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 FROM EDITOR 

Dear Readers, 

 

Summer ended, fall comes and hardworking time starts again for students, researchers and 
academicians. As the Editor-in-Chief, I hope that people studying in the education and research 
will have a full of successful time in the semesters of fall and winter in 2024.  With this new issue 
of Hittite journal of Science and Engineering (HJSE) (2024 – Volume: 11 issue:3) I would like to 
express my gratitude to the president of Hitit University for his support, the associate editors, 
section editors, reviewers, Hitit University Publishing Office and Production Team of HJSE for 
their devoted efforts and sacrifices. We have a good news from our sister journal, Hitit Journal 
of Science, it has published the first issue. I would like also thank for the previous members of 
editorial board members, some of them are now placed in the Editorial Board of Hitit Journal of 
Science.     
 
In the new issue of HJSE, we published five original papers from five disciplines of engineering, 
namely biomedical, geological, geomatics, mechanical and chemical engineering. The paper 
from biomedical engineering is mainly based on a novel computer-assisted sperm analysis 
(CASA) system designed to evaluate sperm motility through digital micrographs, utilizing 14 
distinct kinematic parameters. The second paper from geological engineering deals with the 
structures showing tectonic lineaments (fault, fracture, fold axis) observed in the Eocene-aged 
units in Demirci (Aksaray, Türkiye) and its vicinity with the satellite-based lineaments. The work 
from geomatics engineering is related to the derivation of an up-to-date high-spatial-resolution 
Global Navigation Satellite Systems (GNSS) velocity field for the central NAFZ and to correlate 
with the strain accumulations along the faults. As for the article in mechanical engineering, by 
using finite element method, the effects of the defect presence, defect volume fraction, defect 
position, and random distribution of defects at the adhesive layer on the durability of the butt 
joint was investigated. In the last paper (from the discipline of chemical engineering), various 
properties of the activated carbons produced using various characterization methods, such as 
surface porosity, were investigated. I hope that the researchers studying in the mentioned 
disciplines will benefit from these papers. 
 
It is my pleasure to invite the researchers and scientists from all branches of engineering to join 
us by sending their best papers for publication in Hittite Journal of Science and Engineering. 
 

  Dr. Ali Kılıçarslan  

Editor-in-Chief    
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INTRODUCTION
Activated carbon is a porous material obtained by increasing 
the carbon content of various materials such as wood, coal, 
polymer, and biomass at high temperatures through different 
activation processes. Activated carbons contain hydrogen, 
nitrogen, sulfur, and oxygen in their internal structure and 
functional groups attached to their external surfaces. The 
quality of porous material vary depending on the raw material 
and synthesis method used (Daoud et al. 2019; Azam et al. 
2022). The traditional synthesis of activated carbon consists of 
two basic steps: carbonization and activation. Carbonization is 
a process that involves the thermal decomposition of volatile 
elements from the raw material in an environment without 
oxygen. This process leads to the removal of components 
other than carbon and results in the production of materials 
with a high carbon content. Essentially, cross-links in raw 
materials are broken down, and the volatile substance 
content is reduced. During carbonization, the lignocellulosic 
contents are broken down, which removes elements such as 
nitrogen, oxygen, and hydrogen (Mahmoud Amer and Ahmed 
Elwardany 2020).

Chemical activation is a process that doesn’t involve a 
different carbonization level. The completely dehydrated 
sample reacts by coming into contact with dehydrating 
agents such as NaOH, KOH, ZnCl2 and H3PO4 (Reza et al. 
2020). Activated carbon with well-developed porous areas 
can be produced in a single step, reducing the production 
of volatile matter during pyrolysis and minimizing particle 
shrinkage and damage to the raw material surface. This 
results in the production of activated carbon with high 
efficiency and carbon co ntent (Świątkowski 1999). Biomass 
and waste materials can be used to produce activated carbon 
cost-effectively. These materials often have no economic 
value, and waste disposal poses a problem. Converting them 
into activated carbon can provide economic value but can 
also reduce the cost of waste disposal. The use of biomass 
as a raw material in the production of activated carbon can 
provide a cheap alternative to commercial activated carbons. 
Many materials, palm kernels, olive pits, waste sludge and 
tires, bamboo powder, coconut shells, rice husks and straw, 
jute fibers, zeolite, sugars, Chinese jujube seeds, wood 
shavings, tropical trees, palm shells, corn cobs, walnut shells, 
tobacco stalks, bean pods, hazelnut shells, banana peels, 

mangosteen shells are used in the production of activated 
carbon (Rafatullah et al. 2010; Tadda et al. 2016).  

Wheat is a crucial crop globally, and its production reached 
790198 tonnes in 2022. In Turkey, the 10th largest wheat 
producer, 15000 tonnes of wheat were planted (FAOSTAT 
2024). Wheat bran, a by-product of wheat (approximately 
25% by weight), amounts to around 3750 tons per year in 
Turkey and is a renewable biomass source. It is derived from 
wheat milling industries and is a readily available natural 
material, suitable for producing an effective adsorbent. 
For this reason, wheat bran has been seen as a suitable 
raw material for the production of activated carbon as an 
environmentally friendly and renewable resource and was 
chosen as the carbon source in this study. Zhang and his team 
utilized wheat bran as a renewable and less enduring source 
to create carbon electrodes in supercapacitors. According 
to their research, during the production of carbon via alkali 
activation, the NaOH/precursor bulk mass was at the 4 state, 
resulting in durable hexagon pores of carbon from wheat bran 
with a visible surface area of 2562 m2/g (Zhang). 

Koli et al., prepared activated carbons from wheat bran 
which were mixed with H2SO4 and carried out under a one-
step chemical activation under N2 flow at 773K for 2 h. The 
maximum Brunauer-Emmett-Teller (BET )surface area was 
found 757 m2/g (Koli et al. 2024). Wang et al., reported on 
wheat bran activated carbon which impregnated with KOH 
(1:2) as activating agent under nitrogen gas flow rate of 60 
cm3/min  in a horizontal tubular furnace at 800 oC for 1 h 
and had obtained a maximum BET surface area of 2189 m2/g 
(Wang et al. 2015). Hu et al., prepared activated carbons 
from wheat bran by chemical activation with ZnCl2, KOH and 
ZnCl2-KOH as activating agents in a reactor under argon flow. 
They report that two-step ZnCl2−KOH activation process 
was developed to produce wheat bran-derived biocarbon 
with an high specific surface area of 3200.8 m2/g (Hu et al. 
2024). Around 80% of activated carbons are utilized in liquid-
phase applications and are recognized for their excellent 
performance in eliminating contaminants from different 
environments (Ioannidou and Zabaniotou 2007; Reza et 
al. 2020). When ZnCl2 is used, it plays a crucial role as a 
dehydration agent during activation. Ma’s report suggests 
that the production of ZnO may be explained by the following 
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Abstract
The purpose of this study was to investigate how the amount of ZnCl2 and temperature affect the process of converting waste wheat bran, 
known for its hemicellulose struc-ture, into porous material. The characterization of the wheat bran was done using proximate and primary 
component analysis, and Thermogravimetric analysis (TG)  test, Fourier Transform Infrared Spectroscopy (FT-IR) spectra, Energy-dispersive 
X-ray spectroscopy (EDS) results, and Scanning electron microscopy (SEM) images. The influence of temperature on the surface 
areas of activated carbons is more significant than the impact of varying the amount of ZnCl2. When the carbonization temperature reached 
500 °C, porous structures developed, and the highest surface areas achieved for all impregnation ratios (1:1, 2:1, and 3:1) were 1234, 1478, and 
1422 m2/g, respectively. Activated carbon was found to have acidic (0.88 mmol/g) and basic (0.54 mmol/g) functional groups on its surface, 
after being synthesized through carbonization at 500 °C using ZnCl2 at a 2:1 impregnation ratio in accordance with Boehm titration. This 
promising activared carbon  made from wheat bran, activated by ZnCl2, is efficient and environmentally friendly, and it is a potential solution 
for water pollution treatment.
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equations (1) and (2) (Ma 2017): 

At elevated temperatures, molten ZnCl2 can facilitate 
dehydration processes that result in the breakdown of the 
polymer chains in lignocellulosic biomass, producing H2O 
and a carbonaceous phase with thermoplastic properties 
(Kierzek and Gryglewicz 2020; Zhao et al. 2022). ZnCl2 can 
then react with H2O to create Zn2OCl2.2H2O. Subsequently, 
the decomposition of Zn2OCl2.2H2O can generate ZnCl2 vapor. 
The presence of ZnCl2 vapor and its diffusion can contribute 
to the development of the final porous carbon structure (Ma 
et al. 2009; Moralı et al. 2018). Also, ZnCI2 helps to inhibit the 
production of tar and facilitates the development of a high 
surface area and porous structure (Demiral and Gündüzoğlu 
2010; Zhao et al. 2022). ZnCl2 was chosen as the chemical 
activation agent in our study.  In this study, activated carbons, 
which have a wide range of usage areas, were produced 
from wheat bran, which is a large mass of waste. Various 
properties of the activated carbons produced using various 
characterization methods, such as surface porosity, were 
investigated. Activated carbon is a material that is used as 
an important component in many industries. Our research, 
which explores the creation of a substance that can generate 
economic value from leftover wheat bran while also cutting 
waste disposal expenses, can serve as a valuable model in the 
literature.

MATERIALS AND METHOD
Devices and Chemicals
The raw material was ground using a Retsch SK-100 mill and 
then sieved into different particle sizes using an ISO 3310-1 
sieve set. For the chemical activation of the raw material, zinc 
chloride (ZnCl2) obtained from Merck was used. DAIHAN’s 
SMH-6 Model heated magnetic stirrer was used for heating 
and mixing during the impregnation processes of the raw 
material. The carbonization process was carried out in a 
Carbolite TZF 12/75/700 tube furnace. The surface properties 
of the activated carbons obtained from wheat bran through 
the chemical activation method, using ZnCl2, were measured 
by N2 adsorption. The measurements were performed by 
changing the relative pressure (P/Po) in the range of 10-
6-1 at 77 K, using the Quantchrome Autosorb 1C device. 
FT-IR analysis of raw materials and activated carbons was 
carried out on the Perkin Elmer Spectrum device at Eskişehir 
Osmangazi University Central Research Laboratory Research 
and Application Center (ARUM). SEM photographs of the 
raw material were taken at Eskişehir Osmangazi University 
Central Research Laboratory Research and Application 
Center (ARUM) with a Hitachi Refulus 8230 FE-SEM brand 
device. A controlled temperature program (up to 1000 °C at 
a heating rate of 10 °C/min) was applied to wheat bran in a 
nitrogen atmosphere using the thermal analysis system (STA-
TG/DTA), and the mass change was measured as a function 
of temperature. The amount of acidic-basic functional group 
was determined by Boehm titration method of the activated 
carbon produced at 500 °C at a 2:1 impregnation ratio. 
Production of Activated Carbons 
Activated carbon was produced using the chemical activation 

method, wherein ZnCl2 was selected as the chemical agent for 
impregnation. The impregnation ratios (IRs) of the chemical 
agent were determined as 1:1, 2:1, and 3:1, after which it was 
mixed with 20 g of wheat bran and refluxed in a heated 
magnetic stirrer at 80°C for 6 hours. Once the impregnation 
process was completed, the sample was filtered, and the 
water contained in the filtered product was completely 
removed from the structure by drying it in the oven.To 
produce activated carbon, wheat bran was treated with ZnCl2 

and subjected to simultaneous carbonization and activation 
processes. 10 g samples that had been impregnated with 
ZnCl2 were placed in a reactor. The process was carried out for 
a duration of 1 hour in a vertical tube furnace at temperatures 
ranging from 400 to 600 oC, starting from laboratory 
temperature. The carbonization process was carried out in an 
inert environment, with nitrogen gas flowing at a rate of 100 
ml/min. After cooling, the samples were weighed and washed 
in 0.5 M HCl solution, filtered, and then washed again with 
boiling distilled water having a pH value of 6-7. Finally, the 
washed samples were dried in an oven and weighed again. 
The activated carbons that were created were given names in 
the format of WB/temperature-/IR.

RESULTS AND DISCUSSION
Characterization of Wheat Bran
Wheat bran was characterized using proximate analysis 
results, structural components, physical properties, 
thermogravimetric analysis, FT-IR analysis, elemental analysis 
and SEM analysis results.

Proximate analysis of wheat bran
The results of moisture, volatile matter, ash, fixed carbon 
results of wheat bran are given in Table 1. Wheat bran’s low 
ash content of 7.5% makes it a suitable material for producing 
activated carbon. Ghodrat et al.’s study investigated the in 
vitro binding capacity of manganese (Mn), zinc (Zn), copper 
(Cu), and iron (Fe) in wheat and barley. Their proximate 
analysis findings for wheat bran are similar to our own 
proximate analysis results. Ghodrat and colleagues found 
that wheat bran comprises 4.6 wt% ash, 9.55 wt% moisture, 
and 68.18 wt% volatile matter (Ghodrat et al. 2015). Ghodrat 
et al. stated that wheat bran can be a suitable source of raw 
materials for the production of activated carbon.  In our study, 
we thought that wheat bran with wt 7.5% ash content could 
be a suitable carbon source. 

Table 1 Proximate analysis of wheat bran 

Proximate Analysis, %

Moisture 9.6   (ASTM D 4442 – 92)

Ash 7.5   (ASTM D 1102 – 84)

Volatile matter 67.4 (ASTM E 897-82)

Fixed carbon* 15.5

*Bydifference

Results of thermogravimetric analysis of wheat bran
TGA is a thermal analysis technique that observes the 
mass change of a substance as it is exposed to controlled 

Eq.(1)

Eq. (2)
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temperature and atmospheric environments, either as a 
function of temperature or time (Escalante, 2022). The TGA 
graph in Figure 1 shows how organic compounds in wheat 
bran undergo thermal degradation. In the graph, the primary 
Y-axis shows the % mass loss observed in the sample based
on the applied temperature (green line), the secondary Y-axis
shows the differential of the mass loss over time (orange line),
and the x-axis shows the temperature applied to the sample.

Figure 1 TGA-DTG curve representing the thermal decomposition of 
wheat bran

The TGA chart of wheat bran showed the first peak at 
86.71°C, with a weight loss of 5.11%. This could be due to the 
evaporation of water present in the bran. The next weight 
loss occurred at 224.24°C, with a weight loss of 5.05%. 
This is because the hemicellulose present in bran begins to 
decompose at this temperature. According to a study by Li 
et al. (2021), the hemicellulose in the structure of wheat bran 
decomposes at 299°C. At 304.63°C, the wheat bran TGA plot 
shows a faster weight loss (51.97%) (Li et al. 2021). It is believed 
that this weight loss is due to the continued decomposition 
of hemicellulose, as well as the decomposition of cellulose. 
Cellulose decomposes at higher temperatures and is slower 
than hemicellulose. It can be inferred that the mass loss that 
continues from 394°C until 1111°C is due to the lignin present 
in the bran (Escalante et al. 2022).  The TGA curve of wheat 
bran, which was studied by Pooladi et al., exhibits very similar 
characteristics to the TGA curve we acquired in our own 
research. Pooladi and colleagues noted in their research that 
the decomposition of wheat bran occurs in three distinct 
stages at temperature intervals of 50-180 °C, 200-800 °C, 
and 800-1000 °C like our study results (Pooladi et al. 2021) 
the uptake process of methylene blue (MB)

FT-IR analysis results of wheat bran
Infrared spectroscopy (IR) is a technique that relies on the 
vibrations of atoms in the chemical composition of materials. 
With FT-IR, researchers can detect the presence of many 
functional groups in commonly used materials such as 
adsorbents. For example, an adsorbent such as activated 
carbon may contain various functional groups such as 
carboxylic acids, quinones, phenolic groups, lactones, ketones, 
ethers, pyridine-like groups, amides, and amines (Kabdaşlı et 
al. 2009; Shafeeyan et al. 2010; Pellenz et al. 2023)application 
of electrocoagulation using common electrode materials 
(aluminum and stainless steel. The FT-IR image of wheat bran 
is shown in Figure 2.

Figure 2 FT-IR image of wheat bran

FT-IR spectroscopy provides detailed information about 
the chemical bonds of organic components in wheat bran. 
According to the analysis results, hydroxyl groups, methyl 
and methylene groups, carboxylic acid groups, aldehyde or 
ketone groups, aromatic ring vibrations, vibrations of hydroxyl 
groups of cellulose, vibrations of glycosidic bonds of cellulose 
were detected in the bran. The band at 3317 cm-1 indicates the 
presence of hydroxyl (-OH) groups  (Fanning and Vannice 
1993; Shafeeyan et al. 2011; Hoseinzadeh Hesas et al. 2013). 
The peak at 2924 cm-1 indicates the presence of methyl (-CH3) 
and methylene (-CH2-) groups (Shen et al. 2010; Kaouah 
et al. 2013) The peak at 1736 cm-1 indicates the presence of 
carboxylic acid (-C=O) groups (Jia et al. 2001; Gulnaz et al. 
2006; Biniak et al. 2013; Barroso-Bogeat et al. 2014). The peak 
at 1655 cm-1 indicates the presence of aldehyde (R-CHO) or 
ketone (R-CO-R’) (Cagniant et al. 1998; Boonamnuayvitaya et 
al. 2005; El-Hendawy 2006). The peak at 1549 cm-1 indicates 
the presence of aromatic ring (-C=C-) vibrations (Guo and 
Rockstraw 2007; Momcilovic et al. 2011). The peaks at 1000-
1300 cm-1 are assigned to C=O stretching in acids, alcohols, 
phenols, ethers, and esters (Gurten et al. 2012; Xu et al. 2014). 
In a study by Silva et al., Fourier transform infrared (FTIR) 
analysis of wheat bran was performed. Similar to the results 
in our study, their analysis identified specific bond structures 
indicating the presence of aromatic and organic compounds 
such as hemicellulose and cellulose in wheat bran (Silva et al. 
2022).

Results of elemental analysis of wheat bran 
Table 2 shows the EDS analysis results of wheat bran. Based 
on these data, it appears that wheat bran has a high carbon 
content. The presence of nitrogen indicates that wheat bran 
contains nitrogenous compounds such as proteins, amino 
acids, and other organic compounds (Chaquilla-Quilca et 
al. 2016). A high percentage of oxygen indicates that wheat 
bran contains largely carbohydrates, oxygenated organic 
compounds such as cellulose and lignin (Chaquilla-Quilca et 
al. 2016). 
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Table 2 EDS analysis results of wheat bran

%C %N %O

52,61 3,79 43,59

SEM image of wheat bran 
The SEM image of wheat bran is given in Figure 3. According to 
the images taken with the SEM device, raw wheat bran, which 
has not been subjected to any chemical/physical effects, has 
a non-porous structure (Figure 3). This shows that the raw 
material has a very small surface area before activation and 
carbonization.

Figure 3 SEM image of wheat bran 

Activated Carbon Characterisation 
The physical properties of activated carbons produced from 
wheat bran with ZnCl2 at different IRs by mass and at different 
carbonization temperatures are given under this heading.

Physical properties of activated carbon
The properties of the surface pores of activated carbon vary 
depending on the ratio of chemicals used in the production 
process to the raw material and the temperature at which 
carbonization is carried out. This process reveals the 
carbonaceous structure and removes volatile components 
from it. We synthesized activated carbons under various 
conditions and have provided the properties of their porous 

structures in Table 3. 

When the surface areas of the samples are compared 
according to the carbonization temperatures after chemical 
impregnation at 1:1, 2:1 and 3:1 ZnCl2/raw material ratios, it 
shows that the carbonization process at 500 °C is effective in 
increasing the surface area. In all IRs, micropore volumes first 
increased from 400 °C to 500 °C and then were adversely 
affected by the temperature increase. As the temperature 
increased from 400 °C to 600 °C in 1:1 and 2:1 IRs, the Vmic/
Vtot ratio changed in direct proportion to the temperature 
increase, while the Vmez/Vtot ratio was adversely affected.  
Mean pore diameters contracted from 33.05 Å to 23.40 Å 
for 1:1 and from 28.23 Å to 22.92 Å for 2:1 IRs, respectively. 
In the 3:1 IR, the opposite results were encountered. When 
the chemical impregnation process was carried out with a 
ZnCl2/raw material ratio of 3, the increase in the temperature 
at which carbonization took place (400 °C-600 °C) caused 
changes in the micro and meso pore ratios. The change in 
temperature caused Vmic/Vtot to change from 0.57 to 0.48 and 
Vmez/Vtot to change from 0.43 to 0.52. With the increasing 
temperature at the high impregnation ratio, the micropores 
expanded and turned into meso pores. 
When the surface areas covered by the porous structures of 
the synthesized carbon-structured materials are compared to 
the IR at 500 °C, the highest surface area and pore volume 
were obtained as 1487m2/g and 1.17 cm3/g respectively at a 
2:1 IR. As the amount of ZnCl2 used in activation increased at 
all temperatures, both micro and mesopores first increased 
for IR 1:1 to 2:1 and then were adversely affected when the 
IR increased from 2:1 to 3:1. Similar to our study findings, 
Zhang et al. discovered that excessive chemical use leads 
to the degradation of pore structures. They observed that 
the activated carbons they produced from wheat bran with 
NaOH displayed underdeveloped pore structures at a low 
impregnation rate (IR; 3:1). Furthermore, they noted that the 
pores were damaged when they employed high amounts of 
alkali (IR: 5/:1) (Zhang et al. 2019). 
These results highlight the effect of impregnation ratio and 
temperature parameters on surface properties in the synthesis 
of porous carbonaceous structures. It was concluded that 
the study in the production of activated carbon by ZnCl2 
activation from wheat bran at 600 °C and at an IR of 3:1 
adversely affects the surface area. It has been determined 
that the highest surface area can be achieved with activated

Table 3 Pore properties of carbonaceous structures synthesized under various conditions. 

ID SBET (m2 /g) Vmic (cm3/g) Vmez (cm3/g) Vtot (cm3/g)
Vmic/Vtot Vmez/Vtot

Dp 
(Å)

WB/400/1 427 0.163 0.189 0.352 0.46 0.54 33.05

WB/500/1 1234 0.477 0.257 0.734 0.65 0.35 23.75

WB/600/1 1056 0.425 0.216 0.641 0.66 0.34 23.4

WB/400/2 685 0.251 0.233 0.484 0.52 0.48 28.23

WB/500/2 1487 0.538 0.632 1.17 0.46 0.54 23.54

WB/600/2 1439 0.526 0.298 0.824 0.64 0.36 22.92

WB/400/3 681 0.251 0.188 0.439 0.57 0.43 25.81

WB/500/3 1422 0.493 0.396 0.889 0.55 0.45 33.07

WB/600/3 1369 0.476 0.521 0.997 0.48 0.52 29.13



Demiral I, et al.

100 Hittite Journal of Science and Engineering • Volume 11 • Number 3

carbon production at 500 °C IR of 2:1. Examples of surface 
areas of activated carbons produced from various sources are 
given in Table 4. 

Table 4 Production methods and surface areas of activated carbons 
produced from various biomass sources.

Raw 
materials

Activation Method Surface 
Area 

Reference

Wheat Bran 
NaOH /Chemical 
activation

2543 
m2/g

(Zhang et 
al. 2004)

Date Palm 
H3PO4 / Chemical 
activation

1283 
m2/g

(Daoud et 
al. 2019)
they 
applied to 
eliminate a 
commercial 
reactive dye 
BEZAKTIV 
Red S-Max 
(BRSM

Jujube beans
H3PO4 / Chemical 
activation

1896 
m2/g

Barley stalk CO2 / Physical activation
789 
m2/g (Pallares et 

al. 2018)
Barley stalk

Steam / Physical 
activation

553 
m2/g

Cherry stone  
ZnC2l2 / Chemical 
activation

1704 
m2/g

(Angin 
2014)

Wheat Bran 
ZnCl2 / Chemical 
activation

1487 
m2/g 

ın this study

Volumetric changes of N2 gas adsorbed on the
surface of synthesized porous materials with relative 
pressure
Adsorption-desorption isotherm are graphs that show 
the relationship between the relative pressure applied at 
constant temperature and the amount of gas adsorbed or 
desorbed. Classified by the International Union of Pure and 
Applied Chemistry (IUPAC), these isotherms are divided into 
six different categories. Figure 4 presents the N2 adsorption-
desorption isotherm graphs of porous materials synthesized 
at three different temperatures when impregnation was made 
using chemicals with the ZnCl2/raw material ratio of 1:1, 2:1 and 
3:1 in the chemical activation stage.

(a)

(b)

(c)

Figure 4 N2 adsorption-desorption isotherm graphs of porous 
materials synthesized at three different temperatures at (a) 1:1 IR, (b) 
2:1 IR, and (c) 3:1 IR.

As shown in Figure 4 (a) and (b), our activated carbon 
samples have been rigorously tested and found to comply 
with Type I isotherms as classified by IUPAC. This confirms 
that the pore structures of our product have more micro-sized 
pore diameters. Type I isotherms exhibit a rapid rise at low 
pressures, which then slows down as saturation is reached 
(Leong et al. 2019). The WB/400/3 conformed to Type I 
isotherms, while the WB/500/3 and WB/600/3 samples 
conformed to Type I and Type IV isotherms (Figure 4 (c)). 
Type IV isotherms are characterized by hysteresis resulting 
from intrapore condensations at high relative pressures. They 
are commonly found in porous materials with narrow-mouth 
pore structures containing mesopores (Meng et al. 2019).

Pore size distributions of synthesized porous materials
The pore structures of various adsorbents may vary 
in different widths, lengths and diameters. Figure 5 shows 
the diversity of pore sizes for each sample.

(a)
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(b)

(c)

Figure 5 Pore size distributions of porous materials synthesized at 
three different temperatures at  (a) 1:1 IR, (b) 2:1 IR, and (c) 3:1 IR

Figure 5 shows the pore size distributions of activated carbons 
produced at different IRs and carbonization temperatures. As 
a result of the examination, it is seen that the vast majority 
of these activated carbons have micropores between 10-20 Å 
(1-2 nm). However, meso pore peaks between 20-60 Å were 
also detected in some samples. 

Acidic groups and basic groups amounts of synthesized 
porous materials determined by Boehm method
Among the activated carbons produced in this study, 
the highest surface area was obtained in WB/500/2. 
Acidic groups and basic groups amounts of WB/500/2 is 
given in Table 5.

Table 5 Acidic groups and basic groups amounts of WB/500/2.

Total acidic 
group 
(mmol/g)

Total basic 
group 
(mmol/g)

Lactonic 
(mmol/g)

Phenolic 
(mmol/g)

Carboxyllic 
(mmol/g)

0.88 0.54 0.1 0.44 0.3

Boehm titration is a widely used method for determining the 
organic structural functionality of carbonaceous materials. 
This method separates various surface functional groups from 
each other using NaOH, Na2CO3, and NaHCO3 compounds. 
NaHCO3 detects carboxylic groups, Na2CO3 detects lactonic 
groups, and NaOH detects phenolic groups. The method is 
very effective in determining the functional groups in the 
structure, especially in adsorption studies (Liu et al. 2018). The 
total acidity and alkalinity values of the WB/500/2 sample 
were determined to be 0.88 and 0.54 mml/g, respectively. It 
can be said that the sample contains lactonic, phenolic, and 
carboxylic groups on its surface. Activated carbon has an 

amphoteric structure with both acidic and basic functional 
groups on its surface.

FT-IR analysis results of synthesized porous materials

(a)

(b)
Figure 6 (a) shows FT-IR images of samples WB/500/1, WB/500/2 
and WB/500/3 while Figure 6 (b) displays FT-IR images of samples 
WB/400/2, WB/500/2 and WB/600/2.

The IR spectra seen in Figure 6 shows peaks at 2885, 1574, 1220, 
1157 and 874, 816 cm-1. The peak at 3794 cm-1 in the spectra 
of WB/500/2 and WB/600/2 may indicate the presence of 
hydroxyl (-OH) groups (Fanning and Vannice 1993; Shafeeyan 
et al. 2011; Hoseinzadeh Hesas et al. 2013). The peaks seen 
between 2800-2000 cm-1 are generally attributed to ʋ(C≡C) 
vibration in alkyne groups and ʋ(C-H) bond vibrations in 
aldehydes (Boonamnuayvitaya et al. 2005; Deng et al. 2009; 
Hoseinzadeh Hesas et al. 2013). The broad band seen at 1574 
cm-1 indicates the presence of ʋ (C=C) bonds in aromatic 
functional groups (Baccar et al. 2009; Kaouah et al. 2013). This 
indicates that there are aromatic components in the structure 
of activated carbon. The band at 1220 cm−1 may indicate the 
presence of ʋ(C-O) bonds (Guo and Rockstraw 2007; Liu et al. 
2010). The peak at 874 cm-1may indicate the presence of C-Cl 
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bonds. In the structure of this activated carbon, chlorinated 
components from ZnCl2  can be found (Mahapatra et al. 2012). 

Elemental analysis results of synthesized 
porous materials
The elemental analysis results of the samples WB/500/1, 
WB/500/2 and WB/500/3 are given in Table 6. According to 
the results, when the IR value increased from 1:1 to 2:1 at 500 
°C, the carbon composition of the activated carbon first 
increased slightly. When the IR value increased to 3:1, the 
carbon amount decreased. This indicates that large amounts 
of ZnCl2 result in a lower carbon yield. Moreover, as the 
impregnation ratio increased, there was a decrease in the 
nitrogen composition and an increase in the oxygen 
composition. This suggests that on the synthesized porous 
materials, the number of N-containing functional groups 
decreased while oxygen-containing groups increased.

Table 6 The elemental analysis results of the samples WB/500/1, 
WB/500/2 and WB/500/3.

%C %N %O

WB/500/1 86.43 5.76 6.93

WB/500/2 88.41 4.17 6.89

WB/500/3 73.21 0.67 26.12

SEM (Scanning Electron Microscope) images of 
synthesized porous materials
The SEM images of the WB/400/2, WB/500/2 and WB/600/2 
examples are given Figure 7. From Figure 7, the change in 
the pore structure of the activated carbon according to the 
production temperature can be seen in the 2:1 IR. When the 
images are examined, it can be seen that the pores of the 
WB/400/2 sample have started to form, the WB/500/2 
sample has more prominent and larger pores, and the 
WB/600/2 has a less porous structure.

These results show that production temperature conditions 
have a significant effect on the pore structure of activated 
carbon. Activated carbons produced at 500 °C tend to 
have larger and more prominent pores. However, when the 
temperature is raised to 600 °C, the structure of the pores 
can be disrupted and adversely affect the surface area of the 
activated carbon. 

(a)

(b)

(c)

Figure 7 SEM images of synthesized porous materials at 1000 and 
25000 magnifications, (a) WB/400/2, (b) WB/500/2 and, (c) 
WB/600/2

(a)

(b)

(c) 

Figure 8 SEM images of synthesized porous materials at 1000 
and 25000 magnifications, (a) WB/500/1, (b) WB/500/2 and, (c) 
WB/500/3

The SEM images presented in Figure 8 illustrate the impact of 
the impregnation ratio on the pore structure of synthesized 
porous materials during its production process. Synthesized 
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porous material with a 1:1 ZnCl2/raw material has very small 
and densely packed pores, while synthesized porous material 
with a 2:1 ZnCl2/raw material has wider and less dense pores. 
However, the synthesized porous material with a 3:1 ZnCl2/
raw material has a less porous structure as the very high 
impregnation ratio has closed the pores.

CONCLUSION 
In this study, activated carbon was produced from wheat 
bran by the chemical activation method. WB has low ash 
content (7.05%), carbon (52.61%) and oxygen (43.59%). The 
increase in the amount of chloride salt used in the chemical 
activation phase caused a decrease in the carbon content of 
active carbons and an increase in the oxygen content. The 
influence of temperature on the surface areas of activated 
carbons is more significant than the impact of varying the 
amount of ZnCl2. When the surface areas of the samples were 
compared according to the carbonization temperatures after 
the chemical impregnation process performed at ZnCl2/raw 
material ratios as 1:1, 2:1 and 3:1, the highest surface area was 
obtained at 500 °C as 1234, 1478, and 1422 m2/g, respectively. 
The highest surface area was obtained as 1487 m2/g in the 
WB/500/2 sample. The temperature increases in 1:1 and 2:1 
impregnation ratio (from 400 °C to 600 °C) led to a decrease 
in the average pore diameters of the activated carbons. 
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INTRODUCTION
In the last eighty years, the use of adhesively bonded joints has 
grown due to their advantages over the traditional mechanical 
fasteners, welding, and brazing [1–4]. Conventional joining 
techniques including bolting and riveting introduce stress 
concentration around the application area, which severely 
impairs the mechanical properties of the joints. Besides, 
mechanical fasteners can raise the weight of the structure. 
Adhesively bonded joints could potentially overcome these 
limitations [5,6]. The key benefits of adhesively bonded 
joints include uniform stress distribution, cost effectiveness, 
no need for machining, milling, or forming operations, 
good strength to weight ratio and high fatigue resistance 
[7–10]. However, considering their manufacturing sensitivity, 
adhesively bonded joints are susceptible to defects [3]. Every 
manufacturing process inherently results in some defects 
because producing defect-free joints, despite strict controls, 
is nearly impossible. Entrapped air, dirt, foreign objects, 
and grease may cause defects in the bonded region. Since 
load cannot be transferred through these defects, stress 
concentrations occur around these defects [11]. Hence, it is 
essential to comprehend the effects of defects in the bonded 
region on the joint durability.

Many research have been conducted to investigate the effects 
of defect types [3,12–14], locations [3,11,14–17], shapes [8,15], 
sizes [8,12,14,16–18], and numbers [11,15,17] on joint strength. 
Geleta et al. [3] conducted experimental tests and finite 
element analysis (FEA) for inclined joints. Based on the 
experimental test results, they incorporated the potential 
production defect locations and types in the FE model. The 
results showed that defect types and locations play a crucial 
role on the joint strength. They further determined that the FE 
results align well with the experimental findings. Xu and Wei 
[14] considered three defect types: local debonding, weak
bonding, and void. The outcomes of the FEA also revealed
that joint strength is significantly influenced by the presence
of different types of defects. Jamal-Omidi and Mohammadi
Suki [12] considered two different types of defects: void
modeled as local delamination in varying dimensions, and
locally insufficient bonding characterized as an alteration in
the properties of adhesive. The results indicated that defects
adversely influence the joint durability. Nevertheless, defect
existence in the bonding layer does not change stress field
in adherends. Luo et al. [13] worked the influences of the

different kinds of flaws (core material flaw, radius floating 
of the fillet, and debonding defects) on the strength of 
composite T-joints under bending load through experiments 
and numerical analysis. They used cohesive elements to 
simulate the delamination of interface. The outcomes 
demonstrated that the types of flaws have no influence on 
the T-joint failure mode. However, they have a notable impact 
on the T-joint strength. In addition, it has been noted that the 
most dangerous type of flaw is the debonding defect in the 
arc region. Fame et al. [17] examined the failure sensitivity 
of adhesively bonded GFRP joints under uniaxial tensile 
loading utilizing FE method, while considering flaws at varied 
positions, numbers, and sizes in the bondline. According 
to the findings of the finite element analysis, bondline 
defects cause an increment in out-of-plane displacement of 
adherends as well as maximum shear and peel stresses at the 
edges of adhesive. Areas close to the defects also showed 
high stress concentrations. Heidarpour et al. [8] conducted an 
experimental study to examine the impacts of shape and size 
of 2D and 3D flaws on the adhesively bonded single lap joint 
(SLJ) durability. The findings revealed that for the joint with 
3D defects, joint strength drops approximately linearly with 
the rise of defect area. However, reduction in joint durability 
for the joint with 2D defect is non-linear. It is also concluded 
that whereas 2D circular defects result in a lesser strength 
drop, 2D triangular and square defects cause similar strength 
reductions. Additionally, compared to 3D circular and square 
flaws, the strength drop for 3D triangular flaws is higher. 
Elhannani et al. [15] analyzed the effects of shape, position 
and number of bonding flaws on the shear stress distribution 
in the overlap area. Numerical analyzes showed that bonding 
defects adversely affect the shear stress distribution and that 
maximum stresses constantly occur at the adhesive edge, 
without considering the defect size. Dai et al. [16] focused 
on developing a theoretical model for resolving the multi-
filed mechanical problem of an adhesively bonded joint 
with/without interfacial flaws, and examining the effects of 
interfacial flaws and hygrothermal conditions on the stress 
distribution. The results revealed that the effect of the 
change in defect length is more significant than the effect 
of defect depth in variations of interfacial stress. Moreover, 
defects close the edges of the overlap creates a greater risk 
to the joint. Ribeiro et al. [19] conducted a numerical and 
experimental investigation into the SLJs with flaws positioned 
at the center of the adhesive layer for various adhesives and 
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Abstract 
Determining the behavior of joints under a specific load and estimating the damage potential is essential for ensuring the durability of joints 
in engineering structures. Defects might occur at the adhesive layer, which causes a reduction in the durability of joints. This work aims 
to examine the effects of the defect presence, defect volume fraction, defect position, and random distribution of defects at the 
adhesive layer on the durability of the butt joint. A finite element (FE) model of the butt joint was constructed using the commercially 
available FE software Abaqus/Standard. The validation of the FE model was conducted by comparing its results with experimental 
finding reported in existing literature. Numerical and experimental results showed strong agreement, with relative errors of 2.46% and 2.95% 
at peak force and displacement at peak force, respectively. Defect presence significantly influences the durability of the butt joint. Defect 
volume fraction and defect location are the dominant parameters affecting the durability of the butt joint. The square defects at the center of 
the bonding layer, with volume fractions of 0.05, 0.10, and 0.15, lowers the peak force by 5.08%, 10.56%, and 15.73%, respectively. 
When the defect is positioned at the center of the bonding layer, adhesive failure starts at the edges of the defects. However, 
relocating the defect from the center to the left or upper side of the bonding layer results in adhesive failure initiation at the 
corresponding edges of the adhesive. Random defect distribution in the adhesive layer doesn’t affect joint durability.
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bonding lengths. According to the findings, the joints bonded 
with the adhesive 7752 are more influenced by the existence 
of center-positioned defects in the bonding layer than those 
bonded with the adhesive AV138.

The existing studies investigating the impact of defect 
presence, defect volume fraction, defect location, and defect 
random distribution on the load-carrying capacity of joints, 
particularly butt joints where normal stress in the adhesive 
is dominant, remain insufficient. Meanwhile, research efforts 
predominantly focus on assessing the influence of flaws 
within the bonding layer specifically for single/double lap 
joints, T-joints, and inclined joints. This study aims to address 
the literature gap by primarily investigating the impact of 
defects within the bonding layer on the load-bearing capacity 
of butt joints. A three-dimensional FE model was constructed 
using Abaqus/Standard to investigate the response of the 
butt joint with/without defect in the bonding layer under 
uniaxial tensile loading conditions, with a specific emphasis 
on cohesive failure in the adhesive layer. The accuracy of the 
numerical model was validated through a comparison with 
the experimental findings of Ref. [20]. The investigation 
encompasses an analysis of the effects of defect presence, 
defect volume fraction, defect position, and random 
distribution of flaws in the bonding layer on the load-bearing 
capacity of the butt joint.

NUMERICAL STUDY
In the present study, finite element analysis (FEA) of adhesively 
bonded butt joints were carried out by using a commercially 
available FEA software Abaqus/Standard. The 3-D geometric 
model of butt joint and its dimensions are shown in Fig. 1. 
The adherend dimensions are 100 mm in length, 25 mm in 
width, and 5 mm in thickness, while the adhesive layer has 
a thickness of 0.18 mm. The adherends and adhesive were 
considered as AA2024-T3 aluminum alloy and DP460 epoxy 
adhesive. The selection of adherend and adhesive materials 
was based on practical engineering applications [21]. DP460 
adhesive is utilized for adhering metal, porcelain, glass, and a 
variety of composite materials together [22]. The mechanical 
characteristics of adherend and adhesive used in this study 
are presented in Table 1. Despite the non-linear behavior of 
the AA2024-T3 aluminum alloy, adherends were modeled 
as a linear-elastic material. Because, as can be seen in the 
following sections, the maximum strain value of aluminum is 
still in the elastic region when the adhesive fails.

Figure 1 3D geometric model of butt joint (not scaled)

Table 1 Mechanical properties of AA2024-T3 aluminum alloy and 
DP460 epoxy adhesive [20]

AA2024-T3 
aluminum alloy

DP460
epoxy adhesive

Young’s modulus (MPa) 72400±530 2077±47

Poisson’s ratio 0.33 0.38

Ultimate tensile strength 
(MPa) 482±12 44.6±1.2

Ultimate tensile strain 
(mm/mm) 0.1587 0.0428

The constructed mesh and applied boundary conditions 
are presented in Fig. 2. The adherends were modeled using 
8-nodes linear hex elements (C3D8R) while adhesive layer
was meshed with 8-nodes three-dimensional cohesive
elements (COH3D8). The adhesive layer’s mesh comprised
fine elements, whereas coarse elements constituted the
mesh of the adherends. 0.6×0.6×0.6 mm3 and 0.2×0.2×0.2
mm3 element dimensions were taken into consideration for
adherends and adhesive, respectively. Besides, it is critical
to emphasize that the adhesive layer was modeled as a
single layer of cohesive element through the thickness. In
the opposite case, the calculation doesn’t converge [9,23–
25]. The surface-to-surface tie constraint was employed
to tie adherend and adhesive surfaces with differing mesh
structures. As for the boundary conditions, the adhesively
bonded butt joint was fixed in all directions at one end, while
for the other end, it was fixed in all directions except the
x-direction, and a 0.15 mm uniform displacement boundary
condition in the x-direction was defined.

Figure 2 (a) Constructed mesh and (b) Applied boundary conditions
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In this work, the adhesive’s performance was determined 
utilizing the Cohesive Zone Model (CZM) integrated into 
Abaqus/Standard. CZM allows for the comprehensive 
definition of the fracture process through a traction-
separation law, encompassing both tension and shear [1]. 
In the current study, a bi-linear traction-separation law was 
applied (Fig. 3). The first section of the traction-separation 
law is related to linear elastic behavior, whereas the second 
part refers to linear degradation [1,7]

Figure 3 Bi-linear traction-separation law

In the current work, stress-based criterion for damage 
initiation (MAXS: Maximum nominal stress) was considered. 
According to the MAXS criterion, damage starts when the one 
of the maximum nominal stress ratios equals one. The damage 
initiation criterion, MAXS, can be expressed as follows:

where tn
0  , ts

0  ,  and tt
0  ,  denote the maximum values of nominal

stresses at the direction of normal, first shear, and second 
shear, respectively. tn , ts , and tt are the predicted stress
values at the normal, first shear, and second shear direction, 
respectively. Moreover, the Macaulay bracket, ‹a›, indicates 
that compressive stress doesn’t trigger damage [12].

In CZM, total failure and separation are calculated by a 
damage evolution law. In the current work, the energy-
based Benzeggagh-Kenane (BK) [26] fracture criterion was 
considered. When the critical fracture energies at the first and 
second shear directions are identical (GIIC=GIIIC), this criterion
produces more accurate results. It is expressed by:

where

and η is a material parameter. GI ,GII , and GIII  denotes the
normal and two shear fracture energies, respectively, whereas 
GIC , GIIC , and GIIIC are their critical values [5]. In this work,  η is
chosen as 2. Properties of DP460 epoxy adhesive used in this 

study for cohesive zone modeling are given in Table 2.

Table 2 Material properties of DP460 epoxy adhesive for cohesive 
zone modeling [27,28]

Property Unit Value

tn
0  MPa 32.6

ts
0  MPa 28.5

tt
0  MPa 28.5

GIC
N/mm 2.56

GIIC
N/mm 11.71

GIIIC
N/mm 11.71

Note: Tractions and critical fracture energies in the first and second 
shear directions are assumed to be the same (tn

0   = tt
0   and GIIC=GIIIC).

Defect Modeling
One of the main causes of the defects at the bonded region 
is the poor adhesive distribution, which could result from 
human mistakes or adherend surface imperfections. Poor 
adhesive distribution results in poor bonding which causes 
2D (planar) and 3D (volumetric) defects [8]. In this work, the 
3D (volumetric) defect was modeled as a blank volume at the 
adhesive. This study was mainly focused on the influences 
of flaw presence, volume fraction, location, and random 
distribution on the load carrying capacity of the butt joint. 
Defect volume fraction (Vƒ) is the ratio of defect volume to 
the total adhesive volume. In order to determine the impacts 
of the defect existence, a bonding layer with a defect volume 
fraction of 0.10 and therefore a square-shaped volumetric 
blank in its center was modeled. The impact of defect volume 
fraction was investigated considering the defect volume ratio 
of 0.05, 0.10, and 0.15. Defect (Vƒ=0.1) was shifted to the left and 
up to determine the effects of defect location. Regarding the 
influences of the defect random distribution, 3D (volumetric) 
defects with the dimensions of 0.25×0.25×0.18 mm3 (7 
pieces), 0.50×0.50×0.18 mm3 (7 pieces), 0.75×0.75×0.18 mm3 
(6 pieces), and 1.00×1.00×0.18 mm3 (7 pieces) were randomly 
distributed in the bonding layer. Defect details in the bonding 
layer are shown in Table 3.

Verification of the Numerical Model
The numerical model was verified by comparing the 
experimental findings of Ref. [20]. The 3D adhesively bonded 
SLJ with the 0.18 mm adhesive (DP460) thickness and 3 mm 
adherend (AA2024-T3) thickness was modeled. The length of 
the adhesive layer is 12.5 mm, and the length of the adherend 
is 100 mm. Moreover, the width of the adherend is 25 mm. 
Geometric details of SLJ can be found in Ref. [20]. As in the 
butt joint modeling, adherend and adhesive were meshed 
with 70140 linear hexahedral elements of type C3D8R and 
7875 linear hexahedral elements of type COH3D8. For both 
adhesive and adherend, the same element sizes with the butt 
joint were considered. Moreover, identical material properties 
utilized for cohesive zone modeling in the butt joints were 
employed for SLJ. The adherend and adhesive surfaces with 
different mesh structures were tied using surface-to-surface 
tie constraint as in the butt joint. Regarding the boundary 
conditions, SLJ was fixed at one end in all directions and 
fixed at the other end in all directions except the longitudinal 

(1)

(2)

(3)
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direction of adherend. A 0.5 mm uniform displacement 
boundary condition was applied in the longitudinal direction 
of the adherend.

Table 3 Graphical representation and configuration of defects in 
adhesive layer

Configuration Adhesive layer with/without defect

Vf=0.00

Vf=0.05 (Center)

Vf=0.10 (Center)

Vf=0.15 (Center)

Location-1 (Vf=0.10)

Location-2 (Vf=0.10)

Location-3 (Vf=0.10)

Randomly distributed (Vf=0.10)

In this study, identical boundary conditions, mesh structures, 
element types, material properties, and adhesive thicknesses 
were employed for FE modeling of both butt joints and SLJs. 
Despite different failure behaviors of the two joints, given 
identical modeling parameters and boundary conditions, SLJ 
could potentially serve for FE validation. This may be related 
to the versatility, robustness and effectiveness of the finite 
element method in capturing various failure mechanisms in 
various joint types.

The comparison of numerical and experimental findings 
concerning force-displacement curves is shown in Fig. 4. A 
good correlation between the experimental and numerical 
findings were observed. The average experimental failure 
load and displacement were reported as 8814±202 N and 
0.407±0.02 mm, respectively [20]. Based on the FEA 

findings, the failure load was estimated at 8597.1 N with a 
relative error of 2.46%, while the displacement was calculated 
to be 0.419 mm with a relative error of 2.95%. The strong 
correlation and minimal relative discrepancies observed 
between the experimental and numerical outcomes for the 
single lap joint indicate that material properties (parameters) 
employed for cohesive zone modeling, element types (C3D8R 
and COH3D8), and element sizes are applicable for butt joint 
analysis as well. Furthermore, several studies [21,22,29] have 
also noted a strong compatibility between experimental and 
numerical results.

Figure 4 Verification of numerical model

RESULTS AND DISCUSSIONS
Effect of Defect Presence and Defect Volume Fraction 
Force-displacement curves for various defect volume 
fractions in the bonding layer are presented in Fig. 5. As 
shown, force-displacement curves have three linear sections. 
In the first section, the force exhibits a linear increase until 
it reaches the peak load, indicating the adhesive's elastic 
behavior. Subsequently, in the following section, the force 
linearly decreases, corresponding to the damage evolution 
and softening behavior of the adhesive. In the third section, 
there is a rapid decline in the force, corresponding to abrupt 
complete failure. It is clear from Fig. 5 that the elasticity of 
the adhesively bonded butt joint remains unaffected by the 
presence of defects. This provides evidence that the elasticity 
of the butt joint is primarily governed by the elasticity of the 
adherend. Because adhesive's elasticity (2077 MPa) is notably 
lower in comparison to that of the adherend (72400 MPa).

Figure 5 Force-displacement curves for various defect volume 
fractions
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Fig. 6 illustrates the variation in load-bearing capacity (peak 
force) and displacement at peak force in relation to changes 
in defect volume fraction. The detrimental impact of defects 
on the load-bearing capability of the butt joint is evident. 
With an increment in defect volume fraction, both the peak 
load and displacement at peak load decrease linearly. The 
introduction of a square defect at the center of the bonding 
layer, with volume fractions of 0.05, 0.10, and 0.15, results 
in peak force reductions of 5.08%, 10.56%, and 15.73%, 
respectively. Correspondingly, displacement at peak force 
decreases by 4.84%, 9.68%, and 12.91% for the same defect 
volume fractions. Decrease in peak load can be attributed 
to the decrease in bonded area. Heidarpour et al. [8] also 
reported a strength reduction in SLJ with the rise of 2D/3D 
defect size. Furthermore, according to Kumar [30], the 
interlaminar tensile (ILT) strength and mode-I delamination 
fracture energy show a linear correlation with the flaw area 
fraction on a critical fracture plane.

Figure 6 Variation of peak force and displacement at peak force with 
the change of defect volume fraction

Fig. 7 illustrates the von Mises stress distribution along the 
A-B route for various defect volume fractions within the
adhesive layer under a 3 kN load. Overall, there’s a nonlinear
increase in von Mises stress as the defect edge is approached, 
particularly with a sharper rise near the defect edge. The
existence of a defect at the center of the adhesive layer
results in approximately 31% rise in the maximum von Mises
stress. Moreover, the von Mises stress at the defect edges,
where the largest von Mises stress occurs, is unaffected by
changes in the defect volume fractions. However, the rise
of defect volume fraction results in an increase in von Mises
stress at the bonding layer edges. Fig. 8 depicts the contour
of von Mises stress distribution on the adhesive layer for
various defect volume fractions. It is evident that as the defect 
volume fraction increases, the stress concentration near the
defect edges becomes more severe and spreads over a larger 
area. Hence, the early failure of the adhesive is concentrated
near the edges of the flaw as seen in Fig. 8. Conversely, in the
absence of defects in the bonding layer, the initial degradation 
of the adhesive occurs abruptly and uniformly throughout
the whole adhesive layer. Therefore, failure of adhesive layer
without defect cannot be illustrated in Fig. 8.

Figure 7 von Mises stress distribution along the path A-B for various 
defect volume fractions in the adhesive layer

Figure 8 Contour of von Mises stress distribution on the bonding 
layer and adhesive layer initial failure for (a) Vƒ=0.00, (b) Vƒ=0.05, 
(c) Vƒ=0.10, and (d) Vƒ=0.15

Effect of Defect Location
Force-displacement curves for the butt joints with a square 
defect positioned at various locations within the adhesive 
layer are illustrated in Fig. 9. Defect location is plays crucial 
role in the damage evolution and softening characteristics of 
the adhesive. Relocating the defect from the center to the left 
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side of the bonding layer causes a drop in the slope of the 
second section of the curve, indicating nearly constant-force 
damage evolution. However, repositioning the defect towards 
the upper side of the adhesive layer has little to no discernible 
effect on the force-displacement curve. This is probably due 
to the limited upward shifting capacity of the defect owing to 
the geometry of the butt joint.

Figure 9 Force-displacement curves for various defect locations

The change of peak load and displacement at peak load 
depending on defect location are shown in Fig. 10. Moving 
the defect from the center to the left side of the bonding 
layer causes a drop in peak force. Specifically, shifting the 
defect from the center to Location 1 and Location 2 results 
in reductions of 6.00% and 9.79% at peak force, respectively. 
It is evident that defects positioned near the edges of the 
adhesive layer present a greater risk to the durability of 
butt joints. Moreover, relocating the flaw from the center to 
Location 3 leads to a decrease of 2.27% in the load-bearing 
capacity of the butt joint. These changes in the load-bearing 
capacity of butt joints can be attributed to the disruption of 
the symmetry of the bonding layer with the shifting of the flaw. 
Ribeiro et al. [31] carried out a numerical work to assess the 
influence of defects on SLJ strength. Their findings indicated 
that flaws close to the joint end result in a more pronounced 
strength drop compared to defects at the center of the joint. 
Chu et al. [5] similarly observed this trend, aligning with 
Ribeiro et al. [31], particularly for balanced SLJs constructed 
with identical adherends. However, it’s noteworthy that the 
location of defects on each side of the center has different 
impacts on the durability of unbalanced SLJs constructed 
with different adherends. On the other hand, repositioning 
the defect from the center to Location 1 results in a 3.75% 
decrease in displacement at peak force, while moving it from 
Location 1 to Location 3 shows no impact on displacement at 
peak force. Furthermore, displacement at peak force remains 
unchanged when the defect is shifted from the center to 
Location 3.

Figure 10 Variation of peak load and displacement at peak load with 
the change of defect location

Fig. 11 depicts the von Mises stress distribution along the A-B 
route for various defect positions within the adhesive layer for 
the case of 3 kN loading. There is no change in the von Mises 
stress distribution when the defect is moved to upper side of 
the bonding layer. However, as the defect is shifted from the 
center to the left side, von Mises stress at the left side of the 
bonding layer rises whereas von Mises stress at the right side 
of the bonding layer drops. At the left edge of the adhesive, 
there is an increase of 11.81% and 25.19% for Location 1 and 
Location 2, respectively, while experiencing a decrease of 
4.56% and 20.64%, respectively, at the right edge. Regarding 
the maximum von Mises stress, altering the defect location 
does not affect its value. Von Mises stress fields on the 
adhesive layer for various defect positions are illustrated in 
Fig. 12. Stress concentrations occur at the edges of the defects, 
as evidenced by Fig. 12. Moreover, as the flaw is moved from 
the center to the left side, the stress concentration near the 
defect edges becomes more severe and spreads over a larger 
area. The adhesive failure starts at the left edge of the bonding 
layer, correlating with repositioning the defect towards the 
left side, as depicted in Fig. 12. Similarly, relocating the defect 
to the upper side leads to the onset of adhesive failure at the 
upper edge of the bonding layer.

Figure 11 von Mises stress distribution along the path A-B for various 
defect locations in the adhesive layer
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Figure 12 Contour of von Mises stress distribution and adhesive 
failure on the bonding layer for various defect locations (a) Center 
(Vƒ=0.10), (b)Location 1 (Vƒ=0.10), (c) Location 2 (Vƒ=0.10), and (d) 
Location 3 (Vƒ=0.10)

Effect of Defect Random Distribution
Fig. 13 displays the force-displacement curves and peak 
load and displacement at peak load for the butt joints with a 
defect located at the center of the bonding layer and defects 
randomly distributed in the adhesive layer. It is evident 
that the random distribution of defects does not exert any 
discernible influence on the durability of butt joints. The 
random distribution of flaws creates approximately equal 
defect areas on both sides of the symmetry planes (XY and 
XZ planes). Consequently, an adhesive layer with an almost 
symmetrical structure is formed. This roughly symmetrical 
structure explains why the load-bearing capacity remains 
unchanged.

Figure 13 (a) Force-displacement curves and (b) peak load and 
displacement at peak load for the butt joints containing a defect at 
the center of the bonding layer and defects randomly distributed in 
the bonding layer

Fig. 14 depicts the von Mises stress distribution on the 
bonding layer under a 3 kN loading condition, considering 
the presence of randomly distributed defects. Localized 
stress concentrations arise at the edges of defects, and 
adhesive damage begins in the area where the defects are 
concentrated.

Figure 14 Contour of von Mises stress distribution and adhesive 
failure on the bonding layer with randomly distributed defects

CONCLUSION
This study scrutinizes the influence of defect presence, defect 
volume fraction, defect location, and random distribution of 
defects in the bonding layer on the load-carrying capacity of 
the butt joint. A FE model in Abaqus/Standard was created 
and the butt joint was exposed to uniaxial tensile load 
while exclusively considering only cohesive failure. Defect 
presence has a great effect on the durability of the butt joint. 
Increasing the defect volume fraction within the adhesive 
layer causes a reduction in both peak force and displacement 
at peak force. Every 5% increment in defect volume fraction 
in adhesive layer causes a 5% drop in load-bearing capacity 
of the butt joint. As the defect volume fraction increases, 
stress concentration near the defect edges becomes more 
pronounced and extends over a wider region. Therefore, 
adhesive failure first initiates at the defect edges. Regarding 
the defect location, shifting the defect from the center to the 
left side of the bonding layer causes a reduction in peak load 
and displacement at peak load and the onset of the adhesive 
failure at the left edge of the adhesive. However, both peak 
force and displacement at peak force do not alter as the defect 
is moved to the upper side of the adhesive. The load-carrying 
capability of butt joints remains unaffected by the random 
distribution of flaws in the adhesive layer. Considering the 
widespread use of adhesively bonded joints, the findings of 
this study significantly contribute to the current knowledge. 
The results obtained can be utilized by researchers and 
industry professionals across a broad range of sectors, from 
automotive to aerospace.
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INTRODUCTION
Türkiye is a part of highly active seismic region, which 
extends from Gibraltar to Indonesia and is referred as “Alpine-
Himalayan Belt” (Jackson and McKenzie, 1984). So as, the 
potential seismic hazard in Türkiye revealed recently in the 
districts of Kahramanmaraş (Pazarcık and Elbistan) with 
the earthquakes of their magnitude Mw 7.8 (01.17 UTC) and 
Mw 7.6 (10.24 UTC Time) on February 06, 2023, respectively 
(AFAD 2023, KOERİ 2023).

The tectonic motion in Türkiye is mainly accommodated 
along the major active faults by three tectonic plates namely 
Eurasia, Arabia and Anatolia. Specifically, the Anatolian plate 
is located among the Arabian and African plates at the south 
and Eurasian plate at the north. Due to the northward motion 
of the southern plates towards to the relatively stable Eurasia 
plate, the Anatolian plate hosts a westward movement and 
substantial fault systems with different regimes (Figure 1) 
(Emre et al.2018). These fault systems have witnessed many 
major earthquakes in the recent past, and the North Anatolian 
Fault Zone (NAFZ) have made its mark at most among of the 
active faults in the region in terms of seismic events. The 
NAFZ extends from Karlıova, Bingöl at the eastern edge to 
the Saroz Gulf, Aegean Sea at the western terminal, passing 
through many provinces between Erzincan and Kocaeli, and 
continues beneath the Marmara Sea to Şarköy, Tekirdağ 
(Şengör et al. 2005, Yavaşoğlu et al. 2020). NAFZ has mainly 
a right-lateral strike-strip fault mechanism ranging between 
0.4 mm–1 m with an accompanying dip-slip component (Ketin 
1969, Şengör et al. 2005). 

The major earthquakes along the NAFZ during the 
instrumental period, such as 1939 Erzincan (Ms 7.9), 1942 
Niksar – Erbaa (Ms 7.0), 1943 Ladik – Tosya (Ms 7.2), 1944 Bolu 
– Gerede (Ms 7.4), 1999 Izmit (Mw 7.4) and Düzce (Mw 7.2),
indicate that this fault mechanism is tectonically active (Barka 
1996, Takcı 2015, Bohnhoff et al. 2016). The paleosismological
and geological studies have also a consensus about the

same conclusion (Ambraseys and Finkel, 1995). Considering 
the surface ruptures and distribution of the epicentres of 
the instrumental earthquakes in the last century, the NAFZ 
consists of 10 segments, some of which are longer and have 
different geometry and characteristics (Barka and Kandinsky-
Cade 1988, Barka 1992, Barka 1996, Köksal 2011, Emre et al. 
2018) (Figure 2). There are three main segments of the NAFZ 
ranging from 150 to 350 km in length: the Erzincan Segment 
(ruptured in 1939), the Ladik-Tosya Segment (ruptured in 
1943), and the Gerede Segment (ruptured in 1944). There are 
also minor segments at the eastern and western terminals 
of those major segments, which are shorter than 10 km 
(Barkaand Kadinsky-Cade 1988, Barka 1996, Şengör et. al. 
2005, Köksal 2011, Emre et. al. 2018).

Figure 1 Active fault mapping for the East-Mediterranean (after 
Emre et al. 2018). (CA) Cyprian Arc, (HA) Hellenic Arc, (EAFZ) East 
Anatolian Fault Zone, (DSFZ) Dead Sea Fault Zone, (NAFZ) North 
Anatolian Fault Zone, (SEATZ) Southeast Anatolian Thrust Zone, (LC) 
Lesser Caucasus, (GC) Great Caucasus, (ESF) Eskişehir Fault, (TFZ) 
Tuzgölü Fault, (MEF) Merzifon-Esençay Fault, (SF) Sungurlu Fault, 
(EF) Ecemiş Fault, (DF) Deliler Fault, (SaF) Sarız Fault, (MF) Malatya 
Fault, (OF) Ovacık Fault. Thick lines within solid triangles indicate 
contractional tectonic regimes. Thick black arrows show the direction 
of plate movements and associated plate velocity. Red rectangle 
represents the study area.
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Abstract 
The North Anatolian Fault Zone (NAFZ) in the north of Türkiye is considered one of the most active faults on earth and have caused many 
major earthquakes in the last century. Surface ruptures by those earthquakes indicate that this tectonic feature consists of many segments, 
which reveal different characteristics in terms of geometry and mechanism. NAFZ lies along between Bingöl in the eastern Turkey and Saros 
Gulf in the west. This study focuses on the central part of the NAFZ between Niksar and Ilgaz provinces. In addition to the main branch, the 
central section of the NAFZ also contains two sub-branches extending southward: Merzifon-Esençay and Sungurlu Faults. In the literature, 
there are several studies for the region, however a comprehensive study mainly focusing on the main branch of the NAFZ and its sub-
branches along the central NAFZ has not been conducted yet, which would fully reveal the fault mechanism and seismic potential in the 
region. The aim of this study is to derive an up-to-date high-spa-tial-resolution Global Navigation Satellite Systems (GNSS) velocity field for 
the central NAFZ and to correlate with the strain accumulations along the faults. Based on this, a high-spatial-resolution GNSS network 
consisting of 60 sites was established enclosing the central NAFZ. The previously archived GNSS data for the same observation sites were 
collected from the different studies in the region and a new GNSS campaign measurement was conducted between October 2023 and 
February 2024. All GNSS data were processed using GAMIT/GLOBK software, and the results indicate the GNSS velocities ranging from 
3-30 mm/year and their associated uncertainties of maximum ± 1.5 mm/year with respect to the Eurasian tectonic plate.

Keywords: NAFZ, earthquake, GNSS velocity field, GAMIT/GLOBK, Sungurlu Fault, Merzifon-Esençay Fault.
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Figure 2 The major segments of the NAFZ and instrumental period 
earthquakes with  Ms>6.8, since 1912 (Emre et al. 2021). 

The NAFZ has two sub-branches NE-SW oriented towards 
to the south at the central section, which these are entitled 
Ezinepazarı–Sungurlu and Merzifon–Esençay fault segments. 
The tectonic zone between these fault segments have had 
significant deformation during the neotectonic period 
(Erturac M. K. and Tuysuz O., 2012). The southern branch, 
Ezinepazarı–Sungurlu Fault, stretches out westward while 
delineating the Amasya–Aydınca Basin and Amasya–Deliçay 
Valley, and approaches to the south of Sungurlu province and 
the north of Mecitözü (Gökhöyük Fault) (Yavaşoğlu et al. 2011, 
Emre et al. 2018) (Figure 3). The geological structures and 
morphological features on the surface topography exhibit 
distinct characteristics correlated with the fault extension 
(Şaroğlu et al. 1987). The most interesting event along the 
fault zone is the Erzincan earthquake (1939, Ms  7.9). The 
surface ruptures of the earthquake reveal the potential of the 
probable activities in the fault system (Ketin 1969, Şaroğlu 
et al. 1987, Barka 1996), however the seismic data in the 
instrumental period were limited for the Geldingen Basin and 
the western parts, which is also known as Sungurlu Fault. The 
lack of a distinct seismic network and scientific studies in 
the region leads to a weak understanding about the tectonic 
mechanism (Amasya İRAP Report, 2021, Çorum İRAP Report, 
2021).

The northern branch, called Merzifon – Esençay Fault, is an 
ESE-WNW oriented right-lateral strike-slip fault that lies 
almost parallel to the main branch of the NAFZ and extends to 
the north of the İskilip Province of Çorum (Erturaç and Tuysuz 
2010). The paleosismological studies along the fault indicate 
that the earthquake recurrence interval ranges between 
1320 and 2200 years during the Holocene period, with an 
interseismic cycle about 3700 years (Emre et al. 2020). 
According to the records about the historical and instrumental 
events along this fault, which lack seismic data, it is one of the 
unruptured segments of the NAFZ in the last century (Emre 
et al. 2020). Empirical evaluations for the region indicate an 
earthquake with a magnitude of ~7.2 (Wells and Coppersmith, 
1994). Additionally, the fault segments surrounding have also 
been reported about the similar risk of a probable earthquake 
(Emre et al. 2018). Besides, there are several blocks bounded 
by the main branch of the NAFZ and its southern branches 
(Yavaşoğlu et al. 2011) (Figure 3).

Synthetic Aperture Radar-InSAR techniques), geology (field 
observations and paleoseismology studies), geophysics 
(gravimetry and seismic refraction techniques), satellite 
imaging and geographical information systems analyses 
(Stein and Wysession 2003, Lay and Wallace 1995, Herring 
1999, Yavaşoğlu et al. 2011, Massonnet and Feigl 1998, Michetti 
et al. 2005, , McCalpin and Nelson 1996, Kaiser et al. 2009, 

Özalaybey et al. 2009). The geodetic techniques, which 
are very useful in such cases and economically efficient, 
serve for precise positioning in a short period of time by 
terrestrial networks, GNSS, InSAR, Light Detection and 
Ranging (LIDAR). (Massonnet and Feigl 1998, Herring 1999, 
Schowengerdt 2007, Yavaşoğlu et al. 2011, Ghilani and Wolf 
2012, Solak et al. 2024). The recent geodetic studies focusing 
on the tectonically active regions demonstrate the power of 
new generation of geodetic techniques (Yavaşoğlu 2009, 
Tiryakioğlu 2012, Solak 2020, Özkan 2021). In order to reveal 
the strain accumulations along the faults, the GNSS networks 
consisting of periodically observed sites and permanent 
stations are established considering the fault geometry 
in the study region. Thanks to velocity field derived from 
GNSS observations, we are able to estimate the potential 
magnitude and location of a probable major earthquake and 
also average recurrence intervals for large earthquakes, apart 
from the exact time of a seismic event (McClusky et al., 2000; 
Reilinger et al., 2006; Aktuğ et al., 2009; Yavaşoğlu et al., 2011; 
Tiryakioğlu 2012; Aktuğ 2017; Poyraz et al., 2018; Tiryakioğlu 
et al., 2018, 2019; Akyar 2020, Solak 2020, Yıldız et al. 2020; 
Eyübagil et al. 2021, Gezgin et al. 2022, Özkan et al., 2023). 

Figure 3 The detailed geological map of the study area (Emre 
et al. 2021). 

The tectonic movements and lithospheric crustal deformations 
causing earthquakes are studied by different disciplines 
using several techniques, such as seismology (seismic array 
networks), geodesy (GNSS and Interferometic 

In this study, the interseismic lithospheric deformations are 
investigated at the central part of the NAFZ (Figure 3). There 
are several blocks bounded by the main branch of the North 
Anatolian Fault Zone (NAFZ) and its sub-branches extending 
southward in the region. In order to model the plate motions 
and so as minor blocks in the region using a high-spatial-
resolution geodetic dataset, a wide GNSS network consisting 
of 60 sites was established, and the GNSS data for the same 
observation sites previously archived were obtained from the 
different studies. In addition to permanent GNSS stations in 
the study region, the GNSS observations were periodically 
performed at each survey site in the network during 
campaign measurement sessions between 2023 and 2024. 
Thus, the latest velocity field with respect to Eurasian tectonic 
plate was derived from present-day GNSS observations. 
Since it is expected to have more comprehensive findings 
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and conclusions to better understand the complex tectonic 
mechanism of the mid-section of the NAFZ through our 
ongoing studies, we initially have the goal to provide the 
preliminary results of our geodetic observations here in this 
study.

MATERIAL AND METHODS
The GNSS Network and Observations
Due to complex tectonic structure, scattered topography, and 
challenges with the observation techniques, there are only 
few studies for the study region in the literature (Yavaşoğlu 
et al. 2011, Aktuğ et al. 2015, Kurt et al. 2022). The GNSS 
observation sites used in the Yavaşoğlu et al. (2011) was also 
integrated into our GNSS network design within the scope 
of this study. However, the most of the sites from that study 
have not been observed since 2004. Therefore, the long-term 
repeatability of the GNSS observations is crucial to derive 
latest velocity field and so as to precisely constrain the strain 
accumulations along the faults around the mid-section of 
the NAFZ. In order to investigate on the geological features 
and regional tectonic setting, the GNSS network established 
within this study has fault-perpendicular profiles around the 
main branch of the NAFZ and its southward sub-branches, 
including Merzifon–Esençay and Ezinepazarı-Sungurlu fault 
segments. The GNSS network for this study consists of 45 
sites from the study of Yavaşoğlu et al. (2011) and also from 
the TUTGA network, different institutions and organizations. 
The remaining 15 sites out of 60 are the permanent stations 
that belong to the Turkish National Permanent GNSS Network-
Active (TUSAGA-Active) (Figure 4).

Figure 4 The GNSS observation network established for this study. 
Red lines represent the fault traces of the main branch of the NAFZ 
and its sub-branches. New sites represented in blue in this study 
have archive GNSS data from previous local studies in the region. 
Stations represented as triangles in the figure (red: Turkish National 
Fundamental GNSS Network (TUTGA) sites, yellow: sites from 
Yavaşoğlu et al. 2011, black: TUSAGA-Active stations, blue: this study).

Apart from the permanent stations within our network, the 
GNSS observations at the survey sites were performed during 
the campaign measurements between October 2023 and 
February 2024, having at least 8-h session lengths on two 
consecutive days and using 15-s measurement interval at 

each site. 40 point in the network are selected from pillars 
and 5 of them are bronze mast on the bedrock. In order to 
eliminate the deficiencies of observer and minimize the 
probable meteorological factors disturbing the observations, 
the fixed-height GNSS masts were used at the sites on the 
bedrock (Figure 5).

Figure 5 The GNSS sites periodically observed within the 
network named KAML (left), KARG (center), DRSK (right).

The archived dataset of previously observed TUTGA sites 
were gathered from the General Directorate of Mapping 
(HGM) according to the “Inter-institutional Collaboration and 
Data Distribution Protocol”. Moreover, the GNSS observation 
files logged in Receiver Independent Exchange (RINEX) data 
format at the permanent stations belong to TUSAGA-Active 
network were downloaded from the official we bsite of the 
General Directorate of Land Registry and Cadastre (TKGM).

GNSS Data Processing
In this study, the GAMIT/GLOBK software developed by 
the Massachusetts Institute of Technology (MIT) was used 
for GNSS data processing (Herring et al. 2018). The GAMIT 
module is capable of parameter estimations such as station 
coordinates, satellite orbits, Earth Orientation Parameters 
(EOPs) and atmospheric delays using ionosphere-free 
linear combination of GNSS phase observables with the 
help of double-differencing technique. This module also can 
eliminate cycle slips for the GNSS observations at each site. 
In the second stage, the GLOBK module combines all the 
loosely-constrained daily GAMIT solutions using Kalman-
Filtering approach and estimates the velocities and positions 
of the observation sites defined in a terrestrial reference 
frame (Herring et al. 2018). The short-term (daily) position 
repeatability plots were generated using the GNSS data 
from the consecutive days to reveal the possible centering 
errors, and the long-term (annual) position time series were 
produced to determine the trend of the motion for all the sites 
in the network (Figure 6, 7).



Preliminary Results on Deformations of the Central North Anatolian Fault Zone

119 Hittite Journal of Science and Engineering • Volume 11 • Number 3

Figure 6 The plot of short-term (daily) position repeatability for the 
KAVK station (the north, east and up components are in order from 
top to bottom, respectively).

Table 1 The list of IGS stations used in the stabilization process.

S.N. Station 
Name Longitude Latitude S.N. Station 

Name Longitude Latitude

1 ADIS 38.77 9.04 14 MATE 16.70 40.65

2 ANKR 32.76 39.89 15 NICO 33.40 35.14

3 BAHR 50.61 26.21 16 NOT1 14.99 36.88

4 BAKU 49.81 40.37 17 NSSP 44.50 40.23

5 BOR1 17.07 52.28 18 ONSA 11.93 57.40

6 BUCU 26.13 44.46 19 POLV 34.54 49.60

7 CRAO 33.99 44.41 20 POTS 13.07 52.38

8 DRAG 35.39 31.59 21 RAMO 34.76 30.60

9 GLSV 30.50 50.36 22 SOFI 23.39 42.56

10 GRAS 6.92 43.75 23 TELA 34.78 32.07

11 GRAZ 15.49 47.07 24 VILL 356.05 40.44

12 KOSG 5.81 52.18 25 WTZR 12.88 49.14

13 KUWT 47.97 29.33 26 ZECK 41.57 43.79

Following the generation of the position time series, the 
next step includes the stabilization of the network and the 
estimation site velocities using the 26 selected International 
GNSS Service (IGS) stations having stable long-term data and 
distributed along the relevant tectonic plates (Table 1). All the 
site velocities are derived in a Eurasia-fixed reference frame.

Figure 7 The plot of long-term (annual) position repeatability for the 
KAVK station (the north, east and up components are in order from 
top to bottom, respectively).

RESULTS AND DISCUSSION
The general pattern of the tectonic mechanism in the mid-
section of the NAFZ, which is derived using GNSS sites with 
varying velocities in N-S direction, validates the rotational 
westward migration of the Anatolian plate. The site velocities 
on the Eurasian plate are estimated in a range of 2-3 mm/
year, where the northern block bounding the main branch 
of the NAFZ is relatively stable. On the other hand, some of 
the sites having anomalous velocities does not reflect the  
characteristic features of the velocity field and discriminate 
from the regional trend (AKPI, SUN1, SNGR). It is argued that 
the discrimination of the site velocities is possibly the caused 
by the local deformations and relatively short observation 
spans. The velocity solution confirms the estimation of the 
site velocities ranging 3-30 mm/year with their associated 
uncertainties of maximum ±1.5 mm/year (Figure 8). 
Considering the relatively stable Eurasia plate, some of the 
sites located at the north of the main branch of the NAFZ 
(KRGI, GKCD, KAML, GOL5) have inconsistent velocities in a 
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range of 5-10 mm/year unlikely their local characteristics.

Figure 8 The velocity field referenced to ITRF2014 datum and derived 
with respect to the Eurasia-fixed reference plate in this study.

In order to provide the latest velocity field for the mid-section 
of the NAFZ, a GNSS network consisting of 60 sites was 
established, which also contains 15 permanent stations from 
TUSAGA-Active network. There are a number of 10 sites, in 
which the site velocities have been estimated for the first 
time. The uncertainty of our velocity estimation for the same 
sites used also in Yavaşoğlu et al. (2011) is less than 0.5 mm/
year. On the other hand, the velocity field solution derived has 
some statistically poor estimation with 1 mm/year uncertainty 
for the sites namely KVAK, YLTP, INE3, SAM2 and OBRK 
compared to the others. This might be caused from the short 
time span between the first and last observations of these 
sites.

The velocity field derived in this study confirms the anti-
clockwise rotation of the Anatolian plate reported in the 
previous studies (Hubert-Ferrari et al., 2002; Hartleb et al., 
2003; Kozacı et al., 2007; Yavaşoğlu et al., 2011; Aladoğan et 
al., 2017, 2020; Aktuğ et al., 2015; Yavaşoğlu et al., 2020; Kurt 
et al., 2022). 

The most important result of this study is that some sites at 
the north of the main branch of the NAFZ, specifically the 
sites around the Çorum-Kargı province, have larger velocities 
than 5 mm/year not alike the local trend. Accordingly, this 
study suggests that the deformation zone along the NAFZ in 
this region is wider than 10-15 km.

Although there are evident preliminary results based on the 
latest velocity field solution in this study, the regional strain 
accumulations and seismic potential of the fault segments 
at the mid-section of the NAFZ are planned to investigate 
further in details. 

CONCLUSION
This study focused on the mid-section of the NAFZ, where 
a comprehensive GNSS network comprising of 60 sites with 
the permanent stations from TUSAGA-Active network and 
survey sites to be observed periodically, was established to 
precisely constrain the fault slip rates and plate motions. The 
initial results clearly confirm the westward migration of the 

Anatolian plate, on which site velocities range of 3-30 mm/
year and are in consistent with the previously published 
studies (Hubert-Ferrari et al., 2002; Yavaşoğlu et al., 2020).

The one of the most important conclusions of this study is 
that the sites at the north of the main branch of the NAFZ, 
particularly the ones close to Çorum-Kargı province, have 
velocities larger than 5 mm/year indicating a significant 
deformation in this region. This suggests that the deformation 
zone of the NAFZ in this area may extend beyond 10-15 km.

While these preliminary results regarding the velocity field 
provide notable insights, ongoing geodetic studies are quite 
crucial to better understand the present-day deformations 
and seismic potential of the region. It is expected that the 
continuous monitoring and analyses will help us to refine our 
understanding of seismic hazards and to contribute more on 
effective earthquake risk mitigation strategies.
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INTRODUCTION
The research focuses on Gülagaç and its surrounding regions 
located in the Aksaray province of the Central Anatolia region 
in Türkiye (Figure 1). 

The study area is located within the Cappadocia Volcanic 
Province, where young volcanism is particularly intense. The 
region is particularly rich in geothermal resources. Currently, 
geothermal resource exploration continues in different 
parts of the region. This study will be a data source for the 
determination of geothermal areas. There are many studies 
on geothermal areas and tectonic lineaments in different 
parts of the world.

Figure 1 Central Anatolian Crystalline complex and study area 
(Modified from, [1]).

Previous investigations conducted in and around the study 
area have included sedimentological, petrographic, and 
structural geological studies.

Some of the sedimentological studies were carried out by [2-
13]. Some of the petrographic studies in the study area were 
carried out by [14-21].

[22-27] conducted studies on the tectonic-neotectonic 
features of the study area. Similarly, [28-31] conducted 
studies on the Tuzgölü fault zone within this tectonic area.
The study area is of great importance in terms of natural 
disasters, especially earthquakes, due to its proximity to the 
Tuzgölü fault zone. In addition, the geological structure of the 
rocks in the region increases the possibility of landslides and 
poses a potential danger. Geophysical and geological studies 
are very important in engineering studies in order to deepen 
the emergence of geological structures [32-35].

In recent years, lineament studies obtained by remote sensing 
have been frequently used in different fields of geology. Some 
of the studies on mineral deposits and their relationship 
with linearity are [36-39]. Linearity studies are available for 
the determination of geothermal areas. Some of them are 
[40-41]. There are also studies on the relationship between 
tectonics and linearity. Some of them are [42-45]. 

This study aims to compare the structures showing tectonic 
lineaments (fault, fracture, fold axis) observed in the Eocene-
aged units in Demirci and its vicinity with the satellite-based 
lineaments.

MATERIAL AND METHODS
A geological map of the study area was completed during 
the fieldwork. The planes of the faults and fractures, which 
exhibited linearity, were measured and assessed.

The study area underwent a thorough evaluation by analysing 
the prior research and comparing it with the findings of this 
study. A meticulous review and assessment of both field 
observations and computer analyses were conducted to 
arrive at a comprehensive conclusion.  For the computer 
analysis, a flowchart was created ( Figure 2). The image is first 
analysed in Envi, Geomatica, and ArcGIS before being turned 
into a lineament map (Figure 5b). The generated maps do not 
contain any artificially constructed structures-only naturally 
occurring lines. During the field studies, structures such as 
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Abstract 
The study area covers the Gülagaç district of Aksaray and its surroundings in the Central Anatolia region of Turkey. The basement of the 
study area consists of metamorphic rocks belonging to the Paleozoic–Mesozoic-aged Kaman Group. Mesozoic-aged ophiolites overlie these 
rocks, and both are cut by Late Cretaceous-aged igneous rocks. These units were then overlain by Palaeocene-Quaternary-aged volcanic 
and sedimentary units. The region has important geological structures that have undergone polyphase deformation, especially in the 
Eocene units. As a result of these deformations, faults, fractures, folds and linearities were formed. . These structures were compared with 
satellite-based tectonic lineaments, and it was observed that the general orientations of the lines determined in the field and the satellite-
based lineaments were largely compatible. The results of this study can make an important contribution to the exploration of mineral and 
geothermal resources in the region.
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field boundaries, roads, etc. that create lineaments in satellite 
images were identified, and these lineaments were excluded.

Figure 2 Flowchart of lineament maps and diagram preparation.

A thorough assessment was carried out by combining on-site 
observations with computerised analysis of satellite imagery. 
Figure 2 illustrates the lineaments obtained through computer 
programs. These results facilitated a comparison between the 
geological structures such as faults, fractures, and fold hinge 
lines in the Gülağaç area and the lineaments extracted from 
the satellite images.

GEOLOGY
Stratigraphy
This study is focused on the Gülağaç district and Gülağaç town 
in the Aksaray province, along with its surrounding areas. The 
Tamadağ and Bozçaldağ metamorphics, which belong to the 
Kaman Group of the Kırşehir Massif, are crucial in the basement 
rocks of the study area. The Tamadag metamorphites are 
mainly composed of gneisses and quartzites (Figure 3).

Bozçaldağ metamorphites are composed of marbles and 
amphibolites in interbeds with them. Central Anatolian 
ophiolites are thrust on these units. These units were cut by 
Late Cretaceous aged Central Anatolian igneous rocks such 
as granite, granodiorite and syenite (Figure 4). [46]. 

Figure 3 Geological map of the study area and its surroundings.

The Kızıltepe Formation, which consists of loosely 
consolidated, purple-coloured conglomerate, sandstone, 
claystone, and mudstone, is a Late Cretaceous-Paleocene-
aged terrestrial formation.

Overlying these units is the Cayraz Formation, which consists 
of marine sandstone, marl, and limestone and is of the Lower 
Eocene age. These units are unconformably overlain by the 
Oligo-Miocene-aged Mezgit Formation, consisting of shales, 
sandstones, mudstones, and evaporites.

The Gostuk Ignimbrite, Uzunkaya Formation, Melendiz 
Volcanite, Selime Tuff, Kızılkaya Ignimbrite, and Gosterlı 
Volcanite are all units composed mainly of Pliocene-
Pleistocene volcanic material. These units are unconformably 
overlain by recent slope debris, travertine, and alluvium 
(Figure 4).
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Figure 4 Stratigraphic columnar section of the study area and its 
surroundings (modified from [47]).

Structural Geology
In the area we studied, the metamorphic rocks of the Kaman 
Group, which are of the Palaeozoic-Mesozoic age, went 
through polyphase deformation and created folded and 
fractured structures. Additionally, the Lower Eocene-aged 
units of the Cayraz formation in the same area underwent 
at least two stages of folding. These changes are believed 
to be connected to the closure of the Inner Taurus Ocean. In 
the study area, the Palaeozoic-Mesozoic-aged metamorphic 
rocks belonging to the Kaman Group underwent polyphase 
deformation and formed folded-fractured structures. In the 
study area, the Eocene-aged units belonging to the Cayraz 
formation also underwent at least two stages of folding. 
These deformations are thought to be related to the closure 
of the Inner Taurus Ocean.

RESULTS AND DISCUSSION
Lineament Maps
Satellite imagery and software tools such as Envi, Geomatica, 
and ArcGIS were utilized to create automatic lineament maps 
in the Gülağaç area [48-52].

These maps were generated by using Landsat-8 images 
obtained from a website (earthexplorer.usgs.gov) (Figure 
5a). Landsat-8 pictures of Gülağaç and its surroundings were 
obtained and an automatic lineament map was produced 

using suitable filters and threshold values as described in [53]
(Figure 5b).

To create a lineament map, the image is first processed in 
Envi, Geomatica, and ArcGIS (Figure 5b). The resulting maps 
include only natural lines and exclude artificially created 
structures.

Figure 5 a- Satellite image of the Gülağaç and it’s surroundings  b- 
Lineament map of the study area.

The lineament map was determined by superimposing the 
satellite image and the obtained lineament images (Figure 6).

Figure 6 Landsat-8 image and lineaments of the area.

The generated lineament map was converted into a density 
map (Figure 7a). A density map and automatic lineaments 
map were also made (Figure 7b). 

Tectonic lineaments are represented in the terrain by fault, 
fracture, and fold hinge line trends (Figure 7). In the terrain, 
morphological structures are sometimes in the form of lines 
formed by erosion surfaces. Although such lines are seen as 
tectonic lineaments, they are not related to tectonism but 
to erosion. Such morphological lines are kept separate from 
tectonic lineaments.
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Figure 7 (a) Density map of study area  (b) lineament and lineament 
density map.

Figure 8 (a) Normal fault in the study area (b-c) Fractures in the 
ophiolites (d-e) Fractures in the Cayraz formation (f, g) Inclined, 
folded strata in the Cayraz formation.

Evaluation of Satellite and Fieldwork Lineaments 
Rose diagrams were created to analyse the distribution of 
lineations in the study area based on automatic lineaments. 
In the study area, fault, fracture, and fold axis measurements, 
which constitute the lineaments, were evaluated in the 
Stereonet software (Fig. 9). 

Figure 9 a- Rose diagram of %L: Length as a percentage of the total 
linear length. b- Rose diagram of %N: Length as a percentage of total 
lineation population. c- Point-contour diagram of Cayraz formation 
(65 bedding measurements) d- Contour diagram of 1st phase shear 
fracture in ophiolites (41 fracture measurements) e- Contour diagram 
of 2nd phase shear fracture in ophiolites (44 fracture measurements).

Results showed that lineaments were present in all 
orientations, with the most intense orientations being, N0-
100E, N40-500E, N70-800E, and N80-900W, N20-300W, and 
N30-400W (Figure 9a,b). Additionally, fracture systems were 
studied and mapped, with diagrams prepared specifically 
for sedimentary rocks (Figures 9c, d, and e). The results 
were generally compatible when comparing strike-rose and 
automatic lineament diagrams based on field measurements. 
Based on measurements of the layers of the Cayraz Formation 
(65 bedding measurements), the general fold hinge line 
orientation was determined to be N80E/140NE (Figure 9c). 
This orientation aligns well with the dominant orientation 
found in the rose diagrams of satellite-based lineaments. 
Additionally, phase 1 shear fracture (41 measurements) in 
ophiolites showed shear fracture planes of N10-200W and 
N70-800W, while phase 2 shear fracture (44 measurements) 
in ophiolites revealed shear fracture planes of N0-100W and 
N50-600E (Figure 9d,e).

CONCLUSIONS
The region being studied has undergone significant structural 
changes due to the effects of the tectonic regime that emerged, 
particularly between the Middle-Late Eocene-Upper Miocene 
period, which was characterized by compressive forces. 
These deformations have resulted in the formation of various 
types of faults and fractures with different orientations. By 
using automatic lineament analysis to examine the lineations 
in the study area, rose diagrams were produced that indicated 
the presence of lineations in all directions. The most intense 
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orientations were N0-100E, N40-500E, N70-800E, N80-900W, 
N20-300W, and N30-400W. When the Cayraz Formation beds 
were measured, the general orientation of the fold hinge line 
was found to be N80E/140NE. The ophiolites have undergone 
phase 1 and phase 2 shear fractures, with N10-200W, N70-
800W, N0-100W, and N50-600E being the identified shear 
fracture planes. This observation is consistent with the 
lineaments detected by satellite imagery.

The study compared data collected from field studies with 
that obtained from satellite-based studies. The findings 
reveal that the data from both sources are compatible. This 
study has generated valuable data that can be helpful for 
future exploration of minerals and geothermal resources.
Geophysical and geological parameters can additionally 
support this study to obtain more realistic supporting results
The study area, situated within the Cappadocia Volcanic 
Province, possesses significant geothermal energy potential. 
The identified lineations in this study and their concentrated 
areas may indicate potential geothermal sites
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INTRODUCTION
Infertility is defined as the inability of couples to conceive 
after one year of unprotected intercourse [1]. Factors 
such as poor diet, stress, insomnia, smoking, and alcohol 
consumption can impair reproductive health, contributing 
to infertility. According to the World Health Organization 
(WHO), approximately 15% of couples seeking to conceive 
are affected by infertility [2]. With male reproductive issues 
accounting for about 50% of infertility cases [1], assessing 
male reproductive health is crucial in infertility diagnostics. 
Basic indicators of male fertility include the percentage 
of motile sperm and their velocity. Conventional sperm 
analysis, performed microscopically in clinical settings, often 
suffers from variability due to subjective evaluation [3]. 
Consequently, there is a need for fully automated systems 
that provide objective, standardized results.
Sperm imaging and motility studies have evolved over 
the past 300 years. Recent advancements focus on high-
accuracy imaging techniques to improve treatment methods 
for reproductive disorders. The development of computer-
assisted sperm analysis (CASA) began in the 1950s, enhancing 
classical microscopic imaging techniques. The introduction 
of phase contrast microscopy in andrology studies allowed 
better detection of sperm viability [4]. Automated sperm 
analysis methods date back to the early 1970s [4], with Katz 
et al. [5] pioneering the first CASA system in 1985, which 
assessed sperm motility from sequential microscopic images.

Abbiramy et al. [6] developed an algorithm in 2010 that 
could detect, count, and track sperm cells in video streams, 
achieving a 93% accuracy in tracking. Leung et al. [7] 
introduced algorithms to monitor sperm tail movement, 
improving Euclidean distance calculations. Ravanfar and 
Moradi [8] utilized Watershed segmentation and particle 
filter algorithms to address challenges in sperm tracking due 
to their similar size and shape. Di Caprio et al. [9] analyzed 
sperm motility by solving focal amplitude and phase maps 
from holographic images. Elsayed et al. [10] enhanced CASA 
systems in 2015 for better sperm detection in microfluidic 
systems using low-frame-rate cameras. Urbano et al. [11] 
employed the joint probabilistic data association filter in 2016 
to simultaneously detect sperm movement and measure 
parameters without sample dilution. Boumaza and Loukil 
[12] developed an algorithm that enhances sperm analysis

by improving image quality and using hybrid segmentation 
techniques. Their method shows promising results for 
measuring sperm concentration and motility compared to 
traditional methods.  Hernández-Ferrándiz, Pantrigo, and 
Cabido [13] introduced a method using synthetic semen 
samples to address the lack of labeled data in sperm 
analysis. Their approach demonstrates that models trained 
on synthetic data can be effectively applied to real images 
without additional fine-tuning.

This study introduces a CASA system incorporating sperm 
detection and tracking algorithms to provide quantitative 
measurements of human sperm kinematic parameters. 
The system was tested using samples from an 18-year-old 
subject, enabling numerical evaluation of male infertility 
and comparison with WHO and other institutional reference 
values.

MATERIAL AND METHODS
The study, approved by the Ankara City Hospital No. 2 
Clinical Research Ethics Committee (Protocol No. E2-21-
930) on October 13, 2021, utilized a sample obtained from
the Andrology-Urology Clinic of Ankara City Hospital. The
sample, from an 18-year-old subject referred to as Subject A,
was a gray opaque, homogeneously distributed fluid with a
volume of 3 ml and a pH of 7.5.

A 50 µm thick double-sided tape was placed between a 
microscope slide and coverslip, allowing sperm cells to move 
freely within a 50 µm depth. Sperm images were captured 
using a 2-megapixel camera mounted on an Olympus 
CX21 microscope at 10X magnification [14], covering a 
measurement area of 165.054 µm² and a volume of 8.252.749 
µm³. Four series of images were captured at three-minute 
intervals, with each dataset comprising 130 images recorded 
at 30 fps, resulting in a measurement time of 4.3 seconds 
per set. To address local pixel density variations due to 
inhomogeneous illumination, background images were 
generated by averaging 130 images per set and subtracted 
from each individual image. Figure 1 illustrates background-
subtracted images taken at 0.5-second intervals.

Each image was first converted to grayscale and then to 
binary using the Otsu method [16] for automatic thresholding 
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to distinguish sperm cells from the background. The contours 
of sperm heads were identified using the Python OpenCV 
library, which implements border-following algorithms for 
the topological analysis of digitized binary images [17]. These 
algorithms determine the surroundness relations among 
the borders of a binary image and can be effectively used in 
component counting, shrinking, and topological structural 
analysis. The algorithms facilitated the accurate identification 
of sperm head contours by following the outermost borders, 
ensuring precise detection of the sperm cells. The center 
positions of the sperm heads were determined by averaging 
the x and y coordinates of the contours. Figure 2 illustrates 
the detected sperm cells, with their centers marked in blue 
and contours in red.

Figure 1 Background subtracted images taken at 0.5 second intervals 
at 10X magnification. (a) 0.5 sec, (b) 1.0 sec, (c) 1.5 sec, (d) 2.0 sec.

Figure 2 Sperms detected at 0.5 second intervals at 10X magnification. 
The centers of the sperms are shown as blue dots and the head region 
is shown as red lines. (a) 0.5 sec, (b) 1.0 sec, (c) 1.5 sec, (d) 2.0 sec.

Sperm traces in consecutive images were obtained by tracking 
center points assigned according to different acquisition 
times [15]. Figure 3 illustrates the tracking process on three 
consecutive images (j, j+1, j+2). At time j, the center position 
of a sperm cell is detected. This position is then compared 
with all sperm centers in the j+1 frame, and the closest match 
is recorded as the new center of that sperm in the j+1 image. 
This process is repeated for each sperm detected in the j 
image. Similarly, the process is carried out between images 
j+1 and j+2, and across other consecutive images to calculate 
the trajectory of each sperm head over time. In Figure 3, 

the tracking process is depicted for sperm cells detected in 
equal numbers across consecutive images. However, if fewer 
sperm cells are detected in the subsequent image, it indicates 
that M sperm tracks were terminated in the previous image. 
Conversely, if more sperm cells are detected in the next 
image, it suggests that M new sperm tracks were initiated. 
Consequently, the initial and final frames of sperm traces may 
differ, leading to variations in track lengths among sperm. 

Figure 3 Sperm track illustration using sperm center points on 3 
consecutive images.

In Figure 4, sperm tracks at different times are displayed in 
different colors, with traces of the same sperm coded with 
the same color. It is evident that some tracks continued across 
all images, while some traces were terminated, and new ones 
were created. For kinematic parameter measurements, only 
sperm tracks that were observed in at least 5 consecutive 
images were considered.

Figure 4 Tracks of sperms in different images at 10x magnification. 
Each sperm tracked is shown with a different color. (a) 0.5 sec, (b) 1.0 
sec, (c) 1.5 sec, (d) 2.0 sec.

The metrics, developed in Python, measured six essential 
kinematic parameters [10]. The curvilinear velocity (VCL) of 
a sperm was calculated using the distance between center 
points of the cell in consecutive images. For instance, the VCL 
at position j, with coordinates (xj,yj) in image j and (xj+1,yj+1) 
in image j+1, is computed using Equation 1, where Δt = 1/fps 
represents the time difference between consecutive images. 
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The linear velocity (VSL) was determined using the distance 
between the sperm’s initial position (x0,y0) and final position 
(xM,yM) over time, as given by Equation 2. The average path 
velocity (VAP) was calculated using a moving average of 
the sperm’s track with a value set to 5 frames (0.17 sec). 
For example, the VAP between averaged positions (xj,yj) in 
image j and (xj+1,yj+1) in image j+1 is given by Equation 3. The 
amplitude of lateral head (ALH) represents the amplitude 
difference between the VCL and VAP curves, with maximum 
and average ALH values calculated for each sperm. Beat 
cross frequency (BCF) was determined from the intersection 
points of the VCL and VAP curves, with the time difference 
between these points used in the analysis. The mean angular 
displacement (MAD) for each sperm in successive images 
was calculated using Equation 4. The VCL, VAP, BCF, and 
MAD values were computed for each sperm track, and their 
average values were recorded.

Figure 5 shows examples of sperm tracks with different 
lengths in time. In the left column, black dots represent the 
positions of tracked sperm across different images, showing 
the VCL curve. The VAP curve, calculated by averaging VCL 
points, is shown with a red line. Blue dots indicate the starting 
and ending positions used for VSL analysis. In the right 
column, green dots mark the intersections of the VCL and 
VAP curves for BCF analysis, and the blue line indicates the 
maximum ALH distance between the VCL and VAP curves. 
These calculations were performed separately for each sperm 
track in four datasets. 

The kinematic parameter LIN, which expresses the linearity 
of the curvilinear path, was determined by the percentage 
ratio of the mean VSL to VCL values. WOB, measuring the 
amount of wobbling in the sperm cell’s movement path 
compared to the average path, was calculated by the ratio of 
VAP to VCL values. The STR parameter, reflecting the degree 
of straightness of the sperm’s mean movement path, was 
calculated as the percentage ratio of VSL to VAP values. The 
motility parameter MOT was determined by the ratio of sperm 
with a mean VCL value greater than 5 µm/s to the total sperm 
count. The immobility parameter IM was calculated by the 
ratio of sperm with a velocity less than 5 µm/s to the total 
sperm count. Additionally, sperm with a VCL velocity greater 
than 25 µm/s were classified as progressive motility, while 
those with a velocity less than 25 µm/s were categorized 

as non-progressive motility. The percentage of progressive 
sperm (PR) to total sperm count and the percentage of non-
progressive sperm (NP) to total sperm count were calculated. 
Figure 6 summarizes the key stages in detecting and tracking 
sperm cells, from image acquisition to preprocessing, 
detection, tracking, and post-processing, highlighting the 
methods and techniques used at each step for precise 
analysis. Table 1 provides an overview of the parameters 
measured in the study, along with brief descriptions of each.

Figure 5 Examples of sperm tracks with different lengths.

Figure 6 Workflow for detecting and tracking sperm cells.

(1)

(2)

(3)

(4)
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Table 1 Summary of the parameters used in the study 
with brief descriptions.

Parameter Description 

VCL (Curvilinear Velocity) Distance traveled by sperm between 
consecutive images.

VSL (Straight-Line Velocity) Distance between the sperm’s initial 
and final positions over time.

VAP (Average Path Velocity) Moving average velocity along the 
sperm’s track.

ALH (Amplitude of Lateral Head) Amplitude difference between VCL and 
VAP curves.

BCF (Beat Cross Frequency) Frequency of intersections between 
VCL and VAP curves.

MAD (Mean Angular 
Displacement)

Angular displacement of the sperm in 
successive images.

LIN (Linearity) Ratio of VSL to VCL, indicating the 
straightness of the path.

WOB (Wobble) Ratio of VAP to VCL, measuring the 
path wobble.

STR (Straightness) Ratio of VSL to VAP, indicating the 
straightness of the average path.

MOT (Motility) Ratio of sperm with VCL > 5 µm/s to 
total sperm count.

IM (Immobility) Ratio of sperm with VCL < 5 µm/s to 
total sperm count.

PR (Progressive Motility) Percentage of sperm with VCL > 25 
µm/s.

NP (Non-Progressive Motility) Percentage of sperm with VCL < 25 
µm/s.

RESULTS AND DISCUSSION
Sperm count was calculated over approximately 4.3 seconds, 
with cells detected in 130 images per dataset. Figure 7(a) 
illustrates the variation in sperm count over time for the 
second dataset, demonstrating low variation around the mean 
value. Figure 7(b) shows the variation in sperm count per 
micrometer cubed over time, with red dashed lines indicating 
the mean value and green dashed lines representing WHO 
reference values. These analyses were repeated for each 
dataset, and the average sperm count, and sperm count per 
micrometer cubed were computed for four datasets captured 
three minutes apart. Table 2 presents the mean values for 
each dataset along with interquartile ranges (25th–75th 
percentile), indicating that 50% of the data falls within these 
ranges. The lowest average sperm count, and sperm count 
per cubic micrometer were 557 and 82.2×10-6, respectively. 
The mean sperm count across all datasets was 609.1 ± 60.3, 
and the sperm count per cubic micrometer was 89.9×10-6 
±8.9×10-6, which falls within the WHO reference values (15×10-

6-259×10-6) [18].

Figure 7 Average number of sperms in data set 2 and the number of 
sperms per micrometer cubed. The red dashed lines represent the 
mean value, and the green dashed lines represent the WHO reference 
limits.

Table 2 Average sperm count (N), and sperm count per cubic 
micrometer obtained in the four datasets. Values in parentheses 
indicate interquartile ranges (25th–75th percentile). The mean sperm 
count across all datasets is 609.1 (standard deviation 60.3), and the 
sperm count per cubic micrometer is 89.9×10-6 (standard deviation 
8.9×10-6). 

DATA SET N N/µm3 × 10-6

1 557.3 (547.0, 567.5) 82.2 (80.7, 83.8)

2 646.1 (634.5, 657.0) 95.4 (93.6, 97.0)

3 674.7 (662.5, 687.0) 99.6 (97.8, 101.4)

4 558.4 (535.5, 580.5) 82.4 (79.0, 85.7)

Table 3 presents the mean kinematic parameters obtained 
from all sperm in the four datasets. The total number of 
sperm tracked and analyzed ranged from 1178 to 1399. Values 
in parentheses represent interquartile ranges (25th and 75th 
percentiles). The VCL across all datasets was found to be 
greater than 70 µm/s, while the VAP and VSL values were 
greater than 45 µm/s and 36 µm/s, respectively. As expected, 
VCL was greater than VAP, and VAP was greater than VSL. 
The average ALH was approximately 1 µm, with a maximum 
ALH around 3 µm. The BCF was approximately 15 Hz across 
all datasets. LIN was approximately 50% in all datasets, 
indicating sperm tracks were mostly straight. WOB was 
approximately 55% for all datasets, and STR values ranged 
from 63% to 75%. The motility (MOT) parameter was around 
90%, indicating high sperm motility, while the immobility (IM) 
parameter was approximately 10%. Progressive motility (PR) 
was found to be 80%, and non-progressive motility (NP) was 
around 20%. 
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Table 3 Mean kinematic parameters for sperm from four datasets. 
Values in parentheses indicate interquartile ranges (25th–75th 
percentile). 

DATASET 1 2 3 4

N 1254 1317 1399 1178

VCL [µm/s] 73.8 (46.0, 
97.8)

72.7 (43.2, 
97.8)

73.8 (47.5, 
96.7)

76.3 (47.0, 
103.2)

VAP [µm/s] 45.8 (26.2, 
62.3)

45.6 (24.5, 
63.5)

46.6 (27.0, 
63.4)

49.5 (27.2, 
68.3)

VSL [µm/s] 36.5 (16.5, 
53.5)

36.1 (14.9, 
53.5)

37.0 (16.3, 
54.2)

40.4 (15.3, 
60.2)

ALH max. 
[µm] 2.8 (1.6, 3.8) 2.9 (1.5, 3.8) 2.8 (1.7, 3.6) 2.8 (1.6, 3.8)

ALH mean 
[µm] 1.1 (0.6, 1.5) 1.0 (0.6, 1.4) 1.0 (0.6, 1.4) 1.0 (0.6, 1.4)

BCF [Hz] 15.2 (11.7, 
18.4)

15.3 (12.0, 
18.3)

15.3 (11.7, 
18.5)

15.6 (12.5, 
18.8)

MAD [°] 30.2 (18.2, 
39.0)

31.3 (18.4, 
40.5)

31.0 (17.9, 
39.7)

29.5 (17.5, 
37.2)

LIN [%] 49.5 49.6 50.1 52.9

STR [%] 79.7 78.8 79.3 81.7

WOB [%] 62.1 63 63.2 64.8

MOT [%] 95.7 96.2 95.2 98.9

PR [%] 76.3 74.8 76.6 76.2

NP [%] 19.4 21.4 18.6 22.7

IM [%] 4.3 3.8 4.8 1.1

The mean kinematic parameters across all datasets are 
presented in Table 4. The standard deviation values indicate 
that the variation between datasets is low. It was estimated 
that VCL = 1.58 × VAP and VAP = 1.25 × VSL, with VCL being 
approximately twice as great as VSL. This indicates that the 
wobbling is 63%, the straightness is 80%, and the linearity is 
around 50%. The maximum distance between the VCL and 
VAP curves is 2.8 µm, while the average distance is 1 µm. The 
BCF was approximately 15 Hz (fps/2), indicating that the VCL 
and VAP curves intersected every two frames. Additionally, 
sperm samples from Subject A, which exhibited high motility 
(96%), also showed a high progressive sperm count (76%).

Table 4 Mean and standard deviation of kinematic parameters from 
4 data sets.

MEAN SD

VCL [µm/s] 74.2 1.5

VAP [µm/s] 46.9 1.8

VSL [µm/s] 37.5 2.0

ALH maks. [µm] 2.8 0.1

ALH ort. [µm] 1.0 0.1

BCF [Hz] 15.4 0.2

MAD [°] 30.5 0.8

LIN [%] 50.5 1.6

STR [%] 79.9 1.3

WOB [%] 63.3 1.1

MOT [%] 96.5 1.7

PR [%] 76.0 0.8

NP[%] 24.0 0.8

IM[%] 3.5 1.7

Some of the measured parameters in this study were 
compared with those previously reported for human sperm in 
the literature. Notably, no study has been found that reports 
all 14 parameters simultaneously. Table 5 demonstrates that 
the VCL, VAP, VSL, ALH, and BCF values from this study 
fall within the ranges found in the literature. We emphasize 
methodological differences and performance metrics rather 
than direct comparisons, given that the datasets are not 
identical.

Table 5 Comparison of some of the kinematic parameters measured 
in the study with values found in the literature.

 VCL VAP VSL ALH 
max.

ALH 
mean BCF

Current Study 74.2 46.9 37.5 2.8 1.0 15.4

Sloter et al. [14] 80.7 55.8 49.1 3.7 - 25.2

Kraemer et al. 
[19] 119  54 7.5 - -

Di Caprio et 
al. [9] 69.5 67.7 22.4 - - -

Hirano et al. 
[20] 82.5 46.1 56.1 4 - 23.6

Akashi et al. 
[21] 57.4 - - - 1.4 10

Mortimer et al. 
[22] 83.5 - - 3.8 2.4 -

Davis et al. [23] 52 - 32.3 2.99 - -
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CONCLUSION
This study introduces a novel CASA system capable of 
quantitatively evaluating human sperm kinematic parameters 
through digital image processing. The system’s performance 
was validated against WHO reference values, demonstrating 
its potential for clinical application in male infertility 
diagnostics. Continued development and optimization of the 
system will further enhance its utility in reproductive health 
assessments. 

The kinematic parameters reported in this study may provide 
quantitative evaluations for male infertility, although no 
definitive conclusions can be drawn about human infertility. It 
is also believed that the current system will contribute to the 
literature by examining parameters that affect reproduction 
positively or negatively. In such studies, the number and 
motility of human sperm, directly impacting infertility, would 
be more accurately studied, allowing for comprehensive 
evaluation of the CASA method as a reliable diagnostic tool. 
Additionally, this technique could enable the diagnosis of 
specific diseases based solely on sperm kinematics in future 
disease-based studies. Future work will focus on enhancing 
the algorithms for real-time analysis and incorporating 
additional parameters for a comprehensive assessment of 
sperm quality.
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