Performance metrics 
Description Formula References 
𝑨𝒄𝒄𝒖𝒓𝒂𝒄𝒚 

𝐴𝐶𝐶 =
𝑇𝑃 + 𝑇𝑁

𝑇𝑃 + 𝐹𝑃 + 𝑇𝑁 + 𝐹𝑁
 

[47] [48], [49] 

𝑺𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚 (𝑹𝒆𝒄𝒂𝒍𝒍) 
𝑅𝐶𝐿 =

𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 

[48], [49] 

𝐒𝐩𝐞𝐜𝐢𝐟𝐢𝐜𝐢𝐭𝐲 
𝑆𝑃𝐶 =

𝑇𝑁

𝐹𝑃 + 𝑇𝑁
 

[48], [49] 

𝐏𝐫𝐞𝐜𝐢𝐬𝐢𝐨𝐧 
𝑃𝑅𝐸 =

𝑇𝑃

𝑇𝑃 + 𝐹𝑃
 

[48], [49] 

F-1 Score 
FSC = 2 ∗

𝑃𝑅𝐸. 𝑅𝐶𝐿

𝑃𝑅𝐸 + 𝑅𝐶𝐿
 

[48], [49] 

Area Under the Curve 
AUC =

1

2
. (𝑅𝐶𝐿 + 𝑆𝑃𝐶) 

[50] 

 
3. Results and Discussion 
 

Lung cancer is one of the cancers that causes the 
most deaths among cancers because it is not diagnosed 
until the late stages. For this reason, it is very important 
to detect lung cancer at an early stage. As in many other 
fields, machine learning is now delivering successful 
results in health research. The use of computer-aided 
diagnosis systems in the early detection of lung cancer 
can lead to more accurate and faster results. The 
classification system implemented in this study is able to 
provide a practical assessment of the risk status of lung 
cancer based on the information provided by the 
individuals themselves. In this study, Naive NB, LR, DT, 
RF, GB, and SVM were classified by six different machine 
learning methods to accurately diagnose critical disease-
related features of lung cancer. 

In the study on evaluating the performance of 
machine learning classifiers, we present the results of the 
metrics obtained based on the complexity matrix of the 
case with the highest average classification success. The 
values ACC, RCL, SPC, PRE, FSC, AUC, and ROC of the 
classifiers used are shown in Figures 3–10. 
 

4. Conclusion  
 

A summary graph of the accuracy rates achieved as 
a result of the classification process can be found in 
Figure 3. Although all six methods showed high success 
in classifying the data, it was found that the most 
successful methods were NB and SVM, with a rate of 91%. 

The ROC curves of each classifier are shown in Figure 10. 
The ROC curve is one of the most commonly used metrics 
to evaluate the performance of machine learning 
algorithms. It explains how good the model is at 
prediction. One of the most commonly used metrics is the 
AUC curve. AUC stands for "Area Under the ROC Curve." 
The area of this field is AUC. The larger the area covered; 
the better machine learning models can distinguish 
between certain classes. The ideal value for AUC is 1. The 
classification system implemented in this study is able to 
provide a practical assessment of the risk status of lung 
cancer based on the information provided by the people 
themselves. In this way, it guides people to take the 
necessary precautions in time. Due to the methods used, 
high diagnostic accuracy is aimed for. In addition, this 
study will help doctors who will use the system to 
provide initial information for the diagnosis of lung 
cancer. Methods with high accuracy are necessary to 
achieve developments in such matters. This study 
focuses on effective decision-support systems that can 
help them diagnose more easily and accurately. In this 
context, the effectiveness and accuracy of expert systems 
and various artificial intelligence techniques were 
evaluated. As a result of this evaluation, NB and SVM 
showed high predictive performance in the problem of 
diagnosing lung diseases. In conclusion, NB and SVM 
methods can be successfully used in the diagnosis of lung 
diseases and are preferred by physicians to make 
decisions about the disease. 

 

 
Figure 3. Accuracy (ACC) of machine learning-based lung cancer diagnosis 
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Figure 4. Area Under the Curve (AUC) of machine learning-based lung cancer diagnosis  

 

 
Figure 5. Precision of machine learning-based lung cancer diagnosis 

 

 
Figure 6. Sensitivity/Recall of machine learning-based lung cancer diagnosis 

 

 
Figure 7. F Measure of machine learning-based lung cancer diagnosis 
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Figure 8. Sensitivity of machine learning-based lung cancer diagnosis 

 

 
Figure 9. Specificity of machine learning-based lung cancer diagnosis 

 

 
Figure 10. ROC Comparison of machine learning-based lung cancer diagnosis  
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 Groundwater is an essential water source, becoming more vital due to shortages in available 
surface water resources. Hence, monitoring groundwater levels can show the amount of water 
available to extract and use for various purposes. However, the groundwater system is 
naturally complex, and we need models to simulate it. Therefore, we employed a deep learning 
model called CNN-biLSTM neural networks for modeling groundwater, and the data was 
obtained from USGS. The data included daily groundwater levels from 2002 to 2021, and the 
data was divided into 95% for training and 5% for testing. Besides, three deep CNN-biLSTM 
models were employed using three different algorithms (SGDM, ADAM, and RMSprop��. Also, 
Bayesian optimization was used to optimize parameters such as the number of biLSTM layers 
and the number of biLSTM units. The model's performance was based on Spearman's Rank-
Order Correlation (r), and the model with SGDM showed the best results compared to other 
models in this study. Finally, the CNN model with LSTM can simulate time series data 
effectively. 
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1. Introduction  

 
Groundwater refers to the gravitational water in the 

more subordinate soil layer [1] . It is an essential provider 
of freshwater that can assist in solving problems related 
to the shortages in freshwater supplies. Therefore, 
frequent groundwater level monitoring is necessary for 
practical groundwater resource management [2] 
because precise and trustworthy groundwater level 
(GWL) predictions give fundamental details on 
groundwater availability [3] . Besides, the plunge in water 
levels implies that the resources are consumed 
significantly in some areas [4] . Thus, assessing the 
known groundwater resource in a more practical 
technique is required and developing the best 
consumption objectives [5] . 

The GWL is part of the natural groundwater system, 
which is exceptionally complicated. Therefore, there is a 
necessity for simplification in managing groundwater 
resources. A model, such as the groundwater model, is an 
approach that can be used to simulate and understand 
the natural groundwater system. Besides, modeling 
groundwater is meant to imitate the aquifer's physical 

variables [5] . Thangarajan [5]  showed that the 
groundwater models could be classified into physical, 
analog, and mathematical Models. Physical models were 
employed from the 1930s to the 1950s to analyze 
groundwater problems; for instance, the physical 
groundwater model called the sand tank model, a basic 
laboratory-scale standard with proper aquifer features, 
is scaled down to simulate the field conditions [5] . The 
mathematical model includes the exact details of the 
conceptual model but is described as controllable 
equations with analytical and numerical explanations [6-
9]. The analog model considers a similarity between 1D 
groundwater steady flow expressed by Darcy's law and 
the constant flow of electrical waves by Ohm's law [9] . It 
is essential to mention that the details of these models 
are out of the scope of this study.  

Various studies were employed broadly to study 
GWL using the literature mentioned above models 
(physical, analog, and mathematical models). Faulkner et 
al. [10] used a laboratory analog model to imitate 
groundwater flow and solute transport in an aquifer and 
showed that the analog model could provide the 
hydraulic head distribution. Gholami et al. [11] 
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