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Determination of Fracture Parameters of Lime-Pumice Composites Using 

the Double-K Fracture Model 
 

Ragip Ince 

Firat University 

 

Erkin Eren 

Firat University 

 

 

Abstract: Experimental studies on concrete beams have demonstrated that there are three distinct phases of 

crack development in cement-based materials: the initiation of cracks, stable crack growth, and unstable 

fracture. In light of these phases, the Double-K model necessitates two fracture parameters, specifically the 

unstable stress intensity factor and the initiation stress intensity factor, to effectively simulate the fracture-

dominated failure of concrete structures. Particularly, the initiation fracture toughness is crucial in the 

assessment of certain structures, including nuclear power plants, reservoirs, and water-resource facilities. 

Roman mortars are considered the initial type of concrete, made from lime, water, sand, and volcanic tuff, 

enabling the construction of structures that have lasted for nearly two millennia, with prominent examples such 

as the Pantheon and the Colosseum. The Pantheon temple remains in use as an exhibition hall in the present day. 

In this study, beams and square prismatic samples featuring three different initial crack lengths were created to 

determine the fracture characteristics of lime-pumice mixtures containing various aggregate sizes (4 and 16 mm) 

and subjected to three-point bending tests at fracture test days (28 and 90). The two-parameter model and the 

double-K fracture model were employed for simulating the results of the fracture test.  

 

Keywords: Double-K fracture model, Lime, Pumice, Two-parameter model 

 

 

Introduction 

 

Because of its internal structure and the variations in mechanical qualities it undergoes based on its size, 

concrete is a non-linear building material. When analyzing concrete using fracture mechanics, its non-linear 

behavior is equally crucial. For over 50 years, a number of academics proposed non-linear fracture models that 

used at least two size-independent fracture parameters to simulate cracked concrete structures (Hillerborg et al., 

1976; Bazant and Oh, 1983; Jenq & Shah, 1985; Nallathambi & Karihaloo, 1986; Bazant & Kazemi, 1990; Xu 

& Reinhardt, 1999; Hu & Duan, 2008). The non-Hookean fracture models have used specimens with edge 

notches, such as beams, compact tension specimens, wedge-splitting specimens, and compact compression 

specimens, to calculate these size-independent fracture characteristics. Additionally, over the past thirty years, 

square and cylindrical prismatic specimens with central notches have been extensively used to assess the 

fracture properties of concrete. 

 

Certain fracture metrics, like fracture toughness or fracture energy, have been extensively employed in the 

design of quasi-brittle materials, including rocks and concrete, based on fracture mechanics. The phrases 

"fracture toughness" and "fracture energy" are understood in concrete fracture literature as "unstable fracture 

toughness" or "unstable fracture energy" in relation to the aforementioned factors. In concrete constructions, 

however, the initiation fracture toughness a measure of crack initiation is just as significant as the fracture 

toughness a measure of unstable crack propagation. In particular, the analysis of specific structures, like nuclear 

power plants, pools, and water-resource structures, depends heavily on the initiation fracture toughness. One of 

http://www.isres.org/
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the two design parameters of the Double-K fracture model for which RILEM has recently recommended 

technical standards is the initial fracture toughness (Xu et al., 2021). 

 

Roman mortars, which are constructed of lime, water, sand, and volcanic tuff, are thought to have been the first 

concrete. They allowed for the construction of buildings that have stood for almost two millennia, including the 

Colosseum and the Pantheon. Even now, the Pantheon temple is still utilized as an exhibition space. The 

fracture characteristics of lime-pumice mixtures with different aggregate sizes (4 and 16 mm) were investigated 

in this study using beams and square prismatic samples with three different initial crack lengths. These samples 

were then put through three-point bending tests on fracture test days (28 and 90). The fracture test results were 

simulated using the double-K fracture model and the two-parameter model. 

 

 

Fracture Mechanics of Cementitious Composites 

 
Building components made from quasi-brittle substances, such as rock and cement-based materials, demonstrate 

a three-phase behavior leading up to failure. As illustrated in a beam with an initial crack length a0, whose load 

versus crack mouth opening displacement relationship is depicted in Figure 1, these phases consist of: (1) crack 

initiation, which corresponds to the interval between the initial state and the first cracking load (Pi); (2) stable 

crack propagation, which corresponds to the interval between the first cracking load and the peak load (Pc); and 

(3) unstable crack propagation following the peak load. The beam, which behaves nearly in a linearly elastic 

manner due to material defects until the first cracking load, exhibits non-linear behavior beyond this point due to 

the development of a fracture process zone (FPZ) behind the free crack (Figure 1c). 

 

A number of non-linear fracture models that utilized at least two size-independent fracture parameters to model 

cracked concrete members. These approaches generally utilize the fracture toughness parameter (KIc), which is 

the fundamental parameter in analysis of the cracked structures (Ince & Bildik, 2021). In Among the various 

elastic fracture models that are considered equivalent, the two-parameter model (TPM) is capable of predicting 

solely the unstable crack propagation at the peak load in quasi-brittle structures. This is achieved through the use 

of two critical parameters that relate to the critical crack length (ac=a0+ac): the fracture toughness (Ks
Ic) and the 

crack tip opening displacement (CTODc), which effectively characterizes the blunting at the crack tip, as 

previously defined: 

 

( ), =
s

Ic Nc cK a Y g l        (1) 

 

( ) ( )1 , ,


= Nc c
c

a
CTOD V g l M g l

E
     (2) 

 

Where, σNc is the nominal strength, E is Young’s modulus of the material, and Y, V1, and M are dimensionless 

functions of both the structural geometry (g) and the loading configuration (l). In Eq. (2), the coefficient  takes 

the value of π for split-tension specimens with central cracks, 4 for beams, and 1 for semi-circular bending 

specimens and splitting specimens with edge cracks (Ince, 2025a; Ince et al. 2024; Ince, 2021). The term Y is 

widely referred to as the geometry factor, while M is obtained from the ratio COD(ac)/CMODc, where CMODc 

corresponds to the critical crack mouth opening displacement.  

 

Fracture parameters can be deduced using one of two distinct test techniques: the compliance method introduced 

by RILEM (Shah, 1990) and the peak load method established by Tang et al. (1996) in this approach. In the first 

technique, these parameters are determined from the relationship between load and crack mouth opening 

displacement (P-CMOD) of three-point bending specimens that feature a central edge notch, as illustrated in 

Figure 1a, employing closed-loop testing apparatus. The critical crack length ac is calculated from two 

measurements taken from the P-CMOD curve: the initial compliance (Ci) and the unloading compliance (Cu), 

which is recorded at approximately 95% of the peak load during the descending phase, as depicted in Figure 1b. 

 

Conversely, the peak-load method eliminates the need for complex closed-loop apparatus, thus providing a more 

straightforward alternative to the RILEM compliance-based procedure for determining fracture parameters in 

TPM. Nevertheless, this method still requires a minimum of three specimens to account for the variability 

inherent in concrete. The test specimens may either have identical geometrical dimensions but differ in their 

initial notch lengths, or they may maintain consistent notch sizes while varying in overall dimensions. For each 

specimen, the governing equations of TPM can be expressed as outlined by Jenq & Shah (1985). 
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Figure 1. a) A typical concrete beam b) P-CMOD curve c) FPZ formation behind the crack 

 

( )

( )

, , 1,2

,





= =

=

i i i s

I Nc c Ic

i i i

Nc c c

K a K i

CTOD a CTOD

   (3) 

 

In which, i refers to the ith sample. Consequently, the parameters associated with fractures can be ascertained by 

simultaneously resolving four non-linear equations. However, it is crucial to evaluate three or more distinct 

specimens to ensure statistically reliable results, given that random errors are consistently found in the measured 

values of 
Nc and 

Nc. As a result, this system, comprising several equations yet containing merely two 

unknowns, can solely be addressed through an optimization-based methodology. To facilitate this, Tang et al. 

(1996) suggested that the Ks
Ic and CTODc curves relevant to particular notch depths should initially be 

established for each specimen with a unique a0. Subsequently, the sample standard deviation (s) values 

associated with the identical Ks
Ic value are computed utilizing Eq. (4): 

 

( ) ( ) ( )
2

1

1 , 1, 2, ...,
=

= − − =
n

s

Ic cm ci
i

s K CTOD CTOD n i n    (4) 

 

Where, CTODcm refers to the mean value of CTODci values. Consequently, Ks
Ic and CTODc values 

corresponding to the minimum value of s(Ks
Ic) can be assumed to be the parameters of the model. 

 

Ince (2025b) has recently presented a modified peak load method that uses an optimization algorithm to 

ascertain Ks
Ic and CTODc. This approach relies on the concurrent resolution of Eq. (3), which acts as a failure 

criterion for concrete structures, taking into account solely the critical crack extension (ac) at peak load for 

each specimen. Eren & Ince (2025) and Ince & Eren (2026a) applied this modified approach to lime–pumice 

composites. 

 

The double-K fracture model simulates a concrete structure including free crack via two-parameter: the 

initiation fracture toughness Kini
Ic according to the initial cracking load and the unstable fracture toughness Kun

Ic   

according to the peak load. The parameter Kun
Ic is computed by using the secant compliance (Cs), as shown in 

Figure 1b. Therefore, an unloading and reloading procedure is not required, and a closed-loop system is not 

necessary in this model. In the way proposed by the RILEM TC265-TDK (Xu et al. 2021), the initial cracking 

load in the computation of can be determined from the turning point between the linear and nonlinear parts of 

the ascending P-CMOD curve, as shown in Figure 1b. However, Kini
Ic can also be computed via the inverse 

method, which has widely been used since the method was initially suggested by Xu & Reinhardt (1999), which 

was presented below in detail. 

 
ini un c

Ic Ic IcK = K - K
       

(5) 

 

Where, Kc
Ic refers to the cohesive fracture toughness, which is determined by utilizing the trapezoidal cohesive 

stress function at peak load, in which the value of the upper stress is equal to the tensile strength of the materials 

(ft). The analysis results according to the compliance method of wedge-splitting tests and beam tests by Xu et al. 

(2003) indicated that the parameters Ks
Ic and CTODc that were computed for the TPM were coherent with Kun

Ic 

and CTODc that were computed for the double-K model. Moreover, tests by Ince (2012) on cubical and 

cylindrical split-tension specimens revealed that both Ks
Ic and Kun

Ic could also be determined by adopting the 

peak-load method based on the TPM. 
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Experimental Program 
 

In this research, the pozzolanic activity tests of pumice material were initially conducted using CL-80-S type 

lime, in accordance with TS 25 (1975). To achieve this, lime-pumice mortar was poured into cement molds 

measuring 40 × 40 × 160 mm, which contained three standard prismatic cavities, following the mixing ratios 

specified in TS 25 (1975). The samples were then covered with a hard mica material, wrapped in stretch film, 

and allowed to set for one day, after which they were placed in an oven at 55°C for a duration of one week. Four 

hours prior to the bending test, the samples were taken out of the oven and permitted to cool. Subsequently, they 

underwent a three-point bending test using a cement testing machine with a capacity of 30 kN and a support 

span of 100 mm. Six samples, derived from the three bending specimens that were divided in half, were 

subjected to a compression test in a cement press with a capacity of 40 kN on a loading area of 40 × 40 mm. 

Consequently, the flexural-tensile strength of the lime-pumice mortar was determined to be 2.3 MPa, exceeding 

the threshold of 1.0 MPa, while the compressive strength was found to be 4.4 MPa, surpassing the minimum 

requirement of 4.0 MPa. It was concluded that the pozzolanic activity of the pumice material is in compliance 

with TS 25 (1975). 

 

The mixtures containing a maximum aggregate diameter of 4 mm were formulated with a water: lime: pumice: 

aggregate ratio of 1.53:1.00:1.00:6.00, whereas the mixture with a maximum aggregate diameter of 16 mm was 

prepared with a water: lime: pumice: aggregate ratio of 1.42:1.00:1.00:6.00. Two types of lime were utilized in 

the mixtures: CL-80-S lime, which has a specific gravity of 2.08, and CL-90-S lime, with a specific gravity of 

2.09. The aggregate was air-dried before the mixing process commenced. The Fuller parabola was employed to 

ascertain the percentages of the aggregate gradation. Young’s modulus of mixtures was determined by utilizing 

ultrasonic testing techniques. In this study, by using the following formulas, the dynamic the dynamic Young's 

modulus was determined at the test day for prismatic specimens and cubical specimens, respectively: 

 
3 2

10 , MPa= 
d

E V          (6) 

 

( ) ( )2
3 1 1 2

10 , MPa
1

 



 + −
=

−d

V
E        (7) 

 

In this context, V represents the velocity (km/s) and  denotes the unit weight (kg/lt). The Poisson ratio (v) was 

assumed to be 0.3 for this research, as lime-pumice mixtures are classified as low strength materials (Erdogan, 

2003). It is important to note that the dynamic modulus of the material exceeds the static modulus (Es). The 

equation: Es=6/7×Ed was applied for lime-pumice mixtures in this investigation (Lydon, 1984). 

 

In this study, beams, single-notch cube bending (SNCB) specimens, and splitting specimens with edge cracks 

(SPEC) containing three distinct initial crack lengths were fabricated to determine the fracture parameters of 

lime-pumice mixtures. All specimens were kept by wrapping in stretch film in the mold until the test day. The 

specimens were notched with a diamond saw blade of 1.5 mm thickness on the day of the fracture test. For each 

mixture, cubes with 100 mm were also produced to determine compressive strength. The specimens were 

notched with a diamond saw blade of 1.5 mm thickness on the day of the fracture test. Then, the compression 

tests and the bending tests were conducted by employing a digital compression machine with a capacity of 100 

kN. The specimens were loaded monotonically until final failure, and care was taken to apply a constant loading 

rate (Figure 2). Typically, approximately 2 min (± 30 sec) elapsed before the maximum load capacity for each 

specimen was reached.  

 

Crack patterns observed at the failure of the notched specimens are illustrated in Figure 3. Four of the SNCB 

specimens exhibited shear fractures rather than bending fractures along the crack line, and these were not 

presented in Figure 3. The primary reason for this behavior is that SNCB specimens function similarly to deep 

beams, where the depth of the compression zone exceeds that of the beam subjected to three-point bending 

loading (Ince & Eren, 2026b).  

 

Table 1 summarizes specimen types, lime types used in the mixtures, the maximum aggregate size (dmax), unit 

weight of the mixtures (), fracture test age (T), compressive strength (fc), Young’s modulus (Es), and specimen 

size (d) of the mixtures. In this table, by denoting ns, the number of specimens in the group, the mean nominal 

strength values (Nc) are also reported according to the grouped relative notch depths (0=a0/d), respectively.  
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Figure 2. Test setup of the notched specimens 

 

 
Figure 3. Crack patterns and failure mechanisms of the notched specimens 
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Table 1. Test results of the notched specimens 

Series Specimen Lime dmax  T fc Es d ns 0 Nc 
   mm g/cm3 Days MPa MPa mm   MPa 

M1 Beam CL-80-S 4 1.93 28 3.79 13384 50 5 0.191 0.821 

         5 0.294 0.614 

         3 0.449 0.424 

M2 SNCB CL-80-S 4 1.93 28 3.79 13384 150 3 0.316 0.302 

         4 0.395 0.268 

         4 0.477 0.237 

M3 SNCB CL-90-S 16 2.03 28 3.75 12537 100 4 0.308 0.458 

         1 0.399 0.269 

         4 0.509 0.303 

M4 SPEC CL-90-S 4 2.01 90 9.82 14216 100 3 0.291 0.611 

         3 0.398 0.421 

         3 0.48 0.327 

M5 SPEC CL-90-S 16 2.09 90 10.82 20382 150 3 0.188 1.041 

         3 0.309 0.886 

         3 0.437 0.442 

 

 

Analysis of Lime-Pumice Composites According to the Double-K Fracture Model  
 

In this study, the experimental results of lime–pumice composites were initially analyzed according to the two-

parameter model using the peak-load method developed by Tang et al. (1996). As explained in detail below, this 

method is based on a specific statistical analysis procedure. Based on Eq. (3), this approach determines the 

fracture parameters of the material (Ks
Ic and CTODc) using only the peak loads of the specimens. In this method, 

at least two different groups of specimens are required. Accordingly, the specimen groups should be selected 

either as specimens having the same dimensions but two different notch lengths or as specimens with the same 

relative notch length (0) but different sizes. However, as previously stated, random errors are always present in 

the measured nominal strength values (Nc). Therefore, in order to obtain statistically valid results, it is 

recommended that at least three specimen groups be tested. 

 

As shown in Table 1, for the five series, the lime–pumice specimens used in this study were designed as three 

groups having the same dimensions but three different notch lengths. The applications of the analysis performed 

according to the peak-load method are presented in Figure 4. First, the Ks
Ic - CTODc relationships for each group 

were plotted using Eqs. (1) and (2). Subsequently, the average Ks
Ic - CTODc relationship for these groups was 

determined. The statistical procedure of the classical peak-load method is based on the calculation of the sample 

standard deviation of the groups according to Eq. (4). The following formulas were applied to beams with a 

span/depth ratio of 2.5 in this study (Yang et al., 1997): 

 

( )
( )( )

2 3 4

1.5

1.83 1.65 4.76 5.3 2.51

1 2 1

   


  

− + − +
=

+ −
Y      (8) 

 

( )
( )

2 3

2

0.68
0.65 1.88 3.02 2.69

1
1

   


= − + − +
−

V       (9) 

 

( ) ( ) ( ) ( )
2 2

0 , 1 1.081 1.149       −= = − + −c ccM    (10) 

 

For the SNCB specimens with span/depth=0.6, the LEFM formulas were given by Ince & Eren (2026b): 

 

( )
( )( )

2 3 4 5

1.5

2.854 16.967 60.766 102.025 84.581 27.245

1 2 1

    


 

− + − + −
=

+ −
Y   (11) 
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Figure 4. Application of the peak load method to the notched specimens 

 

( )
( )

4.4762 3 4
8.691 27.46 5.715 74.589 101.024

1 2
1
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
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( ) ( ) ( ) ( )
2 2 2

0 , 1 1.007 2.747 2.018        −= = − + − +c cc c
M   (13) 
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For the SPEC specimens subjected to the splitting loading used in Table 2, by denoting , the ratio of the width 

of the distributed load to the specimen depth ( is 0.1 and 0.2 for the mixtures of M4 and M5, respectively), the 

LEFM formulas are given by (Ince, 2021): 

 

( ) 2 3
0.3691 0.4492 1.3284 2.4467 for =0.1    = + + +Y   (14) 

 

( ) 2 3
0.3341 0.0101 2.5609 0.4067 for =0.2    = + + +Y   (15) 

 

( ) 2 3

1
0.3722 2.0219 6.6125 14.3038 for =0.1    = + − +V   (16) 

 

( ) 2 3

1
0.3040 1.7717 5.3749 12.2420 for =0.2    = + − +V   (17) 

 

( ) ( ) ( )( ) ( )
2 1.150.23 3.67 210 , 1 2.16 4.02         

−
− −= = − + −c c

M c c  (18) 

 

The cohesive fracture toughness of the material (Kc
Ic) in Eq. (5) must be computed to determine the imitation 

fracture toughness (Kini
Ic) at first. For this, the following formula proposed by Xu & Reinhardt (1999), which is 

valid for an infinitely large specimen, was used in this study: 

 

( )

2
8

2 ,
329









 
 
  
 


= +  =  

c c
Ic t s c c

c c
s
Ic

a CTOD E
K f CTOD a

K
   (19) 

 

Where a∞c is the crack extension in an infinitely large specimen. ft and s are the upper and lower limit stress 

values, respectively, as shown in Figure 1c. In this study, the direct tensile strengths of the mixtures (ft), which is 

valid for an infinitely large specimen and proposed by Ince & Fenerli (2022), and the values of s were 

determined by using Eqs. (20) and (21), as follows:  

 

0.356


=


s

Ic
t

c

K
f

a

       (20) 

 

( )
 
 
 

fc
s c t 0

0 t

2GCTOD
σ CTOD = f 1 - , w =

w f
    (21) 

 

In which Gf (=(Ks
Ic)2/Ec), is the fracture energy of the material. For each series, the computed above fracture 

properties are summarized in Table 2. 

 

Table 2. Analysis results of the notched specimens 

Series Ks
Ic= Kun

Ic CTODc Gf a∞c ft s Kini
Ic 

 MPa√m mm N/m mm MPa MPa MPa√m 

M1 0.156 0.0021 1.809 3.32 0.961 0.415 0.084 

M2 0.196 0.0041 2.881 7.80 0.791 0.342 0.106 

M3 0.229 0.0051 4.193 7.70 0.930 0.402 0.124 

M4 0.214 0.0049 3.215 10.40 0.746 0.322 0.115 

M5 0.248 0.0041 3.008 10.99 0.840 0.363 0.134 

 

 

Conclusion  
 

The presented work investigated the fracture behavior of lime-pumice mixtures using the peak load method 

based on the double-K fracture model in fracture mechanics of concrete. The results of this work are detailed 

below: 
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The fracture toughness and strength values of the lime-pumice mixtures are approximately one-fifth of those 

found in normal cementitious mixtures. This reduction may be attributed to the low strength of the lime-

pozzolan binder phase. The mechanism at play is that cracks tend to travel around the aggregate, as clearly 

illustrated in the M4 and M5 series specimens shown in Figure 4. Naturally, this process results in minimal 

energy absorption. 

 

The initiation and unstable fracture toughness values (Kini
Ic and Kun

Ic) of 90-day mortar are approximately 20% 

greater than those of 28-day mortar. The fracture toughness values of the lime-pumice mixture with a maximum 

aggregate size of 16 mm are approximately 30% greater than those of the mixture with a maximum aggregate 

size of 4 mm after 90 days. Additionally, for the 28-day samples, the fracture toughness values of the mixture 

with a maximum aggregate size of 16 mm are about 10% greater than those of the mortar. 

 

 

Recommendations 

 

Further works can come up with more reliable results by scrutinizing various types and sizes of aggregates and 

specimen types to verify the above findings. 
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Abstract: In this study, the crack resistance of Hot Mix Asphalt (HMA) mixtures prepared using neat bitumen 

and bitumen modified with Enprene 611 elastomer was experimentally investigated through the Semi-Circular 

Bending (SCB) test. Asphalt mixtures were produced by incorporating 2%, 3%, and 4% Enprene 611 elastomer, 

by weight of the binder, into B70/100 penetration-grade bitumen. The compacted cylindrical specimens were 

cut into two equal halves, and artificial notches with depths of 10, 20, and 30 mm were introduced at the center 

of each semi-circular specimen to obtain SCB test samples. The SCB tests were conducted at 20°C and 40°C to 

evaluate the combined effects of temperature and notch depth on the fracture behavior of the asphalt mixtures. 

The experimental results demonstrated that the mixtures containing 4% Enprene 611 consistently exhibited the 

highest maximum fracture load (Pmax) at all notch depths and test temperatures, significantly outperforming both 

the neat and the other modified mixtures. Furthermore, increasing the Enprene 611 content considerably 

enhanced the deformation resistance, cohesive bonding strength, and crack propagation resistance of the asphalt 

mixtures. Overall, the findings indicate that Enprene 611 is an effective polymer modifier for improving the 

fracture performance and mechanical durability of hot mix asphalt mixtures.  

 

Keywords: Hot mix asphalt (HMA), Enprene 611 elastomer, Semi-circular bending (SCB), Crack resistance, 

Polymer-modified bitumen  

 

 

Introduction 

 

Road transportation is currently the most widely used mode of transportation worldwide. Among the various 

pavement systems, Hot Mix Asphalt (HMA) is the most preferred pavement type due to its cost-effectiveness, 

ease of construction, and satisfactory service performance. However, one of the most common forms of distress 

observed in HMA pavements is cracking, which significantly reduces pavement durability and service life. To 

minimize crack initiation and propagation, various modifier additives are incorporated into asphalt binders to 

enhance their adhesive and mechanical properties. These additives improve the rheological characteristics of 

bitumen, thereby extending the service life of flexible pavements. 

 

The modification of neat bitumen using polymeric additives has become one of the most effective approaches 

for improving binder performance. Modified asphalt binders exhibit superior resistance to permanent 

deformation, fatigue damage, and thermal cracking compared with conventional binders. Consequently, Hot 

Mix Asphalt (HMA) technology utilizing polymer-modified binders has been widely adopted in pavement 

engineering applications (Zhao et al., 2025). In recent years, considerable attention has been devoted to the use 

of polymer- and elastomer-based modifiers for asphalt binder modification. These modifiers effectively improve 

rutting resistance at elevated temperatures while significantly reducing crack susceptibility caused by traffic 

loading and environmental conditions at intermediate and low temperatures. 

 

http://www.isres.org/
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Among the available polymer modifiers, Enprene 611 elastomer has emerged as a promising additive for 

enhancing the engineering performance of asphalt binders and Hot Mix Asphalt mixtures. Recent studies have 

compared the performance of Enprene 611 with conventional modifiers such as Styrene–Butadiene–Styrene 

(SBS), Enprene 701, crumb rubber (CR), and various chemical additives, demonstrating its considerable 

potential for asphalt modification (Utku Tiryaki & Yalcin, 2025). Furthermore, Enprene 611 has been reported 

to significantly improve the high-temperature performance of asphalt binders by increasing their stiffness and 

resistance to permanent deformation (Seza Deveci & Yilmaz, 2025). To characterize the crack propagation 

behavior of asphalt mixtures under laboratory conditions, the Semi-Circular Bending (SCB) test has become one 

of the most widely accepted fracture testing methods because of its simplicity, repeatability, and ability to 

simulate crack initiation and propagation under controlled loading conditions. 

 

Several laboratory test methods have been developed to evaluate the cracking resistance of asphalt mixtures, 

including the four-point bending test (Zhang et al., 2023), uniaxial fatigue push–pull test (Soltani & Anderson, 

2005), Texas Overlay Test (Walubita et al., 2021), and indirect tensile fatigue test (Haggag et al., 2011). 

Depending on the loading protocol, these methods generally employ either monotonic or cyclic loading 

conditions. Among them, the SCB test has become one of the most frequently adopted techniques for evaluating 

the fracture behavior and cracking resistance of asphalt mixtures (Meng et al., 2023). Historically, asphalt 

fracture has been investigated through laboratory experiments, numerical simulations, and field observations. 

Over the past decades, laboratory investigations supported by analytical and numerical approaches have 

substantially improved the understanding of fracture mechanisms in asphalt mixtures (Saha & Biligiri, 2016). 

Although extensive research has been conducted on monotonic SCB testing, fatigue-based SCB investigations 

remain relatively limited and require further improvements regarding loading protocols and fracture 

characterization parameters (Meng et al., 2023). Recent studies have combined the SCB test with digital image 

correlation (DIC) to evaluate the low-temperature fracture and damage behavior of asphalt concrete. Such full-

field deformation measurements allow damage to be monitored throughout the crack propagation process, 

providing a more comprehensive understanding of fracture evolution in asphalt mixtures (Zhu et al., 2025). In 

general, the cracking resistance of asphalt materials is primarily evaluated using two categories of testing 

methods: repeated-loading fatigue tests and monotonic fracture tests (Shi et al., 2025). 

 

In the present study, the crack resistance of Hot Mix Asphalt mixtures produced with B70/100 penetration-grade 

bitumen modified by 2%, 3%, and 4% Enprene 611 elastomer was experimentally investigated. The crack 

propagation behavior of both neat and modified mixtures was comprehensively evaluated using the Semi-

Circular Bending (SCB) test at 20°C and 40°C with notch depths of 10, 20, and 30 mm. The effects of polymer 

content, testing temperature, and notch geometry on the fracture performance of asphalt mixtures were 

systematically examined. 

 

 

Materials and Methods 
 

Materials 

 

In this study, B70/100 penetration-grade neat bitumen, produced by the Batman TÜPRAŞ Refinery (Türkiye), 

was used as the asphalt binder. Considering the climatic and environmental conditions of Türkiye, B70/100 

penetration-grade bitumen is one of the most commonly used binders in flexible pavement applications. The 

specific gravity of the neat bitumen used in this study was determined to be 1.033 g/cm³. The fundamental 

physical properties of the neat asphalt binder are summarized in Table 1 (Yalcin et al., 2026). 

 

Table 1. Physical properties of the B70/100 penetration-grade neat bitumen 

Properties Unit Standard Results  

Penetration 0.1mm EN 1426 87.4  

Softening point  °C EN 1427 52.6  

Flash point  °C EN ISO 2719 230  

Viscosity at 135°C /165°C  cP ASTM D4402 562.5/162.5  

 

Enprene 611 elastomer, supplied by Mpolimer Co., was used as the polymer modifier for bitumen modification. 

For the production of Hot Mix Asphalt (HMA) mixtures, limestone aggregate, which is characterized by its high 

abrasion resistance, was selected as the mineral aggregate. 

 

 

Bitumen Modification 
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The modified asphalt binders were prepared by incorporating Enprene 611 elastomer into the B70/100 

penetration-grade neat bitumen at concentrations of 2%, 3%, and 4% by weight of the binder. The modification 

procedure was carried out according to the following steps: Initially, the neat bitumen was heated in a laboratory 

oven at 180 ± 5°C for approximately 30 min until it reached a sufficiently fluid state. Subsequently, 800 g of the 

heated bitumen was transferred into a metallic mixing container and maintained at 180 ± 5°C until thermal 

equilibrium was achieved. 

 

The predetermined amount of Enprene 611 elastomer was gradually added to the bitumen. The mixture was then 

blended using a high-speed mechanical mixer operating at 2700 rpm for 4 h to ensure the homogeneous 

dispersion of the polymer throughout the binder. At the end of the modification process, the polymer-modified 

asphalt binders were obtained and subsequently used for the preparation of the Hot Mix Asphalt (HMA) 

specimens. 

 

 

Preparation of Hot Mix Asphalt (HMA) Specimens 

 

The limestone aggregates used in the preparation of the asphalt mixtures were separated into individual size 

fractions according to the aggregate gradation specified for the Semi-Circular Bending (SCB) specimens. Each 

aggregate fraction was weighed using a precision balance to satisfy the target gradation limits presented in Table 

2 (Yalcin et al., 2026). 

 

Table 2. Aggregate gradation used in the hot mix asphalt (HMA) mixtures 

Sieve Size (mm) 19 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

Passing (%) 100 95 88 65 35 23 14 10 8 6 

 

Based on the preliminary mix design analyses, the optimum bitumen content (OBC) for the control mixture was 

determined to be 4.67%. Subsequently, 1975 g of the aggregate–bitumen mixture was thoroughly blended using 

a laboratory-scale Hot Mix Asphalt (HMA) mixer to ensure a homogeneous mixture. The prepared mixture was 

then placed into the mold of a Superpave Gyratory Compactor (SGC) and compacted to produce cylindrical 

HMA specimens. The specimen preparation procedure is illustrated in Figure 1 (Yalcin et al., 2026). 

 

 
Figure 1. Schematic diagram of the preparation process of semi-circular bending specimen 

 

 

Semi-Circular Bending (SCB) Test 

 

The Semi-Circular Bending (SCB) test was employed to evaluate the cracking resistance of the asphalt 

mixtures, which represents one of the most critical distress mechanisms affecting flexible pavements throughout 

their service life. The compacted cylindrical HMA specimens with a diameter of 150 mm were cut into two 

equal halves to obtain semi-circular test specimens. Artificial notches with depths of 10, 20, and 30 mm were 

then introduced at the midpoint of the flat edge of each specimen to ensure controlled crack initiation during the 

SCB tests. The semi-circular specimens prepared using both neat and Enprene 611-modified bitumen were 

conditioned at 20°C and 40°C to investigate the influence of temperature on crack propagation behavior and 

specimen stiffness. The SCB tests were performed under three-point bending using a constant displacement rate 

of 50 mm/min under monotonic loading conditions. Throughout the tests, the applied load and the 

corresponding crack mouth opening displacement (CMOD), measured at the notch mouth, were continuously 

recorded using a computerized data acquisition system until complete failure of the specimens. The SCB test 

specimens and the experimental setup are shown in Figure 2. 
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Figure 2. Semi-circular bending (SCB) test specimens and experimental setup 

 

 

Results and Discussion 
 

The crack propagation behavior of the neat and Enprene 611-modified Hot Mix Asphalt (HMA) mixtures was 

evaluated under different testing temperatures (20°C and 40°C) and notch depths (10, 20, and 30 mm) using the 

load–Crack Mouth Opening Displacement (Load–CMOD) curves obtained from the Semi-Circular Bending 

(SCB) tests. The corresponding maximum fracture load (Pmax) values obtained from the experiments are 

summarized in Table 3. 

 

Table 3. Maximum fracture load values obtained from the SCB tests for neat and enprene 611-modified hot mix 

asphalt (HMA) mixtures 

Test 

Temperature 

Notch Depth(mm) Neat 2%Enprene611 

(kN) 

3% Enprene 611 

(kN) 

4% Enprene 611 

(kN) 

20 °C 10 4.85 8.70 9.60 11.90 

20 °C 20  3.70 7.50 8.30 9.20 

20 °C 30  2.60 6.80 7.45 8.45 

40 °C 10  2.70 6.30 7.50 8.35 

40 °C 20  1.70 3.85 5.15 6.75 

40 °C 30  0.80 3.35 4.15 5.50 

 

The SCB test results obtained at 20°C clearly demonstrated that the incorporation of Enprene 611 elastomer 

significantly enhanced the load-carrying capacity and crack initiation resistance of the asphalt mixtures, 

regardless of notch depth. For the specimens with a 10 mm notch, the neat HMA mixture exhibited a maximum 

fracture load of 4.85 kN. Incorporating 2%, 3%, and 4% Enprene 611 increased the maximum fracture load to 

8.70 kN, 9.60 kN, and 11.90 kN, respectively. Among all mixtures, the specimen containing 4% Enprene 611 

exhibited the highest mechanical performance, corresponding to an approximately 145% increase in fracture 

load compared with the neat HMA mixture. As the notch depth increased from 10 mm to 20 mm and 30 mm, a 

gradual reduction in the maximum fracture load was observed for all mixtures owing to the decrease in the 

effective load-bearing cross-sectional area. Nevertheless, despite this geometric reduction in the net ligament 

area, the beneficial effect of polymer modification remained evident. Even for the specimens with a 30 mm 

notch, the mixture modified with 4% Enprene 611 exhibited a load-carrying capacity more than three times 

greater than that of the neat HMA specimen (2.60 kN), demonstrating the effectiveness of the elastomer in 

improving fracture resistance under severe crack conditions. 

 

The influence of elevated temperature became more pronounced during the SCB tests conducted at 40°C. 

Owing to the viscoelastic nature of the asphalt binder, increasing the test temperature significantly reduced both 

the stiffness and maximum fracture load of all HMA mixtures compared with those tested at 20°C. The 

maximum fracture load of the neat HMA specimen with a 10 mm notch decreased from 4.85 kN to 2.70 kN. 

Furthermore, the neat specimen containing a 30 mm notch, which represented the most critical notch geometry, 

exhibited the lowest fracture load of only 0.80 kN, indicating that the asphalt mixture became considerably more 

susceptible to crack propagation under elevated-temperature conditions. In contrast, modification with Enprene 

611 elastomer remarkably improved the high-temperature stability and cohesive strength of the asphalt matrix. 

Under the test condition of 40°C with a 10 mm notch, the specimen containing 4% Enprene 611 achieved a 

maximum fracture load of 8.35 kN, corresponding to an approximately 209% increase compared with the neat 
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HMA mixture. Even under the most severe testing condition (40°C and a 30 mm notch), the 4% Enprene 611-

modified specimen sustained a fracture load of 5.50 kN, which was nearly seven times greater than that of the 

neat HMA specimen (0.80 kN). These findings suggest that the three-dimensional polymer network formed by 

Enprene 611 effectively enhanced the aggregate–binder interaction and delayed the transition of microcracks 

into macrocracks, thereby significantly improving the fracture resistance of the asphalt mixtures under elevated-

temperature conditions. 

 

 
Load–CMOD Curve of the HMA Mixtures with a 10 mm Notch Depth 

 

 
Load–CMOD Curve of the HMA Mixtures with a 20 mm Notch Depth 

 

 
Load–CMOD Curve of the HMA Mixtures with a 30 mm Notch Depth 

Figure 3. Load–CMOD Curves of HMA Mixtures with Different Notch Depths at 20°C 
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Load–CMOD Curve of the HMA Mixtures with a 10 mm Notch Depth 

 

 
Load–CMOD Curve of the HMA Mixtures with a 20 mm Notch Depth 

 

 
Load–CMOD Curve of the HMA Mixtures with a 30 mm Notch Depth 

Figure 4. Load–CMOD Curves of HMA Mixtures with Different Notch Depths at 40°C 
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Conclusion  
 

Based on the experimental findings obtained from the Semi-Circular Bending (SCB) tests, the following 

conclusions can be drawn: 

 

Enprene 611 elastomer modification significantly improved the crack propagation resistance of the Hot Mix 

Asphalt (HMA) mixtures at both ambient (20°C) and elevated (40°C) temperatures across all notch geometries. 

The improvement became more pronounced with increasing polymer content. Among all experimental 

conditions, the HMA mixtures containing 4% Enprene 611 exhibited the highest crack resistance and load-

carrying capacity, demonstrating the superior reinforcing effect of the elastomer within the investigated dosage 

range. 

 

Increasing the notch depth from 10 mm to 30 mm reduced the maximum fracture load due to the decrease in the 

effective load-bearing cross-sectional area. Nevertheless, Enprene 611 modification effectively preserved the 

structural integrity of the asphalt matrix and mitigated brittle fracture, even under the most critical notch 

geometry. 

 

Increasing the test temperature from 20°C to 40°C resulted in a noticeable reduction in fracture resistance owing 

to the thermal softening of the asphalt binder. However, the incorporation of Enprene 611 significantly 

enhanced the high-temperature stability of the asphalt mixtures by limiting viscous flow, thereby improving 

their resistance to permanent deformation and thermally induced cracking. 

 

Overall, the findings of this study demonstrate that Enprene 611 is a promising polymer modifier for improving 

the fracture performance and long-term durability of Hot Mix Asphalt mixtures, providing valuable insights for 

the development of more durable and sustainable flexible pavement systems. 
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Abstract: Climate changes pose significant challenges to agricultural production systems, necessitating the 

adoption of the effective extension approaches that enhance farmers` adaptive ability. This study evaluates the 

role of participatory agricultural extension in addressing the adverse impacts of climate change on agricultural 

production from farmers` perspective. Data were collected through a structured questionnaire and analyzed 

using descriptive and inferential statistical methods to examine the relationship between farmers’ characteristics 

and their perception of participatory agricultural extension. Data were collected from simple random sample of 

128 farmers (25% of the target population of 512 farmers) distributed across 12 villages in Sulaymaniyah 

Governorate. The findings revealed a limited implementation of participatory agricultural extension within 

agricultural extension centers in the centers in the study area, with 56.3% of respondents reporting low levels of 

participatory communication. Correlation analyses (Pearson and spearman) indicate significant negative 

relationships between participatory agricultural extension and farmers` age, education level, farm size, farm 

type, farming experience. Significant positive relationships were found with educational level, participation in 

training programs, and level of communication with information sources. In contrast, no significant relationship 

was found between farmers` attitudes toward climate change and their perceptions of participatory agricultural 

extension. Despite the weak implementation of participatory extension approaches, respondents demonstrated 

moderate to high adoption levels of climate-smart agricultural practices, accounting for 62.5% and 32.0% of the 

sample, respectively. Farmers identified three major constraints hindering the effective implementation of 

participatory agricultural extension. The predominance of conventional extension approaches among extension 

(92.29), prevailing social and cultural norms (92.45%). And insufficient governmental support for participatory 

extension programs (92.19%). The study highlights the urgent need to strengthen participatory agricultural 

extension systems through capacity building, modernization of extension methodologies, and increase 

institutional and financial support, enhancing participatory approaches can improve farmers resilience and 

adaptive capacity, thereby contributing to more sustainable agricultural systems under changing climatic 

conditions. 

 

Keywords: Agricultural sustainability, Climate change mitigation, Farmers' perceptions, Participatory 

agricultural extension. 

 

 

Introduction 
 

Climate change and the need for environmental protection are global issues and call for an awareness response 

from all nations to be effectively mitigated ed (Houghton and WMO, 2002). The unpleasant reality of global 

warming and the human activities causing it are acknowledged by both the scientific and environmental sectors. 

http://www.isres.org/
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The environment is being impacted by the quick rise in greenhouse gases more quickly than many living things 

can adjust, which is worrisome. All kinds of life face enormous hurdles in this ever-evolving and increasingly 

complicated environment (Hassan, 2024). Climate change is significantly impacting global agriculture, which is 

upsetting conventional agricultural practices and creating serious problems for food security.  

 

Global food production systems are greatly influenced by the complex interactions between rising temperatures, 

changing patterns of precipitation, and an increase in the frequency of extreme weather events (Prajapati et al., 

2024). North of Iraq is presently experiencing numerous issues related to climate change and agricultural 

deterioration, such as increasing temperatures, altered precipitation patterns, heightened drought conditions, 

escalating water shortages, and more frequent sand and dust storms. The absence of targeted data and analysis 

on the Kurdistan Region of Iraq has hindered comprehension of the unique challenges the region faces, given its 

different climate, terrain, and customs in comparison to central and southern Iraq (Iraq, 2022). 

 
For the crucial development of rural areas through agricultural extension services in rural communities, some 

countries do not pay enough attention, which is significant, as agricultural extension workers can establish and 

formulate an active strategy and develop programs for transferring information (Hamasalih and Layeeq, 2023). 

The agriculture, biodiversity, natural resources, and practices that are harmful to human beings should be 

accepted as moral and human issues. It is necessary to make use of agricultural extension, which is a magic tool 

that helps bring a change in incorrect attitudes and notions. It has to be kept in mind that it should be used with 

perfectly correct and proper approaches, as helpful for farmers’ problem-solving and participation (Özcatalbas 

et al., 2017). The integration of different extension approaches, including both established and contemporary 

techniques, can improve the spread of innovation. Combining the traditional top-down approach with modern 

pluralistic and participatory approaches is likely to result in more favorable outcomes (Adefalu et al., 2023). 

Participatory approach in farming has proven to be transformative for agricultural practices in rural areas, 

significantly enhancing both productivity and sustainability. By actively participating in decision-making 

processes and leveraging local knowledge, this strategy has led to improved crop yields, helped with better 

water and soil management, and diversification of adopted cropping systems. However, it strengthened 

resilience to climate change impacts and restored degraded farmlands, boosting the long-term sustainability of 

agricultural practices (Sharma, 2017).  

 

Participatory agricultural extension encompasses adaptation, mitigation, and various agricultural practices that 

enhance the system’s ability to cope with different climate-related disruptions by minimizing damage and 

facilitating rapid recovery. In essence, it refers to the system’s capacity to rebound. This approach 

fundamentally entails the careful and enhanced management of natural resources, such as land, water, soil, and 

genetic resources, through the implementation of optimal practices (Sulaiman, 2024). To facilitate the upscaling 

and integration of local knowledge systems in climate-smart agriculture (CSA), the political narratives 

surrounding CSA must ensure the representation of smallholder farmers in agricultural policy and decision-

making processes, rather than allowing dominant development partners to dictate the discourse. Achieving the 

successful upscaling of the mitigation of climate change impacts requires a more equitable distribution of power 

and a commitment to social justice, thereby amplifying the voices of smallholder farmers. This process of 

inclusion should adopt a participatory, bottom-up approach within CSA initiatives. We propose that methods 

such as farmer-led knowledge creation and farmer school programs offer valuable production. Such a bottom-up 

model can help prevent development partners and national governments from imposing technocratic agendas, 

ensuring that the interests and insights of smallholder farmers remain central to the design of practices and 

technologies aimed at mitigating ing climate change (Ogunyiola et al., 2022; Mansour et al., 2026).  

 

Future strategies should prioritize inclusive, decentralized, and community-driven methodologies to guarantee 

equitable access to programs designed for building climate resilience. Emphasizing farmer-led innovation, 

participatory approaches, and institutional reforms will be essential for fostering long-term sustainability. 

Enhancing the connections between research, extension services, and farmers, as well as integrating climate 

resilience into agricultural policies, can significantly improve food security, enhance rural livelihoods, and 

promote overall agricultural sustainability in the context of climate-related challenges (Priya et al., 2025).  

 

To establish this approach, which integrates farmers into agricultural extension programs, the current research 

aimed to explore the significance of participatory agricultural extension in mitigating climate change impacts on 

agriculture, particularly through the lens of farmers in the Kurdistan Region of Iraq. By analyzing the 

relationship between various independent factors and farmers’ assessments of the effectiveness of participatory 

extension methods, the researcher sought to identify key strategies and practices employed by farmers to adapt 

to climate challenges. Additionally, the research will reveal the primary challenges encountered in implementing 

the participatory agricultural extension approach, providing valuable insights into farmers’ perspectives. 
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Ultimately, the findings will contribute to the development of more effective agricultural policies that prioritize 

farmers’ needs and enhance resilience against climate impacts.  

Therefore, this research attempts to answer the following questions: 

 

1.  How highly do farmers evaluate the role of participatory extension in mitigating the negative impacts of 

climate change on agriculture in general? 

2. Do farmers' evaluations of the role of participatory extension vary according to their individual 

characteristics?  

3. What are the strategies and practices employed by farmers to mitigate the negative impacts of climate change 

on agriculture in the Suleymani governorate, from the farmers’ point of view? 

4. What are the primary challenges faced in implementing the participatory agricultural extension approach from 

the farmers’ point of view? 

 

 

Objectives 

 

1.  Evaluating the role of participatory agricultural extension in mitigating the negative impacts of climate 

change on agriculture from the farmers' point of view. 

 2. Identifying the correlation between independent variables and the farmers’ evaluation of the role of 

participatory agricultural extension in mitigating the climate change impacts on agriculture in the Soleymani 

governorate. 

 3. Identifying the strategies and practices employed by farmers to mitigate the negative impacts of climate 

change on agriculture in the Soleymani governorate, from the farmers’ point of view. 

 4. Identifying the primary challenges faced in implementing the participatory agricultural extension approach 

from the farmers’ point of view. 

 

 

Research Hypotheses 

 

To achieve the objective of the study, there is no significant relationship between the role of participatory 

agricultural extension approach in addressing the negative impacts of climate change on agriculture and each 

variable: 

 

There is no statistically significant correlation between farmers' evaluation of the role of participatory 

agricultural extension in mitigating the negative effects of climate change on agriculture and some of their 

characteristics such as: age, educational level, farm size, type of farm, experience in agriculture, participation in 

training courses, attitudes toward climate change, and level of communication with information sources. 

 

 

Materials & Methods 
 

Methodology of Research 

 

The study employed the descriptive research approach to evaluate the role of participatory agricultural 

extension, the strategies and practices employed by farmers, and primary challenges faced by implementing the 

role of participatory agricultural extension approach in Soleymani Governorate to mitigate the negative climate 

change impacts on agriculture product. It is considered an appropriate approach for evaluating the existing 

situation by collecting, analyzing, and interpreting data related to the characteristics, perceptions, and 

experiences of the selected population. This is also emphasized by previous studies, the situation in the study 

area is unstable, as suffering from climate change impacts on farmlands and water resources, which were 

conducted by all of (Grimes and Schulz (2002). Therefore, this approach was adopted in this research because it 

is suitable for the nature of the research topic and achieves its objectives scientifically and systematically. 

 

 

Study Area 

 

The study was conducted in the Governorate of Soleymani, located in the Kurdistan Region of Iraq. The area is 

famous for multiple agricultural practices, with a large number of farmers working in plant and animal 

production, and all those farmers are under the supervision of agricultural extension centers. For each of the 

mentioned sub-districts in Table 1, there is one directorate of the agricultural extension center, and the 
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agricultural extension agents have roles to support farmers in their diverse agricultural extension methods, 

including the participatory approach. 

 

 

Population and Sample of Research 

 

The research population included 512 farmers distributed across 12 villages in four sub-districts and two 

districts in Soleymani governorate. To achieve the research objectives, a simple random sample of 25% was 

selected, and thus the research sample size reached 128 farmers, as shown in Table 1.  

 

Table 1. The population and sample of research. 

No. Governorate Districts 
Sub-

districts 
Villages Population 

Size of sample 

25% 

1.  

Sulaymaniyah 

Center 

Tanjro 

Qaraly 76 19 

2.  Qaragul 24 6 

3.  Arbati-kon 40 10 

4.  

Bazyan 

Halla 36 9 

5.  Lazyan 68 17 

6.  Khaldan 64 16 

7.  

Bazyan 

Zerayan 

Deskera 32 8 

8.  Kelakawy 44 11 

9.  Alan 24 6 

10.  

center 

Kani-Kewa 28 7 

11.  Mahmod-Khane 36 9 

12.  Kani-Meel 40 10 

Total  512 128 

 

 

Materials 
 

The questionnaire was the primary data collection tool used by the researcher, as it facilitated obtaining accurate 

responses aligned with the research objectives through one-on-one personal interviews with farmers.  

 

 

Data Collection 
 

The role of participatory agricultural extension agents in facing the impacts of climate change on agriculture in 

the Soleymani governorate, comprises a set of questions to know the role of participatory agricultural extension 

approach in point of the farmers’ view; it means the role of agricultural extension agents by using participatory 

agricultural extension approach in conducting and transferring the information to farmers about climate change 

impacts and the degree of their participation in agricultural extension activities such as “planning, program 

evaluation, field visits, training sessions, etc.”. The 35 items were measured on a three-point Likert scale as 

follows: (Always = 3, Sometimes = 2, Never = 1). Correspondingly, the scores ranged theoretically from 35 to 

105. 

 

Personal characteristics include a set of questions to recognize the characteristics of farmers as follows: (age, 

educational background, area used for agricultural production in dunums, type of farmland possession, 

agriculture experience, participation in climate change sessions, farmers' trend towards climate change, and 

knowledge level of connecting to the information on climate change resources). Age, this variable was measured 

by the raw number of the respondent’s age, considered from his/her birthday date to the time of data collection. 

Educational background, the level of education of the respondent was reached at the time of data collection, and 

it was measured by the following scales: illiterate = 1, read and write = 2, primary school = 3, intermediate 

school = 4, high school = 5, diploma = 6, bachelor = 7, and higher educational = 8., Area used for agricultural 

production in Dunums, this variable was measured by the raw number of donums that the farmer cultivated at 

the time of data collection.  

 

Type of farmland possession, this variable refers to the type of production that farmers practice at the time of 

data collection, which is divided into three types: plant production, animal production, and mixed farm of plant 

and animal, and it was measured by the following scales: plant production = 1, animal production = 2, mixed 

farm = 3. Agriculture Experience: This variable refers to the number of years a farmer has spent in agricultural 
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practices, measured by the raw number of years spent in agriculture. Participation in climate change sessions: 

This variable refers to the farmer’s participation in training sessions on the impacts of climate change on 

agriculture.  

 

The following scales measured it: participated “Yes” = 2, not participated “No” = 1. Farmers' attitudes toward 

climate change, this variable was measured by using 12 statements, and 3 alternatives were used for each 

statement as scales (Agree, Average, and Disagree): Agree = 3, Average = 2, Disagree = 1. Knowledge level of 

connecting to the information on climate change resources, this variable was assessed using a set of 12 

statements, each measured on a four-point Likert scale. The response options included: (Always, Sometimes, 

Rarely, and Never), corresponding to the numerical values of: Always = 4, Sometimes = 3, Rarely = 2, Never = 

1. 

 

The strategies and practices employed by farmers to mitigate the negative impacts of climate change on 

agriculture in the Soleymani governorate, Includes a set of strategies and practices that help farmers to face the 

current situation of climate conditions in the Kurdistan region, and then to identify the preferred degree of each 

one from the farmer’s point of view; all strategies and practices were measured in four scales as follow, high = 

4, medium = 3, low = 2, little = 1. Challenges faced in implementing the participatory agricultural extension 

approach from the farmers’ point of view, comprise a set of challenges that are suggested to the farmers in the 

targeted area to know the extent of importance of challenges from the farmers’ point of view; all items were 

measured on three scales to identify their importance to farmers as follows: big = 3, medium = 2, and few = 1.  

 

 

Data Collection and Analysis 

 
Data were collected during the period from 7 July 2025 to 25 September 2025, and were statistically analyzed 

using SPSS software, with the use of methods appropriate to the research objectives, which included 

frequencies, percentile weight, weighted mean, Pearson and Spearman correlation coefficients to study the 

relationship between the independent variables and the farmers’ evaluation of the effectiveness of the role of 

participatory agricultural extension in combating the climate change impacts on agriculture in the Soleymani 

governorate 

 

 

Reliability and Validity 
 

Validity: This was achieved by presenting the questionnaire to several experts and specialists in agricultural 

extension. The necessary modifications were made to the items included in the form to make them more 

effective in achieving the desired objective. 

 

Reliability: To examine the role of participatory agricultural extension in mitigating the negative impacts of 

climate change on agriculture, Cronbach’s Alpha was used to assess the reliability of the measurement 

instrument based on the relationship between the items representing the independent and dependent variables. 

The analysis of the 35 – item scale produced a Cronbach’s Alpha value of 0.73. This result indicates an 

acceptable to good level of internal consistency, suggesting that the items are sufficiently correlated and 

collectively measure the intended construct in a reliable manner. 

 

 

Results and Discussion 
 

1. Evaluate the role of participatory agricultural extension in mitigating the negative impacts of climate change 

on agriculture from the farmers' point of view 

 

Table 2. Distribution of respondents by the role of participatory agricultural extension in mitigating the negative 

impacts of climate change on agriculture 

Classes Frequency Percentage % Mean Std. Deviation 

41 – 59 Low 72 56.3 57.111 18.2011 

60 – 78 Medium 42 32.8 71.500 8.5290 

79 – 97 High 14 10.9 87.142 4.5039 

Total 128 100.0 65.117 17.7216 
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The results revealed that more than half of the respondents were within the low category with the ration 56.3%. 

In comparison, the high category only scored 10.9% of respondents, indicating a weak role of participatory 

agricultural extension in the study area. 

 

2. To identify the correlation between independent variables and the farmers’ evaluation of the role of 

participatory agricultural extension in mitigating the climate change impacts on agriculture in the Soleymani 

governorate. 

 

Table 3. Distribution of respondents by personal and functional characteristics. 

Variables Classes Frequency 
Percent

age (%) 
Mean 

Std. 

Deviation 

Pearson/ 

Spearman 

(r/rs) 

Sig. 

Age 

26 – 39 Low 23 18.0 33.782 3.716 

r = - 

0.383** 
Sig 

40 – 53 Medium 47 36.7 47.042 4.085 

54 – 67 High 58 45.3 61.465 3.992 

Total 128 100 51.195 11.182 

Educational 

Level 

1 Illiterate  24 18.8   

rs = 0.454** Sig 

2 read and write  26 20.3   

3 Primary school  31 24.2   

4 Middle school 17 13.3   

5 High school  7 5.5   

6 Bachelor’s Degree  11 8.6   

7 Diploma 9 7.0   

8 Higher certificates  3 2.3   

Total 128 100   

Farm Size  

6 – 70 Small 109 85.2 27.889 17.093 

rs = -0.213* Sig 
71 – 135 Medium 14 10.9 95.000 13.008 

136 – 200 Large 5 3.9 184.000 23.021 

Total 128 100 41.328 39.451 

Type of Farm 

Plant production 93 72.7   

rs = 0.212* Sig 
Animal Production  18 14.1   

Mixed farming  17 13.3   

Total 128 100   

Experience in 

Agriculture 

5 – 18 Low 35 27.3 11.000 3.903 

r = -0.424** Sig 
19 – 32 Medium 48 37.5 25.166 4.022 

33 – 46 high 45 35.2 40.022 4.147 

Total 128 100 26.515 12.153 

Participation in 

Training Courses 

1 Participated 92 71.9   

rs = 0.290** Sig 2 Not Participated 36 28.1   

Total 128 100   

Attitudes 

Toward Climate 

Change 

21 – 25 Low 25 19.5 23.280 1.242 

r = 0.019 ns 
26 – 30 Medium 58 45.3 28.517 1.327 

31 – 35 High 45 35.2 32.266 1.095 

Total 128 100 28.8125 3.433 

Level of 

Communication 

with Information 

Sources 

13 – 21 Low 64 50.0 17.578 1.933 

r = 0.345** Sig 
22 – 30 Medium 45 35.2 26.355 2.739 

31 – 49 High 19 14.8 33.842 2.500 

Total 128 100 23.078 6.459 

 

Age, respondents who are located in the high-age category (54 – 67 years) covered almost half of the population, 

with the ratio (45.3%), while the medium and young ages came lower with the ratios 36.7% and 18% 

consequently.  The results indicate that agricultural activities in the study area are largely managed by 

individuals who are older rather than younger, and age was significantly and negatively correlated with the 

dependent variable (r = -0.383, p < 0.01), showing that higher age was associated with a lower extent of the 

outcome. The level of education among the respondents revealed that most farmers have a primary school 

certificate (24.2%), followed by the farmers who can only read and write (20.3%), and (18.8%) who are 

illiterate. Educational level indicated a significant positive relationship with the dependent variable (rs = 0.454, 

P<0.01), which means a better educational level tends to result in higher scores on the measured outcome.  
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Regarding farm size, the findings showed the limitation in the farm size, as most of the respondents with the 

ratio (85.2%) owned small farms ranging from 6 to 70 dunums, opposite the medium and large farms, where the 

ratio 10.9% and 3.9%, respectively. It also indicated that the standard deviation was equal to 39.45, which 

means the farm size relationship had a negative correlation with the dependent variable (rs = -0.213, at p<0.05), 

because the variable's lower outcome scores were associated with the larger farm holdings. Concerning the type 

of farm, it showed that most of the respondents were practicing plant production, representing 72.7%, while 

animal production and mixed farming accounted for the ratios 14.1% and 13.3%, respectively. It indicated a 

positive and significant correlation with the dependent variable. 

 

With respect to agricultural experience, the respondents possessed substantial agricultural experience, which 

was scored at ratios of about 37.5% medium levels and about 35.2% high levels of agricultural experience. As 

shown in the findings, the average experience was 26.52 years with SD = 12.15, which means that the newest in 

agriculture experience tended to higher scores on the outcome measure, as indicated by the relationship with a 

significant negative correlation with the dependent variable (r = -0.424, at p<0.01).  For the participants in 

training sessions about climate change, the results showed that a high ratio of farmers participated, about 71.9%, 

which was positively and significantly associated with the dependent variable, with the correlation coefficient 

ratio rs = 0.290, at p-value 0.01, which means that the training helped to increase the measured outcome. 

 

Concerning attitudes toward climate change, the respondents reported that the highest ratio was in the moderate 

level of attitude toward climate change, about 45.3%, then the high and low ratios displayed about 35.2% and 

19.5%, respectively. Since r = 0.019, at p>0.05, there was no significant relationship found between attitudes 

toward climate change and the dependent variable. Lastly, the low level was reported by half of the respondents 

(50%) for communication with climate change information sources, while medium and high levels reported 

lower scores (35.2% and 14.8%), respectively. The dependent variable had a positive and significant correlation 

with communication with climate change information sources (r = 0.345, p<0.01), indicating that more access to 

information sources improved the measured outcome.  

 

Overall, significant relationships for the previous results, as follows: There were positive relationships for all 

(educational level, type of farm, participation in training sessions, and communication with climate change 

information sources); on the other hand, there were negative significant relationships for (age, farm size, and 

agricultural experience), and only attitudes toward climate change had no significant relationship.  

 

3. To identify the strategies and practices employed by farmers to mitigate the negative impacts of climate 

change on agriculture in the Soleymani governorate, from the farmers’ point of view. 

 

Table 4. Distributing the respondents according to the strategies and practices preferability 

 

The results revealed that the majority of respondents located at the high and medium level (62.5%), and (32%) 

of their preferability to use new strategies and practices in agriculture in facing the climate change impacts, 

while only (5.5%) reported in low level, it suggesting that the farmers are open to use new techniques in their 

farmlands and implement strategies to mitigate the climate change impacts on their agricultural product.  

 

4. To identify the primary challenges faced in implementing the participatory agricultural extension approach 

from the farmers’ point of view 

 

Respondents reported high relative importance for all items using against climate change impacts on agriculture 

product, the top strategies and practices were recorded with using modern irrigation systems to reduce water 

consumption, and employing organic farming methods to improve soil health (94.92%, and 94,14), respectively, 

as the area exposed more to the draught and erosion in the farmlands, farmers suffer from water scarcity and 

unhealthy soil for the last two decades, this is also mentioned by the (Mohammed et al., 2021) in their research 

at Soleymani governorate about irrigation water susceptibility indexing method, and water quality, then the last 

item scored with 73.24% for using biotechnology to improve crop resistance to diseases and pests, this was 

might back to unfamiliarity about this technique. The results indicated that the farmers had very high relative 

importance to all strategies and practices mentioned in Table 5, but the ability of application might be limited 

due to some challenges as described in Table 7, which were the most familiar challenges in the study area. 

Classes Frequency Percentage % Mean Std. Deviation 

Low (21-26) 7 5.5 23.86 2.12 

Medium (27-32) 41 32.0 30.22 1.37 

High (33-38) 80 62.5 35.94 1.86 

Total 128 100 33.45 3.91 
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Table 5. Ranking the strategies and practices according to their mean and relative importance degrees. 

 

Table 6.Distribution of respondents to challenges of implementing the participatory agricultural extension. 

 

Table 7. Ranking the challenges according to their mean and relative importance. 

Methods and Strategies Frequency Sum Mean 
Relative 

Importance 
Ranking 

Using modern irrigation systems to reduce water 

consumption 
128 486.0 3.796 94.92 1 

Employing organic farming methods to improve soil 

health 
128 482.0 3.765 94.14 2 

Using renewable resources such as solar energy 128 450.0 3.515 87.89 3 

Using modern and advanced technologies to monitor 

climatic conditions 
128 435.0 3.398 84.96 4 

Training and educating farmers on sustainable farming 

techniques 
128 425.0 3.320 83.01 5 

Developing policies and legislation to support 

sustainable agriculture 
128 423.0 3.304 82.62 6 

Using crop varieties adapted to harsh climatic 

conditions 
128 419.0 3.273 81.84 7 

Using artificial intelligence to improve the efficiency of 

resource utilization 
128 402.0 3.140 78.52 8 

Raising awareness among individuals and communities 

about climate change and its negative impacts on 

agriculture. 

128 384.0 3.000 75.00 9 

Using biotechnology to improve crop resistance to 

diseases and pests 
128 375.0 2.929 73.24 10 

Classes Frequency Percentage % Mean Std. Deviation 

Low (16-22) 3 2.3 16.333 0.577 

Moderate (23-29) 29 22.7 27.413 1.783 

High (30-36) 96 75 33.260 2.187 

Total 128 100 31.539 3.984 

Challenges  Frequency Sum Mean 
Relative 

Importance 
Ranking 

Preference of agricultural extension agents for traditional 

extension methods 
128 357.00 2.789 92.97 1 

Prevailing traditional farming culture and customs 128 355.00 2.773 92.45 2 

Limited government support for implementing extension 

programs 
128 354.00 2.765 92.19 3 

Lack of funding and financial support for the extension 

system to improve the participatory extension approach 
128 341.00 2.664 88.80 4 

Lack of training capacities within the extension system in 

the region 
128 338.00 2.640 88.02 5 

Shortage of specialized extension staff in agricultural 

extension agents 
128 337.00 2.632 87.76 6 

Lack of technical expertise among farmers regarding how 

to apply the participatory extension approach 
128 332.00 2.593 86.46 7 

Weak communication and coordination between farmers 

and agricultural extension agents in executing extension 

strategies 

128 328.00 2.562 85.42 8 

Weak policies and legislation supporting the participatory 

extension approach 
128 325.00 2.539 84.64 9 

Low interaction between farmers and extension agents in 

implementing participatory programs 
128 325.00 2.539 84.63 10 

Lack of technical expertise among agricultural extension 

agents on how to implement the participatory extension 

approach 

128 323.00 2.523 84.11 11 

Limited awareness among farmers about the participatory 

extension approach 
128 318.00 2.484 82.81 12 
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For the challenges that were not helpful to practice the participatory agricultural extension, it revealed that the 

three quarters of respondents were scored at the highest level (75%), followed by the moderate level (22.7%), of 

the relative importance of the mentioned challenges in the table 7, only (2.3) reported at low level, suggesting a 

high importance of implementing the participatory agricultural extension approach in the studied area. 

 

Concerning the most effective challenges faced by agricultural extension agents from the farmers’ point of view, 

the top three challenges displayed by farmers were as follows: preference of agricultural extension agents for 

traditional extension methods, prevailing traditional farming culture, and customs. Limited government support 

for implementing extension programs (92.97%, 92.45%, and 92.19%), respectively. On the other hand, the 

lowest two challenges scored by farmers were low interaction between farmers and extension agents in 

implementing participatory programs, and limited awareness among farmers about the participatory extension 

approach, with the ratios 83.63% and 82.81%. The high ratios of mentioned challenges in the study area 

indicated that the application of the participatory agricultural extension approach is limited in reaching out to 

most of the farmers; it needs to reconsideration of agricultural extension strategies by diversifying the activities 

in their monthly and yearly planning.  

 

 

Conclusion  
 

The study findings displayed that the farmers in the target area cannot participate in agricultural extension 

service, especially due to the weak strategy to implement the participatory agricultural extension approach, 

which is considered a core subject to participate them in agricultural extension activities. These findings suggest 

that the participatory approach needs to be activated in agricultural extension centers, which are considered the 

main responsible. As well as the activation of the participatory agricultural extension approach needs 

government support from the Ministry of Agriculture to face the financial and technical challenges, and at the 

same time, agricultural extension agents need to reconsider their yearly or monthly strategies. 

 

In general, to get rid of the current challenges in the study area and adaptation to the new strategies to help 

farmers mitigate the impacts of climate change on the agricultural products requires the diversification of 

activities in the agricultural extension programs and encouraging them by participating in all levels of 

agricultural extension programs, including "planning, evaluation, and implementation. 

 

 

Recommendations 
 

1. The agricultural extension centers need to redesign the agricultural extension programs in general.  

2. Enhance the participatory agricultural extension approach by the agricultural extension agents to improve 

effectiveness and responsiveness to farmers’ needs.  

3. Equipping agricultural extension programs financially and technically to reactivate the participatory 

agricultural extension approach 

4. Supporting agricultural extension centers with the necessary training materials and aids to activate the 

participatory agricultural extension approach. 

 

 

Study Limitations 
 

This study has several limitations that should be considered when interpreting the findings. First, the research 

was conducted in selected villages in Sulaymaniyah Governorate, Kurdistan Region of Iraq, which may limit the 

generalizability of the results to other geographical areas with different environmental, agricultural, and socio-

economic conditions. Second, the study employed a cross-sectional descriptive correlational design, which is 

suitable for identifying associations among variables but does not permit causal inferences. Third, the findings 

were based on farmers’ self-reported responses to a structured questionnaire and may therefore be subject to 

response bias, social desirability bias, and recall bias. Finally, the study focused primarily on farmers’ 

demographic and farm-related characteristics and did not examine broader institutional and policy dimensions 

that may also influence the effectiveness of participatory agricultural extension. 

 

 

Future Research Directions 
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Future research should extend this work by including farmers from different governorates and diverse 

agricultural production systems to improve the external validity and generalizability of the findings. 

Comparative studies across regions with varying climatic, institutional, and socio-economic conditions would 

provide a broader understanding of the effectiveness of participatory agricultural extension. 

 

Longitudinal, quasi-experimental, or experimental research designs are recommended to evaluate the long-term 

effects of participatory agricultural extension on farmers’ adaptive capacity, resilience, and adoption of climate-

smart agricultural practices. Future studies should also investigate the influence of institutional and policy-

related factors, including extension service capacity, extension agents’ competencies, governmental support, 

financial resources, and digital agricultural advisory services. Furthermore, integrating quantitative and 

qualitative approaches would provide a more comprehensive understanding of farmers’ participation, decision-

making processes, and the practical challenges of implementing participatory agricultural extension under 

changing climate conditions. 
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Abstract: Machine learning has become an effective approach for electronic nose systems used in gas 

classification applications. However, most previous studies evaluate classification performance using randomly 

partitioned datasets, which often fail to represent the long-term sensor drift encountered in practical 

deployments. Furthermore, embedded implementation of different machine learning models on resource-

constrained microcontrollers has received limited attention. In this study, the Gas Sensor Array Drift Dataset 

from the UCI Machine Learning Repository was used to investigate both classification performance and 

embedded deployment efficiency. Four supervised machine learning algorithms, namely Multi-Layer Perceptron 

(MLP), Support Vector Machine (SVM), Random Forest (RF), and Extreme Gradient Boosting (XGBoost), 

were evaluated under both random stratified and chronological batch-based data partitioning strategies. The 

chronological evaluation was designed to simulate realistic sensor drift conditions by separating the training and 

testing data according to acquisition time. Experimental results showed that all models achieved approximately 

99% accuracy under random evaluation, whereas chronological testing produced substantially lower accuracies, 

highlighting the impact of sensor drift on real-world performance. Among the evaluated models, MLP achieved 

the highest chronological classification accuracy while demonstrating superior robustness against distribution 

shifts. To investigate practical applicability, all trained models were deployed on an ESP32-S3 microcontroller. 

Their average inference latency, flash memory usage, RAM consumption, and total firmware size were 

experimentally measured and compared. Among the evaluated models, the MLP achieved the highest 

chronological classification accuracy while also exhibiting the lowest inference latency and smallest firmware 

footprint on the ESP32-S3 platform. 

 

Keywords: Electronic nose, TinyML, ESP32-S3, Gas classification, Sensor drift 

 

 

Introduction 

 

Electronic nose (e-nose) systems have become an important technology for gas identification and environmental 

monitoring in applications such as food quality assessment, industrial safety, environmental monitoring, and 

healthcare (Han et al., 2025; Ijaz et al., 2025; Illahi et al., 2021; Ivanov et al., 2025; Rabehi et al., 2024). These 

systems typically employ arrays of metal oxide semiconductor (MOS) gas sensors together with machine 

learning algorithms to recognize complex gas patterns (Ijaz et al., 2025; Vanaraj et al., 2025; Wijaya et al., 

2022; Yi et al., 2021). Compared with conventional analytical instruments, electronic noses provide a low-cost, 

portable, and real-time solution for gas classification (Anwar et al., 2023; Baruah & Mazumder, 2025; Ivanov et 

al., 2025; Yang et al., 2023). 

 

The performance of machine learning-based electronic nose systems, however, is strongly affected by sensor 

drift, which refers to the gradual change in sensor characteristics over time due to aging, contamination, and 

environmental conditions (Cinar et al., 2025; Dennler et al., 2022; Ziyatdinov et al., 2010). As sensor responses 

change, the statistical distribution of the collected data also changes, causing a significant degradation in 

classification accuracy when models are deployed in long-term applications (Cheng et al., 2020; R. Yi et al., 

http://www.isres.org/
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2021). Therefore, developing machine learning models that are robust to sensor drift has become an important 

research topic (Chang et al., 2023; Leon-Medina et al., 2020). 

 

Previous studies have investigated various machine learning algorithms for gas classification using the Gas 

Sensor Array Drift Dataset, including Support Vector Machines (SVM), Random Forest (RF), Artificial Neural 

Networks (ANN), and Extreme Gradient Boosting (XGBoost) (Cinar et al., 2025; Dennler et al., 2022; Leon-

Medina et al., 2020; R. Yi et al., 2021). Most of these studies have primarily focused on improving classification 

accuracy in an offline computing environment. In addition, many published results have relied on random train-

test splitting strategies, where training and testing samples originate from the same data distribution (Dong et 

al., 2021; Gkogkidis et al., 2022; Shamim, 2022; Z. Yi et al., 2022). Although this approach often produces 

classification accuracies exceeding 99%, it does not accurately represent the performance of electronic nose 

systems operating under long-term sensor drift conditions (Dennler et al., 2022; Padilla et al., 2010). 

 

Another limitation of the existing literature is that relatively few studies evaluate machine learning models on 

resource-constrained embedded platforms (Rahmawan et al., 2025; Shamim, 2022). TinyML has recently 

emerged as a promising approach for executing machine learning algorithms directly on low-power 

microcontrollers, enabling intelligent edge devices without continuous cloud connectivity (Farhat et al., 2025; 

Han et al., 2025). While TensorFlow Lite Micro has facilitated the deployment of neural network models on 

embedded systems, comparative studies involving both deep learning and classical machine learning models 

under identical embedded conditions remain limited (Farhat et al., 2025; Ivanov et al., 2025; Nivethika et al., 

2026). Furthermore, most previous studies report only offline classification performance without experimentally 

evaluating memory usage and inference latency on actual hardware (Shamim, 2022). 

 

To address these limitations, this study compares four supervised machine learning models—Multilayer 

Perceptron (MLP), Support Vector Machine (SVM), Random Forest (RF), and XGBoost—for gas classification 

under sensor drift conditions using the Gas Sensor Array Drift Dataset (Farbiz et al., 2025; Ivanov et al., 2025; 

Wang et al., 2023). Two evaluation protocols are considered: a conventional random stratified split and a 

chronological split that preserves the temporal order of measurements (Ansari et al., 2026; Kumar et al., 2026; 

Padilla et al., 2010; Yi et al., 2023). In addition to offline performance evaluation, all trained models are 

deployed on an ESP32-S3 DevKitC-1 N16R8 development board (Farhat et al., 2025; Nivethika et al., 2026; 

Rahmawan et al., 2025). The embedded implementations are experimentally compared in terms of classification 

consistency, firmware size, memory usage, and inference latency. 

 

The main contributions of this study can be summarized as follows; the classification performance of four 

widely used machine learning models is systematically compared under both random and chronological 

evaluation protocols. The influence of sensor drift on model generalization is quantitatively analyzed using 

chronological validation. All trained models are successfully deployed on the ESP32-S3 platform, enabling a 

direct comparison of their embedded implementation characteristics. The proposed study jointly evaluates 

classification accuracy, memory footprint, and inference latency, providing practical guidance for selecting 

suitable machine learning models for TinyML-based electronic nose applications. 

 

Overall, the proposed methodology provides a comprehensive evaluation framework that considers both 

classification performance under realistic sensor drift conditions and the computational constraints of embedded 

hardware, thereby contributing to the development of efficient intelligent gas sensing systems. 

 

 

Method 

 

This study used the Gas Sensor Array Drift Dataset from the UCI Machine Learning Repository to investigate 

the impact of sensor drift on gas classification performance (VERGARA, 2012). The dataset consists of 13,910 

measurements belonging to six gas classes. Each sample contains 128 features, extracted from eight response 

characteristics of 16 metal oxide (MOS) gas sensors. The measurements are organized into 10 chronological 

batches, enabling the evaluation of long-term sensor drift effects (Vergara et al., 2012). 

 

The dataset was processed in the Python environment by separating the feature vectors and class labels to 

construct the data matrix. Since the dataset contained no missing or erroneous records, no additional data 

cleaning procedures were required. Feature values were normalized using Min–Max scaling. The normalization 

parameters were calculated exclusively from the training data and subsequently applied to the validation and test 

sets to prevent data leakage. 
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Two evaluation protocols were employed. In the random stratified split, the dataset was divided into 70% 

training, 15% validation, and 15% testing while preserving the class distribution. In the chronological split, 

Batches 1–7 were used for training, Batch 8 for validation, and Batches 9–10 for testing. This protocol enabled 

the evaluation of model generalization under realistic sensor drift conditions. Figure 1 illustrates the overall 

experimental workflow adopted in this study. 

 

 
Figure 1. The overall experimental workflow of this study 

 

Four supervised machine learning models were investigated: Multilayer Perceptron (MLP), Support Vector 

Machine (SVM), Random Forest (RF), and Extreme Gradient Boosting (XGBoost). The MLP model was 
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implemented using TensorFlow (Abadi et al., 2016), the SVM and Random Forest models were developed using 

Scikit-learn (Pedregosa FABIANPEDREGOSA et al., 2011), and the XGBoost model (Chen & Guestrin, 2016) 

was implemented using the XGBoost library. Hyperparameters were optimized using the training and validation 

datasets, and the final model configurations were selected according to the highest validation Macro F1-score. 

 

All trained models were deployed on an ESP32-S3 DevKitC-1 N16R8 development board. The MLP model was 

converted to an INT8 TensorFlow Lite Micro model (David et al., 2021) using post-training quantization. The 

SVM, Random Forest, and XGBoost models were automatically converted into C/C++ header files and 

integrated into the ESP32-S3 firmware. The embedded applications were developed using the ESP-IDF 

framework, and all inference operations were executed locally on the microcontroller without cloud 

connectivity. Model performance was evaluated using Accuracy, Macro F1-score, and Weighted F1-score. For 

the embedded implementation, average inference latency, Flash Code, Flash Data, DIRAM, IRAM, and total 

firmware image size were measured to compare the computational efficiency and memory requirements of the 

deployed models. 

 

 

Results and Discussion 
 

A chronological data splitting approach was used to evaluate the performance of machine learning models under 

real-world operating conditions. In this method, Batches 1–7 were used for training, Batch 8 for validation, and 

Batches 9 and 10 for testing data. Thus, the temporal data distribution change caused by sensor drift was directly 

included in the evaluation process (Vergara et al., 2012). 

 

Table 1. Chronological test performance on batches 9 and 10 

Model 
Accuracy 

(%) 

Macro-

F1 (%) 

Weighte

d-F1 (%) 

Batch 9 

acc. (%) 

Batch 10 

acc. (%) 

Prediction/sample 

(ms) 

MLP 69.34 69.51 69.55 76.38 68.42 0.0349 

SVM 63.88 65.22 65.20 75.96 62.31 0.0476 

Random Forest 59.63 59.43 59.45 76.17 57.47 0.0148 

XGBoost 58.18 58.36 58.36 71.49 56.44 0.0027 

 
Figure 2. Accuracy comparison of models in chronological evaluation 

 

Table 1 summarizes the numerical performance of the evaluated models, while Figure 2 provides a visual 

comparison of their classification accuracy. Among the four models, the MLP model achieved the highest 
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classification accuracy. With 69.34% accuracy, 69.51% Macro F1, and 69.55% Weighted F1, the MLP model 

outperformed the other models. The SVM model ranked second with 63.88% accuracy, while the Random 

Forest and XGBoost models achieved 59.63% and 58.18% accuracy, respectively. Furthermore, the MLP model 

maintained the highest accuracy values in both Batch 9 and Batch 10, demonstrating more stable performance 

against sensor drift. 

 

These results show that the MLP model has a higher generalization ability than other methods against data 

distributions that change over time due to sensor drift. In particular, the fact that the accuracy and F1 scores are 

quite close to each other shows that the model exhibits a balanced classification performance not only in 

dominant classes but in all gas classes. In contrast, tree-based models, although they successfully learned the 

training data, struggled to adapt to temporal changes. The most commonly used evaluation method in machine 

learning studies is the random data splitting approach. However, in datasets with sensor drift, this approach does 

not fully reflect real-world performance because training and test samples do not come from the same 

distribution. 

 

Table 2. Random stratified test performance 

Model Accuracy (%) Macro-F1 (%) Weighted-F1 (%) Prediction/sample (ms) 

Random Forest 99.47 99.44 99.47 0.0335 

XGBoost 99.33 99.29 99.33 0.0022 

MLP 99.23 99.18 99.23 0.0373 

SVM 99.19 99.16 99.18 0.0773 

 

Table 3. Comparison of random stratified and chronological evaluation protocols 

Model 
Random 

acc. (%) 

Chronological 

acc. (%) 

Accuracy 

gap (pp) 

Random 

macro-F1 (%) 

Chronological 

macro-F1 (%) 

Macro-F1 

gap (pp) 

Random Forest 99.47 59.63 39.84 99.44 59.43 40.01 

XGBoost 99.33 58.18 41.15 99.29 58.36 40.92 

MLP 99.23 69.34 29.90 99.18 69.51 29.67 

SVM 99.19 63.88 35.30 99.16 65.22 33.94 

 

When Tables 2 and 3 are examined together, it is seen that while all models in the random data splitting 

approach achieve approximately 99% accuracy, the accuracy values drop to the 58–69% range under 

chronological evaluation. This demonstrates that random evaluation substantially overestimates the real-world 

performance of gas classification models in the presence of sensor drift. The accuracy loss in the MLP model is 

approximately 30 percentage points, while in the Random Forest and XGBoost models this loss reaches 

approximately 40 percentage points. The highest performance decrease was observed in the XGBoost model. 

 
Figure 3. Comparison of random stratified and chronological classification accuracy. 
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In Figure 3 comparison of random stratified and chronological classification accuracy is showed. These results 

reveal that high accuracy values reported using only the random data splitting approach in datasets with sensor 

drift may overestimate performance under real operating conditions. Therefore, the chronological evaluation 

approach offers a more realistic method for assessing the generalization ability of models in long-term sensor 

applications such as electronic noses. In the second phase of the study, the four trained machine learning models 

were transferred to the ESP32-S3 DevKitC-1 N16R8 development board and run on real hardware. This allowed 

for the evaluation not only of offline classification success but also of the models' applicability on a 

microcontroller with limited resources. 

 

Table 4. Comparison of memory usage and inference time of machine learning models on ESP32-S3 

Model Flash Code (B) Flash Data (B) DIRAM (B) 
Firmware Size 

(B) 

Avg. Latency 

(µs) 

MLP (INT8) 98,156 65,404 49,990 222,530 401.64 

Random Forest 902,680 38,180 45,126 999,814 5,117 

XGBoost 62,780 370,484 45,126 492,218 12,600 

SVM (RBF) 63,476 429,916 48,070 552,346 16,995 

 

Table 4 shows the memory usage and inference time results obtained on the ESP32-S3. The MLP model was the 

fastest with an average inference time of 401.64 µs. The average inference times for the Random Forest, 

XGBoost, and SVM models were measured as 5117 µs, 12600 µs, and 16995 µs, respectively. Accordingly, the 

MLP model operates with approximately 13 times lower latency than Random Forest, 31 times lower latency 

than XGBoost, and 42 times lower latency than the SVM model. Furthermore, it was confirmed that the 

predictions obtained on the ESP32-S3 for all models were fully consistent with the results obtained in the 

Python environment. 

 

Significant differences were also observed in terms of memory usage. The MLP model had the lowest memory 

requirement with a total firmware size of approximately 222.5 kB, while the Random Forest model reached the 

largest firmware size with approximately 999.8 kB. The firmware sizes of the XGBoost and SVM models were 

measured as approximately 492.2 kB and 552.3 kB, respectively. When the distribution of resource usage is 

examined, it is seen that Flash Code usage increased significantly in the Random Forest model due to the direct 

compilation of decision trees as program code. In contrast, Flash Data usage was higher in the SVM and 

XGBoost models because a large portion of the model parameters were stored in fixed data space. The MLP 

model, however, provided the most balanced resource usage in terms of both program code and data memory. 

 

When these results are evaluated together, it is seen that the MLP model not only achieved the highest 

classification success under chronological evaluation, but also provided the lowest memory requirement and the 

shortest inference time on the embedded system. In contrast, while the Random Forest model offers relatively 

low latency, it suffers from a memory disadvantage due to its high firmware size. The SVM model achieved the 

second highest accuracy in chronological evaluation but had the longest inference time. The XGBoost model 

yielded moderate results in terms of both accuracy and hardware performance. 

 

Overall, the proposed MLP-based TinyML implementation provides the best trade-off between classification 

performance, memory footprint, and inference latency, making it a promising solution for resource-constrained 

electronic nose and IoT applications. These findings demonstrate that deep learning-based models offer 

significant advantages in electronic nose applications with sensor drift, not only in terms of offline classification 

success but also in terms of real-time embedded systems applications (Fonollosa et al., 2015; Vergara et al., 

2012). 

 

 

Conclusion  
 

In this study, the performance of four machine learning models (MLP, SVM, Random Forest, and XGBoost) 

was investigated for gas classification under sensor drift conditions using the Gas Sensor Array Drift Dataset. 

Unlike conventional studies that rely only on random data splitting, both random stratified and chronological 

evaluation protocols were employed to assess the effect of temporal distribution changes caused by sensor drift. 

 

The experimental results demonstrated that random stratified evaluation produced classification accuracies of 

approximately 99% for all models, whereas chronological evaluation reduced the accuracy to 58–69%, revealing 

a substantial degradation in performance due to sensor drift. Among the evaluated models, the MLP achieved 
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the highest chronological performance with 69.34% Accuracy, 69.51% Macro F1-score, and 69.55% Weighted 

F1-score, indicating superior generalization capability under long-term sensor drift. 

 

In addition to offline evaluation, all trained models were successfully deployed on an ESP32-S3 DevKitC-1 

N16R8 development board, enabling a direct comparison of their embedded implementation characteristics. 

Experimental measurements showed that the MLP model required the smallest firmware size and achieved the 

shortest inference latency (401.64 µs), while maintaining complete agreement between Python and ESP32 

predictions. In contrast, Random Forest exhibited the largest firmware footprint, whereas SVM and XGBoost 

required considerably longer inference times due to their computational complexity and memory organization. 

 

Overall, the results demonstrate that the MLP model provides the most favorable balance between classification 

accuracy, memory consumption, and inference latency, making it the most suitable candidate for TinyML-based 

electronic nose applications on resource-constrained microcontrollers. The proposed evaluation methodology 

also highlights the importance of chronological validation for obtaining realistic performance estimates in 

sensor drift scenarios, where conventional random evaluation may significantly overestimate model 

performance. 

 

Future work will focus on evaluating additional lightweight neural network architectures, investigating online 

adaptation techniques for long-term sensor drift compensation, and validating the proposed approach using real-

time gas measurements acquired directly from an ESP32-based electronic nose prototype.  

 

 

Recommendations 

 

The proposed methodology can be extended by evaluating additional lightweight deep learning architectures 

specifically designed for TinyML applications. Future studies may also investigate online or continual learning 

techniques to compensate for long-term sensor drift without retraining the model offline. Furthermore, the 

proposed approach should be validated using real-time measurements collected from a physical electronic nose 

system instead of publicly available datasets. Finally, evaluating power consumption and energy efficiency on 

battery-powered embedded platforms would provide further insight into the practical applicability of the 

proposed system. 
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Lengthwise Fracture Analysis of a Moving Thin-Walled Elliptical Cylinder  
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Abstract: Тhis paper is devoted to the problem of lengthwise fracture in moving thin-walled elliptical 

cylindrical shell structures with non-linear elastic behavior. Elliptical cylinders have continuous material 

inhomogeneity in height. The parameters of the non-linear constitutive law and the bulk density of the material 

of the cylinder wall change continuously in height. The lengthwise crack represents an elliptical surface whose 

location coincides with the middle surface of the cylinder. Two types of cylinder motion are considered 

(translational motion with constant upward acceleration and uniform rotation around the longitudinal axis). The 

cylinders are loaded with their own weight and with inertial forces from both types of motion. Strain energy 

release rate (SERR) solutions are obtained for both cylinder motions. In this regard, expressions for the 

complementary strain energy stored in both arms of the lengthwise crack and in the intact portion of the 

elliptical cylinder are obtained. A check was made with an existing approach in scientific literature. 

 

Keywords: Elliptical cylinder, Motion, Lengthwise fracture  

 

 

Introduction 

 

Modern facilities, structures, mechanisms and machines include a variety of structural systems and components 

such as rods, plates, beams, thin-walled elements, shells, tanks, etc. with a variety of shapes, loads and support 

conditions (Kolev & Mladenov, 1992). The analysis of these structural systems and components requires 

solving a fairly wide range of diverse problems in the field of mechanics of rod systems, theory of elasticity and 

plasticity, theory of thin-walled systems, mechanics of continuous media, theory of shells and others (Malenov, 

1993). Due to the complexity of the analyzed phenomena and processes in structural systems, it is very often 

necessary to introduce various simplifying hypotheses in practice.  

 

In various fields of technology, thin-walled shell structures are increasingly used in our time. These structures 

are preferred primarily because of their low self-weight. The widespread use of these structures poses a number 

of specific tasks in the field of analysis of their behavior. In this regard, it can be noted that taking into account 

such factors as physical non-linearity, i.e. non-linear elastic or elastic-plastic behavior of various shell structural 

systems, material inhomogeneity, dynamic action of external load and others is of particular interest and 

introduces additional requirements for the analysis of shell structures (Mladenov et al., 2012; Obodovski & 

Hanin, 1971).  

 

This paper deals with lengthwise fractured analysis of a moving thin walled continuously inhomogeneous shell. 

The latter is an elliptical cylinder with continuous material inhomogeneity along the length. The interest in the 

analysis of lengthwise cracks is due to the fact that very often continuously inhomogeneous materials, such as 

functionally graded ones, are produced by layering, which creates a risk of lengthwise fracture (Gandra et al., 

2011; Gasik, 2010; Mahamood & Akinlabi, 2017; Rizov & Altenbach, 2019; El-Galy et al., 2019). The cylinder 

studied in this paper has non-linear elastic behavior. The SERR was obtained for two types of cylinder motion, 

namely translational motion with constant upward acceleration and uniform rotation around the longitudinal 

axis. The need for analysis of moving cylinders is due to their widespread use in various machines, mechanisms 

and vehicles. An existing approach to finding the SERR was used for verification. 

http://www.isres.org/
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Analysis  
 

Тhe thin-walled elliptical cylinder in Fig. 1 has height, h , and wall thickness, b . The base of the cylinder is an 

ellipse with semi-major and semi-minor axes, 1r  and 
2r , respectively (Fig. 2). There is a lengthwise crack in the 

cylinder with length, a , as shown in Fig. 1. The crack is an elliptical cylindrical surface coinciding with the 

middle surface of the thin-walled elliptical cylinder (Fig. 1). Therefore, the outer and inner arms of the crack are 

elliptical cylinders with wall thickness, 2/b , and height, a .   

 

 
Figure 1. Thin-walled elliptical cylinder moving along the axis, z  

 

First, we will analyze the case when the cylinder moves along the axis, z , with a constant acceleration, va , as 

shown in Fig. 1. The load acting on the thin-walled elliptical cylinder has two components, namely its own 

weight and the inertial load from the acceleration, va . Both components are directed vertically downward.  We 

are looking for the meridional stress, ml , in an arbitrary section in the outer arm of the crack at a distance, z , 

from the base of the thin-walled elliptical cylinder. For this purpose, we use the equilibrium condition  

 

0= izF .                                                                                                                                                           (1)  

 

After substituting the force projections in (1) we obtain  

 

0
222

=−− vml zca
b

c
b

gzc
b

 ,                                                                                                                   (2)  

 

where   is the bulk density of the cylinder material, g  is the acceleration due to gravity, c  is the perimeter of 

the ellipse. The third term on the left-hand side of equation (2) is the inertial load caused by the acceleration, 

va .  
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Figure 2. Schematic of the cross-section of the elliptical cylinder 

 

The cylinder wall has a continuous material inhomogeneity in height. Therefore, the bulk density of the cylinder 

material varies continuously along the axis, z . To describe this variation, the following law is applied:  

 










 z

h

−
+= ,                                                                                                                                         (3)  

 

hz 0 ,                                                                                                                                                            (4)  

 

where   and   are the bulk densities at the lower and upper end of the cylinder,   is a parameter. From 

equation (1) we obtain the following expression for the meridional stress in an arbitrary section in the outer arm 

of the crack  

 

( )vml agz +=  ,                                                                                                                                               (5)  

 

where  

 

az 0 .                                                                                                                                                            (6) 

 

The meridional stress, md , in the inner arm of the crack is also found by formula (5).  

 

It remains to determine the meridional stress, m , in the intact portion, az  , of the thin-walled elliptical 

cylinder. We formulate the condition for equilibrium along the axis, z  

 

 0=−− vm bzcagbczbc  ,                                                                                                                           (7)  

 

from which we obtain  

 

( )vm agz +=  ,                                                                                                                                                (8)  

 

Where 

 

hza  .                                                                                                                                                            (9) 
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We will prove that the hoop stress, pl , in the outer arm of the crack is zero. To do this, we write the Laplace 

equation for the outer arm  

 

2

b

q

p

pl

m

ml =+







,                                                                                                                                               (10)  

 

where m  and p  are the radii of curvature of the elliptical cylinder. The equation of the base of the thin-

walled elliptical cylinder is (Fig. 2) 

 

1
2

2

2

2

1

2

=+
r

y

r

x
,                                                                                                                                                     (11) 

 

Where 

 

11 rxr − ,                                                                                                                                                      (12) 

 

22 ryr − .                                                                                                                                                     (13) 

 

Therefore, the radii of curvature of the elliptical cylinder are found by the formulas  

 

=m ,                                                                                                                                                             (14)  
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


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3
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=p ,                                                                                                                                                (15)  

 

Where 
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1
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−= ,                                                                                                                                                 (16)  
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2

1

2

1
r

x
−= .                                                                                                                                                      (18)  

 

Furthermore,  

 

0=q .                                                                                                                                                                 (19)  

 

From equations (10) – (19) it follows that  

 

0=pl .                                                                                                                                                              (20) 
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We are looking for the strains, ml , in the outer arm of the crack. The thin-walled elliptical cylinder has non-

linear elastic behavior. The relationship between stresses and strains obeys the following non-linear constitutive 

law (Lukash, 1997):  

 
f

ml

s

mlmlml DBE  −−= ,                                                                                                                            (21)  

 

where E , B , D , s  and f  are material parameters. Since the wall of the cylinder has a continuous material 

inhomogeneity along the height, the parameters, E , B , D , s  and f , vary along the axis, z , according to 

the laws  

 




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 z
h
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−
+= ,                                                                                                                                    (22)  
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−
+= ,                                                                                                                                    (23)  
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 z
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−
+= ,                                                                                                                                  (24)  

 







 z
h

ss
ss

−
+= ,                                                                                                                                         (25) 

  







 z
h

ff
ff

−
+= ,                                                                                                                                     (26)  

 

hz 0 ,                                                                                                                                                          (27)  

 

where E , B , D , s  and f  are the values of E , B , D , s  and f  at the lower end of the cylinder, 

E , B , D , s  and f  are the corresponding values at the upper end of the cylinder,  ,  ,  ,   and 

  are parameters.  

 

The strain, ml , is found from (21) for different values of z  in the interval (27). Due to the specifics of the 

cylinder loading, the strains, md , in the inner crack arm are equal to ml . To find the strains, m , in the intact 

section of the cylinder, we use relation (21). To do this, we replace ml  and ml  with m  and m  and then 

find m  for z  varying in the interval (9). 

 

We determine the SERR, G , by formula  

 

dA

dU
G

*

= ,                                                                                                                                                          (28)  

 

where  

 

cdadA= .                                                                                                                                                          (29)  

 

The circumference of the ellipse is  

 

( ) ( )( ) 212121 333 rrrrrrc ++−+=  .                                                                                                     (30)  
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The complementary strain energy, 
*U , involved in equation (29) is found as  

 
*** 2 mml UUU += ,                                                                                                                                             (31) 

 

where 
*

mlU  and 
*

mU  are the complementary strain energies in the outer crack arm and in the intact portion of 

the cylinder, respectively. The complementary strain energy in the outer arm is multiplied by two in (31) 

because the complementary strain energies in the two crack arms are equal. The complementary strain energy in 

the outer arm is  

 

=

a

mlml dzuc
b

U
0

*

0

*

2
,                                                                                                                                           (32)  

 

where 
*

0mlu  is the specific complementary strain energy. It is determined by the formula  

 

−=
ml

mlmlmlmlml du




0

*

0 .                                                                                                                            (33)  

 

We substitute (21) into (33) and obtain  

 

112*

0
112

++

+
−

+
−= f

ml

s

mlmlml
f

Df

s

BsE
u  .                                                                                                         (34)  

 

The complementary strain energy in the intact portion of the cylinder is  

 

=

h

a

mm dzubcU *

0

*
.                                                                                                                                              (35)  

 

The specific complementary strain energy, 
*

0mu  is determined by replacing ml  with m  in (34). Then, the 

SERR is found by formula (28). To verify the thus obtained solution for the SERR, an existing approach is 

applied, according to which the SERR is found as (Rizov, 2017) 

 
*

0

*

0 mfrmlbh bcubcuG −= ,                                                                                                                                   (36) 

 

where 
*

0mlbhu  and 
*

0mfru  are the specific complementary strain energies in the cylinder cross-sections behind 

and in ahead of the crack front. The use of (36) leads to results that match those obtained with (28). 

 

The SERR is also derived for the case when the thin-walled elliptical cylinder performs a uniform rotation about 

the axis, z , with angular velocity,  , as shown in Fig. 3. In this case, the cylinder has both meridional stress 

from its own weight and hoop stress from the inertial load generated by the normal acceleration due to uniform 

rotation around the axis, z .  

 

First, the meridional stress,  ml , in the outer arm of the crack is found. For this purpose,  

 

0=va                                                                                                                                                                  (37)  

 

is substituted into equation (5). The result is  

 

zgml   = .                                                                                                                                                       (38)  
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Figure 3. Thin-walled elliptical cylinder rotating around the axis, z  

 

Then, the meridional stress, ml , is found in the intact portion of the cylinder by substituting (37) in (8). This 

leads again to expression (38). However, in this case  

 

hza  .                                                                                                                                                          (39)  

 

 We seek the hoop stress,  pl , in the outer arm of the crack. In this regard, we first find the inertial load 

component, q , generated by the normal acceleration, na .  

 

tna
b

q  cos
2

= ,                                                                                                                                             (40)  

 

where  

 

OTan

2= ,                                                                                                                                                      (41)  
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

x

r
arctgarctgt

2

2
.                                                                                                        (42)  

 

The distance, OT , is shown in Fig. 2. It is found as  

 


2

2

2 rxOT += .                                                                                                                                          (43)  

 

 We write the Laplace equation for the outer crack arm  
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2

b

q

p

pl

m

ml =+






  .                                                                                                                                           (44)  

 

From (44) we obtain  

 

2

b

q
ppl   = .                                                                                                                                                    (45)  

 

The hoop stress,  pd , in the inner arm of the crack is equal to  pl , since the cylinder under consideration is 

thin-walled. The hoop stress,  p , in the intact portion of the cylinder is found by replacing 2/b  with b  in 

formula (45). 

 

We are looking for the meridional strain, ml , in the outer arm of the crack. We apply the relation (21). For 

this purpose, we replace ml  with  ml  and then solve the equation thus obtained with respect to ml  using 

the MatLab. The strain along the meridian in the inner arm of the crack, md , is equal to ml .  

 

To determine m  in the intact portion of the cylinder, we use (21) again. For this purpose, we replace ml  and 

ml  with m  and m  and then solve the equation with respect to m .  

 

The hoop strain,  pl , in the outer arm of the crack is determined from (21). To do this, we replace ml  and 

ml  with  pl  and  pl  and then solve the equation for  pl . The hoop strain,  pd , in the inner arm of the 

crack is equal to  pl .  

 

The hoop strain,  p , in the intact portion of the cylinder is found by replacing ml  and ml  with  p  and 

 p  in (21) and then solve the equation in terms of  p .  

 

Finally, to find the SERR formula (28) is applied. For this purpose, both the meridional and hoop stresses in 

both arms of the crack and in the intact portion of the elliptical cylinder are taken into account when determining 

the complementary strain energy. To check the SERR, (36) is again applied. 

 

 

Results and Discussion 
 

The most important result of this paper is that the SERR solutions have been obtained for a lengthwise crack in 

a moving thin-walled continuously inhomogeneous elliptical cylinder with non-linear elastic behavior. The 

crack represents an elliptical surface coinciding with the middle surface of the cylinder. The cylinder itself is 

under the action of its own weight and the inertial load from the acceleration. In principle, the paper considers 

two types of mechanical motion of the thin-walled elliptical cylinder, namely:  

 

1) translational motion in the vertical direction with constant acceleration;  

2) uniform rotation around the axis, z .  

 

The SERR solutions have been obtained for both types of motion. The solutions are presented in detail with all 

necessary explanations and diagrams of the cylinder. All necessary formulas are derived, which allows for direct 

application of the solutions in the analysis of moving elliptical cylinders with a lengthwise crack in them. As a 

result of continuous material inhomogeneity, the parameters of the non-linear constitutive law, as well as the 

bulk density of the material, change continuously along the height of the cylinder. The approach described in the 

https://translate.google.bg/saved
https://translate.google.bg/saved
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paper can also be applied when using other constitutive laws for non-linear elastic behavior of the cylinder and 

other laws for changing material parameters along the height. 

 

 

Conclusion  
 

It can be summarized that the analysis presented in this paper has the potential for practical application in the 

study of moving thin-walled elliptical cylinders with a lengthwise crack (two motions are considered, namely 

translational motion in the vertical direction and uniform rotation). The analysis is relatively general, because it 

takes into account the non-linear elastic behavior of the material from which the cylinder wall is made. In 

addition, the material is continuously inhomogeneous along the height of the cylinder. It is necessary to 

emphasize here that the obtained solutions of the SERR apply not only to cylinders in which the parameters of 

the non-linear constitutive law change continuously along the height, but also to cylinders in which the bulk 

density of the material is also a continuous function of the coordinate, z . The approach presented in the paper is 

also applicable to obtaining SERR in cylinders with linear-elastic behavior. For this purpose, Hooke's law 

should be applied instead of non-linear constitutive law. For example, this can be realized by setting 0=B  and 

0=D  in law (21). Then, from the non-linear law (21), Hooke's law is obtained. This means that if we put 

0=B  and 0=D  in the solution, we will obtain the SERR in a cylinder with linear-elastic behavior. The 

approach can also be applied to find the SERR in homogeneous cylinders. For this purpose, the resulting 

solution must assume equal values of the material parameters at both end of the cylinder (then the parameters, 

 , E , B , D , s  and f , will not change along the height (refer to formulas (3), (22) – (26))). 

 

 

Recommendations 

 

The analysis developed in this paper can be recommended as a means of studying the lengthwise fracture of 

moving thin-walled elliptical cylinders exhibiting non-linear elastic behavior.  
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Abstract: Microdamage evolution in ductile solids is influenced by plastic deformation, stress redistribution 

and material degradation. A computational framework is presented in which gradient damage mechanics is 

combined with a neural constitutive predictor. Plastic history is retained through a mechanically inactive auxiliary 

observer, termed shadow plasticity here. Its state is supplied to a multilayer perceptron without inserting the plastic 

tensor into the actual elastic deformation. A local damage increment is proposed by the network and converted 

into a correction of damage resistance. The original constitutive corrector and finite element balance equations 

are retained. The framework is examined using a single edge notched specimen under nonlinear loading. Complete 

reference and control histories are compared with an independently verified neural interval covering the first 205 

s of a 1000 s loading program. Damage initiation, spatial localization and force response are assessed on explicitly 

matched supports. Early neural damage error is substantially reduced relative to the original damage only model. 

The completed controls demonstrate recovery of the reference damage region and structural response. The 

strongest complete agreement is obtained after the base damage resistances are aligned. Later neural propagation 

remains unverified. The findings provide a basis for physically structured prediction of microdamage and 

demonstrate the importance of separating constitutive interaction from material calibration. 

 

Keywords: Microdamage, Multiphysics modeling, Neural networks, Shadow plasticity, Finite element method  

 

 

Introduction 
 

Microdamage evolution in ductile solids is influenced by plastic deformation and stress redistribution. Its 

numerical representation requires the interaction between irreversible deformation and material degradation to be 

considered. Constitutive descriptions of these mechanisms and their application to ductile fracture were reviewed 

by Besson (2010). A simplified damage model can alter this interaction even when the same external loading is 

imposed. The resulting changes in damage initiation and localization must therefore be examined at both material 

and structural levels. 

 

Spatial regularization has been introduced to address the localization sensitivity of continuum damage models. 

Gradient enhancement was demonstrated for quasi brittle materials by Peerlings et al. (1996). A broader 

framework for gradient elasticity, viscoplasticity and damage was presented by Forest (2009). An additional field 

associated with an internal variable was introduced through the micromorphic formulation. Coupled gradient 

plasticity and damage were subsequently treated at finite strains by Miehe et al. (2016). Their phase field 

framework provides relevant context for constitutive interaction. It is distinct from the multiplicative damage 

formulation considered here. 

 

Neural networks have also been investigated for constitutive modeling. Mechanistic homogenization was 

incorporated into the deep material network of Liu et al. (2019). Thermodynamic laws were encoded in the neural 

http://www.isres.org/
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architecture proposed by Masi et al. (2021). These developments support the retention of physical structure within 

a learned model. They do not imply that a small regression error alone establishes physical admissibility. 

 

Material history must also be represented. Path dependent plasticity was learned through recurrent networks by 

Mozaffar et al. (2019). Constitutive models with evolving internal variables were embedded in a physically 

recurrent network by Maia et al. (2023). These approaches provide different representations of memory. In the 

present formulation, history is retained through persistent constitutive states supplied to a multilayer perceptron. 

 

A mechanically inactive plasticity observer is introduced alongside the damage only mechanical branch. This 

auxiliary calculation is termed shadow plasticity here. Its plastic tensor and accumulated slip are retained as history 

descriptors. They are not inserted into the student's stress decomposition. A local damage increment is proposed 

by the neural network. The proposal is converted into a scalar correction of the complete raw damage resistance. 

The original constitutive corrector remains responsible for the actual damage update. The governing balance 

equations and resistance floor are retained. 

 

The investigation is restricted to a fixed single edge notched specimen. The coupled reference, original damage 

only baseline, strength aligned control and analytical correction are included in the comparison with neural 

feedback. Damage initiation, spatial localization and force response are examined together. The strength aligned 

control separates the existing base resistance calibration difference from the influence of plastic kinematics. 

 

 

Method 
 

Constitutive Framework 

 

Microdamage evolution was evaluated in a single edge notched specimen under plane strain. The displacement 

and gradient damage balance equations were solved with a four node user element in Abaqus. The nodal unknowns 

were two displacement components and the microdamage field 𝜒𝑑. Spatial coupling remained governed by these 

equations. A mesh of 3184 physical elements was used. The prescribed displacement reached 0.3 mm over 1000 

s. Fields were stored every 5 s. The geometry and loading are shown in Figure 1. The active source parameters 

are summarized in Table 1. Cubic elasticity was retained with the source crystal orientation. Twelve slip systems 

and the source damage normal (0, 1, 0) were used. 

 

 
Figure 1. Specimen geometry and prescribed loading conditions 

 

Numerical rate coefficients follow the source mm, N and s convention. No additional reference rate was 

introduced. Actual plasticity was suppressed in the student through 𝑟0 = 1013 MPa. This value was also used in 

the coupled and observer grip regions. The strength aligned control retained the student mechanics while its base 

resistances were matched to the reference. 
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Table 1. Material parameters retained from the source implementation 

Parameter Numerical value Application 

𝐶11, 𝐶12, 𝐶44 205180, 144940, 92170 MPa Active cubic elasticity 

𝐻, 𝑥𝐻 , 𝑇ult −7500, 30000, 0.01 MPa Damage resistance and penalty 

𝐴 320 
Gradient coefficient in the adopted unit 

convention 

𝐾𝑑 , 𝑛𝑑 110,3 Damage rate 

𝐾𝑝, 𝑛𝑝, 𝑟0 551.3, 7.8, 122.5 Coupled plasticity and observer 

Student 𝑌0 300, 120, 1013 MPa Regular material, trigger and grip 

Reference 𝑌0 600,240, 1013 MPa 
Coupled, strength aligned and scratch 

reference branches 

𝜃 10 or 0 
Coupled and scratch reference, or actual 

student branches 

 

The coupled reference and damage only student were distinguished by their mechanical decompositions: 

 

𝐹 = 𝐹𝐶
𝑒𝐹𝐶

𝑝
𝐹𝐶

𝑑     𝑎𝑛𝑑     𝐹 = 𝐹𝐷
𝑒𝐹𝐷

𝑑 . 
 

Plastic history was retained in an auxiliary observer with persistent state variables 𝐹̄𝑝 and 𝛾̄. This auxiliary 

calculation is termed shadow plasticity here. The source plasticity update was evaluated using the current 

deformation and the student's previous damage state. The observer tensor was not inserted into the student's 

mechanical elastic gradient. Stress was calculated from 𝐹𝐷
𝑒 = 𝐹(𝐹𝐷

𝑑)−1. 

 

 

Model Variants and Resistance Correction 

 

Strength Aligned Control 

 

The strength aligned control was formed by changing only the base damage resistance in the original student. The 

regular and trigger values were increased from 300 and 120 MPa to 600 and 240 MPa. The grip value was 

unchanged. The damage only mechanical decomposition, suppressed plastic flow and original damage corrector 

were retained. Shadow plasticity was still calculated for observation, but its state was not used to correct resistance 

or actual stress. No neural predictor was used. This control was included to distinguish resistance calibration from 

the proposed plastic history correction. 

 

 

Analytical Correction Control 

 

In the analytical correction control, damage only mechanics and the original student base resistances were 

retained. The persistent shadow observer was advanced using the current deformation and previous student 

damage state. A separate local damage problem was then solved numerically using the updated observer plastic 

tensor, previous accumulated slip and reference resistance parameters. The proposed increment was converted 

into a scalar correction of the complete raw student resistance. The resistance floor was retained, and actual 

damage was computed by the original corrector. No network was used. Analytical therefore denotes a direct 

constitutive calculation, not a closed form solution. 

 

 

Neural Correction Model 

 

In the neural correction model, the active local proposal solve was replaced by a multilayer perceptron. Training 

targets were local damage increments generated on the analytical trajectory, not coupled finite element damage 

fields. Traction descriptors, student state and persistent shadow history were supplied as inputs. The proposal was 

limited by the source activation envelope and converted through the same inverse mapping into a raw resistance 

correction. The floor and original damage corrector were retained. Actual stress was still computed from the 

damage only branch with its original base resistances. No analytical proposal fallback or direct overwrite of actual 

damage was permitted. 

 

A multilayer perceptron with two 64 neuron hidden layers and hyperbolic tangent activation was used. Ten 

mechanics derived inputs represented traction, damage, time increment, observer history and resistance. Positive 

source active proposals were fitted with Adam using a standardized logit target. Normalization statistics were 
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calculated from training data only. A bounded sigmoid output was used. Training and development validation 

were separated by time blocks. Trials and accepted records from each increment were kept in one partition. 

 

The proposed increment 𝛿𝑝 was restricted by the original increment bound and a source activation envelope. The 

envelope causes the proposal to approach zero as the initial observer overstress approaches zero. The required 

resistance was then calculated as 

 

𝑌req = 𝑡𝐷(𝛿𝑝) − 𝐾𝑑 (
𝛿𝑝

Δ𝑡
)

1/𝑛𝑑

, 𝑎 = 𝑌req − 𝑌𝐷
raw(𝛿𝑝). 

 

Here 𝑡𝐷 denotes the actual student damage traction. The source numerical rate coefficient 𝐾𝑑 = 110 and exponent 

𝑛𝑑 = 3 were retained in the adopted mm, N and s convention. The scalar action 𝑎 was held fixed during the 

original damage corrector. The complete raw resistance was corrected before its physical lower bound was 

applied. Infeasible inverse proposals were projected onto that bound. Inactive states were handled by the source 

activation rule. The analytical control solved the scratch damage problem directly. In the neural model, that active 

proposal solve was replaced by the network without an analytical fallback. Actual damage remained governed by 

the original corrector. 

 

For the neural run, the complete element residual was differentiated numerically. Forward perturbations were 

applied to all twelve nodal unknowns. The corresponding displacement increments were perturbed consistently 

from identical incoming constitutive states. All blocks of the unsymmetric Jacobian were retained. The original 

controls used their existing approximate tangent. 

 

 

Comparison Procedure 

 

The coupled reference, original damage only model, strength aligned damage only control and analytical 

correction control were retained for comparison with the neural model. The regular and notch trigger reference 

resistances were twice the corresponding original damage only values. Grip resistance was unchanged. That 

calibration difference cannot be attributed to the plastic deformation decomposition. 

 

Local damage and microdamage were compared over all elements and saved times. The complete control histories 

covered 0 to 1000 s. The independently verified neural fields covered 0 to 205 s. Field comparisons involving the 

neural model used the same 42 saved times for every model. The retained neural force history ended at 196.875 

s. Force comparisons used exact common timestamps without interpolation. Damage regions were assessed at 

thresholds of 0.01, 0.05, 0.1 and 0.2. Region overlap, extent, area and first saved threshold crossings were 

evaluated alongside force and displacement. Shared edge connectivity was used to distinguish the damage region 

attached to the notch from remote activation. A threshold damage band was interpreted as an indication of fracture 

localization rather than a resolved traction free crack surface. The fixed specimen study was not an independent 

experimental or generalization test. 

 

 

Results and Discussion 
 

Early Neural Correction 

 

The verified neural comparison covered 42 saved field times from 0 to 205 s. Every model was evaluated over 

the same 3184 elements. The mean field error in Table 2 is the average of the 42 spatial RMSE values. The neutral 

observer without resistance feedback reproduced the original damage only fields and force history exactly. It was 

therefore omitted from overlapping curves. 

 

Table 2. Field agreement over the verified neural interval 

Model Mean RMSE of 𝑑 Mean RMSE of 𝜒𝑑 Region RMSE of 𝑑 Force RMSE (N) 

Original damage only 3.108 × 10−3 2.826 × 10−3 3.398 × 10−2 2853.0 

Strength aligned 2.162 × 10−5 2.008 × 10−5 4.599 × 10−4 24.3 

Analytical correction 2.068 × 10−5 1.836 × 10−5 5.190 × 10−4 34.8 

Neural correction 2.864 × 10−5 2.436 × 10−5 7.275 × 10−4 33.2 
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The region errors in Table 2 were pooled over the same reference mask 𝑑𝐶 ≥ 0.01. There were 264 element and 

time pairs across 24 nonempty frames. Force errors used 49 identical native timestamps from 0 to 195 s. The 

available neural force record extended to 196.875 s, separately from its field record through 205 s. No force value 

was extrapolated to the field endpoint. 

 

Mean damage error was reduced by 99.1% relative to the original damage only model. Both field errors were 

lower at 39 saved times and equal at the three remaining times. The damage region error was also substantially 

reduced. The improvement was therefore not explained solely by the large undamaged background. The analytical 

and strength aligned controls nevertheless retained lower mean field errors than the neural correction. Distinct 

superiority over these stronger controls was not established. 

 

The force response is shown in Figure 2. Early neural feedback recovered the increasing reference response, 

whereas premature softening was obtained in the original damage only model. The complete control responses 

are shown separately in the lower panel. A neural curve is not extended into that later interval. 

 

 
Figure 2. Force responses over separately verified loading intervals 

 

Figure 3 shows the declared 90 and 195 s events. The excessive spread of early damage in the original model was 

suppressed by the corrected models. The figure uses one common scale from 0 to 0.09 across every model and all 

42 early frames. Later control figures use a separate common scale from 0 to 0.4. The fields were not normalized 

independently. The reference regions at 𝑑𝐶 ≥ 0.1 and 𝑑𝐶 ≥ 0.2 were empty throughout the neural interval. These 

early results therefore establish damage initiation and localization agreement, not developed neural crack 

propagation. 

 

At 195 s, the neural region with 𝑑 ≥ 0.01 contained 32 elements compared with 30 in the reference. Its 

intersection over union was 0.9375, compared with 0.0872 for the original model. Some overextension remained 

at the 205 s endpoint: 46 neural elements were active compared with 38 reference elements. The overlap decreased 



International Conference on Basic Sciences, Engineering and Technology (ICBASET), September 17-18, 2026, Istanbul/Türkiye 

54 

 

to 0.8261 and the notch-connected extent exceeded the reference by 0.75 mm. The selected 195 s figure is 

therefore accompanied by the complete interval metrics rather than treated as a perfect endpoint prediction. 

 

 
Figure 3. Early damage fields over matched neural increments 

 

 

Complete Damage Localization in the Controls 

 

The complete control comparison covered 201 saved times from 0 to 1000 s. The results in Table 3 are not directly 

comparable with the shorter averages in Table 2. The original damage only response was improved by both 

strength alignment and analytical correction. Both damage fields had lower error at 198 saved times and equal 

error at three times. 

 

The strongest complete agreement was obtained with the strength aligned control. Its peak and terminal forces 

differed from the reference by 0.58% and 2.63%. The analytical correction also recovered the force level and 

damage band, but its terminal force remained 14.88% higher. Similar damage contours alone were therefore 

insufficient to establish identical structural response. 

 



International Conference on Basic Sciences, Engineering and Technology (ICBASET), September 17-18, 2026, Istanbul/Türkiye 

55 

 

Table 3. Field and force agreement over complete histories 

Model Mean RMSE of 𝑑 Mean RMSE of 𝜒𝑑 Peak force (kN) Final force (kN) 

Coupled reference Reference Reference 10.265 3.071 

Original damage only 0.00925 0.00772 5.241 0.367 

Strength aligned 0.00159 0.00141 10.324 3.151 

Analytical correction 0.00341 0.00313 10.449 3.527 

 

Native Abaqus damage contours are shown in Figure 4 for the coupled reference and analytical correction at 1000 

s. The plotted variable UVARM6 is local damage 𝑑. The common rainbow scale and undeformed geometry were 

retained. Native within element extrapolation was used with averaging disabled. Small negative display extrema 

can arise from that extrapolation; they are not negative accepted local damage. Numerical errors were calculated 

from unextrapolated integration point means. 

 

Figure 5 compares the completed controls at 300 and 1000 s. At 300 s, the reference region with 𝑑 ≥ 0.1 contained 

four elements and occupied 0.25 mm2. At 1000 s, it contained 288 elements and occupied 18 mm2. The same 

element sets were recovered by the strength aligned and analytical controls at both times. This is agreement in the 

threshold region, rather than equality of every damage amplitude. 

 

Propagation was also assessed over the complete history. Shared edge connectivity was used to isolate the damage 

component attached to the notch. At 𝑑 ≥ 0.1, mean front position error was 1.44 mm for the original model, 0.54 

mm after strength alignment and 0.64 mm with analytical correction. These values used 147, 147 and 146 times 

with defined paired fronts, respectively. Empty fronts were not assigned zero error. Remote activation occurred 

in the reference during part of the history. A global maximum damage coordinate was therefore not interpreted 

alone as the crack front. The advancing connected band provides an indication of fracture localization, not a 

resolved traction free surface. 

 

 

Interpretation and scope 

 

 

 
Figure 4. Native contours from the completed control simulations 
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The observer retained useful history but did not reproduce the coupled plastic state exactly. At 205 s, maximum 

element mean accumulated slip was 0.00122 in the neural observer and 0.00159 in the coupled reference. These 

values arose on different finite element trajectories. The comparison does not isolate observer error from the 

changed mechanical path. 

 

The reported neural analysis terminated during a constitutive trial after the accepted 205 s state. That later trial 

was excluded. The retained interval passed finite output, irreversibility and corrector compatibility checks. One 

gate remained ambiguous at stored precision but compatible with the source rule. Full internal tensor histories 

were not independently exported. The early comparison is consequently a bounded result, not evidence of full 

neural completion or later propagation. Numerical safeguards in a subsequent implementation do not extend the 

scope of these reported data. 

 

The positive finding is reliable early damage correction within the retained physical model, together with complete 

localization evidence from the controls. The base resistance difference was also shown to be important. The study 

does not establish an independent advantage of the observer or neural correction over appropriate strength 

alignment. Broader loading, mesh and experimental validation remain necessary. 

 
Figure 5. Damage propagation indicated by completed control histories 

 

 

Conclusion 
 

A neural increment proposal was embedded within the original constitutive damage corrector. Plastic history was 

retained by a mechanically inactive observer. Actual stress continued to be calculated from the damage only 

mechanical branch. The governing finite element equations were not replaced by a learned field map. Reliable 

damage localization and structural response were obtained in the completed control simulations. The reference 

threshold region was recovered at the declared later comparison times. The strength aligned damage only control 



International Conference on Basic Sciences, Engineering and Technology (ICBASET), September 17-18, 2026, Istanbul/Türkiye 

57 

 

provided the closest complete agreement. The calibration difference must therefore be separated from any claimed 

benefit of plastic history or neural correction. 

 

Early neural field agreement was substantially improved relative to the original damage only model. The neural 

findings are restricted to the independently verified early interval. Full neural completion and later crack 

propagation are not established by those results. The next requirement is a complete neural trajectory with the 

same field, connectivity and force checks. Additional loading paths and mesh resolution studies are required 

before broader predictive claims can be made 
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Abstract: Hollow-core reinforced concrete (RC) slabs are increasingly used for their reduced self-weight and 

integrated service voids, yet the influence of the internal channel cross-section shape on their behavior under near-

field blast loading remains largely unexplored. Existing numerical studies on blast-loaded RC members focus 

almost exclusively on solid or circular-void cross-sections, leaving the systematic effect of void geometry 

unresolved. This study numerically investigates the contact detonation response of hollow-core RC slabs with 

three different channel cross-section shapes (square, circular, and hexagonal) using a coupled finite element 

method and smoothed particle hydrodynamics (FEM-SPH) approach in Abaqus/Explicit. The TNT charge is 

represented by the Jones-Wilkins-Lee (JWL) equation of state, concrete is modeled with the Concrete Damaged 

Plasticity (CDP) constitutive law, and an adaptive FEM-to-SPH conversion is employed in the contact region so 

that cratering and fragment ejection are captured without element-deletion artifacts. A parametric matrix of 48 

models spanning three channel shapes, four lower-flange thicknesses (50-140 mm), and four charge masses (0.5-

2.0 kg) was analyzed. The results show that the channel cross-section shape significantly governs blast resistance: 

the circular and hexagonal sections exhibit comparable performance and undergo approximately 20% lower mean 

bottom-flange displacement than the square section. The 90-degree corners of the square section promote 

premature crack initiation and concrete crushing through stress concentration. A critical lower-flange thickness is 

identified, beyond which the failure mode transitions from global flexural collapse to localized perforation. The 

predicted crater dimensions agree well with previously reported contact-explosion experiments. 

 

Keywords: Hollow-core slab, Contact blast, FEM-SPH coupling, Channel geometry, Damage mechanism 

 

 

Introduction 

 

Protective reinforced concrete (RC) structures must resist blast loading, an extreme dynamic action characterized 

by a near-instantaneous rise of overpressure followed by rapid decay within a few milliseconds. Under such 

impulsive loading, concrete, being a brittle material, rapidly exceeds its elastic limit and may undergo severe local 

damage, spalling, and perforation. The conventional means of increasing blast resistance, namely adding mass 

and thickness, conflicts with the contemporary demand for lightweight and material-efficient construction. This 

tension has motivated the development of hollow-core RC slabs, in which periodic internal voids reduce self-

weight while offering the potential to redistribute and attenuate blast-induced stresses (Savaş & Bakır, 2022; 

Bakır, 2026). 

 

A substantial body of work has addressed the numerical simulation of blast-loaded RC members. Du et al. (2016) 

applied a coupled FEM-SPH method to model explosions inside pipes, capturing blast-wave propagation and 

dynamic fracture with a rate-dependent failure criterion. Karmakar and Shaw (2021) investigated the response of 

RC plates under blast loading using an FEM-SPH coupled framework, comparing several idealizations of the blast 

event and examining the effect of standoff distance and boundary conditions. Wang et al. (2023) employed an 

ALE-FEM-SPH coupling method to predict the spalling damage and fragment characteristics of RC slabs 

subjected to close-in detonation, validating fragment size and velocity distributions against experiments. 

Collectively, these studies established the FEM-SPH approach as an effective tool for blast problems that involve 

http://www.isres.org/
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large deformation, discontinuity, and material fragmentation. However, they considered solid or single-void cross-

sections; the systematic effect of the internal channel shape on the blast response of hollow-core slabs has not 

been addressed. 

 

Although circular voids are the most common choice in hollow-core construction, the abrupt geometric transition 

at the tangent points of circular hollows can lead to irregular stress accumulation under highly dynamic loading, 

indicating that circular geometry is not necessarily optimal for blast resistance. Alternative void shapes such as 

square and hexagonal present different wall inclinations, corner angles, and load-transfer paths that may 

substantially alter the damage mechanism under contact blast. Square voids introduce sharp 90-degree corners at 

which stresses concentrate, whereas hexagonal voids form inclined web-walls that can redistribute load between 

adjacent cells through a Vierendeel-type framing action, in a manner analogous to the honeycomb cellular forms 

found in nature (Bakır, 2026). A direct, systematic comparison of these channel shapes under identical loading 

and boundary conditions is therefore required to guide the selection of void geometry for blast-resistant design. 

 

The author's previous study (Bakır, 2026) focused on the parametric response and cross-validated surrogate 

modelling of hexagonal-hollow RC slabs subjected to standoff blast loading, using web thickness, charge mass, 

and hexagonal cell radius as the design variables. The present study addresses a distinct research question and 

uses a separate contact-detonation dataset: it systematically compares three channel cross-section shapes (square, 

circular, and hexagonal) while varying the lower-flange thickness and charge mass. Using a coupled FEM-SPH 

formulation in Abaqus/Explicit, a full-factorial parametric study of 48 models is carried out. The specific 

objectives are to quantify the influence of channel shape on peak deformation and energy dissipation, identify the 

failure-mode transition governed by lower-flange thickness, and characterize the crater morphology and damage 

mechanism associated with each void geometry. Thus, the present work extends the earlier geometry-specific 

standoff-blast study to a separate contact-blast regime and focuses on cross-sectional shape and local failure 

mechanisms rather than surrogate-model development. 

 

 

Method 

 

Coupled FEM-SPH Formulation 

 

Contact and near-field detonation subject the concrete in the immediate vicinity of the charge to extreme distortion 

that a purely Lagrangian finite-element mesh cannot sustain without severe element tangling. To overcome this 

difficulty, an adaptive FEM-to-SPH conversion technique is employed. The slab is initially discretized entirely 

with Lagrangian finite elements. When a finite element in the contact region reaches a prescribed conversion 

criterion, here a maximum principal strain threshold, it is transformed into smoothed-particle-hydrodynamics 

(SPH) particles that inherit the mass, velocity, and momentum of the parent element. The deviatoric and 

volumetric stresses of the converted particles are reset, so that the particles carry only compressive pressure and 

thus represent the fragmented, cohesionless material realistically. The finite-element and particle domains are 

solved together, with forces transferred across the interface through hybrid elements, and because the kinetic 

energy of each converted element is preserved, the ejection velocity of the fragments is captured accurately. 

Cratering and material ejection are thereby reproduced without the mass and momentum inconsistency associated 

with pure element deletion. 

 

In the present model the conversion is confined to the upper flange beneath the charge, the region that experiences 

direct contact loading and cratering, while the lower flange and the channel webs are retained as finite elements. 

This regional treatment reflects the physical observation that fragmentation is localized under the charge, keeps 

the particle count and computational cost manageable, and prevents spurious disintegration of the load-bearing 

lower flange, in agreement with the intact lower surfaces observed in contact-explosion experiments. 

 

 

Explosive Model 

 

The TNT charge is modeled with the Jones-Wilkins-Lee (JWL) equation of state, which describes the pressure p 

of the detonation products as a function of the relative volume V and the specific internal energy E, as given in 

Equation 1: 
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(1) 

  

where A, B, R₁, R₂, and ω are material constants determined from cylinder-expansion tests (Dobratz & Crawford, 

1985). The JWL parameters adopted for TNT are listed in Table 1. The charge is placed in direct contact with the 

upper face of the slab above the central channel, and detonation is initiated at the charge center. 

 

Table 1. JWL parameters for TNT 

ρ (kg/m³) D (m/s) A (GPa) B (GPa) R₁ / R₂ ω / E₀ (GPa) 

1630 6930 371.2 3.231 4.15 / 0.95 0.30 / 7.0 

 

 

Concrete and Reinforcement Models 

 

The concrete is represented by the Concrete Damaged Plasticity (CDP) model (Lee & Fenves, 1998), which 

combines isotropic tensile-cracking and compressive-crushing damage with multi-hardening plasticity and 

captures the degradation of elastic stiffness under load reversal. The strain-rate sensitivity of concrete and steel 

under blast loading is commonly represented through dynamic increase factors (Malvar & Crawford, 1998). A 

compressive strength of 30 MPa (grade C30) is adopted, with the plasticity-surface parameters summarized in 

Table 2. The tensile and compressive hardening behavior and the associated damage-evolution data are prescribed 

in tabular form, defined such that the plastic strain increases monotonically to ensure numerical consistency. The 

steel reinforcement consists of two orthogonal mats modeled with two-node truss elements (T3D2) and coupled 

to concrete through an embedded-region constraint, representing a perfect-bond idealization appropriate for the 

global flexural response of interest. 

 

Table 2. Concrete damaged plasticity parameters 

fc (MPa) Dilation ψ Eccentricity fb0/fc0 Kc Viscosity 

30 36° 0.1 1.16 0.667 1×10⁻⁴ 

 

 

Geometry, Boundary Conditions, and Mesh 

 

The slab has overall plan dimensions of 1.0 × 2.0 m. A row of channels runs along the span, formed by a 50 mm 

upper flange, a channel of 150 mm height, and a lower flange whose thickness is varied parametrically. Three 

channel cross-section shapes (square, circular, and hexagonal) are considered(Figure 1), each generating a distinct 

wall geometry between adjacent voids while maintaining a comparable void size. The slab rests on a soil-type 

support, idealized by restraining the vertical displacement of the bottom surface while leaving the in-plane 

directions free, reproducing the support condition of the reference experimental configuration (Savaş & Bakır, 

2022). The concrete domain is discretized with eight-node reduced-integration hexahedral elements (C3D8R) with 

enhanced hourglass and distortion control. The contact region beneath the charge uses a finer mesh (10 mm) to 

resolve the FEM-to-SPH conversion, whereas the remainder of the slab uses a coarser mesh (20 mm) and remains 

purely Lagrangian; the reinforcement is discretized with T3D2 truss elements embedded in the concrete host. 

 

 
Figure 1. Finite-element models of the three channel shapes 

 

 

Parametric Study 

 

A full-factorial parametric matrix of 48 models was generated by combining three channel shapes, four lower-

flange thicknesses, and four TNT charge masses, as summarized in Table 3. All other modeling choices 

(reinforcement layout, constitutive parameters, boundary conditions, and integration settings) were held constant, 
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so that the influence of the three design variables could be isolated. From each simulation the peak bottom-flange 

displacement, the crater depth, and the components of the energy balance were extracted 

 

Table 3. Parametric design matrix 

Variable Levels Count 

Channel shape Square, Circular, Hexagonal 3 

Lower-flange thickness 50, 80, 110, 140 mm 4 

TNT charge mass 0.5, 1.0, 1.5, 2.0 kg 4 

 

 

Results and Discussion 
 

Effect of Channel Cross-Section Shape 

 

The channel cross-section shape has a pronounced effect on the blast resistance of the slab. Table 4 reports the 

mean peak bottom-flange displacement for each shape, averaged over all thickness and charge levels. The circular 

(84.2 mm) and hexagonal (87.0 mm) sections perform comparably and exhibit the smallest mean displacement, 

while the square channel undergoes the largest displacement (106.7 mm). The circular and hexagonal sections are 

therefore approximately 20% more effective than the square section in limiting the bottom-flange deflection. 

 

This ranking is explained by the load-transfer geometry of each void. In the square channel, the flat soffit of the 

upper flange spans the full void width without inclined support, and the sharp 90-degree corners act as stress 

raisers that promote premature crack initiation and concrete crushing; the loaded flange therefore deflects most. 

By contrast, the circular section provides a smooth load-transfer path without sharp corners, while the inclined 

walls of the hexagonal section redistribute the load between adjacent cells. These geometric characteristics explain 

why the circular and hexagonal channels exhibit comparable responses and lower mean bottom-flange 

displacement than the square channel. The finite-element models of the three channel cross-section shapes are 

shown in Figure 1. 

 

Table 4. Mean bottom displacement by shape 

Channel shape Mean displacement (mm) Rel. to square 

Circular 84.2 −21.1% 

Hexagonal 87.0 −18.5% 

Square 106.7 reference 

 

 
Figure 2. Mean bottom displacement by shape 

 

 

Effect of Lower-Flange Thickness 

 

The lower-flange thickness strongly governs deformation and the failure mode. Table 5 lists the peak bottom-

flange displacement as a function of thickness for the three shapes at a fixed charge mass of 1.0 kg. For every 

shape, increasing the thickness from 50 to 140 mm reduces the displacement by a factor of four to five (for 
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example, from 136.4 to 28.1 mm in the square section). The reduction is steepest between 50 and 110 mm and 

diminishes beyond approximately 110 mm, indicating a region of diminishing returns and the existence of a 

critical lower-flange thickness above which further thickening yields little additional benefit. This trend is 

illustrated in Figure 3. 

 

Two distinct failure regimes are observed. For thin lower flanges combined with large charges, the entire cross-

section is driven downward and the slab fails by global flexural collapse, with the bottom flange displacing more 

than the crater depth on the loaded face. For thick lower flanges, the damage remains localized: the upper flange 

is perforated and a crater forms, but the lower flange and the reinforcement retain their integrity, corresponding 

to localized perforation. The transition between these regimes is controlled by the lower-flange thickness in 

combination with the charge mass. 

 

Table 5. Bottom displacement (mm) vs thickness (M = 1.0 kg) 

Shape 50 mm 80 mm 110 mm 140 mm 

Square 136.4 93.0 54.6 28.1 

Circular 109.5 49.1 30.6 20.6 

Hexagonal 100.1 47.0 31.1 — 

Dashes denote a small number of configurations that did not reach numerical completion under the initial-shock 

convergence limit. 

 

 
Figure 3. Displacement versus lower-flange thickness 

 

 

Effect of Charge Mass and Energy Dissipation 

 

Increasing the charge mass raises the deformation in a strongly nonlinear manner. For the square section with an 

80 mm lower flange, the peak bottom-flange displacement increases from a negligible value at 0.5 kg to 93.0 mm 

at 1.0 kg, 165.6 mm at 1.5 kg, and 204.4 mm at 2.0 kg. At the lightest charge the upper flange is only locally 

damaged and the bottom flange is essentially undisturbed, whereas at the heaviest charge the section approaches 

global collapse. This confirms that, for a given geometry, the charge mass is the dominant driver of the overall 

response, and that the beneficial effect of the channel shape is most valuable in the intermediate range, where the 

response is sensitive to the load-transfer geometry. 

 

The energy balance provides further insight. For the square section with an 80 mm lower flange under a 1.0 kg 

charge, the kinetic energy of the ejected material and detonation products dominates the balance (of the order of 

3.6 MJ), while the energy dissipated by concrete damage and plasticity is much smaller (of the order of 0.18 MJ). 

The proportion of energy absorbed by the slab, rather than transmitted to the ejected fragments, is greatest for the 

geometries that distribute the load most effectively, consistent with the displacement ranking above. 

 

 

Crater Morphology and Damage Mechanism 

 

The adaptive FEM-to-SPH conversion reproduces the crater and fragment ejection on the loaded face while 

preserving the integrity of the lower flange. In all configurations the crater develops on the upper flange directly 
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beneath the charge, with the converted particles ejected away from the slab, while the lower flange and channel 

webs remain as finite elements and do not perforate, consistent with the intact lower surfaces reported in contact-

explosion experiments. The square section shows the most extensive tensile-damage field around the crater, with 

damage bands emanating from the sharp corners, whereas the circular and hexagonal sections confine the damage 

to a smaller region, as compared in Figure 4. A cross-sectional view confirming the intact lower flange is shown 

in Figure 5. The predicted crater dimensions are in good agreement with the experimental crater measurements 

reported by Savaş and Bakır (2022) on hollow-core RC slabs subjected to contact charges, supporting the validity 

of the modeling approach. 

 

 
Figure 4. Tensile-damage distribution for the three shapes 

 

 
Figure 5. Cross-sections showing intact lower flange 

 

 

Conclusion 

 

This study numerically investigated the effect of the internal channel cross-section shape on the damage 

mechanism of hollow-core reinforced concrete slabs under near-field blast loading, using a coupled FEM-SPH 

approach in Abaqus/Explicit with a full-factorial parametric study of 48 models. Within the investigated contact-

detonation dataset, the channel cross-section shape significantly influenced the blast response of the slab: the 

circular and hexagonal channels perform comparably and are the most effective in limiting the bottom-flange 

deflection, giving a mean displacement approximately 20% lower than the square channel. The comparable 

response of the circular and hexagonal sections independently corroborates the trend reported in the author's 
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earlier standoff-blast study (Bakır, 2026), although the present result is obtained from a separate loading regime 

and parametric matrix. Their favorable behavior relative to the square section is attributed to their curved and 

inclined walls, which distribute the applied load more uniformly, whereas the sharp 90-degree corners of the 

square section act as stress raisers that promote premature cracking and crushing. 

 

The lower-flange thickness was found to strongly control both the magnitude of deformation and the failure mode. 

A critical thickness, of the order of 110 mm for the configurations studied, separates a global flexural-collapse 

regime from a localized-perforation regime, and thickening beyond this value yields diminishing returns. The 

adaptive FEM-to-SPH conversion reproduced the crater and fragment ejection on the loaded face without element-

deletion artifacts and preserved the integrity of the lower flange, in agreement with experimental observations, 

and the predicted crater dimensions matched previously reported contact-explosion measurements. Overall, the 

results indicate that the internal void geometry is an effective design parameter for blast-resistant hollow-core 

slabs, and that the hexagonal geometry offers performance comparable to the conventional circular void while 

avoiding the stress concentrations of the square section. 

 

 

Recommendations 

 

Future work should extend the present study to additional charge standoffs to cover the full near-field to far-field 

range, incorporate bond-slip and strain-rate (dynamic increase factor) effects in the constitutive models for 

improved local accuracy, and examine the fragment size and velocity distributions in greater detail. A mesh-

convergence study across the loading regimes and an experimental validation campaign specific to the non-

circular channel shapes are also recommended to further establish the reliability of numerical predictions. 
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Abstract: A field experiment was conducted in the Al-Qubba region, north of Mosul, to evaluate the effects of 

mycorrhizal inoculation, NPK compound fertilization, and sheep manure on the growth parameters and yield 

components of potato and green bean. The study was carried out in a calcareous Silty Clay soil characterized by 

low organic matter content and a deficiency in plant-available nitrogen and phosphorus. The experiment 

followed a Randomized Complete Block Design (RCBD) with three replicates, comprising 18 experimental 

units resulting from the interaction of the studied factors. The results indicated that all treatments significantly 

enhanced the growth of both crops, leading to marked increases in growth indicators (plant height, shoot dry 

weight, and number of branches). Furthermore, there was a significant improvement in yield components: tuber 

weight, number of tubers, and yield per plant for the potato crop; and number of pods per plant, number of seeds 

per pod, and total yield for the green bean crop. Additionally, nitrogen and phosphorus concentrations in potato 

tubers and green bean pods were increased. The integrated treatment (Mycorrhiza + NPK) significantly 

outperformed all other treatments across all vegetative growth parameters, yield components, and nutrient 

concentrations (N and P) for both crops.  

 

Keywords: Potato, Green bean, Fertilization 

 

 

Introduction 

 

Arbuscular mycorrhizal fungi (AMF) play a pivotal role in enhancing plant growth and productivity through a 

non-pathogenic symbiotic relationship established under natural conditions between the fungus and the host 

plant. Over 90% of vascular plants are capable of forming these symbiotic associations, which persist 

throughout the plant's life cycle (Sweeney et al., 2022). This symbiosis represents a key mechanism for 

improving plant health and yield by augmenting the uptake of essential nutrients, such as nitrogen (N), calcium 

(Ca), and magnesium (Mg), and particularly immobile soil elements like phosphorus (P). These fungi efficiently 

transport nutrients from soil zones beyond the reach of the root system; the mycorrhizal hyphae extend from the 

roots, effectively acting as an expanded root system that increases the reach, depth, and rate of water and 

nutrient absorption. Furthermore, fungal hyphae serve as a biological reservoir for nutrients, accumulating 

phosphorus within their structures and supplying it to the plant during periods of low soil P-availability (Smith 

et al., 2011; Ezawa & Saito, 2018). Mycorrhizae also play a crucial role in mitigating drought and salinity stress 

http://www.isres.org/
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by enhancing water uptake, boosting antioxidant activities, and regulating phytohormones such as auxins and 

cytokinins (Kakouridis et al., 2022; Wang et al., 2023). Beyond abiotic stress, mycorrhizae bolster plant 

resistance against diseases and pests by stimulating the production of inhibitory compounds, including lignin 

and flavonoids, as well as phosphatase enzymes known for their antimicrobial and anti-insect activities (Weng 

et al., 2022; Li et al., 2024; Chen et al., 2024; Farhaoui et al., 2025). Additionally, mycorrhizae contribute to the 

improvement of soil physical properties by promoting the formation of stable soil aggregates and increasing soil 

organic matter content (Rillig & Mummey,2006; Fall et al., 2022; Wu et al., 2024)  

 

Carrara et al. (2023) highlighted that soil inoculation with Arbuscular Mycorrhizal Fungi (AMF) resulted in an 

increase in tuber yield by up to 23% and a boost in antioxidant activity by as much as 120%. Furthermore, it led 

to a nine-fold increase in ergothioneine concentration and a 46% rise in soluble sugar levels. In a related 

context, Rodiño et al. (2025) indicated that AMF inoculation effectively enhances bean growth and improves 

grain quality. Their study suggests that the strategic integration of symbiotic mycorrhizae can mitigate pesticide 

dependence and foster the development of healthier, more sustainable food systems . 

 

High crop productivity can be achieved through the balanced application of NPK fertilizers tailored to the 

specific requirements of the crop. This approach not only optimizes fertilizer costs but also mitigates adverse 

environmental impacts. Hochmuth and Hanlon (2014) reported that applying appropriate rates of NPK enhances 

the growth of potato crops and significantly increases both tuber number and total yield. Similarly, it has been 

observed that NPK fertilization in common beans (Phaseolus vulgaris) leads to marked increases in plant height 

and leaf number. Furthermore, it substantially improves yield components, including pod length, the number of 

pods per plant, and the number of seeds per pod . 

 

Sheep manure is a nutrient-rich organic fertilizer renowned for its capacity to enhance the physical, chemical, 

and biological properties of soil. Its application reduces bulk density, increases water-holding capacity, 

promotes the stability of soil aggregates, and elevates soil organic matter content. Furthermore, it fosters 

microbial diversity and activity while supplying essential nutrients to the soil (Rayne & Aula, 2020; Elouear et 

al., 2016; Yu et al., 2024). Previous studies have demonstrated that fertilizing potatoes with sheep manure leads 

to significant increases in plant height, stem number, and chlorophyll content, as well as an improvement in 

tuber number and weight (El-Mesairy et al., 2022; Ierna & Distefano, 2024; Hou et al., 2024). Similarly, it has 

been found that sheep manure application enhances leaf area, leaf number, plant height, pod number and weight, 

and total yield in green beans (Bucagu et al., 2017; Sharifi et al., 2024). 

 

The integration of chemical fertilizers with bio-fertilizers or organic amendments often yields greater benefits 

than their sole application. Alhrout et al. (2016) observed that the highest green bean yield was achieved by 

combining poultry manure with NPK fertilizer. Moreover, Tadang et al. (2025) reported that the maximum yield 

for beans resulted from the co-application of cattle manure and vermicompost alongside NPK. Similarly, the 

inoculation of potatoes with mycorrhizal fungi at a rate of 15 g plant⁻¹, in the presence of mineral fertilizer, 

played a vital role in increasing production (Carong & Rafiuddin, 2025). 

 

Given the scarcity of research investigating the combined effects of bio-, mineral, and organic fertilizers on the 

growth and yield of potato and green bean, this study was conducted. The objective was to evaluate the impact 

of mycorrhizal inoculation, both in the presence and absence of NPK and sheep manure, on the growth 

parameters and yield components of these two crops. This research aims to contribute to ongoing efforts to 

enhance the productivity of these essential crops. 

 

 

Method 

 

A field experiment was conducted in the Al-Qubba region, Nineveh Governorate, during the 2018 growing 

season. The study was carried out on a Silty Clay soil;  

 

 Table 1. Illustrates the geographic coordinates of the experimental site and the taxonomic classification of the 

study soil 

 

 

Location Geographic Coordinates Order Suborder Great Group 

Al-Qubba 

GPS 

°36.51′00″N, 

°43.25′00″E 

Entisols Fluvents Typic Fluvents 
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Soil samples were collected from a depth of 0–30 cm from various locations across the experimental field. The 

collected samples were thoroughly mixed and homogenized, then passed through a 2-mm mesh sieve. From this 

mixture, a composite sample was obtained for the determination of key physical, chemical, and biological 

properties. Table (2) illustrates the physical and chemical characteristics of the study soil, which were analyzed 

following the methodologies described by Rikani et al. (2023). 

 

Table 2. Some chemical and physical properties of Study Soil 

Property Unit Value 

pH – 7.7 

Electrical Conductivity (EC) dS m⁻¹ 0.75 

Available Potassium (K)  

 

mg kg⁻¹ 

160 

Available Phosphorus (P) 9.2 

Available Nitrogen (N) 15.8 

Calcium Carbonate (CaCO₃) g kg⁻¹  284 

Organic Matter 11.2 

Cation Exchange Capacity (CEC) cmol(+) kg⁻¹ 28.5 

Field Capacity g kg⁻¹ 300 

Bulk Density Mg m⁻³ 1.34 

Sand  

g kg⁻¹  

95 

Silt 425 

Clay 480 

Soil Texture – Silty Clay 

 

Experimental area was then divided into two separate fields, one for each crop. Each field was organized into 

three blocks, with each block consisting of six experimental units. Each unit contained three ridges, with a ridge 

length of 3 m and an inter-ridge spacing of 75 cm. The experiment included six treatments for each crop: a 

control treatment, mycorrhizal inoculation, NPK fertilization (18:18:18) following the recommended rates of 

110 kg dunam⁻¹ for potato (Al-Nuaimi, 1999) and 100 kg dunam⁻¹ for green bean (Al-Abidi, 2010), a 

combination of Mycorrhiza + NPK, sheep manure application at a rate of 50 t ha⁻¹, and a combination of sheep 

manure + mycorrhizal inoculation 

 

The mycorrhizal inoculum was harvested from a field previously cultivated with onion after the harvest stage. 

The infection of the plants with mycorrhizal fungi was verified via microscopic examination according to the 

method described by Phillips and Hayman (1970). Subsequently, fungal spores were isolated using the wet-

sieving and decanting method as described by Gerdemann and Nicolson (1963). The spore density in the field 

soil was estimated at an average of 50 spores per 10 g of soil, which is consistent with the findings of Hammadi 

et al. (2017) regarding mycorrhizal spore isolation. 

 

The two crops were planted on ( / / ). Potato tubers (American 'Laberda' cultivar) were planted at a rate of one 

tuber per hill at a depth of 10–12 cm, with an intra-row spacing of 25 cm. Green bean seeds (cv. 'Izkyrda') were 

sown at a rate of 3 seeds per hill. Sufficient spacing was maintained between experimental units to prevent 

nutrient leaching and cross-contamination between treatments. Thirty days after planting, the potato and bean 

fields were inoculated with soil containing mycorrhizal inoculum, followed immediately by irrigation. 

 

The experiment was concluded on ( / / ). Plant samples were then ground and digested using concentrated 

sulfuric acid (H₂SO₄) and 30% hydrogen peroxide (H₂O₂). The concentrations of nitrogen (N) and phosphorus 

(P) in the acid extract were determined following the procedures of Tandon (1999). Finally, the total content of 

each element was calculated by multiplying the concentration by the dry weight (Jones, 2001). 

 

 

Results and Discussion 
 

Fertility Evaluation of the Study Soil 

 

As indicated in Table (2), the available phosphorus (P) concentration in the study soil was 9.2 mg kg⁻¹, which 

falls below the critical threshold of 10–15 mg kg⁻¹ proposed by Sandaña et al. (2018). This deficiency in 

available P may be attributed to the high calcium carbonate content (284 g kg⁻¹), elevated soil pH (7.7), and low 

organic matter content (11.2 g kg⁻¹) (Table 2). These conditions subject phosphorus to retention and 

precipitation reactions, thereby reducing its bioavailability. The dissociation of calcium carbonate into 

$Ca^{2+}$ and $CO_3^{2-}$ raises the soil solution pH, facilitating the reaction of dissolved calcium ions with 
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monocalcium phosphate to form dicalcium or tricalcium phosphate precipitates of lower solubility. Over time, 

these compounds transform into insoluble octacalcium phosphate. Furthermore, the high clay content in the 

study soil (480 g kg⁻¹) increases the specific surface area, enhancing the contact between dissolved phosphorus 

and clay minerals, which leads to greater P-fixation and reduced availability (Xiong et al., 2022). 

 

Similarly, Table (2) shows a low concentration of available nitrogen (N) in the research soil (15.8 mg kg⁻¹), 

which is below the critical level of 20 mg kg⁻¹ suggested by Al-Mosuli et al. (2019). The low N-availability is 

likely due to the low soil organic matter content (11.2 g kg⁻¹), nitrate leaching, and reduced microbial activity 

resulting from high temperatures, drought, lack of vegetative cover, and poor residue management (Hudhaifa, 

2025). Moreover, the high calcium carbonate levels and alkaline pH promote nitrogen loss through ammonia 

volatilization (Li et al., 2022; Ahmad et al., 2023). Consequently, the study soil requires an effective fertilization 

program to enhance nutrient availability, ensure optimal plant growth, and maximize yield. Overall, these 

findings align with previous studies emphasizing that calcareous soils necessitate precise fertilization 

management (Khan et al., 2018; Ali et al., 2020). 

 

 

Mycorrhizal Colonization Percentage of Potato and Green Bean Plants 

 

As presented in Table (3), the average mycorrhizal colonization rate of the roots reached 30% for both potato 

and green bean crops one month after planting. The table also indicates that the colonization percentages after 

two months were 40% and 60% for the two crops, respectively. This variation in colonization rates is consistent 

with the findings reported by Al-Kartani et al. (2013). 

 

Table 3. Mycorrhizal root colonization percentage in potato and green bean plants 

Plant type Mycorrhizal colonization percentage 

Potato After a month After two months 

Beans 30 40 

 30 60 

 

 

The Effect of Mycorrhizal Inoculation, NPK Fertilizer, and Sheep Manure on Some Growth Parameters 

and Yield Components of Potato and Bean Crops 

 

Results presented in Table (4) indicate that all fertilization treatments and their interactions led to significant 

improvements in growth, resulting in increased values of growth parameters for both potato and green bean 

crops. The highest growth values for both crops were recorded in the Mycorrhiza + NPK treatment. The 

interaction between mycorrhizal inoculation and NPK mineral fertilization led to a significant increase in plant 

height, shoot dry weight, and the number of branches per plant, with increase percentages of 46.60%, 71.89%, 

and 116.98%, respectively, for the potato crop. For green beans, the increase rates for the same three parameters 

were 58.06%, 12.96%, and 36.92%, respectively, compared to the control treatment, which recorded the lowest 

values for all indicators in both crops. Furthermore, Table (5) demonstrates that the applied fertilization 

treatments had a distinct impact on yield components, causing significant increases in these traits. The highest 

yield component values for both crops were observed in the Mycorrhiza + NPK treatment. Soil inoculation with 

mycorrhiza combined with NPK mineral fertilization resulted in a significant increase in the number and weight 

of potato tubers and total yield, with increase percentages of 114.50%, 117.46%, and 344.11%, respectively, 

compared to the control. In green beans, the increase rates for the number of pods per plant, number of seeds per 

pod, and yield per plant were 77.41%, 39.63%, and 100%, respectively, compared to the control. 

 

The observed increases in growth parameters and yield components under mycorrhizal inoculation and NPK 

fertilization may be attributed to the vital role of mycorrhizal fungi in enhancing plant growth. These fungi coat 

the roots with hyphae that functions as an extended root system, thereby increasing root expansion and 

penetration. This enhances the volume and rate of water and nutrient absorption. Additionally, mycorrhizae 

possess the ability to regulate growth hormones, particularly auxins and cytokinins. Moreover, the increase in 

organic matter in mycorrhiza-inoculated soil improves the physical, chemical, and biological properties of the 

soil, which is positively reflected in growth and yield components. 

 

The improvement in plant growth and yield components can also be attributed to the role of NPK compound 

fertilizer in providing essential elements (N, P, and K). These elements influence cell division and elongation; 

Nitrogen (N) is fundamental in the synthesis of chlorophyll, proteins, enzymes, and nucleic acids (Ye et al., 

2022). Phosphorus (P) is essential for the formation of energy compounds (ATP) and the synthesis of 
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Tryptophan, a precursor for the auxin Indole-acetic acid (IAA), as well as its role in DNA and RNA structures 

(Khan et al., 2023). Potassium (K) acts as a cofactor in cell growth and division, plays a key role in regulating 

cellular osmotic pressure, and contributes to stomatal opening and closing (Xu et al., 2020). 

 

The increase in growth and yield for both potato and bean crops may further be attributed to the enhancement of 

physical, fertile, and biological soil properties resulting from the addition of sheep manure. This organic 

amendment is rich in nutrients and crucial for boosting microbial activity and soil organic content (Du et al., 

2020). These findings are in agreement with Al-Tawarah et al. (2025) and Oladele et al. (2024), who reported 

improvements in potato and bean growth following mycorrhizal inoculation and sheep manure fertilization. 

 

 Table 4. The effect of mycorrhizal inoculation, NPK fertilizer, and sheep manure on some growth parameters of 

potato and bean crops 

 
 

 

The Effect of Mycorrhizal Inoculation, NPK Fertilizer, and Sheep Manure on Nitrogen and Phosphorus 

Concentrations (%) in Potato Tubers and Bean Pods 

 

Figures (1) and (2) illustrate that all applied fertilization treatments and their interactions led to an increase in 

nitrogen (N) and phosphorus (P) concentrations in both potato tubers and bean pods. As shown in Figure (1), the 

interaction treatments (Mycorrhiza + NPK and Mycorrhiza + Sheep Manure) outperformed all other treatments 

regarding N and P concentrations in potato tubers. The nitrogen concentration reached 2.10%, representing an 

increase of 35.48% compared to the control treatment, which recorded the lowest value (1.55%). Furthermore, 

the figure indicates that the highest phosphorus concentration in tubers was 0.39% under mycorrhizal 

inoculation, an increase of 77.27% over the control, which registered the lowest P concentration at 0.22%. 

 

Figure (2) shows that the highest concentrations of N and P in bean pods were observed in the Mycorrhiza + 

NPK treatment, reaching 3.21% and 0.41%, respectively. These values represent increase percentages of 

73.51% and 70.83%, respectively, compared to the control for each element. 

 

 Table 5. The Effect of mycorrhizal inoculation, NPK fertilizer, and sheep manure on some yield components of 

potato and bean crop 

 

The low concentrations of N and P in potato tubers and bean pods in the unfertilized (control) soil may be 

attributed to the low availability of these elements in the soil (Table 2), as N and P are subject to various loss 

processes that reduce their bioavailability. Conversely, the increased concentration of these elements in tubers 

and pods upon mycorrhizal inoculation can be attributed to the role of these fungi in enhancing nutrient uptake. 

Mycorrhizae support root absorption through an extensive network of fungal hyphae. Additionally, sheep 

manure plays a vital role in supplying the plant with N and P, while simultaneously improving the physical and 

biological soil properties that facilitate nutrient absorption. These findings are consistent with those of Nielsen 

et al. (1998), Ingraffia et al. (2019), Yang et al. (2020), and Karavidas et al. (2022), who observed significant 

Green beans Potato 

Treatment Nu.branches 

Plant-1 

Dry   

weight 

(gm) 

Plant Height 

(cm) 

Nu.branches 

Plant-1 

Dry   

weight. 

(gm) 

Plant 

Height 

(cm) 

g6.50 f12.40 c54.30 f6.30 f39.10 f58.40 Control 

c8.21 d13.60 a75.40 e9.00 d53.11 d62.10 Mycorrhiza 

d7.75 b14.20 b64.50 b12.00 c58.63 b69.50 NPK 

a8.90 a15.62 a85.83 a13.67 a67.21 a85.62 Mycorrhiza  + NPK 

f6.97 e12.81 c56.12 d10.31 e43.33 e60.31 Sheep manure 

7.53e 13.78c b67.45 c10.92 b60.42 c70.12 Sheep manure +Myc . 
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increases in N and P concentrations in plants following mycorrhizal inoculation and fertilization with sheep 

manure. 
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Figure 1. The effect of mycorrhizal inoculation, NPK fertilizer, and sheep manure on nitrogen and phosphorus 

concentrations (%) in potato tubers 
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Figure 2. The effect of mycorrhizal inoculation, NPK fertilizer, and sheep manure on nitrogen and phosphorus 

concentrations (%) in green bean pods 

 

 

Conclusions 
 

Based on the aforementioned results, it can be concluded that the soil in this study suffers from a significant 

deficiency in available nitrogen (N) and phosphorus (P). Soil inoculation with mycorrhizal fungi, combined with 

the application of NPK mineral fertilizer and sheep manure (organic amendment), substantially improved 

vegetative growth and enhanced the total yield of both potato and green bean crops. Furthermore, these 

treatments led to a marked increase in N and P concentrations within the plant tissues. Among all evaluated 

treatments, the Mycorrhiza + NPK interaction consistently demonstrated superior performance, achieving the 

highest values across all growth parameters, yield components, and nutrient concentrations for both crops. 
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Abstract: Thymus numidicus and Lavandula stoechas are aromatic and medicinal plants belonging to the 

Lamiaceae family. They are widespread in Algeria and used in traditional medicine and in the culinary arts. 

Deltamethrin is a chemical compound belonging to the pyrethroid family. It is mainly used as an insecticide and 

repellent for insects or snakes due to its neurotoxic properties. This study aims to evaluate the protective effects 

of Thymus numidicus (TNEO) and Lavandula stoechas (LSEO) essential oils against deltamethrin-induced 

toxicity in female rabbits. The chemical composition and biological activities of these two essential oils were 

assessed beforehand. The GC/MS analysis revealed that both essential oils are rich in monoterpene 

hydrocarbons and oxygenated monoterpenes. In TNEO, the major compounds identified were thymol and 

carvacrol, whereas in LSEO, fenchone and camphor. The antibacterial activity results showed that TNEO 

exhibited strong inhibitory effects against Gram-positive bacteria, while its activity was lower against Gram-

negative strains. On the other hand, LSEO demonstrated moderate antibacterial activity against both Gram+ and 

Gram- bacteria. The administration of deltamethrin at 1.28mg/kg/day for 14 days induced significant 

hematological, biochemical, and histopathological damage in both the liver and kidneys of female rabbits. The 

combination of Thymus numidicus and Lavandula stoechas essential oils exhibited a remarkable protective 

effect against the biochemical and histopathological alterations caused by deltamethrin exposure.  

 

Keywords: Thymus numidicus, Lavandula stoechas, Essential oils, Deltamethrin, Toxicity 

 

 

Introduction 

 

Over recent decades, essential oils (EOs) have attracted growing interest as promising agents for protecting 

against oxidative damage (Gupta et al. 2023). Essential oils have long been recognized for their medicinal value; 

they are a rich source of bioactive compounds with a wide range of therapeutic, industrial and environmental 

applications. They are increasingly regarded as valuable alternatives for mitigating the harmful effects of toxic 

agents, as well as for the prevention and treatment of various diseases (Borromeo et al., 2024; Küçükler et al., 

2021; Domingues et al., 2021). Among these, the essential oils of Thymus numidicus (TN) and Lavandula 

stoechas are important in both traditional medicine and culinary practices (Messara et al., 2018; Boukhatem et 

al., 2021; Yildizhan et al., 2023). These two species of the Lamiaceae family are distinguished by their 

remarkable pharmaceutical properties, and their antioxidant, anti-inflammatory, and antibacterial activities 

(Messara et al., 2018; Kaki et al., 2021; Rasheed et al., 2023). 
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Pesticides are chemical substances used to control pests such as insects, pathogens, and weeds (Alokail et al., 

2024; Yadav & Devi, 2017). Their widespread use poses a major threat to both public health and the 

environment due to their accumulated toxic effects (Makhlouf et al., 2025). According to WHO data prolonged 

exposure to pesticides is associated with adverse health effects, including endocrine disruption, neurological 

disorders, and an increased risk of cancer (Alokail et al., 2024; Bellala et al., 2022; Chargui et al., 2012). 

Depending on their chemical properties, pesticides may accumulate in the food chain and in various biological 

fluids such as blood, urine, and cerebrospinal fluid (Benedetti et al., 2018; Carvalho et al. 2017; and Mohammed 

et al., 2022). Among the organs most affected by pesticide toxicity, the liver and kidneys play a central role. The 

liver is the organ responsible for metabolism and detoxification, ensuring the biotransformation of endogenous 

and exogenous compounds (Mohammed et al., 2022). The kidneys, for their part, are essential for the 

elimination of metabolic waste and the maintenance of homeostasis (Sharma et al., 2014; Saoudi et al., 2017; 

Küçükler et al., 2021). 

 

Deltamethrin is a synthetic pyrethroid insecticide widely used for controlling pests in agriculture and public 

health programs (Basak et al., 2021; Bellala et al., 2022; Ilyas et al., 2023; Kangyuan Qu et al., 2024; Sharma et 

al., 2014). Its popularity is due to its effectiveness, low mammalian toxicity, and rapid degradation in the 

environment (WHO, 2011). However, the use of deltamethrin has raised concerns over its potential toxicity 

towards non-target organisms, including humans, pets, and wildlife.  

 

Therefore, understanding the toxicity of deltamethrin is critical for its safe use  and protecting the environment 

and human health. The WHO has set a maximum residue limit (MRL) of 5 mg/kg, but exposure to this 

concentration has been linked to histological alterations in the gastric mucosa (Halima et al., 2023). As a 

lipophilic molecule, it accumulates in fat-rich tissues such as eggs, muscles, and adipose tissues, as well as in 

aquatic ecosystems and agricultural soils, sometimes exceeding regulatory limits (Yadav et al., 2023) 

  

The main objective of this study is to evaluate the therapeutic potential of Thymus numidicus and Lavandula 

stoechas essential oils by evaluating their protective effect against deltamethrin-induced toxicity in female 

rabbits.  

 

 

Method 

 

Extraction and GC-MS Analysis of Essential Oils 

 

Samples of the aerial parts of the Thymus numidicus (TN) and Lavandula stoechas (LS) harvested were dried in 

the open air and protected from light for two weeks. After drying, the essential oils were extracted by 

hydrodistillation using a Clevenger-type apparatus. The chemical composition of the essential oils (TNEO and 

LSEO) was carried out by gas chromatography–mass spectrometry (GC-MS) using a Shimadzu gas 

chromatograph coupled with a selective mass detector. The system was equipped with an auto-sampler injector 

and an HP-5 fused silica capillary column (30 m × 0.25 mm, 0.25 μm film thickness). Helium was used as the 

carrier gas at a flow rate of 0.5 mL/min. The ionization voltage of the mass spectrometer was set to 70 eV. 

 

 

In Vivo Toxicity Study  

 

The study involved forty healthy nulliparous female rabbits. The rabbits were 4 months old and had an average 

body weight of 2600 ± 200 g. The rabbits were ear-tagged and divided into eight groups of six females each. 

The animals were kept in individual cages and all the necessary procedures were carried out in accordance with 

the standard laboratory conditions. These conditions included a 12-hour light/dark cycle, a temperature of 25 ± 

3°C and adequate ventilation. The rabbits were given a standard commercial pellet diet and had free access to 

drinking water ad libitum. The study was conducted over 28 days, divided into two distinct periods: the 

acclimatization and the treatment period (OCDE, 2008). 

 

The rabbits underwent a 14-day acclimatization period to adapt to the experimental conditions. After this period, 

the animals were randomly divided into different groups and received repeated doses of deltamethrin and/or 

essential oils by oral gavage once daily for 14 consecutive days. The control group received corn oil under the 

same conditions (Table 1). This was done in accordance with European Directive 2010/63/EU on the protection 

of animals used for scientific purposes.  
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Several studies (Rohan Yadav et al., 2023; Mohammed et al., 2022; Yousef et al., 2006) have used a 

deltamethrin dose of 1.28 mg/kg, corresponding to 1/100 of the median lethal dose (128 mg/kg).Based on these 

data, we selected the same dose (1.28 mg/kg) for our experiments. The essential oil dose was set at 0.5 mg/kg, 

based on previous work (Bokreta et al., 2021).  

 

Table 1. The allocation of experimental groups  
Groups Treatment  

Group S Group received corn oil 

Group P Deltamethrin (DM) treated group received 1.28 mg/kg/d BW  

Group TNEO Thymus numidicus essential oil (TNEO) treated group received 0.5mg/kg/d BW 

Group P+TNEO 
(Deltamethrin + TNEO) treated group received 1.28 mg/kg/d BW of Deltamethrin 

followed by 0.5 mg/kg/d BW after 1 h of DM administration 

Group LSEO Lavandula stoechas essential oil (LSEO) treated group received 0.5mg/kg/d BW 

Group P+LSEO 
Deltamethrin+ LSEO treated group received 1.28 mg/kg/d BW of Deltamethrin followed 

by 0.5 mg/kg/d BW of LSEO after 1 h of DM administration 

Group X Group received 0.5mg/kg/d BW of LSEO and 0.5mg/kg/d BW of TNEO 

Group P+X 
Group received 1.28 mg/kg/d BW of Deltamethrin followed by 0.5mg/kg/d BW of LSEO 

and 0.5mg/kg/d BW of TNEO after 1 hour of DM administration 

d BW : per day and body weight 

 

After dissection, the hides were removed immediately and organs (Kidneys and liver) were removed, weighed 

and measured to prevent any tissue degradation, then preserved in dry tubes filled with 10% formaldehyde 

(formalin) solution until uses. The coverslips were mounted onto the slides using a mounting machine after the 

slides had been stained and dried. The histological slides were observed and photographed using an optical 

microscope micros Austria which was equipped with a digital camera. Image acquisition was performed using 

ImageView (version x64, 4.10.17614.20200822) software, which allowed for precise and detailed capture of 

histological structures. Data were statistically analyzed to establish the dose–response relationship and to assess 

the significance of the observed alterations. 

 

 

Results and Discussion 
 

Chemical Composition of Essential Oils 

 

Essential oils of Thymus numidicus (TNEO) and Lavandula stoechas (LSEO) are both rich in monoterpenes and 

oxygenated monoterpenes (Tables 2 and 3, respectively). For TNEO, 16 major compounds are identified with 

thymol is the most predominant compound (32.71%), followed by carvacrol (10.3%), γ-terpinene (9.0%), and p-

cymene (8.0%). For LSEO, 13 major compounds are mentioned (Table 3). The results indicate a predominance 

of camphor (25.32%), followed by fenchone (19.16%) and eucalyptol (5.99%). 

 

Table 2. Chemical composition of Thymus numidicus EO (TNEO) 
Retention time (min) Compounds % 

9.1 α-thujene 1.0 

9.4 α-Pinene 4.3 

10.8 1-Octen-3-ol 1.1 

11.1 -Myrcene 2.5 

11.9 -Terpinene 2.9 

12.1 p-Cymene  8.0 

12.2 Limonene 1.8 

13.1 -Terpinene 9.0 

13.3 Cis-Sabinene hydrate 1.0 

14.1 Linalool 1.7 

17.4 Thymol methyl ether 1.2 

18.9 Thymol 32.7 

19.1 Carvacrol 10.3 

21.6 Caryophyllene 4.0 

23.1 -Bisabolene 4.4 

23.5 -Cadinene 1.1 
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Table 3. Chemical composition of Lavandula stoechas EO (LSEO) 
Retention time (min) Compounds % 

9.4 α-Pinene  1.4 

9.9 Camphene 2.9 

12.2 D-Limonene 1.0 

12.3 Eucalyptol 6.0 

14.0 Fenchone 19.2 

15.6 Camphor  25.3 

15.9 Borneol 1.7 

16.3 p-Cymen-7-ol 3.9 

16.9 Eucarvone 1.8 

18.7 Borneyl acetate 3.4 

19.5 Myrtenyl acetate 2.0 

24.9 Viridiflorol 1.8 

25.1 Cubebol 1.2 

 

 

In Vivo Toxicity Study  

 

Animal’s Behavior 

 

During the acclimation period, the female rabbits remained calm, with no notable behavioral changes observed 

across all groups, indicating good adaptation to the experimental conditions. However, during the treatment 

period, rabbits in the DLM-treated groups showed significant behavioral disturbances starting from the first 

hour of administration. These included tremors, agitation, unusual hyperactivity, tachycardia, and stereotyped 

behaviors such as excessive grooming and repetitive circular movements upon being returned to their cages. 

These alterations were particularly noticeable during the first two days of treatment and appeared to subside 

approximately one hour after gavage. These manifestations may be attributed to esophageal irritation caused by 

pesticide. In contrast, no behavioral changes were observed in the control group (S) or in the group treated with 

essential oils (TNEO and LSEO). 

 

 

Histomorphological on Kidneys 

 

The control group showed normal morphological features, with no signs of hemorrhage or pyknosis (Figure 

1A). In the renal cortex, the Malpighian corpuscles appeared well-organized, with rounded glomeruli and a 

clearly defined Bowman’s space, capillary and mesangial cells are clearly visible. No structural alterations were 

observed in the glomeruli, proximal convoluted tubules, or distal convoluted tubules, indicating that the renal 

structure remained intact and unaffected under the experimental conditions.   

 

The group of female rabbits treated with Deltamethrin (DLM) at a dose of 1.28 mg/kg/day showed significant 

destruction of renal structures, observable at both low and high magnifications (Figure 1B). In the group of 

female rabbits treated separately with TNEO (Figure 1C) and LSEO (Figure 1E), the glomeruli and renal 

tubules appear overall well-preserved. However, vascular dilation and possible red blood cell accumulation 

suggest a slight vascular disturbance, which may indicate mild toxicity. Notably, the toxic effects appear to be 

more pronounced in the LSEO-treated group, as evidenced by more visible vascular alterations and congestion 

(Figure 1E). Figure 1F showed that the DLM+LSEO-treated group had no major alterations in renal structure, 

no cellular disorganization or destruction, and numerous well-rounded glomeruli surrounded by renal tubules. 

However, the group treated with the mixture of the two essential oils (TNEO + LSEO) showed mild vascular 

congestion and preserved renal architecture, with intact glomeruli and no signs of inflammatory infiltration 

(Figure 1G). This suggests that the simultaneous combination of these two essential oils induces a protective 

effect against renal toxicity induced by DLM (Figure 1H). 

 

 

Histomorphological on Liver 

 

Histological observation of the liver sections shows that the control group (Figures 2A) exhibits well-preserved 

hepatic architecture, characterized by hepatocytes arranged in radial cords around the central vein. The hepatic 

lobules are well-defined, composed of hepatocytes with a regular shape, organized in plates and radially 

arranged around a central vein, known as the centrilobular vein. The hepatic sinusoids are well-defined, with no 
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signs of congestion, inflammation, or necrosis. The absence of structural abnormalities suggests a normal 

physiological state of the hepatic tissue. 

 

 
Figure 1. Histological sections of kidney tissue from female rabbits (H&E staining, ×100 magnification). 

Comparison between the control group (A), the DLM-treated group (B), the TNEO treated group (C), the 

DLM+TNEO-treated group (D), the LSEO treated group (E), the DLM+LSEO – treated group (F), 

TNEO+LSEO treated group (G) and DLM + TNEO + LSEO treated group (H) 

(G: Glomeruli; DT: Distal Tube; PT: Proximal Tube; and     hemorrhages 

 

 
Figure 2.Histological sections of liver tissue from female rabbits (H&E staining, ×100 magnification). 

Comparison between the control group (A), the DLM-treated group (B), the TNEO treated group (C), the 

DLM+TNEO-treated group (D), the LSEO treated group (E), the DLM+LSEO – treated group (F), 

TNEO+LSEO treated group (G) and (DLM + TNEO + LSEO) treated group (H) 

(CV: Central Vein; PT: Portal Triad; and     hemorrhages) 
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The group of female rabbits treated with Deltamethrin (DLM) at a dose of 1.28 mg/kg/day exhibits hepatic 

lesions characterized by significant histopathological alterations (Figure 2B). Necrosis, hemorrhages, and 

dilation of the sinusoids and portal spaces are observed. Additionally, inflammation with cellular infiltration is 

evident, indicating severe hepatic damage (Figure2B). The liver of the TNEO-treated group exhibits visible 

sinusoidal dilation and vascular congestion (Figure 2C). Small scattered hemorrhagic areas are also observed, 

along with mild inflammatory infiltrates. However, the overall hepatic architecture remains preserved, 

suggesting moderate toxicity (Figure 2C). The group treated with DLM+TNEO (Figure 2D), exhibits significant 

dilation of the portal spaces and enlarged sinusoids, which may indicate blood congestion or hepatic distress. A 

slight perivascular edema is also observed, suggesting a moderate inflammatory reaction.  

 

Although hepatocytes are generally preserved, signs of cellular stress are evident (Figure 2D).The liver of the 

LSEO- treated group exhibits modifications in the portal spaces, characterized by dilation and a clearer 

appearance around the vessels, suggesting the presence of edema (Figure 2E). A mild inflammatory infiltrate is 

visible in the portal space, marked by dark cells around the vessel, indicating a moderate inflammatory response. 

Hepatocytes are generally preserved, but a slight dilation of the sinusoids is observed, potentially indicating 

moderate congestion, which may suggest hepatic distress or moderate toxicity (Figure 2E). The liver of 

DLM+LSEO treated group exhibits hypertrophy of the portal space accompanied by perivascular inflammation 

(Figure 2F). An inflammatory infiltrate, in the form of small dark cells surrounding the vessel, is observed, 

indicating an inflammatory reaction (Figure 2F). Vascular congestion is also noted, with an accumulation of red 

blood cells in the vessels, suggesting an alteration in hepatic blood circulation. Furthermore, the clear zone 

around the vessel may reflect an inflammatory response and could be an early sign of hepatic fibrosis (Figure 

2F). The liver of the group treated with both essential oils (TNE + LSEO) exhibits generally preserved 

hepatocytes, although the sinusoids appear slightly more visible (Figure 2G). No inflammatory infiltrate is 

observed, but moderate signs of hepatic distress are present (Figure 2G). The group of female rabbits treated 

with DLM and both essential oil (TNEO and LSEO), exhibits dilation of the portal spaces, with a clear halo 

around the vessels, suggesting the presence of marked perivascular edema (Figure 2H). An inflammatory 

infiltrate is also observed, along with slight modifications in the sinusoids. Additionally, possible hepatocyte 

alterations are noted, indicating signs of intermediate hepatic distress (Figure 2H). 

 

 

Conclusion  
 

The present study clearly demonstrates that administration of DLM at 1.28 mg/kg/day for 14 days, acting on the 

nervous system induced significant histopathological damage in both the liver and kidneys. Our findings are 

consistent with those reported by Saoudi et al., (2017), who observed marked renal histopathological alterations 

in rats treated with an intraperitoneally injection of deltamethrin at a dose of 7.2 mg/kg body weight, including 

tubular epithelial cell necrosis and vacuolation. 

 

In the kidneys, DLM caused glomerular alterations suggestive of atrophy and inflammation, tubular dilatation, 

and cellular damage (pyknosis), consistent with previous reports of DLM-induced nephrotoxicity. Saoudi et al. 

(2017) observed tubular necrosis and vacuolation in rats, while Jiang et al. (2024) linked DLM to renal fibrosis 

via the TGF- β/Smad2/3 pathway and noted inflammatory infiltration. The observed glomerular proliferation 

and capillary compression in our study might reflect an acute inflammatory response or early glomerulonephritis 

(Ahmadvand et al., 2016; Yildizhan et al., 2023). 

 

The liver, as the primary site of detoxification, is particularly vulnerable to damage from xenobiotics like DLM. 

Similarly, the liver exhibited severe lesions following DLM exposure, including hepatocyte necrosis, 

hemorrhage, sinusoidal dilation, and inflammation. These findings align with the known hepatotoxicity of 

DLM, attributed mainly to its metabolism in the liver leading to the generation of reactive oxygen species 

(ROS) and subsequent oxidative damage (Abdel-Daim et al., 2015; Küçükler et al., 2021).  

 

The administration of essential oil alone induced mild histological changes, primarily vascular congestion in 

both organs and slight inflammation in the liver. This suggests that the dose used (0.5 mg/kg/day) might have 

slight pro-inflammatory or vasoactive effects, or it could reflect a physiological response. However, the overall 

architecture remained preserved, indicating low intrinsic toxicity at this dose under the current experimental 

conditions. The hemorrhages observed in the liver of the TN-treated group may be due to thymol metabolism 

(Liu et al., 2022). Although the use of EO rich in monoterpenes is generally considered safe, an overdose can be 

harmful to humans (Wojtunik-Kulesza, 2022). 
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Abstract: The study focus on determining the pedogenic development, mineralogical and micromorphological 

characteristics of sedimentary soils in northern Iraq. Four soil pedons had been selected around Mosul Dam 

Lake in northern Nineveh province, to represent these soils. The main objective of this study was to determining 

some of the mineralogical and development characteristics of sedimentary soils in these sites. The process 

involved a morphological description of soil pedons in the sites, laboratory analyses to determine the physical 

and chemical properties of soil samples, XRD analysis of clay minerals, and thin section analysis for soil 

micromorphology. The results indicated That the soil textures were clay, silty clay and clay loam, with the 

variations in physical and chemical and morphological characteristics of studied sites. whereas, thin section 

analysis revealed carbonate and gypsum nodules, clay masses, and dissolution voids, indicating transmission 

and accumulation processes. XRD analysis identified a mixed mineral assemblage consisting of chlorite, illite, 

palygorskite, montmorillonite, and gypsum. The occurrence of palygorskite under alkaline and moisture-

deficient conditions reflects pedogenic processes typical of semi-arid environments (Azimi et al, 2025). 

Therefore, these findings provide new insights into soil genesis and mineral transformation in northern Iraq and 

contribute to the sustainable management and conservation soil resources in semi arid zones.  

 

Keywords: Sediment soils, XRD analysis, Micromorphological characteristics 

 

 

Introduction 

 

The sediment soils of northern Iraq have unique properties influenced by semi-arid climatic conditions, it were 

formed as a result of fluvial and wind deposition of clastic materials originating from the surrounding mountain 

ranges, particularly in the Tigris basin and foothill areas (Aziz et al., 2009; Sissakian et al., 2025). Most of these 

sediments are composed of limestone, marl, and gypsum (Khalaf et al, 2024; AlQaisi et al., 2026). These soils 

play a fundamental role in agricultural productivity, environmental sustainability, and land use development 

(Sardoo et al., 2023; Al baghdady & Alabadi, 2021; Al-Badrani & Al-Khafagi, 2025; Altaee et al., 2025). The 

geological and climatic diversity of the region has contributed to make a significant spatial variability in their 

physical, chemical, mineralogical, and morphological characteristics, including differences in texture, fertility, 

and clay mineral composition (Husein et al., 2017; Kaletova et al., 2022). Soil formation and pedogenic 

development in semi-arid regions is often influenced by interaction between parent material mineralogy and the 

prevailing moisture regime. Despite of some studies being conducted on these soils, detailed investigations into 

the micromorphological fabric and clay mineral stability are limited (Horváth et al., 2016). The development of 

sediment soils in semi-arid regions is governed by numerous environmental conditions, including climate 

defined by annual rainfall, temperature average, wind intensity and direction (Nortcliff, 2009; Verheye, 2009). 
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Topography also plays a significant role, along with human activities such as tillage systems and irrigation 

methods, as well as the impact of soil parent material (Blume et al., 2002; Azimi et al., 2025). In general, soil 

development is a result of soil forming factors and processes over time, which include the weathering of 

geological materials and their transformation under new conditions into new products that are similar to or 

different from the parent material, and the degree of soil development  depends on the intensity of influencing 

factors and the type of parent materials, (Nesbitt & Young, 1996; Silva et al., 2025). However, the processes of 

soil formation and development are numerous and complex, no one process can be given priority over another, 

and these processes proceed in a specific direction and under specific conditions, and the final result is the 

formation and development of the soil (Bockheim et al., 2014). The development of soil profiles includes the 

weathering of clay minerals and their transformation it from primary to secondary minerals, interspersed with 

processes of transport and deposition of mineral components between the horizons of soil profiles (Al-Khalaf & 

Al-Saad, 2017; Khalid, 2019). Clay minerals are the most active component of soil minerals, such as Mica, 

Chlorite, Illite, Montmorillonite, Kaolinite, Palygorskite, Gypsum, Vermiculite and others, making their 

chemical, physical, and micromorphological properties a significant factor of many soil characteristics (Usul & 

Dengiz, 2010; Heeshan et al., 2022; Alhadede et al., 2025). X-ray diffraction is the most common and accurate 

method for characterizing the mineral composition of clay particles and detecting clay minerals in soil, both 

quantitatively and qualitatively (Zhou et al., 2018). XRD is available technology to identify and measure all 

minerals present in clay-rich rocks such as mudstone, shale, and marls (Srodoi et al, 2001; Remigio et al., 2022). 

The study of soil micromorphological characteristics is an essential tool for understanding the degree of change 

that occurs within soil pedons as a result of pedogenic processes, soil development, human activities, and the 

influence of soil organisms (Ismaeal, 2022). Micromorphological investigations provide valuable information 

on soil genesis, mineral composition, and the mechanisms involved in soil formation and evolution (Jahan & 

Manafi, 2018). These characteristics are commonly examined using thin-pedon techniques under optical or 

electron microscopes, allowing detailed observation of soil constituents and their spatial relationships in three 

dimensions. Such analyses contribute significantly to the assessment of biogenic features and the interpretation 

of soil-forming environments and processes (Dincă et al., 2022). Therefore, this study aimed to: [1] identify the 

different properties of sedimentary soils in selected areas of northern Iraq. [2] Assessing the pedogenic 

development of soil pedons.  [3] determine the micromorphological and mineralogical characteristics of soil 

pedons. 

 

 

Materials and Methods 
 

The Studied Sites Description 

 

This study was conducted on the sedimentary soils surrounding Mosul Dam lake, which is located to north of 

Nineveh province, Iraq. The study area are located within semi-arid zones, and these soils were classified into 

Aridisols and Inceptisols orders according to USDA (Soil Survey Staff, 2006). Four soil pedons were chosen 

and randomly distributed around the lake (Figure 1), to represent all directions (north, west, south and east). 

Soils of the study area are characterized with difference of parent material, as gypsum, limestone and marls 

constitute the majority of it (Issa et al., 2014). Land in the study area is flat to a slight slope, the vegetation 

consists of wheat, barley, and vegetable crops.  

 

 
Figure 1. The map of study sites 
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Table 1 shows the informations (the coordinates, the elevation and the vegetation) of soil pedons, the symbols 

P1, P2, P3 and P4 were assigned to represent first, second, third and fourth soil pedons respectively. The climate 

of the study area is characterized by variations in average temperatures throughout the year. In Summer, the 

temperatures ranged between (30-45) ℃, while in winter, the temperatures ranged between (0-12) ℃. This 

climate is generally considered the Mediterranean. The average annual rainfall is between (150-400) mm, and 

the periods of rainfall are concentrated during winter and spring seasons. 

 

Table 1. The information of soil pedons 

Pedon 
Coordinates Elevation 

(m) 
Vegetation 

N. E. 

P1 36.609779° 42.903001° 327 wheat 

P2 36.691454° 42.938047° 332 vegetable crops 

P3 36.764594° 42.755139° 330 vegetable crops 

P4 36.717219° 42.734122° 329 barley 

 

 

Field Work and Morphological Description 

 

Four soil pedons (P1, P2, P3 and P4) were excavated, and the soil profiles that direct sunlight were 

characterized into horizons, and described morphologically according to USDA (Table 2). Undisturbed soil 

samples were collected from subsurface horizons (B horizons) for thin pedons preparation and 

micromorphological analysis. In addition, soil samples were collected from all horizons (12  soil samples), then 

the samples were placed in labeled plastic containers and subsequently transported to the laboratory for 

analyses. 

 

Table 2. Morphological properties for soil pedons P
ed

o
n
 

H
o

rizo
n
 

Depth 

(cm) 

Soil color 

S
tru

ctu
re 

C
o

n
sisten

cy
 

B
o

u
n

d
ary

 

dry wet 

P1 

Ap 0-20 10YR 5/3 b 10YR 3/3 db Bfsa SFpl c 

B 20-47 10YR 5/4 yb 10YR 4/4 dyb Bmsa SFpl c-w 

Ck 47-100 10YR 7/4 ypab 10YR 4/4 dyb Bma SFspl w 

P2 

Ap 0-8 10YR 5/3 b 10YR 4/3 b Bfsa SFpl c-w 

B 8-38 10YR 5/4 yb 10YR 3/3 db Bma SFpl c-w 

C 38-95 10YR 5/6 yb 10YR 4/6 dyb Bma Shp w 

P3 

A 0-12 10YR 6/4 lyb 10YR 4/4 dyb gfm Shpl w 

B 12-57 10YR 5/4 yb 10YR 3/3 db Bma SFpl c-w 

Ck 57-100 10YR 5/3 b 10YR 3/3 db Bma SFpl w 

P4 

Ap 0-15 10YR 6/4 lyb 10YR 4/4 dyb Bfm FSpl w 

B 15-48 10YR 5/3 b 10YR 3/3 db prma Shpl w 

C 48-95 10YR 5/3 b 10YR 3/3 db Bma SFpl w 

Notes: l=light, y=yellowish, b=brown, d= dark, pa=pale;: B=blocky, f=fine, sa=subangular, m=moderate, 

a=angular, pr=prismatic, g=granular   : S=Slightly, h=hard, F=friable, pl=plasticity, s=sticky,: c=clear, w=wavy. 

 

 

Laboratory Work 

 

Disturbed and undisturbed soil samples were prepared for the physical and chemical laboratory analyses, that 

following: particle size distribution, bulk density, soil pH, soil EC, O.M., CEC, CaCO₃, and CaSO4.2H2O, 

analytical procedures were carried out according to (Rowell, 1994). 

 

 

Preparation of Soil Thin Pedons 

 

Thin pedons thick (30 μm) were prepared from undisturbed soil samples collected from B horizon of each soil 

pedon. Micromorphological observations were conducted using a polarized transmitted light microscope (Leitz 

Laborlux S model) at 40× magnification. Soil constituents and micromorphological features, including voids, 

mineral crystals, and soil aggregates, were characterized according to the methods described by FitzPatrick 

(1981). 
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Soil Mineralogical Analyses (XRD) 

 

The clay particles present in the soil samples of B horizon for all soil pedons were separated from other soil 

components (sand and silt) in the laboratory by precipitation according to Stokes' law, the carbonates, soluble 

salts, organic matter, and iron oxides have been removed (Moore & Reynolds, 1997). Approximately (30) mg of 

clay sample was placed on a (2.6 × 2.3) cm glass slide, then these samples were analyzed using the X-ray 

diffraction instrument (XRD-6000, Shimadzu, Japan). Clay samples that loaded on the glass slides have been 

subjected to the following treatments prior to XRD analysis (Al-Rawas et al., 1998): 

 

• Mg-saturated, air-dried. 

• Mg-saturated, ethylene glycol. 

• K-saturated, air-dried. 

• K-saturated, heated at 350 C°. 

• K-saturated, heated at 550 C°. 

 

 

Results and Discussion 
 

Physical and Chemical Characteristics for Soil Pedons 

 

Table (3) shows some physical and chemical characteristics of soil pedons in the studied sites, it is note that 

there variations within horizons and soil pedons. The particle size distribution results showed that the soil 

texture were clay (C), clay loam (CL), and silty clay (SC),  sand particles content ranged between (185-242) g 

kg⁻¹ in horizon C of P3 and the surface horizon A of P2 respectively, silt particles ranged between (295-411)  g 

kg⁻¹ in horizon C of P2, and horizon A of pedon P3 respectively, whereas the clay particles ranged between 

(375-500) g kg⁻¹ in horizon A of P3 and horizon C of P2. These variations may be attributed to parent materials 

nature, intensity of weathering processes, and soil forming and development processes in the studied sites (Kabi 

& Jena, 2025). 

 

Table 3. Physical and chemical characteristics for soil pedons C
E

C
 

cm
o

l.k
g

-1 so
il 

g.kg-1 

E
C

 

d
s.m

-1 

pH 

Bulk 

density 

Mg.m-

3 

T
ex

tu
re 

particles size 

distribution g.kg-1 

D
ep

th
 (cm

) 

H
o

rizo
n
 

P
ed

o
n
 C

aS
O

4  

C
aC

O
3  

O.M. clay silt sand 

25.22 13.63 203 18.00 1.18 7.70 1.47 SC 404 400 196 
0-

20 
Ap 

P1 21.39 13.50 191 16.12 0.70 7.90 1.52 C 418 389 193 
20-

47 
B 

20.00 16.81 235 10.14 0.47 7.70 1.41 C 411 375 214 
47-

100 
Ck 

26.50 12.15 186 19.50 0.85 7.80 1.45 CL 380 378 242 0-8 Ap 

P2 
23.68 11.85 200 14.33 0.62 7.60 1.56 C 419 390 191 

8-

38 
B 

20.62 15.47 228 10.52 0.49 7.80 1.60 C 500 295 205 
38-

95 
C 

23.41 14.63 184 17.40 1.21 7.90 1.44 CL 375 411 214 
0-

12 
A 

P3 18.37 11.77 219 13.82 0.71 7.70 1.53 C 420 386 194 
12-

57 
B 

17.54 12.74 227 8.65 0.50 7.50 1.59 C 422 393 185 
57-

100 
Ck 

24.71 10.42 193 20.13 1.00 7.90 1.46 SC 405 403 192 
0-

15 
Ap 

P4 22.45 10.66 197 12.50 0.62 7.70 1.50 CL 384 410 206 
15-

48 
B 

20.36 13.80 228 9.12 0.70 7.60 1.57 C 462 338 200 
48-

95 
C 

Notes: SC= Silty Clay, C= Clay, CL= Clay Loam. 
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Bulk density values ranged between (1.41-1.60) Mg.m-3 in horizon C of P1 and horizon C of pedon P2 

respectively. Generally, bulk density tended to increase with depth, which can be attributed to lower organic 

matter content, increasing clay content, and reduced biological activity in subsurface horizons, while the lower 

bulk density values in surface horizons are associated with organic matter accumulation and better soil 

aggregates. Such conditions enhance soil porosity, water infiltration, and root penetration. Soil pH values ranged 

between (7.50-7.90), indicating that all studied soils were neutral to slightly alkaline, that is due to the high 

CaCO3 content in the studied soils. Soil EC values at generally, were relatively low of all sites, the values 

ranged between (0.47-1.21) dS.m⁻¹  in horizon C of P2 and the horizon A of P1 respectively. Soil O.M. content 

showed considerable variation among the horizons, ranging from (8.65) g kg⁻¹ in horizon C of P3 to (20.13) g 

kg⁻¹ in horizon A of P4. In general, organic matter content was highest in the surface horizons and decreased 

progressively with depth. This distribution pattern reflects the accumulation of plant residues and greater 

biological activity in soil surface, differences along pedons may also be related to variations in vegetation cover 

and environmental conditions. CaCO₃ content of studied soils ranged between (184-235) g kg⁻¹, with the lowest 

value recorded in horizon A of P3, while the highest value was recorded in horizon C of P1. Moreover, soils of 

these areas are characterized by an abundance of lime as a natural result of the parent material, climate and 

environmental conditions of these soils containing calcite minerals, which is the main component of limestone. 

It was noted that CaCO₃ increased with depth in the most of soil pedons (Li et al., 2021). Similarly, 

CaSO4.2H2O content showed a slight increase with depth of soil pedons, it was ranged between (10.42-16.81) g 

kg⁻¹. in horizon A of P4 and the horizon C of P1 respectively. In general, the distribution of gypsum is also 

influenced by the mineralogical composition of parent material and environmental conditions. While CEC 

values ranged between (17.54-26.50) cmol.kg⁻¹ soil, in horizon C of P3 and horizon A of P2. These values have 

been associated with the clay and organic matter content along the horizons of soil pedons in studied sites. In 

addition, CEC has a clear influence in determining soil fertility and the content of nutrients necessary for plants. 

 

 

Thin Sections of Soil Pedons 

 

The results of micromorphological analyses (using a transmitted polarized light microscope) of undisturbed soil 

samples, obtained from subsurface horizon (B horizon) of all studied pedons, showed variation in the nature of 

micromorphological characteristics, including nodules, voids, and aggregate shapes. These features indicate the 

activity of some pedogenic processes responsible for soil formation in the study area, especially the processes of 

loss and gain of some soil components. Figure (2) indicates that the soil in this site is composed of sedimentary 

rocks of calcareous and gypsum origin, as evidenced by the presence of carbonates remnants and gypsum 

minerals, this results was consistent with the chemical and morphological properties of this soil pedon. 

 

 
Figure 2. Thin section for soil P1 

 

A figure also shows voids or cavities measuring (0.3 mm), which indicate the dissolution of minerals by 

rainwater or by plant roots growing in the soil. The presence of carbonate and gypsum minerals in the soil 

affects some of its chemical properties, such as its pH level and some of its fertility characteristics, in addition to 

physical properties such as permeability, structure, and aggregation. Figure (3) shows the presence of silicate 

clay minerals, specifically feldspars, which are aluminum silicates containing calcium and sodium between their 
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layers. It also shows the presence of clay masses, indicating the accumulation of clay minerals within the soil 

body, this result was consistent with the results of (Alhashyme & Khaled, 2025). Furthermore, the figure clearly 

shows the presence of carbonates and the distinctive forms of gypsum minerals (CaSO4.2H2O) in this horizon, 

and the predominant type of structure  in the soil sample is crumb and granular. 

 

  
Figure 3. Thin section for soil P2 

 

These results reflect the pedogenic processes under which this soil has been formed. The results of the analyses 

in Figure (4) showed the presence of quartz, indicating the presence of silica at this site, in addition to clay 

minerals inherited from the original sedimentary material. Quartz is characterized by its hardness and relatively 

high resistance to chemical weathering processes, and this mineral influences the physical properties of the soil. 

The soil at this site also exhibits vugs with difference sizes, which further indicate the dissolution and leaching 

of some soil components to deeper horizons by water. 

 

 
Figure 4. Thin section for soil P3 

 

Figure (5) shows the carbonate and gypsum groups, in addition to clay and various voids. These results reflect 

the state of the interconnected influence of the main soil components, especially the lime and gypsum content in 

this horizon, and the influence of the environmental factors surrounding those soils, in addition to the basic role 

in the activity of some pedogenic processes responsible for the formation of those soils. These processes 

indicate the occurrence of a movement of transport and deposition of mineral and organic materials (Soil 

plasma) with a size of soil colloids (less than 2 microns) within the soil, with the availability of the transporting 

agent represented by water (Owliaie & Abtahi, 2006). 
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 Figure 5. Thin section for soil P4 

 

 

XRD Analyses for Soil Pedons 

 

Figures (6-9) showed the XRD curves of clay samples taken from B horizon for each soil pedon, which were 

treated according to the treatments mentioned previously for Mg and K. The XRD analysis revealed the 

presence of a group of minerals represented by chlorite, illite, palygorskite, montmorillonite and gypsumt, this 

mixture of minerals is specifically a characteristic feature of soils in semi-arid climates. Figure (6) showed the 

presence of chlorite at the (14.7 A°) inversion, which remained stable upon heating up to 550 C°, (10.4 A°) peak 

and partial collapse upon heating of the K-saturated layer indicate the presence of palygorskite with thin 

montmorillonite layers. Illite appeared at diffraction (10 A°) in (Mg-air dry) treatment. 

 

  
Figure 6. XRD analysis for soil P1 

 

Gypsum (7.6 A°) is present alongside the palygorskite, indicating its concentration by evaporation under 

alkaline conditions rich in Mg and silicon (Khormali et al, 2003; Al-Mallah et al, 2016). This composition is 

consistent with soil formation models in the semi-arid regions of northern Iraq, where palygorskite forms 

spontaneously in gypsum-rich subsurface layers under conditions of soil moisture deficiency. Figure (7) showed 

the XRD analysis of soil pedon ( P2) clay sample, that the montmorillonite appeared with chlorite at diffraction 

(14.7A°) in the (Mg-ad) treatment, then it expanded at diffraction (17.7A°) in the (mg-Eg) treatment. The 

palygorskite (10.4 A°) reflection coincides with the gypsum (7.64 A°) reflection, while chlorite is clearly visible 

at (7.0 A°) and (14 A°). 
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Figure 7. XRD analysis for soil P2 

 

Gradual heating with K to 550 C° leads to the decomposition of montmorillonite, while palygorskite and 

chlorite remain stable, indicating the presence of a mixed assemblage of montmorillonite, palygorskite, chlorite, 

and gypsum, a characteristic feature of soil formation in semi-arid and low-moisture regions. In Figure (8), the 

peak of 17.7A° after treatment with Mg-eg confirms the presence of montmorillonite, while palygorskite 

persists within the 10.4 A° inversion and gypsum within the 7.64 A° inversion. Chlorite is identified by the 

stable peaks of (14.7A° and 7.0 A°) up to 550 C°. K-saturation and gradual heating to 550 C° lead to the 

decomposition of montmorillonite, but do not affect palygorskite and chlorite, indicating the presence of a 

mixture of soil minerals (montmorillonite-palygorskite-chlorite-gypsum) that formed under alkaline conditions 

with the influence of seasonal wetting and drying cycles (Song et al., 2020). Figure (9) showed appeared of a 

peak with (17.7 A°), unequivocally indicating montmorillonite with (Mg-eg). The 10.4 A° and 7.66 A° 

reflections correspond to palygorskite and gypsum, respectively. Chlorite is identified in 14.7 A° and 7.0 A°, 

which persists after K‑550 C°. The thermal stability of chlorite and palygorskite contrasts with the complete 

collapse of montmorillonite (Emadi et al., 2008). 

 

 
Figure 8. XRD analysis for soil P3 
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Figure 9. XRD analysis for soil P4 

 

 

Conclusioun 
 

This study provided an important assessment of the developmental degree, micromorphological and 

mineralogical characteristics of Sedimentary soils of the sites surrounding Mosul Dam lake in northern Nineveh, 

that classified into Aridisols and Inceptisols orders according to USDA. The study included thin sections and 

XRD anlyses, soil morphological data, and laboratory physical and chemical analyses for 12 soil samples, 

involved excavating 4 soil pedons, and providing scientific explanations of the processes controlling soil 

formation and development under semi arid conditions. 

 

The studied soils exhibited variations in physical, chemical, and morphological properties due to differences in 

the nature of parent materials (calcareous and gypsum), and the impact of soil formation processes. The results 

indicated that soils texture were clay, silty clay, and clay loam, with variations in CEC, O.M., CaCO3, and 

gypsum content. Thin section analyses using a polarizing microscope of subsurface horizon soil samples 

revealed the presence of carbonate and gypsum nodules, clay aggregates, and voids resulting from dissolution of 

the gypsum and carbonates. These formations are influenced by Translocation and deposition processes, and 

redistribution of the soil components within pedon horizons. These characteristics explain the chemical 

weathering impact on the secondary minerals’ formation, and the clay accumulation indicates movement of the 

clay particles through soil horizons under the seasonal rainfall impact, living organisms and the human activities 

through tillage processes and movement of the agricultural machinery. XRD analyses for clay samples identified 

assemblage of minerals Represented by chlorite, illite, montmorillonite, palygorskite, and gypsum. with stability 

of chlorite and palygorskite after thermal tretment, along with the inhibition of expansion and collapse of 

montmorillonite. The inclusion of palygorskite and chlorite reflects the geochemical conditions and low 

moisture, characteristics of semi arid environments. 

 

In general, the studied soils represent weak developed soils, resulting in the influence of parent material, 

climate, and inveromental conditions. These findings contribute to a better understanding of agricultural lands in 

these sites, and provide a scientific basis for soil agricultural management, and the sustainable use of soil 

resources in the semi arid regions. Furthermore, this study offers valuable insights regarding 

micromorphological and mineralogical characteristics, and sedimentary soils development, and can form a 

reference framework for future educational studies in similar areas. 
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Abstract: The global cocoa industry is changing dramatically, with the supply chain facing disruptions, climate 

change challenges, sustainability demands, and an increasing demand for technology-enabled processing and 

value-added products. Indonesia must improve its cocoa export competitiveness by shifting away from raw 

commodity exports to higher-value processed products. The current study analyzes comparative advantage, export 

market dynamics, and downstreaming of Indonesian cocoa exports, focusing on cocoa beans (HS 1801) and cocoa 

butter, fat and oil (HS 1804) in selected European markets. The research adopts a quantitative descriptive approach 

using international trade data from the United Nations Commodity Trade Statistics Database (UN Comtrade) and 

the International Trade Center (ITC) Trade Map. To measure the comparative advantage of cocoa beans and cocoa 

butter, Revealed Symmetric Comparative Advantage (RSCA) is used, and Export Product Dynamics (EPD) is 

used to measure their market position in the Netherlands, Belgium, France, and Germany. A Downstreaming 

Index measures the proportion of cocoa butter exports to total cocoa bean and cocoa butter exports. Results suggest 

that cocoa butter has a stronger comparative advantage than cocoa beans in some European markets, while EPD 

shows different market positions across destination countries. The Downstreaming Index indicates a transition 

from raw cocoa beans to cocoa butter. Processing enabled by technology, digital traceability, quality management, 

and supply-chain integration may enhance downstream competitiveness and help to comply with sustainability-

oriented market demands, the findings suggest. The study emphasizes the importance of the integration of cocoa 

downstreaming, technological upgrading and sustainable value chain development to improve Indonesia’s 

position in the global cocoa trade and sustainable international markets. 

 

Keywords: Digital transformation, Cocoa downstreaming, Cocoa industry 

 

 

Introduction 

 

Cocoa is a strategic plantation commodity in world agricultural trade, and it plays an important role in value 

addition, export revenue, and food industry development. However, the global cocoa industry is currently 

undergoing increasingly complex structural changes, driven by climate change, supply chain disruptions, price 

volatility, sustainability demands, and growing international market requirements. Such conditions stimulate 

cocoa-producing countries to focus not only on increasing the production of raw materials but also on improving 

supply chain efficiency, product quality, added value, and the ability to meet sustainability standards. Recent 

trends in the global cocoa market have highlighted the significance of supply chain resilience. The International 
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Cocoa Organization (ICCO) said global cocoa production was well below demand in the 2023/2024 season while 

cocoa prices were at very high levels on the back of supply constraints and erratic weather conditions. These 

conditions create opportunities for producing countries, such as Indonesia, to improve their position in the global 

cocoa value chain via productivity improvements, processing, product diversification, and the ability to improve 

export competitiveness. 

 

Conversely, the cocoa trade is increasingly fueled by demand for sustainability and more transparency in the 

supply chain. One of the most important and, at the same time, hardest markets is the European market, which 

places increasing importance on traceability, product origin, and compliance with ecological standards. With the 

entry into force of Regulation (EU) 2023, the EU Deforestation Regulation (EUDR) has increased the need for 

commodity exporters, such as cocoa producers, to provide traceability information to ensure that products placed 

on the market are deforestation-free and meet legality requirements. As a consequence, the competitiveness of 

cocoa in the European market is not only related to the price and volume of exports but also to the ability of the 

business actors to establish a transparent and well-documented supply chain that meets the criteria of 

sustainability. These changes make technology increasingly important in the development of the cocoa industry. 

Post-harvest processing technology, fermentation, quality control, digital traceability systems, supply chain 

management, and market information exchange can support efficiency improvements while also producing higher 

value-added products. In the context of international trade, technological transformation allows producing 

countries to shift from raw material suppliers to higher-value processing activities. Therefore, cocoa's 

competitiveness in a sustainable economy must be understood as a combination of the ability to produce 

competitive products, carry out value-added processing, meet quality standards, and respond to market demands 

that are increasingly technology- and sustainability-based. 

 

Indonesia is one of the world’s biggest cocoa producers and holds a strategic position in the global cocoa trade. 

However, the Indonesian cocoa sector has traditionally exported raw cocoa beans that have a relatively lower 

economic value compared to processed cocoa products. The Indonesian government has acknowledged this 

limitation and has ramped up downstream industrialization policies to enhance domestic value addition and to 

reduce reliance on raw commodity exports. Simultaneously, national cocoa development programs have focused 

on the rehabilitation and replanting of plantations, as many cocoa plantations are run by smallholder farmers with 

aging trees and decreasing yields. Better planting material, improved cultivation technology, and modern 

processing systems can be used to support sustainable production and industrial development (Ministry of 

Agriculture of Indonesia, 2024). 

 

In response to these conditions, the Indonesian government has promoted cocoa downstreaming policies to boost 

domestic processing and reduce dependence on raw-material exports. These policies have changed the structure 

of Indonesia's cocoa exports. Zikria et al. (2019) found that after the policy change in 2010, Indonesia's cocoa 

bean exports decreased, while processed cocoa exports increased and showed greater expansion potential than 

cocoa beans. This indicates that downstream processing can be an important instrument for increasing domestic 

value addition. However, an increase in the share of processed products does not automatically mean Indonesia 

has gained strong and sustainable competitiveness in every target market. In other words, structural 

downstreaming needs to be distinguished from the success of downstreaming in creating sustainable export 

competitiveness. Recent studies show that sustainable cocoa production systems combining technological 

innovation and agroforestry practices have the potential to improve ecological and environmental performance 

and market competitiveness (Schroth et al., 2024; FAO, 2023). 

 

Based on this gap, this research analyses the competitiveness and dynamics of Indonesian cocoa exports by 

comparing two product groups, namely cocoa beans (HS 1801) as the upstream product and cocoa butter, fat, and 

oil (HS 1804) as the processed product. The analysis covered four European markets: the Netherlands, Belgium, 

France, and Germany. Revealed Symmetric Comparative Advantage (RSCA) identifies comparative advantages 

more symmetrically, while Export Product Dynamics (EPD) identifies product positions based on market share 

developments and demand dynamics. The Downstreaming Index complements both approaches by illustrating 

changes in the export structure from cocoa beans to processed products. This approach allows the research to 

answer not only whether Indonesian cocoa has a comparative advantage but also whether that advantage persists 

in developing markets and whether changes in export structure indicate a greater orientation toward 

downstreaming. The analytical framework aligns with the research design in the article, which specifically 

compares HS 1801 and HS 1804 using RSCA, EPD, and the Downstreaming Index. Thus, the contribution of this 

research lies in the integration of comparative advantage, market dynamics, and downstream structure within a 

single framework for analysing Indonesian cocoa exports. Unlike previous studies that primarily assessed 

competitiveness or the impact of downstream policies separately, this research compares the performance of 

upstream and downstream products while considering the characteristics of the European target market. The 
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subsequent analysis results are interpreted in the context of technological transformation, value addition, 

traceability, and sustainability demands. With this approach, the research is expected to provide a more 

comprehensive understanding of whether Indonesia's shift from exporting raw materials to processed products 

has resulted in a tangible and sustainable export upgrading. 

 

Based on this background, this research aims to (1) analyze the comparative advantages of Indonesian cocoa bean 

and cocoa butter exports in the European market, (2) identify the dynamics and positions of both products in the 

Dutch, Belgian, French, and German markets, and (3) measure the development of downstream orientation 

through the Downstreaming Index. The research results are expected to inform downstream policy development, 

strengthen processing technology, improve quality and traceability, and support strategies to enhance the 

competitiveness of Indonesian cocoa in international trade, which is increasingly oriented toward sustainability. 

 

 

Method 

 

Research Design 

 

This study employed a quantitative descriptive approach to analyze the competitiveness and market dynamics of 

Indonesian cocoa exports in the context of global economic transformation and technology-driven downstream 

industrialization. The analysis focused on cocoa beans and processed cocoa products exported by Indonesia to the 

international market. Secondary data were obtained from the United Nations Commodity Trade Statistics 

Database (UN Comtrade) and the International Trade Centre (ITC Trade Map), which provide comprehensive 

international trade statistics. The study utilized annual export data covering the period 2014–2024 for cocoa 

products classified under the Harmonized System (HS). 

 

 

Research Framework 

 

 
Figure 1. Research framework 
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This study adopts a quantitative descriptive approach to examine Indonesia's cocoa export competitiveness within 

the context of digital transformation, cocoa downstreaming, and sustainable agro-industrial development. The 

study is based on the premise that technological advancements in post-harvest processing, digital trade systems, 

supply chain management, and sustainability compliance contribute to the creation of higher-value cocoa 

products, which in turn affect export competitiveness and market dynamics. 

 

The analytical framework assumes that digital and processing technologies do not directly determine export 

performance; rather, they facilitate downstream industrialization, increase value addition, improve product 

quality, strengthen traceability systems, and enhance access to international markets. These improvements are 

expected to be reflected in higher comparative advantage and stronger market positioning of processed cocoa 

products compared to raw cocoa beans. 

 

 

Data Source 

 

This study uses secondary data obtained from the United Nations Commodity Trade Statistics Database (UN 

Comtrade) and the International Trade Center (ITC) Trade Map. The analysis focuses on Indonesia’s cocoa 

exports to selected European markets, namely the Netherlands, Belgium, France, and Germany, classified 

according to the Harmonized System (HS). The study specifically examines cocoa beans (HS 1801) as the primary 

raw cocoa product and cocoa butter, fat and oil (HS 1804) as the processed cocoa product. Export value data are 

collected for each product and destination market over the 2014–2024 observation period. The data are used to 

assess comparative advantage, export market dynamics, and the structural shift from raw cocoa beans toward 

processed cocoa through the Revealed Symmetric Comparative Advantage (RSCA), Export Product Dynamics 

(EPD), and Downstreaming Index approaches. The 2014–2024 period captures changes in Indonesia’s cocoa 

export structure during the development of downstream industrialization and the growing adoption of digital trade 

and supply chain systems. Data from UN Comtrade provide the primary basis for international trade values, while 

ITC Trade Map is used as a complementary source for cross-checking and validating export statistics. 

 

 

Data Analysis 

 

To evaluate export competitiveness, the study applied the Revealed Comparative Advantage (RCA) index 

developed by Balassa (1965). RCA measures the comparative advantage of a country's export commodity relative 

to global trade performance. An RCA value greater than one indicates that the commodity possesses a comparative 

advantage and is internationally competitive. 

 

 
 

where Xij represents Indonesia’s export value of cocoa product j , Xit is Indonesia’s total export value, Wj denotes 

world exports of cocoa product j , and Wt represents total world exports. 

 

In this study, RCA is employed not only to evaluate competitiveness but also to identify whether downstream 

cocoa products demonstrate stronger comparative advantages than raw cocoa beans. Higher RCA values for 

processed products are interpreted as evidence of successful value addition supported by technological upgrading 

and industrial processing capabilities. However, the RCA index has several weaknesses, including: the values are 

not symmetrical; the comparisons between countries or between commodities are not proportional/unbalanced. In 

addressing the issue, the symmetric comparison index has been used. The RSCA index is formulated as follows : 

 
 

Explanation: = RCA Index for country i, commodity j. Interpretation of RSCA Value: RSCA > 0, The 

country has a comparative advantage in that commodity; RSCA < 0, The country does not have a comparative 

advantage; RSCA = 0, Neutral (threshold point of advantage). 

 

To complement the competitiveness analysis, Export Product Dynamics (EPD) was employed to examine the 

dynamics of Indonesia's cocoa export position in the global market. EPD evaluates export performance based on 

growth in export market share and product demand in destination markets. The results are classified into four 
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categories: Rising Star, Falling Star, Lost Opportunity, and Retreat. This method enables the identification of 

market opportunities and the strategic positioning of cocoa products in international trade. EPD evaluates export 

performance using two dimensions: Growth of Indonesia’s export market share.  Growth of product demand in 

destination markets. Based on these dimensions, products are classified into four categories: 

 

Y-Axis: Growth of Market Share 

 

 
 

Explanation: Xij = total export value of Indonesia to the European Union market; Wij = total world export value to 

the European Union market. 

 

X-Axis: Growth of Export Share 

 

 
 

Explanation: Xaj = the export value of cocoa commodities (beans/processed) from Indonesia to the European 

Union market; Waj  = the export value of cocoa commodities (beans/processed) from the world to the European 

Union market. Based on these dimensions, products are classified into four categories: 

 

 
Figure 2. Export product dynamics (EPD) matrix 

 

Within this study, the EPD classification is interpreted within the framework of digital transformation and cocoa 

downstreaming. Products classified as Rising Star indicate that Indonesia has successfully increased its market 

share in expanding markets through value-added processing, technological innovation, and improved product 

quality. Falling Star products suggest that Indonesian cocoa products remain competitive despite declining market 

demand, reflecting the industry's ability to maintain market presence through efficiency and technological 

adaptation. Lost Opportunity products indicate that the industry has not fully captured growing market potential, 

highlighting the need for further technological upgrading, innovation, and market responsiveness. Meanwhile, 

products categorized as Retreat reflect declining competitiveness in shrinking markets, underscoring the need to 

strengthen downstream industrialization, digital integration, and sustainable production systems to improve future 

export performance. 

 

 

Interpretation of Digital Transformation and Downstreaming Effects 

 

The combined application of RCA and EPD provides a comprehensive assessment of both static competitiveness 

and dynamic market performance. Furthermore, the results were interpreted within the broader framework of 

cocoa downstreaming, technological transformation, and sustainable agro-industrial development to evaluate how 

value-added processing contributes to Indonesia’s export competitiveness in the global sustainable economy. The 

results of RCA and EPD are subsequently interpreted within the framework of digital economic transformation 
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and sustainable cocoa industrialization. Rather than measuring technology directly, this study uses 

competitiveness and market dynamics as outcome indicators of structural changes associated with technology 

adoption. 

 

A higher competitiveness level of processed cocoa products relative to cocoa beans is interpreted as evidence that 

technological upgrading in processing activities, quality management, traceability systems, and supply chain 

efficiency contributes to strengthening Indonesia’s position in global cocoa markets. Furthermore, the EPD results 

are used to identify whether downstream products benefit from evolving market preferences associated with 

sustainability standards, digital traceability requirements, and environmentally friendly production systems. The 

X-Model Potential Export Products method is a method that combines the results of the Vollrath Index with the 

Export Product Dynamic (EPD) results to generate a grouping of potential export products to specific countries. 

Here is the clustering of the X-Model Potential Export Product. 

 

Table 1. Combination of RSCA and EPD matrix 

RSCA Export Product Dynamic 

(EPD) 

X-Model  

RSCA > 0 Rising Star Optimistic Market Development 

Lost opportunity Development of Potential Markets 

Falling star Development of Potential Markets 

Retreat Development of Less Potential Markets 

RSCA < 0 Rising Star Development of Potential Markets 

Lost opportunity Development of Less Potential Markets 

Falling star Development of Less Potential Markets 

Retreat Development of Non-Potential 

Markets 

Source : Nurhayati et al. (2019) 

 

 

Downstreaming Index  

 

This study proposes a Downstreaming Index (DI) to quantify the downstreaming level of Indonesia’s cocoa 

exports by calculating the ratio of processed cocoa butter exports to total cocoa beans and cocoa butter exports. 

The index captures the structural shift from upstream raw cocoa beans (HS 1801) toward a higher value-added 

processed cocoa product, namely cocoa butter, fat, and oil (HS 1804). The Downstreaming Index is calculated 

using the following formula: 

 

 
 

where denotes the Downstreaming Index of Indonesia’s cocoa exports to the destination country in year ; denotes 

the export value of cocoa butter, fat, and oil (HS 1804) from Indonesia to the destination country in year ; and 

denotes the export value of cocoa beans (HS 1801) from Indonesia to the destination country in year . Export 

values are expressed in US dollars and sourced primarily from UN Comtrade, with the ITC Trade Map used for 

complementary data validation. 

 

The index ranges from 0 to 1 and can also be expressed as a percentage. A higher DI indicates that a larger 

proportion of Indonesia’s combined exports of cocoa beans and cocoa butter consists of the processed product 

(HS 1804), indicating a stronger downstream orientation in the destination market. Conversely, a lower DI 

indicates that exports are relatively more concentrated in cocoa beans (HS 1801), reflecting a stronger upstream 

orientation. 

 

For example, a DI value of 0.75 indicates that 75% of Indonesia’s combined exports of cocoa beans and cocoa 

butter to a particular destination in a given year consist of cocoa butter. The index is calculated for each destination 

market—Netherlands, Belgium, France, and Germany—and for each year during the 2014–2024 observation 

period. The resulting index is subsequently used to describe changes in Indonesia’s cocoa export structure and to 

complement the analysis of comparative advantage and export market dynamics. 

 

 

Results and Discussion 
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Comparative Advantage of Indonesian Cocoa Products 

 

The RSCA analysis highlights the difference in competitiveness between cocoa beans (HS 1801) and processed 

cocoa products. The results indicate that in the case of processed cocoa products, positive RSCA values are 

consistently greater than the raw cocoa bean which indicates a greater comparative advantage in international 

markets. The research results showed that the competitiveness of Indonesia is more to the in value-added value-

added cocoa products, not primary commodity. This study is to analyze the comparative advantage of Indonesian 

cocoa products in the international market with Revealed Symmetric Comparative Advantage (RSCA) index.  

 

Compared to the conventional Revealed Comparative Advantage (RCA) index, RSCA symmetrically scales the 

RCA values in the range of [−1, +1]. This avoids asymmetry, and provides a better comparison of commodities 

against each other, and over time. Positive values of the RSCA suggest a comparative advantage while negative 

values of the RSCA suggest a comparative disadvantage. These results provide some empirical evidence on 

structural transformation of cocoa sector in Indonesia. One example of how downstream industrialization policies 

are being applied to increase the domestic value added and improve export competitiveness is the shift from 

exporting raw cocoa beans to processed cocoa products. Industrial upgrading can help countries to move up the 

global value chains by moving from exporting primary commodities to higher value-added processing activities 

(Gereffi & Fernandez-Stark, 2016).  

 

The competitive advantage of processed cocoa products is closely linked to technological upgrading in the cocoa 

value chain. The competitiveness of processed cocoa products is closely linked to the technological upgrading of 

the cocoa value chain. Technological upgrading in the cocoa value chain is an important factor in the competitive 

advantage of processed cocoa products. Modern processing technologies, quality assurance systems, digital 

traceability and innovations in the supply chain allow companies to produce products that satisfy the increasingly 

demanding requirements of the international market. As global buyers seek greater transparency, sustainability 

and quality of products, these technologies have become important. The RSCA analysis has been applied to cocoa 

beans (HS 1801) and several processed cocoa products in an effort to identify the structural shifts of the export 

competitiveness of Indonesia during the period of observation. The analysis compares the comparative advantages 

of raw and processed cocoa products to provide insights on the effectiveness of cocoa downstreaming strategies 

and how far value-added activities could help to strengthen Indonesia’s position in the global markets. The results 

of RSCA are shown in Figure 3. 

 

 
Figure 3. Graph of RSCA main destination countries for Indonesian cocoa 
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The RSCA analysis shows that in most of the destination markets in Europe, cocoa butter (HS 1804) has a higher 

comparative advantage than cocoa beans (HS 1801). The continued positive values of the RSCA of cocoa butter 

showed that Indonesia has built a more competitive position in processed cocoa products compared to raw cocoa 

exports. The finding suggests that downstream processing activities and value-added production are at the heart 

of the export competitiveness of the country. 

 

The shift from cocoa bean exports to cocoa butter exports is one example of a more general transformation in 

global agricultural value chains. According to Amfo et al. (2023) the competitiveness of the agricultural 

commodity markets is increasingly determined by a country’s ability to develop value-added products rather than 

the export of primary commodities. Usually, agricultural products are more profitable and less sensitive to 

fluctuations in world commodity prices. 

 

The higher comparative advantage of cocoa butter also points to the successful implementation of the downstream 

industrialization strategy in Indonesia. Indonesia can increase its share of value creation in the cocoa value chain 

by increasing domestic processing capacity. Similar findings were reported by Effendy et al. (2019) that agro-

industrial upgrading significantly contributes to export competitiveness by increasing product diversification, 

industrial productivity, and market adaptability. 

 

Cocoa butter performance has improved through improved processing technologies, quality management systems, 

and industrial innovations. Making cocoa butter is more difficult than producing raw cocoa beans. It requires 

extraction technologies. It needs to be quality-standardized. High industrial processing efficiency. One of the most 

important determinants of the competitiveness of agro-processing industries is technological upgradation. It helps 

companies to be more efficient, lower the cost of production, and comply with international quality standards 

(Ndlovu & Thamaga-Chitja, 2023). 

 

Cocoa butter’s competitiveness is closely related to the digital transformation of agricultural value chains. 

Overseas buyers are increasingly driving demand for digital traceability, transparency in supply chains and 

verification systems for sustainability. Digital technologies enable the tracking, certification and dissemination of 

information along the supply chain, and improve market access and consumer confidence. Digitalization is 

becoming increasingly important for the improvement of transparency and competitiveness of global agri-food 

systems, especially in export-oriented sectors (Kamilaris et al., 2021). 

 

Furthermore, the declining comparative advantage of cocoa beans in European markets may reflect a changing 

pattern of demand in the world cocoa market. Chocolate manufacturers are using semi-processed or processed 

cocoa inputs and this is reducing transaction cost and improving the efficiency of production. Similar trends have 

also been reported by Voora et al. (2023) who indicate that value capture in the current cocoa markets is 

increasingly concentrated in downstream segments where processing, branding, quality differentiation and 

sustainability certification are located. The decline of comparative advantage of cocoa beans in some European 

markets may be another indication of changing structures of demand in the world cocoa industry. “We are seeing 

more and more chocolate makers going into semi-processed, processed cocoa inputs. These commodities cut down 

the transaction price and efficiency in the production. Voora et al. (2023) further note these trends, citing the 

current cocoa markets are characterized by an increasing concentration of value capture in the downstream 

segments, where processing, branding, quality differentiation and sustainability certification take place. 

 

These results are especially relevant for the implementation of sustainability-oriented regulations such as the EU 

Deforestation Regulation (EUDR). Exporting countries need to demonstrate traceability, transparency and 

sustainable sourcing practices to be able to comply with EUDR. Historically, these requirements have favored 

countries with more advanced technology capabilities and more integrated supply chain systems. Sustainability 

requirements are increasingly becoming a major competitive advantage in global agricultural value chains, 

especially for commodities going to European markets (Tröster and Staritz 2023). 

 

Overall, the results of RSCA show a gradual shift of comparative advantage in Indonesia from exports of raw 

cocoa to exports of processed cocoa products. The empirically higher RSCA values of cocoa butter from the 

global cocoa market demonstrate that competitiveness is increasingly determined by downstream 

industrialization, technological upgrading, digital transformation, and sustainability compliance. 

 

This finding is consistent with the study by Neilson, Wright, and Aklimawati (2020) who argue that the creation 

of value in agricultural commodity chains depends more and more on the integration of technology, quality 

standards and market governance mechanisms. Moreover, Aung and Chang (2014) illustrate that traceability 
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systems and technology innovations play a significant part in increasing competitiveness by increasing product 

quality, food safety and market access. 

 

Higher RSCA values of processed cocoa products further support recent evidence that downstream processing 

creates more economic benefits than raw commodity exports. Fold and Neilson (2016) argue that by participating 

in higher stages of agricultural value chains, producing countries can capture more value and reduce their 

vulnerability to fluctuations in global commodity prices. Thus, the comparative advantage of Indonesian 

processed cocoa products could be interpreted as the outcome of successful downstream industrialization, 

supported by technological development and value-added production. 

 

 

Export Product Dynamics (EPD) of Indonesian Cocoa Exports in the European Market 

 

The Export Product Dynamics (EPD) analysis was conducted to assess the dynamic position of Indonesian cocoa 

exports to four major European destination markets, namely the Netherlands, Belgium, France and Germany in 

the period 2000-2023. EPD is a popular tool for evaluating export performance by combining two dimensions of 

market attractiveness and business strength. The resulting matrix classifies export performance in four categories: 

Rising Star, Falling Star, Lost Opportunity and Retreat. The best position is Rising Star, which means that a 

country’s export market share is increasing in a growing market. The EPD matrix indicates that the Netherlands 

and France belong to the Rising Star quadrant, while Belgium and Germany are in the Falling Star quadrant. 

 

The Netherlands is in the Rising Star quadrant.” Indonesia has managed to win its share of the export market in 

an expanding market. This is evidence that the Netherlands is one of the biggest cocoa trading and processing 

centers in Europe. The country has a large cocoa processing industry and is one of the main entry points for cocoa 

into the European Union through the Port of Rotterdam. The increasing share of Indonesian cocoa products in the 

Dutch market shows that Indonesian cocoa products are still competitive and relevant in the European value 

chains. Fold and Neilson (2016) obtained similar results, and stressed the importance of integration into global 

value chains for the competitiveness of agricultural commodity exports. Moreover, competitiveness on 

international cocoa markets is increasingly determined not only by production capacity but also by the ability to 

meet the quality standards, traceability requirements and sustainability criteria imposed by European buyers 

(Voora et al., 2019). 

 

 
Figure 4. EPD matrix for HS code 1801 
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France also displays a similar pattern and is also considered a Rising Star market. The dominance of this category 

proves that Indonesian cocoa exports have been able to take an increasing share of the market with rising demand. 

This is especially important as France is a high-value consumer market with increasing demand for premium 

chocolate and sustainably sourced cocoa products. The positive performance in France can be explained by better 

product quality, a greater involvement in downstream processing of cocoa and a growing adaptation to changing 

consumer preferences. “European cocoa markets are increasingly driven by sustainability, product differentiation 

and traceability requirements, which create opportunities for exporters able to provide higher value-added 

products (Lambin et al., 2023).” The rising star position of France has seen Indonesian cocoa exporters relatively 

successful in responding to these market transformations. 

 

By contrast, Belgium is mostly categorized as a Falling Star market. This position suggests that the Indonesian 

cocoa market position is still relatively strong, but its market share growth has slowed relative to overall market 

developments. Belgium is one of the world’s leading countries in cocoa processing and chocolate manufacturing, 

making it a highly competitive destination market. A Falling Star position could imply Indonesian cocoa is facing 

increasing competition from big producers like Ivory Coast, Ghana and Ecuador, which together make up the 

global cocoa exports. West African countries still dominate the world’s supply of cocoa beans, which means that 

there is fierce competition for supplies in the main European processing markets (International Cocoa 

Organization (ICCO, 2024). Therefore, to increase the export figures in Belgium more differentiated strategies 

are needed, particularly through sustainability certification, quality improvement and the export of processed 

cocoa. 

 

Belgium, however, is mainly classified as a Falling Star market. The position shows the position of Indonesian 

cocoa market is still strong enough, but the growth of the market share is slowing down along with the 

development of the whole market. Belgium is one of the world's leading countries in processing cocoa and 

manufacturing chocolate, which makes it a very competitive destination market. The position of a Falling Star 

may mean Indonesian cocoa is having a hard time with the increasing competition from the big producers like 

Ivory Coast, Ghana, and Ecuador, which are the world’s cocoa exporters. West African countries continue to 

dominate the global supply of cocoa beans, so there is a fierce competition for supplies in the major European 

processing markets (International Cocoa Organization (ICCO, 2024). Therefore, more differentiated strategies are 

needed to increase export figures in Belgium, especially through sustainability certification, quality improvement, 

and export of processed cocoa. 

 

 
Figure 5. EPD matrix for HS code 1804 

 

Overall, EPD results show that the competitiveness of Indonesian cocoa exports in the European destination 

markets is uneven. The Rising Star positions in the Netherlands and France are opportunities for market expansion, 

while the Falling Star positions in Belgium and Germany indicate the need for strategic measures to preserve the 

export performance. These results are consistent with the proposition that the long-term competitiveness of the 
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global cocoa market increasingly depends on moving beyond raw commodity exports to higher value-added 

processed products, sustainability certification, and integration into global value chains (Kaplinsky & Morris, 

2016; Voora et al., 2019). From a policy standpoint, the emphasis for Indonesia should be on market consolidation 

strategies in the Netherlands and France by enhancing trade partnerships, broadening downstream cocoa exports, 

and guaranteeing compliance with European sustainability standards. At the same time, efforts to restore market 

dynamism in Belgium and Germany should focus on more product differentiation, promotion of certified 

sustainable cocoa and productivity improvements along the entire domestic cocoa value chain. Such measures are 

expected to build up Indonesia’s resilience and competitiveness in the increasingly demanding European cocoa 

market. 

 

The Export Product Dynamics (EPD) analysis of Indonesian cocoa butter (HS Code 1804) reveals heterogeneous 

market dynamics for the main European destination countries in the period 2000-2023. The Netherlands and 

Germany are in the Rising Star quadrant according to the prevalent EPD classifications, Belgium is in the Falling 

Star quadrant, and France is in the Lost Opportunity quadrant. These results show that the performance of 

Indonesian cocoa butter exports differs significantly between European markets, reflecting differences in market 

attractiveness, competitive positions, and the ability of Indonesian exporters to respond to changing market 

demands. 

 

Indonesia’s position in the Rising Star quadrant indicates that Indonesian cocoa butter exports have been 

successful in gaining market share in a fast-growing market. This finding is in line with the strategic position of 

the Netherlands as the largest European importer and processor of cocoa. The Dutch cocoa industry is an important 

gateway for cocoa products into the EU, due to sophisticated logistics infrastructure, significant processing 

capacity, and a high degree of integration in global value chains. Thus, the Rising Star position indicates that 

Indonesian cocoa butter has been able to improve its competitiveness and at the same time, it has also benefited 

from the expanding market demand. This supports the argument of Fold and Neilson (2016) that participation in 

global value chains is a key determinant of export competitiveness in agricultural commodity markets. In addition, 

the Netherlands has emerged as a center for value-added processing of cocoa, providing opportunities for 

exporters who can provide semi-processed cocoa products such as cocoa butter, instead of raw cocoa beans (Voora 

et al., 2019). 

 

A similar story is apparent in Germany, another Rising Star market. Germany is one of the largest consumers and 

processors of cocoa products in Europe and has a well-developed confectionery and chocolate manufacturing 

industry. The Rising Star position shows that Indonesia has not only maintained but gained market share in a 

market with positive growth. This shows that German processors have accepted Indonesian cocoa butter which 

could be due to improvements in the quality of the product, continuity of supply and growth of the domestic 

cocoa-processing industry in Indonesia. Demand for processed cocoa products in Europe has continued to grow, 

particularly among manufacturers seeking to source reliable cocoa ingredients to produce high-value chocolate 

(International Cocoa Organization, ICCO, 2024). Positive performance in Germany therefore reflects the growing 

importance of Indonesia’s downstream cocoa sector in international markets. 

 

In contrast, Belgium is positioned in the Falling Star quadrant, indicating that although Indonesian cocoa butter 

continues to maintain a presence in the market, its market share growth has not kept pace with overall market 

developments. Belgium is globally recognized as one of the leading chocolate-producing countries and hosts 

numerous multinational chocolate manufacturers. The Falling Star classification suggests that Indonesian cocoa 

butter faces increasing competitive pressure from major cocoa-processing countries and suppliers, particularly 

those with stronger integration into European supply chains. Previous studies have demonstrated that 

competitiveness in processed cocoa markets is increasingly influenced by factors beyond price competitiveness, 

including product quality, sustainability certification, traceability, and compliance with environmental standards 

(Lambin et al., 2018; Araujo et al., 2023). Therefore, maintaining and expanding Indonesia’s position in Belgium 

will require stronger efforts to enhance value-added production and compliance with sustainability requirements. 

 

Meanwhile, France is in the Lost Opportunity quadrant, which indicates that although the market is growing 

positively, Indonesia has not been able to fully capitalize on the increasing demand. The finding points to a latent 

export potential in the French market. Lost Opportunity conditions are usually identified when market demand 

rises but exporters are unable to increase their market share because of limited competitiveness, lack of market 

penetration or poor adaptation to consumer preference. “France is one of the largest premium chocolate markets 

in Europe where consumers increasingly seek sustainability, product origin, quality assurance and ethical sourcing 

practices. Fountain and Huetz-Adams (2020) find that European consumers are increasingly sensitive to 

sustainability-related attributes in cocoa and chocolate products with challenges and opportunities for exporting 

countries. Thus, the Lost Opportunity position of France implies that Indonesia has not fully exploited the market 
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developments, given the favorable demand conditions.Meanwhile, France is in the Lost Opportunity quadrant, 

which indicates that although the market is growing positively, Indonesia has not been able to fully capitalize on 

the increasing demand. The finding points to a latent export potential in the French market. Lost Opportunity 

conditions are usually identified when market demand rises but exporters are unable to increase their market share 

because of limited competitiveness, lack of market penetration or poor adaptation to consumer preference. “France 

is one of the largest premium chocolate markets in Europe where consumers increasingly seek sustainability, 

product origin, quality assurance and ethical sourcing practices. Fountain and Huetz-Adams (2020) find that 

European consumers are increasingly sensitive to sustainability-related attributes in cocoa and chocolate products, 

with challenges and opportunities for exporting countries. Thus, the Lost Opportunity position of France implies 

that Indonesia has not fully exploited the market developments, given the favorable demand conditions. More 

broadly, the EPD results indicate that downstream industrialization is becoming more important for increasing 

Indonesia’s export competitiveness. As a semi-processed product, cocoa butter has a much higher value-added 

content and is more integrated in global manufacturing networks than raw cocoa beans. The rise of the Netherlands 

and Germany as Rising Star markets shows that Indonesia’s cocoa-processing policies have had positive effects, 

by increasing its share in the higher stages of the cocoa value chain.  

 

Finally, the EPD analysis shows that Indonesian cocoa butter exports have developed better market dynamics than 

traditional raw cocoa exports in some European markets. The Rising Star statuses for the Netherlands and 

Germany indicate good opportunities for further growth. Conversely, the Falling Star and Lost Opportunity 

positions of Belgium and France point to potential areas for strategic intervention. In an effort to maintain its 

competitiveness over the long term, Indonesia needs to keep strengthening its cocoa processing industry, improve 

the quality of its products, broaden the scope of sustainability certification schemes and enhance compliance with 

new European regulations such as the European Union Deforestation Regulation (EUDR). These measures are 

expected to improve market penetration and strengthen Indonesia’s position in the global cocoa value chain. 

 

 

Cocoa Downstreaming and Export Structure 

 

To study the degree of the shift in the direction of Indonesia from exporting primary cocoa commodities to higher-

value processed cocoa products, the downstreaming structure of Indonesian cocoa exports is evaluated. In this 

study, the relative contribution of cocoa butter, fat and oil (HS 1804) to the total exports of cocoa beans (HS 1801) 

and cocoa butter is measured using the Downstreaming Index (DI) . A higher DI implies a larger share of 

processed cocoa products in the export structure, suggesting a higher level of downstream processing, whereas a 

lower DI implies a greater dependence on raw cocoa bean exports. It provides an important insight into the 

upgrading of Indonesia’s exports by complementing the analysis of comparative advantage and the dynamics of 

export markets. The change in the Downstreaming Index in the selected European markets is shown in Figure 6. 

 

 
(a) 
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(b) 

Figure 6. X-model of Indonesian cocoa export market development in the Netherlands, 2000–2023 

 

Figure 6(a) shows the dynamic position of Indonesian cocoa exports in the Netherlands during 2000–2023 based 

on the interaction of Revealed Symmetric Comparative Advantage (RSCA) and Export Product Dynamics (EPD). 

The position map shows substantial changes in the competitiveness of Indonesia during the observation period. 

Indonesian cocoa has been moving in all four categories of the EPD, namely Rising Star, Lost Opportunity, Falling 

Star and Retreat. The result suggests that Indonesia’s competitiveness in the Dutch cocoa market has been dynamic 

rather than persistent. This is in agreement with the proposition that export competitiveness must be assessed not 

only through the lens of comparative advantage, but also in terms of the ability of a product to maintain or improve 

its position in a dynamic international market. Fahmid et al. (2022) also show that for Indonesian cocoa, the 

comparative advantage and market position could be significantly different across destination markets. Thus, the 

competitiveness of Indonesia’s cocoa is very market-specific. 

 

The Rising Star quadrant is the most favorable competitive position because it has positive RSCA and positive 

EPD. This means that Indonesia has a comparative advantage and the related export market is growing. Indonesian 

cocoa was the Rising Star in 2002, 2004, 2005 and 2010 in the Netherlands. Among the observations, 2002 has a 

relatively high positive RSCA, indicating a stronger comparative advantage, while the observations for 2004 and 

2005 remain positive but at a more moderate level. The 2010 observation is close to the RSCA threshold, 

indicating that the good position was quite fragile by then. These periods show that there were times when 

Indonesia was able to combine export specialization with positive market dynamics. Such a position is 

strategically important as it provides the opportunity to convert the existing comparative advantage into 

sustainable export growth through technological upgrading, quality improvement and value addition. Here, Gehl 

Sampath and Vallejo (2018) argue that participation in global value chains is not a sufficient condition for 

technological upgrading; instead, technological and innovation capabilities must be developed to be able to 

convert trade participation into higher-value export activities. 

 

But the good Rising Star job didn't go all the way. For the years 2001, 2008, 2011, 2015, 2021 and 2022, 

observations are in the Lost Opportunity quadrant with positive EPD but negative RSCA. The Dutch market was 

doing well in terms of export. But Indonesia was at comparative disadvantage. These observations are especially 

significant as the RSCA values of the observations in 2015, 2021 and 2022 are well below zero, indicating the 

widening gap between market growth and Indonesia’s comparative advantage. Therefore, Indonesia is in a 

situation where market opportunities exist but have not been translated into competitive gains enough. This is 

important because an increase in export growth in a destination market does not necessarily imply an increase in 
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competitiveness. Fahmid et al. (2022) also found that the relative competitive advantage of Indonesian cocoa is 

relatively low compared to other cocoa-producing countries, but there is still potential to develop the market in 

several destination countries. “This shows the need to upgrade product quality and downstream processing and 

not just rely on the existing export capacity.” 

 

2006, 2009, 2012, 2014, 2016 and 2017 with a positive EPD but a negative RSCA fall into the Falling Star 

quadrant. The position shows that Indonesian cocoa had relatively favorable market dynamics but no 

corresponding comparative advantage. Several Falling Star observations suggest that Indonesia experienced 

periods of market expansion, but these opportunities were not paralleled by a sufficient strengthening of export 

specialization. Economically, it might be a transient market opportunity rather than a structurally competitive 

advantage. In this sense, the results are in line with the findings of Yemima and Novianti (2020), who found that 

processed Indonesian cocoa can have a comparative advantage and at the same time can have an EPD position in 

the less advantageous categories, which shows that comparative advantage and market dynamics do not 

necessarily go in the same direction. That is to say, to be able to form a sustainable competitive position, market 

expansion must be accompanied by improvements in productivity, product quality, processing capacity and 

market access. 

 

The Retreat quadrant is the weakest position compared to the standard, as both RSCA and EPD are negative. This 

third quadrant includes Indonesian cocoa in the years of 2003, 2007, 2013, 2018, 2019, 2020 and 2023. The 

clustering of observations in this quadrant toward the latter part of the study period is of particular importance. 

The observations show that in 2018, 2019, 2020 and 2023 Indonesia has a comparative advantage in the 

Netherlands, but also an unfavorable market dynamic. In particular, 2023 is the lowest RSCA position in the 

figure, which shows that Indonesia’s relative advantage had substantially deteriorated at the end of the period of 

observation. This pattern suggests that the competitive position of Indonesia was not automatically maintained 

and that the structural characteristics of the cocoa export sector may have constrained the ability to maintain 

market competitiveness. 

 

The decline in the latter period is linked to the structural problems of the Indonesian cocoa industry, particularly 

the challenges related to productivity, quality and limited value capture from downstream activities. In addition 

to improvements in the quality of cocoa beans, including fermentation, also required to improve the 

competitiveness of cocoa in Indonesia is the strengthening of downstream processing industries (Fahmid et al., 

2022). Their findings indicate that there are still opportunities for market development, but Indonesia’s 

comparative competitiveness in cocoa beans and processed cocoa lags well behind several rival producers. Thus, 

the Retreat-positions observed in the Netherlands should not be interpreted as a temporary decrease of exports, 

but as a sign of the need for a structural upgrading of the Indonesian cocoa value chain. 

 

The overall distribution of observations reveals a clear shift from relatively favorable competitive positions in the 

earlier period toward less favorable positions in the later period. The period 2002–2010 includes several Rising 

Star observations, whereas after 2010 the observations increasingly appear in Lost Opportunity, Falling Star, and 

Retreat categories. In particular, the period from 2018 to 2023 is marked by negative RSCA positions, where 

2018, 2019, 2020, and 2023 are classified as Retreat, and 2021–2022 as Lost Opportunity. This pattern indicates 

that the challenge for Indonesia in the Dutch market is not only the absence of market demand, as several years 

still show positive EPD, but also the difficulty of translating the opportunities in the market into sustained 

comparative advantage. 

 

This finding provides an important basis to understand the role of cocoa downstreaming in strengthening 

Indonesia’s export competitiveness. Downstream processing of cocoa beans into processed products may improve 

the value captured in the domestic cocoa value chain but does not necessarily lead to upgrading. Van Huellen and 

Abubakar (2021) demonstrate that cocoa processing offers opportunities for functional upgrading in the Ghanaian 

cocoa sector, although these may be limited by the structure and concentration of global value chains. To 

summarize, processing capacity needs to be complemented with stronger technological capabilities, market 

access, and control over higher-value functions to increase the value added from cocoa exports. 

 

The structure of the world cocoa trade is a good example of downstreaming. It is estimated that seven transnational 

traders’ control 62% of global cocoa export volumes, revealing a highly concentrated global cocoa trade system 

and uneven traceability and sustainability commitments across the supply chain (Parra-Paitan et al., 2023). This 

concentration may limit the ability of producing countries to capture more value and may increase the importance 

of technological, institutional, and traceability capabilities to access higher value international markets. The 

Netherlands’ fall in position on the map therefore indicates that Indonesia has to shift from a comparative 
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advantage based mainly on the availability of raw materials to value-added processing, quality upgrading, digital 

traceability, and supply-chain integration. 

 

Overall, the Netherlands position map shows that Indonesian cocoa competitiveness is dynamic, market-specific, 

and not automatically maintained by comparative advantage. The presence of Rising Star positions in several past 

years indicates that Indonesia has the potential to achieve a favorable mix of comparative advantage and market 

growth. But the later move into Lost Opportunity, Falling Star, and especially Retreat indicates that these 

advantages have not consistently translated into continued market competitiveness. Thus, the results support the 

strategic importance of downstreaming as one of the strategies to improve Indonesia’s cocoa export. Indonesia 

needs to move beyond just increasing the volume of cocoa exports and instead process more cocoa and move into 

higher-value cocoa products while also improving quality, traceability and sustainability performance. This 

direction is consistent with the direction taken by Fahmid et al. (2022) who acknowledge downstream processing 

and industrial development as important parts in strengthening Indonesian cocoa competitiveness in international 

markets. 

 

Figure 6(b) presents the dynamic export position of Indonesian cocoa butter, fat and oil (HS 1804) in the 

Netherlands from 2000 to 2023 as a function of the interaction between Revealed Symmetric Comparative 

Advantage (RSCA) and Export Product Dynamics (EPD). The position map shows that the competitive position 

of Indonesian cocoa butter changed significantly over the period of observation, with observations falling into the 

Rising Star, Lost Opportunity, Falling Star and Retreat categories. The distribution shows that the Dutch market 

has not been a uniformly good competitive environment for Indonesian cocoa butter, despite the potential of the 

product as a higher-value derivative of cocoa beans. This result is in line with the general evidence that Indonesia’s 

processed cocoa products have better export potential after the downstream processing policy of the country, but 

competitiveness depends on market conditions and product differentiation (Zikria et al., 2019). 

 

The most favorable export position is the Rising Star quadrant, which has positive RSCA and positive EPD. In 

the Netherlands this number shows observations for 2000, 2006, 2007, 2009 and 2010 related to this quadrant. 

The periods indicate that Indonesian cocoa butter enjoyed comparative advantage and favorable export-market 

dynamics at the same time. The relatively high RSCA positions during 2006 and 2007, imply especially strong 

comparative advantage during these periods. However, the observations for 2009 and 2010 are positive, but are 

closer to the RSCA threshold. 

 

The presence of several Rising Star observations is important because cocoa butter is a processed cocoa derivative, 

not a primary commodity. Thus, a favorable position for HS 1804 means that Indonesia has at times been able to 

turn its capacity to process cocoa into an internationally competitive export product. This interpretation is also 

supported by Zikria et al. (2019) who found that the export potential of Indonesia’s processed cocoa products is 

higher than that of cocoa beans after the 2010 policy shift toward downstream processing. Their results also 

suggest that the policy reduced the share of expenditure on cocoa beans and increased the share of processed 

cocoa in world demand, indicating a structural shift toward higher value cocoa products. 

 

This finding is also in accordance with the evidence from the Indonesian cocoa agro-industry that HS 1804 has 

continued to maintain comparative advantage in the international markets. One of the Indonesian cocoa products 

having a comparative advantage is cocoa butter, as stated by Dianawati et al. (2023). The product is at the 

commercial maturity stage, which means that the product has shifted from an emerging export activity to a more 

mature position in international trade. 

  

The Lost Opportunity quadrant is a situation where EPD is positive, and RSCA is negative. In the figure, 

observations belonging to this quadrant are 2001, 2004, 2008 and 2012. This position suggests that the Dutch 

market had relatively good growth dynamics, but that Indonesia did not have a positive comparative advantage in 

cocoa butter at the same time. This implication is important in our interpretation of the export performance of 

Indonesia. A growing market does not necessarily mean that you are more competitive. Indonesia may have been 

exposed to increasing demand for cocoa butter but may have had limitations in capturing that demand versus 

competing suppliers. This can happen when exports are not growing fast enough to increase the relative 

specialization of the product, or when competitors are expanding faster. 

 

This is especially important for processed cocoa. Competitiveness is not only determined by the availability of 

cocoa beans, but also by the efficiency of processing, quality of the product, its consistency, and the ability to 

meet the requirements of the buyer. Dianawati et al. (2023) mentioned that Indonesian cocoa products faced 

challenges in terms of quality, food safety, environmental standards, market access, and supply-chain efficiency. 
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The availability of downstream processing capacity does not guarantee sustained competitiveness in international 

markets. 

  

The Falling Star quadrant combines negative RSCA with positive EPD and suggests that the product is 

experiencing relatively favorable market dynamics despite Indonesia’s weak comparative advantage. The 

observations associated with this position in the figure are 2002, 2005, 2013, 2014, 2015, 2016, 2017, 2018, 2019, 

2020, 2021, 2022 and 2023. Interestingly, most observations are concentrated in this category, especially in the 

later years. It means that although Indonesian cocoa butter was still available in the Dutch market, the market 

dynamics were not always in a coupling with the positive comparative advantage. This can be read as a market 

opportunity that has not yet been fully converted into structural competitiveness. 

 

This pattern also points to the need to decouple the issue of the presence of exports from the issue of export 

competitiveness. Indonesian cocoa butter is not competitive with other exporting countries but can be a major 

processed export commodity. Recent evidence shows this with Indonesian cocoa derivative products such as 

cocoa butter and cocoa powder being very competitive in the major destination markets. But the level of 

competitiveness varies quite a lot across countries and products. RCA value for Indonesian cocoa butter is high 

in some major destination markets, indicating strong competitive potential of the product. The market performance 

is destination-dependent. The worst position is the Retreat quadrant where both RSCA and EPD are negative. In 

the figure some observations in this category are shown, especially in the second half of the observation period. 

This pattern is indicative of periods of weak relative specialization and adverse market dynamics of Indonesian 

cocoa butter in the Netherlands. 

 

In particular, the increasing number of observations in the lower right part of the map is noteworthy. The 

observations show that Indonesian cocoa butter had to deal with both decreasing comparative advantage and 

negative market development. This pattern is more worrying than a temporary Falling Star position because it 

indicates that Indonesia was not only weak relative to competing exporters but also was operating in an 

unfavorable market environment. 

 

The result indicates that downstreaming should be combined with a continuous process of upgrading technology 

and organization from a value chain perspective. Cocoa beans are processed into cocoa butter which is exported 

at a higher value. But for the cocoa processing industry to be competitive, it needs to improve the entire value 

chain. According to Dianawati et al., the Indonesian cocoa agro-industry can enhance its competitiveness through 

a good supply chain, market access, regulatory support, and stakeholder coordination. The position map shows 

that there is a potential for Indonesian cocoa butter to be competitive in the Netherlands, but this potential did not 

bring about a consistently good market position over the entire period 2000–2023. The presence of Rising Star 

observations indicates that Indonesia has the right combination of comparative advantage and positive growth in 

the market. The high number of observations for both Falling Star and Retreat in the later period suggests that HS 

1804 was struggling more to compete. 

 

This finding is very important especially for the downstream strategy of Indonesian cocoa. The evidence from 

Zikria et al. (2019) suggests that processed cocoa has more potential for export expansion than cocoa beans, which 

supports the strategic rationale for moving toward downstream products. However, the current EPD‐RSCA results 

indicate that downstreaming per se may not be sufficient to ensure sustainable export competitiveness. The 

processed product must also have a comparative advantage, and respond to the specific growth dynamics of the 

destination market. 

 

Therefore, the Netherlands is a market for Indonesian cocoa butter which has proven to have competitive potential, 

but this must be kept up with ongoing upgrades. Better processing technology, consistent product quality, supply 

chain efficiency and compliance with international technical and environmental requirements could help turn 

periods of market opportunity into more enduring Rising Star positions. This interpretation is in line with the 

global value-chain view of Indonesian cocoa, where competitiveness is not only determined by the processing 

activities, but also by the capability of domestic firms to effectively integrate into international production 

networks and meet the growing demands of the market (Dianawati et al., 2023). 

 

Figure 7(a) shows the dynamic export position of Indonesian cocoa beans (HS 1801) in the Belgian market in 

2000–2023 based on the interaction of Revealed Symmetric Comparative Advantage (RSCA) and Export Product 

Dynamics (EPD). The position map shows large swings in Indonesia’s competitive position with the observations 

scattered across the Rising Star, Lost Opportunity and Retreat positions. Generally, the figure shows that Indonesia 

possessed relatively strong comparative advantage at different times in the early 2000s, but this advantage 

declined significantly in the subsequent years. The pattern is consistent with evidence that Indonesian cocoa has 
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enjoyed comparative advantage in European markets in the past, but that this has tended to diminish over time. 

For instance, Anggoro and Widyastutik (2016) found that the RCA value of Indonesian cocoa exports to European 

destinations was generally above one, but showed a downward trend, indicating that the existence of comparative 

advantage did not necessarily guaranty its persistence. 

 

 
(a) 

 
(b) 

Figure 7. X-model of Indonesian cocoa export market development in Belgium, 2000–2023 

 

The Rising Star quadrant is the best position to be in, with positive RSCA and positive EPD. This number places 

2000, 2002, 2006, 2007, 2009 and 2010 in this quadrant in the Belgian market. Among these observations, 2002, 

2006, and 2007 exhibit relatively high positive RSCA values, indicating a particularly strong comparative 

advantage in Indonesian cocoa beans. The observations for 2009 and 2010 remain positive but are considerably 
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closer to the zero line, suggesting that the strength of comparative advantage was already weakening toward the 

end of this favorable period. Thus, the early part of the observation period represents a period in which Indonesia 

was relatively successful in combining specialization in cocoa beans with favorable market development. 

 

The Rising Star position is particularly important considering that Belgium is a major European hub for cocoa 

processing and chocolate production. Note that Belgium was a large exporter of chocolate and a large importer of 

cocoa beans at the same time. Cocoa beans are an important raw material to European processing industries. Their 

analysis also indicated that the relative competitiveness of Indonesia for cocoa beans was weaker than that of 

major producing countries, but there were opportunities in European markets. Hence, the Rising Star observations 

of Indonesia in Belgium point to periods in which its cocoa beans could tap on the demand created by Belgium’s 

processing-oriented cocoa market. 

 

2001, 2012, 2015, 2016 and 2022 form the Lost Opportunity quadrant. This position has a positive EPD but a 

negative RSCA. Thus, the Belgian market was still offering relatively attractive growth opportunities but 

Indonesia did not have a corresponding comparative advantage. The observations from 2015, 2016 and 2022 are 

of special interest because they combine relatively strong positive EPD with clearly negative RSCA. This implies 

that the problem was not so much the absence of market opportunities, but rather the inability of Indonesia’s cocoa 

beans to translate those opportunities into a sufficiently strong relative competitive position. 

 

This distinction is important because market growth and comparative advantage are not equivalent concepts. A 

product may be traded in a growing market while simultaneously losing relative competitiveness against 

competing suppliers. The Indonesian cocoa sector has faced precisely this type of challenge. Anggoro and 

Widyastutik (2016) found that Indonesian cocoa exports to Europe were affected by economic conditions, 

exchange rates, tariffs, and non-tariff barriers, while Indonesian cocoa competitiveness in European destinations 

tended to decline. Such restrictions may account for an inability to convert favorable market dynamics into 

improved comparative advantage. 

 

The Retreat quadrant, where RSCA and EPD are negative, is the least desirable position. In this quadrant, we find 

2003, 2004, 2008, 2011, 2018, and 2021 (see Figure). The results point to a low comparative advantage and 

discouraging market dynamics for Indonesian cocoa beans in Belgium. The subsequent observations, especially 

those from 2018 and 2021, are relevant because they suggest that the loss of competitiveness was not limited to 

the first part of the period but continued in the more recent years. 

 

The Retreat position points to a problem of structural competitiveness and not just to a dip in export performance. 

Indonesia’s cocoa sector has experienced problems related to productivity, quality and the structure of its export 

composition. A change in government policy on downstream processing has reduced incentives to export cocoa 

beans and has encouraged domestic processing. While this policy can increase value addition in the domestic 

front, it can simultaneously reduce the relative competitiveness and export presence of raw cocoa beans. Research 

on Indonesian cocoa competitiveness also shows that the downstreaming policy has been associated with a 

decrease in cocoa-bean exports and an increase in processed cocoa exports. 

 

This point is particularly important for interpreting the negative RSCA values after 2010. RSCA for HS 1801 is 

declining, but that doesn’t automatically mean that Indonesia’s cocoa sector as a whole has failed. However, some 

of the decline might be a structural shift from exporting cocoa beans to processed cocoa products. This 

interpretation is supported by the German market evidence, where Indonesian cocoa beans had a weaker 

comparative advantage after the implementation of the export-duty policy, while processed cocoa products 

became more prominent. Thus, the declining competitiveness of HS 1801 may be partly due to downstreaming 

rather than only a decline in production capability. 

 

However, the EPD results reveal that this structural transition constitutes a competitiveness challenge on markets 

where raw cocoa beans are still strongly demanded. The cluster of later observations in negative-RSCA positions 

suggests that Indonesia must ensure that adequate gains in higher-value processed products offset the decline in 

raw-bean exports. Thus, the loss of competitiveness in HS 1801 is economically significant only if it is not 

compensated by gains in competitiveness in HS 1804 and other processed cocoa products. 

 

Figure 7(b) shows the dynamic export position of Indonesian cocoa butter, fat and oil (HS 1804) in the Belgian 

market from 2000 to 2023, considering the intersection of Revealed Symmetric Comparative Advantage (RSCA) 

and Export Product Dynamics (EPD). The distribution of observations in the position map shows that Indonesia’s 

position in terms of competitiveness in cocoa butter has changed significantly over time. The earlier period shows 

a number of observations in the Rising Star quadrant, suggesting the simultaneous presence of competitive 
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advantage and a favorable market dynamic. However, the increasing number of observations with negative RSCA 

in the latter period indicates that Indonesia has had difficulties to maintain its relative competitive position in the 

Belgian market. This pattern suggests that the emergence of processed cocoa exports should not be seen only in 

terms of processing capacity, but also in relation to the organization and governance of the wider cocoa value 

chain. 

 

The Rising Star observations, particularly those located in the upper-right area of the figure, indicate periods when 

Indonesian cocoa butter achieved both comparative advantage and favorable market dynamics. This is an 

important result because HS 1804 represents a processed cocoa product and therefore reflects a higher degree of 

value addition than cocoa beans. The existence of Rising Star positions demonstrates that Indonesia has been able 

to compete in a processed cocoa segment rather than relying exclusively on exports of primary cocoa commodities. 

Nevertheless, the subsequent movement away from this quadrant indicates that the competitive advantage was 

not automatically sustained. 

 

One reason is that competitiveness of processed cocoa is dependent on coordination across the different stages of 

the value chain. Making cocoa butter is a combination of a good supply of quality cocoa beans, good processing, 

quality control, logistics and stable relationships with the buyers.” Awafo and Owusu (2022) in their study on the 

cocoa value chain, reveal that processing is one of the links in a broader chain of production, post-harvest handling, 

certification, marketing and industrial activities and significant resources are needed in all these areas. They find 

that “positive changes in one part of the cocoa chain are not able to offset inefficiencies elsewhere in the system. 

 

The Lost Opportunity observations are especially relevant because they indicate that there were periods of 

favorable market development in Indonesia which were not translated into corresponding comparative advantage. 

This pattern suggests that there were opportunities for the expansion of cocoa butter exports in the Belgian market 

but Indonesian exporters were not always able to take advantage of such opportunities in relation to competing 

suppliers. This means that market attractiveness is not enough to generate sustained competitiveness. Product 

quality, supply reliability, buyer relationships and ability to meet destination-market requirements can determine 

if an expanding market translates into greater export specialization. 

 

This interpretation is consistent with Codjoe et al. (2023), who show that cocoa value chains are characterized by 

differences in bargaining power between upstream and downstream actors. Their study finds that direct 

connections with external buyers are not sufficient by themselves to create bargaining power; strong internal 

governance, cooperative leadership, and sustained engagement with buyers are also required. For Indonesian 

cocoa butter, this suggests that improving export competitiveness requires stronger organizational and commercial 

linkages rather than relying exclusively on domestic processing capacity. 

 

Also important are those observations that are in the negative-RSCA region later period. The positions suggest 

that Indonesia's relative specialization in cocoa butter exports decreased over time. This should not be taken as 

evidence that downstream processing was unsuccessful. Instead, it suggests a distinction between structural 

downstreaming and long-term downstream competitiveness. Indonesia may be processing more cocoa beans and 

exporting more cocoa butter, while losing relative competitiveness in a specific destination market. As such, an 

increase in processed exports should not automatically be seen as a sign of successful export upgrading. 

 

Another explanation for this pattern is the governance of European-linked cocoa value chains. Ingram et al. (2018) 

argue that cocoa value chains linked to European markets are increasingly governed by mechanisms that consider 

ecosystem services, such as certification, market-based mechanisms, multi-actor platforms and public regulation. 

These mechanisms mean that exporters competing in European markets increasingly work within a system where 

environmental and sustainability attributes may shape relationships among producers, processors, traders and 

buyers. Therefore, Indonesian cocoa butter must compete not only on price and processing ability but also on the 

broader sustainability attributes of its supply chain. 

 

This is especially the case for the interpretation of the weaker positions at the end of the observation period. 

Sustainability is changing the way European cocoa is governed, from cocoa bean processing to the origin and 

conditions of cocoa cultivation. For example Busquet et al (2021) show that social issues in cocoa production are 

not just at farm level but are embedded within the wider global value chain. They emphasize the multi-

dimensionality of cocoa value chains and the need to take into consideration relationships between upstream 

producers and downstream market actors. 

 

The Retreat-type observations, characterized by negative RSCA and negative EPD, therefore are the most difficult 

periods for Indonesian cocoa butter in Belgium. These observations indicate that Indonesia suffered from a weak 
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comparative advantage and unfavorable market dynamics. From an export strategy perspective, such a position 

implies that simply holding on to market presence may not be enough. Indonesian exporters should work on 

product differentiation, processing efficiency, quality consistency, and supply chain coordination to prevent 

temporary market weaknesses from becoming permanent competitive disadvantages. 

 

The combination of Rising Star and negative-RSCA positions also indicates that market and time specificity is 

the competitiveness of Indonesian cocoa butter. Indonesia has proven that it can compete in the Belgian market, 

but it has not been able to sustain this advantage. This underscores the necessity of a dynamic assessment of 

competitiveness rather than a static comparative-advantage measure. Therefore, EPD component is very important 

in this study because it shows that Indonesia’s comparative advantage is accompanied by good market growth. 

 

The results can be better understood from the perspective of downstream cocoa processing in the Indonesian 

strategy. Cocoa butter is worth more than cocoa beans. Selling only processed exports will not magically make 

you more competitive internationally. Providing value through integration of upstream supply, organisational 

governance, buyer relationships and sustainability requirements. Organisational governance and direct 

engagement with buyers are also important in strengthening the bargaining power of cocoa value chain actors as 

pointed out by Codjoe et al. (2023). More and more, Europe needs governance mechanisms for sustainable 

commodity chains (Ingram et al., 2018). 

  

Therefore, the Belgium–HS 1804 results suggest that Indonesian downstreaming should evolve from processing-

oriented downstreaming toward value-chain-oriented upgrading. Processing cocoa beans into cocoa butter is an 

important step, but sustaining competitiveness requires improvements in the entire chain, including raw-material 

quality, processing efficiency, market coordination, certification, traceability, and relationships with international 

buyers. The sustainability dimension is particularly relevant because European-linked cocoa chains increasingly 

incorporate governance mechanisms that extend beyond the conventional price and volume dimensions of 

international trade.  

To summarize, the figure indicates that the competitive potential of Indonesian cocoa butter in Belgium has been 

proven, but has not been consistently maintained over the 2000-2023 period. Early Rising Star observations are 

linked to successful specialization and market expansion periods, while negative-RSCA later positions are linked 

to mounting competitive pressure. The finding suggests that Indonesia’s downstreaming strategy has created an 

important platform of value addition, but that more needs to be done to translate processing capacity into sustained 

competitiveness in destination markets. 

 

The result also provides an important basis for interpreting the Downstreaming Index (DI). If the DI increases 

over time while the RSCA–EPD position of HS 1804 weakens, this would indicate that Indonesia has achieved 

structural downstreaming without fully achieving sustained market competitiveness. Conversely, if a higher DI is 

accompanied by persistent positive RSCA and favorable EPD positions, the evidence would be stronger that 

downstreaming has contributed to genuine export upgrading. Thus, the DI and RSCA–EPD results should be 

interpreted jointly rather than independently. 

 

Figure 8(a) shows the dynamic export position of Indonesian cocoa beans (HS 1801) in the French market (2000–

2023) based on the interplay of Revealed Symmetric Comparative Advantage (RSCA) and Export Product 

Dynamics (EPD). The position map shows a relatively weak and unstable competitive position, compared to the 

more favorable positions found in some of the periods in other European markets. There are a few observations 

in the Rising Star quadrant, but the concentration is higher in the negative-RSCA region. This pattern shows that 

Indonesian cocoa beans have quite a challenge to maintain comparative advantage in France, especially in the 

latter period of observation. This is in line with evidence that there are structural constraints in Indonesia’s cocoa 

sector on productivity, output prices, input costs and production efficiency that impact its sustainability of 

competitiveness in international markets (Fahmid et al., 2018). The most favorable position is the Rising Star, 

which combines positive RSCA with positive EPD. In the French market, there are few observations in this 

quadrant, especially in 2001 and 2005. The low number of observations for Rising Star indicates that Indonesia 

was only able to combine comparative advantage and strong market growth in France at the same time on rare 

occasions. 

 

The early Rising Star positions show that Indonesia was able to compete in the French cocoa-bean market under 

specific market conditions. But the lack of persistence for this position suggests that the advantage is not 

structurally strong. The interpretation is in line with the findings of Fahmid et al. (2018) that Indonesian cocoa 

farming has a competitive advantage at the farm level, but it has weaknesses in comparative efficiency, 

productivity, output prices, and input costs. They see improvements in productivity and price as important 

requirements to strengthen the competitiveness of Indonesian cocoa. 
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(a) 

 
(b) 

Figure 8. X-model of Indonesian cocoa export market development in France, 2000–2023 

 

The result suggests that the early favorable market positions of Indonesia in France must be viewed as episodic 

competitiveness, not sustained competitive advantage. That is, the Indonesian cocoa sector managed to benefit in 

some years from market conditions that proved to be advantageous but not to establish a persistent position in the 

French market. There are a large number of observations in the Lost Opportunity quadrant, with positive EPD and 

negative RSCA. The figure in this region has observations like 2006, 2007, 2011, 2012, 2015, 2016 and 2022. 

This condition indicates that the French market had good development, but Indonesia was not in a more 

advantageous position in cocoa beans during the same period. This is an important finding as it shows that the 
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weakness of Indonesian cocoa in France cannot be simply explained by the lack of market opportunities. “There 

were still growth periods in the market, but Indonesia was not competitive enough to take advantage of it. The 

difference between EPD and RSCA implies that market attractiveness and export competitiveness were not in 

line. 

 

An alternative is the integration of Indonesian cocoa into international price and market mechanisms. Izaati et al. 

(2020) demonstrated that the prices of Indonesian cocoa-beans were integrated with some international markets 

in the long run, but there was limited price transmission with some importing markets. Such differences in price 

transmission may cause difficulties for Indonesian cocoa exporters to fully transmit international market 

conditions into domestic export prices and incentives. 

  

This provides a useful interpretation of the observations of Lost Opportunity. Even if the French demand 

conditions had been favorable, Indonesian exporters might not have been able to respond competitively to them 

due to differences in price transmission, production costs, exchange rate conditions, or supply-side constraints. 

The Retreat quadrant is in the most negative position as both RSCA and EPD are negative. There are relatively 

many observations in this region in the figure, such as 2002, 2003, 2013, 2014, 2018, 2019, 2023, etc. The 

concentration of observations in the lower region of the map is especially striking because it shows that the 

negative comparative advantage was not a short-term phenomeon. 

 

The latter findings are especially disturbing. A number of points for the post-2010 period are close to the lower 

edge of the RSCA axis, which means a significant drop in Indonesia’s relative specialization in cocoa beans. The 

position of 2023 is still very negative, which means that Indonesia had not regained its comparative advantage in 

the French cocoa-bean market at the end of the observation period. The persistence of negative positions is in line 

with the broader structural problems of Indonesian cocoa production. Fahmid et al. (2018) found that cocoa 

productivity in Indonesia was relatively low and the costs of production, particularly those related to labor and 

land, represented important components of the production structure. They analyzed that to increase the 

competitiveness of Indonesian cocoa, productivity improvement, better output prices and more efficient input 

management are needed. 

  

Thus, the Retreat positions in France can be interpreted as evidence that the competitiveness problem extends 

beyond export-market conditions. Indonesia's ability to compete in the French market is also linked to the 

underlying efficiency and productivity of its domestic cocoa production system. The lower-right observations in 

the figure, including points around 2004, 2010, 2021, and 2023, require particular attention. Based on the 

mathematical definition of the RSCA–EPD framework, observations with negative RSCA and negative EPD 

correspond to the Retreat position, rather than Falling Star. A Falling Star position should have positive RSCA 

and negative EPD. 

 

This distinction matters because the lower-right observations indicate that Indonesian cocoa beans experienced 

both weak comparative advantage and unfavorable market dynamics. Therefore, they represent periods in which 

Indonesia was not only relatively less specialized but was also operating in a less favorable market environment. 

The increasing appearance of such negative positions toward the end of the period reinforces the conclusion that 

the French market has become increasingly challenging for Indonesian cocoa beans. This pattern contrasts with 

the earlier Rising Star observations and suggests a gradual deterioration in the competitive position of the raw 

cocoa-bean export segment. 

 

Overall, the France–HS 1801 position map shows a predominantly weak and unstable competitive trajectory for 

Indonesian cocoa beans during 2000–2023. Unlike a market characterized by persistent Rising Star positions, 

France shows only limited periods in which Indonesia simultaneously achieved comparative advantage and 

favorable market development. A much larger proportion of observations is associated with negative RSCA, 

particularly after 2010. These results confirm recent evidence in terms of cocoa competitiveness in Indonesia. The 

EPD and other indicators of competitiveness of Indonesia’s cocoa export performance are influenced by 

productivity, price, exchange rates, destination-country GDP, and comparative competitiveness (Setiawan et al., 

2025). They demonstrate that the impact of such factors may be different in the short and long run, as cocoa 

markets are subject to volatility and structural constraints. The French case thus points to a problem which is not 

only one of market access. Instead, Indonesia needs to improve the basic competitiveness of its cocoa supply, 

including productivity, quality, pricing and responsiveness to the demand of destination markets. The 

interpretation is particularly important, as France is a major European market for the consumption and processing 

of chocolate. Thus for Indonesian cocoa to continue to have access to this market, it must be able to compete not 

only in terms of availability, but also in terms of quality and consistency. 
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Figure 8(b) shows the dynamic export position of Indonesian cocoa butter, fat, and oil (HS 1804) in the French 

market during 2000-2023 from RSCA and EPD. Figure shows that the competitive position of Indonesian cocoa 

butter is relatively unstable with few observations located in the favorable Rising Star area, and most observations 

are located in the negative RSCA positions. Early observations (notably 2006) suggest a relatively good 

combination of comparative advantage and market development while several later observations are placed well 

below the RSCA threshold. This pattern shows that Indonesia has been able to compete in the French processed-

cocoa market, but this has not been sustained consistently. The evidence also shows that cocoa butter is one of the 

stronger products of cocoa derivatives in Indonesia, but its competitiveness varies in the market (Nurwansyah et 

al., 2023). 

  

The distribution of observations in the Lost Opportunity and Retreat areas is of particular interest. Negative RSCA 

over several years such as 2001, 2005, 2007, 2010, 2012, 2015, 2017, 2021 and 2022 suggest that market 

opportunities in France were not always translated into comparative advantage despite relatively favorable EPD 

positions. Data for 2013, 2014, 2018, 2019 and 2023 point, in parallel, to a less favorable position when the 

negative comparative advantage is combined with unfavorable market dynamics. This divergence between 

comparative advantage and market development is in line with the research on Indonesian processed cocoa, which 

suggests that products of processed cocoa can maintain comparative advantage and at the same time have less 

favorable EPD positions. This implies that structural competitiveness does not necessarily translate into market 

growth (Yemima & Novianti, 2020). 

  

The downward trend of HS 1804 in the second period also indicates that downstream processing alone cannot 

guarantee sustained competitiveness. The competitiveness of cocoa butter still depends on the availability and 

quality of cocoa beans as processing inputs and the efficiency of the downstream industry. Research on the export 

of Indonesian cocoa butter shows that upstream factors, namely the supply of cocoa beans, are important for the 

development of cocoa butter exports. The competitiveness downstream cannot be separated from the performance 

of the upstream cocoa sector (Hermawan, 2019). This is especially true in France, where cocoa is a major industrial 

input: France imported some 439 000 tons of cocoa per year on average between 2012 and 2021, of which some 

15 percent of its cocoa imports was cocoa butter. 

  

Overall, the results from France-HS 1804 suggest that Indonesian cocoa butter has export potential but has not 

been a consistently strong competitive position in 2000–2023. The limited observations on the Rising Star suggest 

that Indonesia has the potential to achieve favorable competitiveness under certain market conditions, but the 

dominance of negative RSCA positions in later years indicates the need for stronger product quality, processing 

efficiency, supply-chain integration and market adaptation. This result strengthens the argument for examining 

the Downstreaming Index: a rising proportion of cocoa butter exports would indicate structural downstreaming, 

but its combination with weak RSCA–EPD performance would suggest that downstreaming has not yet been fully 

translated into durable competitiveness in the French market. 

 

The dynamic export position of Indonesian cocoa beans (HS 1801) in the German market in 2000-2023 based on 

the interaction between RSCA and EPD is presented in Figure 9(a). The results show a relatively strong 

competitive position in the early period, where 2000, 2009, 2010 and 2006 are located in the Rising Star quadrant. 

Positive RSCA values during 2000, 2009 and 2010, in particular, indicate that Indonesian cocoa beans had 

comparative advantage, while enjoying favorable market dynamics. But later the situation tilted toward negative 

RSCA which means that the initial competitive advantage was not sustained through the observation period. 

 

In the Lost Opportunity quadrant there are several observations, such as 2001, 2002, 2004, 2007 and 2015, that 

indicate a period when the German market was relatively favorable in terms of dynamics, while Indonesia’s 

comparative advantage was already declining. It implies that Indonesia did not fully exploit market opportunities 

although Germany is a major European destination for cocoa products. Recent research that specifically examines 

the German market finds that Indonesian cocoa competitiveness is affected by international cocoa prices and 

export-duty policy, while processed cocoa products have shown significant competitive potential in the market 

(Udayana & Setiawina, 2023). However, the Retreat positions show times with weak comparative advantage and 

unfavorable market development at the same time, especially during the 2011–2016. The clustering of negative 

RSCA values in the later period shows that raw cocoa bean competitiveness in Germany became more and more 

vulnerable. This pattern can be partly linked to the structural change of Indonesia from raw-bean exports into 

processed cocoa after the implementation of the downstreaming-oriented export policies. Indonesia’s exports of 

cocoa beans declined after the 2010 policy change, but its processed cocoa exports increased, suggesting a 

structural shift to higher-value products (Zikria et al., 2019). On the supply side, productivity, output prices, and 

input cost are also important determinants of Indonesian cocoa competitiveness, which are still important 

determinants of the sector’s international competitiveness (Fahmid et al., 2018). 
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Figure 9 (a). 

 
(b) 

Figure 9 (b) X-model of Indonesian cocoa export market development based on RSCA and EPD in Germany, 

2000–2023 

 

Overall, the Germany–HS 1801 results indicate that Indonesia's cocoa beans have experienced a transition from 

relatively favorable competitiveness toward a weaker and more unstable market position. The persistence of 

negative RSCA in the later period suggests that maintaining competitiveness through raw-bean exports alone may 
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be increasingly difficult. This provides an important rationale for examining HS 1804 and the Downstreaming 

Index: if processed cocoa demonstrates stronger competitiveness than HS 1801, the decline in raw-bean 

competitiveness can be interpreted as part of Indonesia's export upgrading process rather than simply a 

deterioration of the cocoa sector. However, the transition needs to be supported by improvements in productivity 

and the quality of domestic cocoa supply. 

 

Figure 9(b) depicts the dynamic export position of Indonesian cocoa butter (HS 1804) in the German market in 

2000–2023. The result showed that Indonesian cocoa butter had strong competitive position in the early period 

with 2000, 2006, 2009 and 2010 located in Rising Star quadrant. These observations suggest that Indonesia 

managed to combine a positive comparative advantage with a favorable market development. However, the later 

clustering of observations in negative-RSCA positions indicates that this advantage became less stable over time. 

 

The positions of Lost Opportunity observed in 2001, 2002, 2004, 2007 and 2015 suggest that favorable market 

dynamics were not always matched with comparative advantage. But, the lower-quadrant observations after 2010 

show a more persistent weakening of Indonesia’s relative position. This pattern is interesting because after the 

abolishment of export duties, Tupamahu and Apituley (2022) found that cocoa butter was still one of the 

Indonesian cocoa products with high comparative advantage, though the competitiveness of cocoa beans and some 

other derivatives declined. Thus the weaker RSCA–EPD position found specifically for Germany may reflect 

destination-market differences rather than a general loss of competitiveness in Indonesian cocoa butter. 

 

The negative positions indicate that competitive advantage does not always result in good market dynamics. Syarif 

et al. (2022) stated that Indonesian processed cocoa has a comparative advantage and competitive advantage, but 

the position in the market is very different between the destination countries. Moreover, the quality of cocoa 

beans, especially low fermentation, was identified as one of the important barriers to the competitiveness of 

processed cocoa in Indonesia. This explains a likely reason for the change in the position of HS 1804 in Germany. 

Downstream processing can add value but export performance is still dependent on stable quality of raw materials 

and the ability to meet destination market requirements. Map Position Germany HS 1804 shows that Indonesian 

cocoa butter has large competitive potential but has not been able to maintain a sustainable market position in the 

period 2000-2023. The early Rising Star periods show Indonesia's success in competing in this processed segment, 

and the later negative-RSCA positions indicate rising competitive pressure. Therefore, Indonesia's downstreaming 

strategy must be supported by increasing the quality of raw materials, processing efficiency, product 

differentiation and market adaptation to specific destinations. The result also confirms the importance of the 

comparison between HS 1804 and HS 1801: if cocoa butter still remains more competitive than cocoa beans, the 

change toward processed exports can be considered as a feature of export upgrading, although the competitiveness 

of HS 1804 remains market-specific. 

 

 
Figure 10. Downstreaming index of Indonesian cocoa exports to the Netherlands, 2000-2023 
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In analyzing export competitiveness, it is not only about Indonesia’s ability to maintain its position in the 

international market, but also about the extent to which the export structure has shifted to higher value-added 

products. An important indicator of successful downstreaming is an increasing share of processed cocoa products 

in the cocoa sector. This can reduce dependence on cocoa bean exports and increase the economic value generated 

from exported cocoa. Therefore, the development of Indonesia’s cocoa export orientation toward processed and 

higher value-added products, especially in the Netherlands market is reflected in the Downstreaming Index (DI). 

The higher the DI, the higher the orientation to processed cocoa products and the higher the value addition in the 

export structure. 

 

Figure 10 shows the development of the Downstreaming Index (DI) of Indonesian cocoa exports to the 

Netherlands in 2000–2023. In general, the DI stayed quite high during the whole observation period, but there 

were some remarkable fluctuations in the early and mid-part. The DI is relatively high at the beginning of the 

period, at around 0.95 in 2000–2001 and declines sharply to around 0.40 in 2002. The index then rebounded 

sharply in 2003, reaching close to 1.00, and remained relatively stable around 0.90–1.00 in the years that followed. 

 

Between 2009 and 2012, there was another significant fluctuation period. The DI declined from around 0.98 in 

2008 to around 0.77 in 2009 and a low of around 0.43 in 2010. The index then recovered in 2011 before falling 

back to around 0.71 in 2012. These fluctuations suggest that the downstream orientation of Indonesian cocoa 

exports to the Netherlands did not develop in a fully linear way. Changes in the DI may reflect changes in the 

composition of exported cocoa products, in particular the relative contribution of primary cocoa products and 

processed cocoa products. 

 

From 2013 onward, the DI rebounded substantially and remained high, mostly between 0.95 and 1.00. Most 

importantly, the index stayed very close to 1.00 between 2017 and 2023, suggesting a high degree of stability. 

The pattern suggests a strong and continued downstream orientation of Indonesia's cocoa exports to the 

Netherlands. The DI, which is increasingly stable and high, shows that Indonesian cocoa exports are increasingly 

characterized by processed or value-added cocoa products, rather than being dominated by primary cocoa 

commodities exclusively. 

 

Overall, the DI trend during 2000–2023 indicates that, despite several periods of decline, the long-term direction 

points toward stronger downstreaming of Indonesian cocoa exports. The sustained DI values close to 1.00 during 

2017–2023 are particularly important, as they suggest that Indonesia has strengthened its orientation toward 

exporting cocoa products with higher levels of processing and value addition to the Netherlands. This finding 

complements the export competitiveness analysis by demonstrating that Indonesia’s competitiveness is not only 

associated with its ability to maintain market performance, but also with its capacity to transform the export 

structure toward higher value-added cocoa products. 

 

 
Figure 11. Downstreaming index of Indonesian cocoa exports to the Belgium, 2000-2023 
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The pattern of the Downstreaming Index (DI) of Indonesian cocoa exports to Belgium for the period 2000-2023 

is very fluctuating compared to the Netherlands. The DI was quite high in the first period (around 0.80 in 2000) 

and then fell to around 0.20 in 2002. Then the index rose to about 0.95 in 2003-2005, indicating a greater 

orientation toward downstream or value-added cocoa products. But the DI fell again to around 0.65 in 2006, and 

then rose to 0.80-0.90 in 2007-2008. A big drop then, after 2008. The DI fell to a very low 0.15 in 2009 and 

remained at a very low level in 2010-2011. The DI was close to zero in the period 2012-2014, which implies that 

the downstreaming orientation measured by the index was very weak in this period. The DI temporarily recovered 

to around 0.50 in 2015, but this recovery was not sustained, and the index returned to almost zero in the period 

2016-2021. In 2022, the DI rose significantly, but this was a transient effect. It leaped to near 1.00, the strongest 

downstream position seen in the period. But the spike was short-lived, and by 2023 the index was back to about 

nothing. The downstreaming pattern is rather stable and high in the Netherlands, but volatile and discontinuous 

in Belgium. The results of the study show that for a long time the structure of Indonesia’s cocoa exports to Belgium 

has not been strongly downstream oriented. There are several periods with high DI values, especially 2003-2005, 

2007-2008 and 2022. But these gains were short-lived with large declines thereafter. The long periods of very low 

or zero DI indicate that the downstream performance of Indonesian cocoa exports to Belgium is still erratic. This 

finding suggests that the Belgian market may need to improve its diversification of value-added products, stable 

supply of processed cocoa products and market penetration strategies to be able to successfully sustain the 

downstreaming gains over time. 

 

 
Figure 12. Downstreaming index of Indonesian cocoa exports to the France, 2000-2023 

 

The Downstreaming Index (DI) of Indonesian cocoa exports to France in the period 2000-2023 is very high and 

stable and has a downstream orientation compared to Belgium. The DI was already very high in 2000 at about .97 

and declined to about .2001: 89. There was a small dip (DI around 0.99) before a sharp rebound in 2002. The 

index from 2002 to 2022 was around 1.00, which means that the tendency of Indonesian cocoa exports toward 

downstream or added-value products in the French market is quite stable. During this period, there are some minor 

fluctuations, notably in 2009, 2015-2016, and 2018. These are, however, very small changes and do not alter the 

overall pattern. The overall DI was 0.98-1.00, which indicates that the composition of Indonesian cocoa exports 

to France tended to be relatively stable and biased toward processed or value-added cocoa products. The most 

significant change occurred in 2023, when DI fell to about 0.93. The index was still very high, but down from 

near-maximum levels seen earlier. Of all the markets studied so far, the French market shows the most marked 

and regular downstreaming pattern. For the last twenty years, the DI values of Indonesia have been stable at 

around 1.00 which indicates the success of Indonesia in maintaining a highly downstream-oriented structure of 

cocoa exports in France. The stability indicates that the French market is a quite well established destination of 

value added cocoa products from Indonesia. However, the French market should give a more solid basis for the 

Indonesian strategy in terms of the exports of value added products and development of downstream industries. 

In 2023 there has been a fall which must be watched to see if it is a transitory variation or the beginning of a 

structural change in the composition of exports. 
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Figure 13. Downstreaming index of Indonesian cocoa exports to the Germany, 2000-2023 

 

The Downstreaming Index (DI) of Indonesian cocoa exports to Germany over the period 2000–2023 clearly shows 

a shift from a very volatile downstreaming pattern in the early period to a consistently high and stable level after 

2012. The DI was close to zero during 2000–2002, showing that Indonesia’s cocoa exports to Germany were very 

little downstream oriented. The index rose substantially in 2003 to approximately 0.55, but declined to 

approximately 0.40 in 2004 and rose again to approximately 0.50 in 2005. 2006-2011 saw continued considerable 

volatility. The DI dropped to near zero in 2006, bounced back to around 0.40-0.45 during 2007-2008 and then 

dropped again to near zero in 2009. The index recovered gradually in 2010–2011 and then increased sharply to 

about 0.95 in 2012. The sharp structural change indicates a significant turning point in the downstreaming 

performance of Indonesian cocoa exports to Germany. Between 2012 and 2023, the DI was consistently high, 

often between 0.95 and 1.00 with very small fluctuations. In particular, from 2016 the index was almost constantly 

around or very close to 1.00. This shows that the orientation of Indonesian cocoa exports to Germany strongly to 

processed and value-added cocoa products . The downstream structure is maintained for a long time. In general, 

the data suggest a strong structural shift in the German market toward downstream orientation in Indonesian cocoa 

exports. This period after 2012 is characterized by a persistent DI close to 1.00 unlike the highly volatile pattern 

during 2000-2011. Thus, Indonesia has shifted its positioning in Germany from primarily a supplier of primary 

cocoa commodities to a provider of value-added cocoa products. The continued high DI also suggests that the 

downstreaming process in the German market is relatively well established and can be an important foundation 

for improving Indonesia’s export competitiveness through higher value cocoa products. 

 

 

Conclusion  
 

The study found that there has been a structural shift in the Indonesia cocoa export competitiveness from the 

export of raw cocoa beans to the export of higher value added processed cocoa products. The analysis of the 

RSCA shows that processed cocoa products, in particular cocoa butter (HS 1804), have continued to have stronger 

comparative advantages than cocoa beans (HS 1801) in the main European markets. The results underscore the 

increasing importance of downstream industrialization, technology upgrades, and value-added processing as 

drivers of Indonesia’s competitiveness in the global cocoa trade.  

 

The analysis of EPD shows that the dynamics of Indonesian cocoa exports are different among destination 

markets. Cocoa bean markets in the Netherlands and France are Rising Star markets, while Belgium and Germany 

are Falling Star markets. Meanwhile, the Netherlands and Germany are identified as the Rising Star markets for 

cocoa butter products, Belgium as a Falling Star, and France as a Lost Opportunity. The results show that 

processed cocoa products tend to perform better in the market and have more favorable growth dynamics than 

raw cocoa exports. 
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The results also show the growing importance of sustainability standards, digital traceability systems and supply 

chain efficiency for export competitiveness. Demand for environmentally sustainable production systems, 

transparent supply chains and technology-based monitoring mechanisms is being driven by the adoption of 

international regulations such as the European Union Deforestation Regulation (EUDR). This implies that 

competitiveness in the global cocoa industry is no longer solely a matter of volume of production but increasingly 

of technological capacities, efficiency of processing, compliance with sustainability standards and participation 

in higher stages of global value chains. 

 

Overall, this study confirms that cocoa downstreaming and digital transformation contribute positively to 

strengthening Indonesia’s position in the global sustainable economy. The transition toward processed cocoa 

exports provides greater opportunities for value creation, market expansion, and long-term competitiveness in 

international markets. 

 

 

Recommendations 

 

The government and industry players need to keep speeding up policies on cocoa downstream industrialization 

by expanding the capacity of domestic processing and encouraging increased production of value-added cocoa 

products to bolster Indonesia’s position in the global cocoa market. The switch from exporting raw cocoa beans 

to exporting processed cocoa products is more powerful in building up comparative advantages and in generating 

better market dynamics, especially in the major European markets. Therefore, strengthening the downstream 

sector is important to increase export value, improve industrial competitiveness, and reduce reliance on primary 

commodity exports. In addition, technological innovation and digital transformation should be a top priority for 

the cocoa industry in Indonesia. Advanced processing techniques, digital traceability systems, quality assurance 

systems, and integrated supply chain management are increasingly important in meeting the requirements of 

international markets. These technological improvements may enhance the production efficiency, product 

consistency, and transparency of the cocoa value chain, and thereby increase the competitiveness of Indonesian 

cocoa products in global markets. Indonesia needs to develop governance of sustainability and compliance with 

environmental regulations across the cocoa sector, especially with the enforcement of international regulations 

such as the European Union Deforestation Regulation (EUDR). The promotion of sustainable cocoa farming, 

agroforestry systems, and environmentally friendly production practices is necessary to maintain long-term 

market access and improve the reputation of Indonesian cocoa products in sustainability-oriented markets. At the 

same time, the expansion of sustainability certification and traceability systems will serve to improve consumer 

confidence and bolster Indonesia’s competitive position in European markets. Export promotion strategies should 

also aim to retain and increase market share in countries classified as Rising Star markets, such as the Netherlands 

and Germany, while at the same time enhancing competitiveness in Belgium and France through deeper market 

penetration, product differentiation and sustainability-oriented branding strategies. It is important to foster 

collaboration between government institutions, exporters, processing industries, and smallholder farmers to 

ensure consistency in the quality of products and continuous supply of products in international markets. Last but 

not least, with the majority of Indonesia’s cocoa plantations being run by smallholder farmers, policies aimed at 

improving productivity should continue to be a national priority. To support sustainable cocoa production and 

strengthen the durability of Indonesia’s cocoa sector in the era of digital economic transformation and sustainable 

global trade, it is important to implement programs related to plantation rehabilitation, replanting using superior 

planting materials, farmer capacity building, and access to modern cultivation technologies. 
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Abstract: Fatigue cracking is one of the most critical deterioration mechanisms affecting the service life of 

asphalt pavements. This study investigates the fatigue crack propagation behavior of asphalt mixtures modified 

with styrene-butadiene-styrene (SBS), Enprene 611, Enprene 701, and crumb rubber (CR) under low-

temperature conditions. Semi-Circular Bending (SCB) specimens with notch depths of 10, 20, and 30 mm were 

subjected to cyclic loading at −20°C. Static SCB tests were first conducted to determine the reference load 

levels, and the resulting values were used to establish the loading protocol for the cyclic experiments. The 

deformation–load cycle relationships obtained from the cyclic SCB tests were analyzed to evaluate fatigue 

resistance and crack propagation characteristics. The results showed that all modifiers improved fatigue 

performance compared with the virgin and control mixtures by reducing deformation accumulation and delaying 

crack growth. Among the additives, Enprene 611 exhibited the highest fatigue resistance, particularly at a 

dosage of 4%, providing the greatest number of load cycles and the lowest deformation growth rate. SBS also 

significantly enhanced fatigue performance, while Enprene 701 and CR provided moderate improvements. 

Increasing notch depth accelerated crack propagation and reduced fatigue life for all mixtures. Based on the 

overall performance, the mixtures were ranked as Enprene 611 > SBS ≈ Enprene 701 > CR > Control > Virgin 

mixture. The findings indicate that polymer modification, particularly with Enprene 611, is an effective 

approach for improving the low-temperature fatigue crack resistance of asphalt mixtures and extending 

pavement service life. 

 

Keywords: Asphalt mixture, Fatigue cracking, Cyclic SCB test, Fracture mechanics, Polymer modification 

 

 

Introduction 

 

Fatigue cracking is one of the major distress mechanisms in asphalt pavements, together with rutting and low-

temperature cracking. It develops when pavement structures lose their ability to resist repeated traffic loading, 

eventually leading to functional failure and the need for rehabilitation or replacement (Roberts, 1996). Fatigue 

damage generally consists of two stages: crack initiation and crack propagation. Two main approaches are 

commonly used to evaluate this phenomenon: the phenomenological approach and fracture mechanics. In the 

phenomenological approach, smooth specimens are tested under controlled stress or strain conditions, and 

fatigue life is defined as the number of load cycles required for crack initiation and subsequent growth until 

failure. Fracture mechanics, however, assumes that materials contain inherent defects prior to loading. 

Accordingly, fatigue life is described as the number of cycles required for an existing flaw to propagate to a 

critical size. Crack growth behavior is commonly characterized using the Paris law equation (Paris, 1963; 

Huang, 2013). 

 

The selection of an appropriate testing method is critical for accurately assessing fatigue performance. Although 

the Semi-Circular Bending (SCB) test effectively distinguishes asphalt mixtures based on fracture resistance, the 
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fracture energy parameter (Jc) alone may not fully represent fatigue behavior. Repeated loading tests provide a 

more realistic simulation of damage accumulation in pavement structures; therefore, cyclic SCB testing 

combined with Paris law analysis has become a widely adopted approach for evaluating fatigue crack growth 

(Huang, 2013; Paris, 1963; Cheng, 2022; Walubita, 2012). However, determination of Paris law parameters 

requires accurate crack length measurements, which cannot be directly obtained using conventional devices 

such as strain gauges, extensometers, or LVDTs. To address this limitation, Digital Image Correlation (DIC) has 

emerged as a non-contact optical technique capable of monitoring surface deformations and crack development 

during testing (Chu, 1985). Previous studies have successfully applied DIC to investigate crack propagation in 

asphalt mixtures, demonstrating its effectiveness in fracture characterization (Birgisson, 2009; Chehab, 2007; 

Al-Qadi, 2022; Xing, 2017). 

 

The integration of cyclic SCB testing and fracture mechanics has attracted considerable attention in recent years. 

Hofman et al. monitored crack growth during cyclic SCB tests using digital image analysis and mortar 

displacement methods (Hofman, 2003). Similarly, Paris law has been applied together with cyclic SCB testing 

to characterize crack propagation by relating strain energy release rates obtained from load–displacement 

hysteresis loops to fatigue crack growth behavior (Mull, 2005). Saha et al. developed a fatigue prediction model 

based on crack mouth opening displacement (CMOD) measurements obtained from cyclic SCB experiments 

(Saha, 2017). Zhang et al. employed DIC to establish a relationship between crack length and CMOD, enabling 

crack length estimation throughout fatigue testing (Zhang, 2018). Teixeira et al. demonstrated that cyclic SCB 

testing provides fatigue results comparable to indirect tensile fatigue tests while offering improved repeatability 

and shorter testing durations (Teixeira, 2023). Huang et al. combined SCB fatigue testing with finite element 

analysis and reported that binder modifiers significantly influenced fracture resistance, while the obtained Paris 

law parameters were consistent with previous studies (Huang, 2013). Ma et al. proposed an optimized cyclic 

SCB procedure and showed that Paris law coefficients were less sensitive to notch depth and loading frequency 

than fatigue life measurements (Ma, 2024). Furthermore, Saha and Biligiri related modulus degradation to 

fracture characteristics obtained from dynamic SCB tests and developed a nomograph to predict stiffness 

reduction as crack growth progressed (Saha, 2018). The novelty of this study lies in the comparative evaluation 

of SBS, Enprene 611, Enprene 701, and crumb rubber-modified asphalt mixtures using cyclic SCB tests under 

low-temperature conditions. By investigating fatigue crack propagation behavior at different notch depths, the 

study provides insight into the effectiveness of these modifiers in improving the low-temperature fatigue 

resistance of asphalt mixtures. 

 

 

Method and Testing 

 

In this study, B70/100 penetration-grade bitumen supplied by Batman Refinery was used as the base binder. The 

density of the reference binder was measured as 1.033 g/cm³, and its basic properties are presented in Table 1. 

Four modifiers were used to modify the base binder: SBS, Enprene 701, Enprene 611, and crumb rubber (CR). 

CR was obtained from waste vehicle tires and sieved through a No. 40 sieve before use. The remaining 

modifiers were supplied by their respective manufacturers. The technical properties of SBS, Enprene 701, and 

Enprene 611 are summarized in Table 2 based on the manufacturers’ data sheets. 

 

Table 1. Physical properties of the base binder 

Properties Unit Standard Results  

Penetration 0.1mm EN 1426 87.4  

Softening point  °C EN 1427 52.6  

Flash point  °C EN ISO 2719 230  

Viscosity at 135°C /165°C  cP ASTM D4402 562.5/162.5  

 

Table 2. Properties of the polymer modifiers used in the study 

Properties SBS 701 611 

Molecular structure Linear Linear Radial 

Styrene/butadiene ratio 31/69 33/67 31/69 

Density (g/cm3) 0.94 0.93 0.94 

Oil content None None None 

Viscosity (5%, cps) - 14 24 

Tensile strength (kgw/cm2) 324 220 200 

Hardness 70 80 83 

Ash content - 0.2 0.2 

Elongation at break (%) 880 600 700 
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Preparation of Modified Bitumen and Asphalt Mixtures 

 

Modified binders were produced by incorporating SBS, 611, 701, CR, into the base bitumen. The base binder 

was first heated to 180 ± 5°C and then blended with the selected modifiers at dosages of 2%, 3%, and 4% for 

SBS, Enprene 611, and Enprene 701, and 4%, 6%, and 8% for CR, by mass of the base binder (Yalcin, 2022; 

Sayedzada, 2024). 

 

In the figures, C denotes the asphalt mixture prepared with the untreated base binder. MC denotes the control 

mixture prepared with the base binder subjected to the same heating and mixing procedure used for modification 

(180 ± 5°C, 2700 rpm, 4 h), without adding any modifier. This control was included to distinguish the effects of 

modifier addition from those of the heating and mixing procedure. The notation used for modified mixtures 

consists of two parts. The first number indicates the additive dosage by weight of binder (e.g., 2, 3, and 4 

correspond to 2%, 3%, and 4%, respectively), whereas the second part identifies the type of modifier used. For 

example, 2-611, 3-611, and 4-611 represent asphalt mixtures modified with 2%, 3%, and 4% Enprene 611, 

respectively. This naming convention is adopted throughout the study to facilitate comparison of the effects of 

additive type and dosage on the fatigue and fracture performance of asphalt mixtures. 

 

Asphalt mixtures were prepared using the aggregate gradation shown in Table 3. Specimens were compacted 

with a gyratory compactor under a pressure of 600 ± 18 kPa, an internal angle of 1.25 ± 0.02°, and 100 gyrations 

to achieve approximately 4% air voids. The control mixture was mixed and compacted at 171 °C and 158 °C, 

respectively. Volumetric properties of the reference mixture included 3.78% air voids (Va), 74.3% voids filled 

with asphalt (VFA), 14.7% voids in mineral aggregate (VMA), and a bulk specific gravity (Gmb) of 2.292. 

 

For cyclic SCB testing, 150-mm-diameter gyratory-compacted specimens were cut into semicircular specimens. 

Notches with depths of 10, 20, and 30 mm were introduced at the midpoint of the straight edge. These three 

notch depths were used to investigate the influence of initial notch depth on the cyclic response of the mixtures. 

 

Table 3. Aggregate gradation used in asphalt mix  

Sieve Size (mm) 19 12.5 9.5 4.75 2.36 1.18 0.6 0.3  0.15 0.075 

Passing (%) 100 95 88 65 35 23 14 10  8 6 

 

 

SCB Experiment 

 

To determine the loading levels applied in the cyclic SCB tests, the maximum load values obtained from the 

static SCB experiments were first considered. These values provided the reference stress levels representing the 

load-carrying capacity of the mixtures under monotonic loading for each temperature and initial notch depth. At 

−20°C, the average maximum loads were measured as 13,420 N, 8,221 N, and 5,901 N for notch depths of 10 

mm, 20 mm, and 30 mm, respectively. 

 

At −20°C, the average maximum load decreased from 13,420 N at a notch depth of 10 mm to 8,221 N at 20 mm 

and 5,901 N at 30 mm. This corresponds to an approximately 56% reduction between the 10 and 30 mm notch 

depths, demonstrating the influence of initial notch depth on the load-carrying capacity of the specimens.  

 

As the notch depth increased from 10 mm to 30 mm, the maximum load capacity decreased substantially, 

confirming the significant effect of specimen geometry on fracture behavior. These findings demonstrate that 

the fracture behavior of asphalt mixtures is highly sensitive to both temperature and specimen geometry. The 

average maximum load values obtained from the static SCB tests were subsequently used to establish the 

loading protocol for the cyclic SCB experiments. In this way, loading levels appropriate to the static strength of 

the material were selected for each testing condition, ensuring a consistent and reliable evaluation of fatigue 

crack propagation behavior. 

 

 

Results and Discussion 
 

Figure 1 presents the deformation–load cycle curves obtained at −20°C with a 10 mm notch depth. The results 

clearly show that all modified mixtures outperformed the virgin and control mixtures by increasing fatigue life 

and reducing deformation accumulation. While the virgin and control mixtures failed after approximately 

2,200–2,700 cycles, most modified mixtures survived between 6,000 and 14,000 cycles. All curves exhibited 

three typical stages: initial deformation settlement, a stable deformation accumulation phase, and a rapid 
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increase in deformation before failure. The modified mixtures displayed a considerably longer stable region, 

indicating slower damage development. 

 

Among the additives, Enprene 611 provided the best performance. The 4% Enprene 611 mixture achieved the 

highest fatigue life, reaching approximately 13,500–14,000 cycles while maintaining low deformation levels. 

The 3% and 2% Enprene 611 mixtures also showed substantial improvements compared with the virgin mixture. 

SBS-modified mixtures exhibited similar behavior, with the 4% SBS mixture reaching approximately 11,500–

12,000 cycles. Increasing SBS content consistently improved fatigue performance, although Enprene 611 

produced slightly better results at comparable dosages. 

 

Enprene 701 also improved fatigue resistance, but its performance remained below that of Enprene 611 and 

SBS. The 4% Enprene 701 mixture reached approximately 8,500–9,000 cycles, whereas lower dosages 

exhibited shorter fatigue lives. CR-modified mixtures showed higher initial deformation but relatively stable 

behavior during later loading stages. The 8% CR mixture achieved the best result within the CR group, reaching 

approximately 6,000–6,200 cycles. These findings suggest that CR primarily enhances ductility and deformation 

tolerance, whereas Enprene 611 and SBS are more effective in improving overall fatigue resistance. 

 

 
Figure 1. Deformation-load cycle count curves at -20°C and 10 mm notch 

 

As shown in Figure 2, the virgin and control mixtures exhibited a rapid increase in deformation and reached 

failure at relatively low numbers of load cycles under the conditions of −20°C and a 20 mm notch depth. In 

contrast, the modified mixtures accumulated deformation more gradually, resulting in an improvement in 

fatigue life. Among the additives, Enprene 611 demonstrated the best performance, with deformation curves 

becoming flatter as the additive content increased, indicating delayed crack propagation. The 4% Enprene 611 

mixture achieved the highest number of load cycles and the lowest rate of deformation growth. SBS-modified 

mixtures exhibited stable behavior and high fatigue resistance with moderate deformation accumulation, while 

Enprene 701 provided similar but slightly lower performance. Although CR-modified mixtures showed greater 

ductility and higher initial deformation levels, their fatigue performance remained lower than that of the other 

modifiers due to a faster increase in deformation during later loading stages. Overall, all additives improved 

fracture resistance and delayed crack propagation at low temperatures, with the performance ranking determined 

as: Enprene 611 > SBS ≈ Enprene 701 > CR > Control > Virgin mixture. 
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Figure 2. Deformation-load cycle count curves at -20°C and a 20 mm notch 

 

 
Figure 3. Deformation-load cycle count curves at -20°C and a 30 mm notch 
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As illustrated in Figure 3, the virgin and control mixtures exhibited a rapid increase in deformation and failed at 

relatively low numbers of load cycles under dynamic loading at −20°C with a 30 mm notch depth. The effect of 

notch depth became more pronounced, accelerating crack propagation and reducing fatigue life. In contrast, all 

modified mixtures reduced deformation accumulation and achieved higher load cycle numbers, indicating 

improved resistance to crack growth. 

 

Among the modifiers, Enprene 611 provided the best overall performance. As the additive content increased, the 

deformation curves became noticeably flatter, demonstrating slower crack propagation and enhanced fatigue 

resistance. The 4% Enprene 611 mixture exhibited the lowest deformation growth rate and the highest fatigue 

life. SBS-modified mixtures also showed stable and balanced deformation behavior, with performance 

improving as the SBS content increased, although their effectiveness remained slightly lower than that of 

Enprene 611. Enprene 701 exhibited a similar trend to SBS but generally showed higher deformation levels and 

lower fatigue resistance. CR-modified mixtures displayed greater initial ductility and higher initial deformation; 

however, deformation accumulated more rapidly at higher load cycles, resulting in lower fatigue performance 

compared with the other modifiers. 

 

Overall, although increasing the notch depth to 30 mm accelerated crack propagation, all modifiers substantially 

mitigated this adverse effect. The performance ranking was determined as: Enprene 611 > SBS ≈ Enprene 701 > 

CR > Control > Virgin mixture. 

 

 

Conclusion  
 

The fatigue crack propagation behavior of asphalt mixtures modified with SBS, Enprene 611, Enprene 701, and 

crumb rubber (CR) was evaluated using cyclic SCB tests conducted at −20°C under different notch depths. The 

results demonstrated that all modifiers improved fatigue performance compared with the virgin and control 

mixtures by reducing deformation accumulation and delaying crack propagation. Increasing notch depth 

accelerated crack growth and reduced fatigue life, highlighting the significant influence of specimen geometry 

on fracture behavior. Among the additives, Enprene 611 exhibited the best overall performance, with the 4% 

Enprene 611 mixture providing the highest fatigue life and the lowest deformation growth rate under all test 

conditions. SBS also significantly enhanced fatigue resistance, although its performance remained slightly lower 

than that of Enprene 611. Enprene 701 improved fatigue behavior compared with the virgin mixture but was less 

effective than Enprene 611 and SBS. CR-modified mixtures exhibited greater ductility and improved fatigue 

resistance; however, their higher deformation levels resulted in lower overall performance than the polymer-

modified mixtures. Based on all test results, the overall performance ranking was determined as Enprene 611 > 

SBS ≈ Enprene 701 > CR > Control > Virgin mixture. Under the investigated laboratory conditions, the mixture 

containing 4% Enprene 611 exhibited the most favorable cyclic SCB response at −20°C among the mixtures 

tested. 

 

 

Recommendations 

 

The laboratory results identify Enprene 611 as a promising modifier for improving the cyclic SCB response of 

asphalt mixtures at −20°C. Future studies should investigate the long-term aging performance of Enprene-

modified mixtures and evaluate their behavior under different temperatures, loading frequencies, and 

environmental conditions. In addition, field-scale validation studies are recommended to confirm the laboratory 

findings and assess the practical applicability of these modifiers in pavement construction. Further research 

incorporating Digital Image Correlation (DIC) and fracture mechanics parameters is also suggested to provide a 

more comprehensive understanding of crack initiation and propagation mechanisms in modified asphalt 

mixtures. 
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Unsigned, Sign-Magnitude, One's Complement, and Two's Complement 

Representations 
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Abstract: Binary number representation is a fundamental concept in computer architecture that directly 

influences arithmetic operations, data representation, processor design, and hardware implementation. Although 

several methods have been developed for representing signed integers, modern computer systems predominantly 

employ Two's Complement representation. This paper presents a comparative analysis of four binary number 

representation methods: Unsigned, Sign-Magnitude, One's Complement, and Two's Complement. The analysis 

examines their numerical ranges, number of distinct representable values, zero representation, binary encoding, 

bit-width expansion procedures, sign extension techniques, overflow and underflow behavior, and suitability for 

hardware arithmetic. A unified comparative framework, supported by mathematical formulas, illustrative 

examples, conversion cases, and comparative tables, is used to systematically examine the similarities, 

differences, and architectural trade-offs among the four representations. The results show that the four 

representations differ in how numerical values are encoded and how numerical meaning is preserved during bit-

width expansion. Unsigned representation relies on zero padding, while Sign-Magnitude preserves the sign bit 

and inserts additional zeros between the sign bit and the magnitude bits. In contrast, One's Complement and Two's 

Complement employ classical sign extension by replicating the most significant bit. The comparison further 

demonstrates that Sign-Magnitude and One's Complement suffer from duplicate zero representations and 

additional arithmetic complexity. Two's Complement, however, provides a unique representation of zero, fully 

utilizes all available binary combinations, supports efficient sign extension, and enables addition and subtraction 

using simplified arithmetic circuitry. The analysis also highlights numerical limitations and overflow 

characteristics associated with fixed-width representations. These technical advantages explain why Two's 

Complement has become the standard representation for signed integers in modern computer systems. The 

proposed framework provides a structured reference for understanding design trade-offs and practical implications 

in computer architecture and digital systems. 

 

Keywords: Binary number representation, Unsigned representation, Sign-magnitude, One’s complement, Two’s 

complement 

 

 

Introduction 

 

Binary number representation is a fundamental concept in digital computer systems and computer architecture. 

Since digital hardware operates using only two voltage levels, all numerical values must be represented in binary 

form. The choice of a binary number representation directly influences arithmetic operations, processor design, 

memory organization, compiler implementation, instruction execution, and the overall efficiency of computer 

systems. Consequently, understanding how computers represent both positive and negative integers is essential in 

computer architecture and digital systems (Stallings, 2022; Patterson & Hennessy, 2020; Mano & Ciletti, 2018). 

Representing unsigned integers in binary is straightforward because every bit contributes directly to the numerical 

value. However, representing signed integers introduces additional challenges, as the system must distinguish 

between positive and negative values while maintaining efficient arithmetic operations. Throughout the history of 
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computer architecture, several techniques have been developed to address this problem, including Sign-

Magnitude, One's Complement, and Two's Complement representations. Although these methods represent signed 

integers using the same fixed bit width, they differ significantly in terms of numerical range, zero representation, 

arithmetic complexity, bit-width expansion, sign extension, and hardware implementation (Stallings, 2022; Mano 

& Ciletti, 2018; Parhami, 2010).  

 

Today, virtually all modern computer systems use Two's Complement for signed integer representation (Patterson 

& Hennessy, 2020; Intel Corporation, n.d.; RISC-V International, n.d.). This widespread adoption is primarily 

motivated by its ability to eliminate duplicate zero representations, fully utilize all available binary combinations, 

simplify arithmetic circuits, and support efficient sign extension (Stallings, 2022; Parhami, 2010; Bastien, 2018). 

Despite the widespread use of Two's Complement in modern computer systems, a unified comparison of the four 

principal binary number representation methods is rarely presented within a single analytical framework. Existing 

literature in computer architecture, digital design, and computer arithmetic commonly discusses these 

representation methods in separate contexts, which can make their relationships, implementation differences, and 

practical implications less apparent when considered as a unified system. This paper addresses this gap by 

providing a structured comparative analysis that examines all four representation methods using identical 

evaluation criteria. 

 

This paper presents a comprehensive comparative analysis of four binary number representation methods: 

Unsigned, Sign-Magnitude, One's Complement, and Two's Complement. The comparison is performed using a 

unified framework that examines their numerical ranges, maximum number of representable values, zero 

representation, bit-width expansion mechanisms, sign extension techniques, and suitability for hardware 

arithmetic. To improve clarity, the paper also provides comparative tables and illustrative examples that highlight 

the similarities and differences among the four representations. 

 

The main contributions of this paper are as follows: 

 

• A unified comparative framework for analyzing Unsigned, Sign-Magnitude, One's Complement, and Two's 

Complement representations.  

• A systematic comparison of numerical range, zero representation, bit-width expansion, sign extension, and 

hardware arithmetic characteristics.  

• Comparative tables and illustrative binary examples that highlight the similarities and differences among the 

four representations.  

• A technical explanation of why Two's Complement has become the standard representation for signed integers 

in modern computer systems.  

 

To guide the analysis, the following research questions are addressed: 

 

RQ1: What are the fundamental differences among Unsigned, Sign-Magnitude, One's Complement, and Two's 

Complement representations? 

RQ2: How do these representations differ in terms of numerical range, zero representation, bit-width expansion, 

sign extension, and hardware arithmetic? 

RQ3: Why has Two's Complement become the standard representation for signed integers in modern computer 

systems? 

 

The contribution of this study is not the introduction of a new binary representation method, but the systematic 

comparison of the four principal representations using a unified set of technical criteria, including numerical 

range, zero representation, bit-width expansion, sign extension, overflow behavior, and hardware arithmetic. The 

remainder of this paper is organized as follows. Section II introduces the fundamental concepts of binary number 

representation and discusses the four representation methods. Section III presents a comparative analysis 

supported by comparative tables and illustrative examples. Section IV discusses the findings of the comparative 

analysis and explains why Two's Complement has become the standard representation for signed integers in 

modern computer systems. Finally, Section V concludes the paper by summarizing the main findings and outlining 

directions for future work. 

 

 

Binary Number Representation Fundamentals 
 

Binary numbers can be represented using different encoding methods depending on whether only non-negative 

integers or both positive and negative integers need to be represented. Each representation has distinct 
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characteristics regarding numerical range, zero representation, arithmetic operations, and bit-width expansion. 

Figure 1 provides an overview of the four binary number representation methods analyzed in this paper and 

illustrates their fundamental relationships (Stallings, 2022; Patterson & Hennessy, 2020; Mano & Ciletti, 2018; 

Tanenbaum & Austin, 2013). 

 

 
Figure 1. Classification of binary number representations methods 

 

As illustrated in Figure 1, binary number representations can be broadly classified into unsigned and signed 

representations. Unsigned representation is suitable only for non-negative integers, whereas signed 

representations support both positive and negative values. Among the signed methods, Sign-Magnitude and One's 

Complement provide two representations of zero, while Two's Complement has a unique representation of zero 

and is therefore adopted as the standard representation in modern computer systems (Stallings, 2022; Patterson & 

Hennessy, 2020; Parhami, 2010; Intel Corporation, n.d.; RISC-V International, n.d.). The following subsections 

examine each representation in detail, including its numerical range, binary encoding, bit-width expansion, and 

main advantages and disadvantages. 

 

 

Unsigned Representation 

 

The Unsigned Representation is the simplest method for representing binary integers. In this representation, all 

bits are used to represent the magnitude of the number, and no bit is reserved to indicate the sign. Consequently, 

only non-negative integers (zero and positive values) can be represented (Stallings, 2022; Mano & Ciletti, 2018). 

The numerical range of an n-bit unsigned representation is :  

 

0 ≤ x ≤ 2𝑛 − 1 , 
 

providing a total of  2𝑛 distinct numerical values. Since no sign bit exists, there is only one representation of zero, 

and all possible binary combinations correspond to unique decimal values. Consequently, any arithmetic result 

greater than 2𝑛 − 1 cannot be represented within the given bit width, resulting in positive overflow. Similarly, a 

negative result falls outside the representable range of the unsigned representation. Table 1 summarizes the 

numerical range for both the 3-bit example and the general n-bit case. 

 

Table 1. Numerical range of unsigned representation 

Representation Minimum Value Maximum Value 

Unsigned (3-bit) 0 7 

n-bit 0 2𝑛 − 1 

 

Table 2 presents the complete 3-bit unsigned representation, illustrating all eight binary combinations and their 

corresponding decimal values from 0 to 7. Because every bit contributes directly to the numerical value, the 

Unsigned representation provides the largest range of non-negative integers among the four methods for the same 

bit width (Mano & Ciletti, 2018). 
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Table 2. Three-bit unsigned representation 

Binary (3 Bits) Decimal Value (Unsigned) 

000 0 

001 1 

010 2 

011 3 

100 4 

101 5 

110 6 

111 7 

 

When the bit width is increased, unsigned numbers are expanded by inserting leading zeros to the left of the most 

significant bit. Unlike signed representations, unsigned numbers do not require sign extension because no sign bit 

exists. Examples of bit-width expansion are presented in Table 3 (Stallings, 2022; Hamacher et al., 2012). 

 

Table 3. Examples of bit-width expansion in unsigned representation 

Number Original Unsigned Representation Extended 8-Bit Unsigned Representation  

1(10) 0001(2) (n = 4 bits) 00000001(2)  

3(10) 00011(2) (n = 5 bits) 00000011(2)  

5(10) 0000101(2) (n = 7 bits) 00000101(2)  

0(10) 00(2) (n = 2 bits) 00000000(2)  

 

Finally, the principal advantages and disadvantages of the unsigned representation are summarized in Table 4 

(Patterson & Hennessy, 2020; Stallings, 2022). 

 

Table 4. Advantages and disadvantages of unsigned representation 

Aspect Description 

Advantages 

Utilizes all 2𝑛 available binary combinations to represent distinct numerical values. 

Provides a unique representation of zero, eliminating ambiguity. 

Simple and intuitive representation, making binary-to-decimal conversion straightforward. 

Enables efficient arithmetic operations for non-negative integers. 

Requires no sign bit, allowing the maximum possible positive range for a given bit-width. 

Disadvantages 

Cannot represent negative numbers. 

Unsuitable for applications requiring signed arithmetic. 

Arithmetic underflow may occur when subtracting a larger value from a smaller one. 

Additional mechanisms are required when both signed and unsigned values must be 

processed together. 

 

 

Sign-Magnitude Representation 

 

Sign-Magnitude Representation is one of the earliest methods developed for representing signed integers in binary 

form. In this representation, the most significant bit (MSB) is reserved as the sign bit, while the remaining n−1 

bits represent the magnitude (absolute value) of the number. A sign bit of 0 indicates a positive number, whereas 

a sign bit of 1 indicates a negative number (Mano & Ciletti, 2018; Stallings, 2022). 

 

The numerical range of an n-bit Sign-Magnitude representation is : 

 

−(2𝑛−1 − 1) ≤ x ≤+(2𝑛−1 − 1), 

 

providing a total of 2𝑛 − 1 distinct numerical values because zero has two separate representations (+0 and −0). 

Therefore, arithmetic results exceeding +(2n−1 − 1) or falling below −(2n−1 − 1) cannot be represented 

within the given bit width, resulting in a range overflow condition. Table 5 summarizes the numerical range for 

both the 3-bit example and the general n-bit case (Mano & Ciletti, 2018; Stallings, 2022). 

 

Table 5. Numerical range of sign-magnitude representation 

Representation Minimum Value Maximum Value 

Sign-Magnitude (3-bit) -3 +3 

n-bit −(2n−1 − 1) +(2n−1 − 1) 
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Table 6 presents the complete 3-bit Sign-Magnitude representation, illustrating the binary encoding of all 

representable values from -3 to +3. Unlike the Unsigned representation, Sign-Magnitude supports both positive 

and negative integers by reserving the most significant bit as the sign bit (Mano & Ciletti, 2018). 

 

Table 6. Three-bit sign-magnitude representation 

Binary number(3 Bits) Decimal Value (Sign-Magnitude) 

000 +0 

001 +1 

010 +2 

011 +3 

100 -0 

101 -1 

110 -2 

111 -3 

 

When the bit width is increased, the sign bit remains unchanged, while additional bits are inserted between the 

sign bit and the magnitude bits. This differs from One's Complement and Two's Complement representations, 

which use classical sign extension by replicating the sign bit. Examples of bit-width expansion are presented in 

Table 7 (Hamacher et al., 2012; Stallings, 2022). 

 

Table 7. Examples of bit-width expansion in sign-magnitude representation 

Number Original Sign Magnitude Representation Extended 8-Bit Sign-Magnitude Representation  

−5(10) 1101(2) (n=4 bit) 10000101(2)  

−8(10) 11000(2) (n=5 bit) 10001000(2)  

−37(10) 1100101(2) (n=7 bit) 10100101(2)  

−0(10) 10(2) (n=2 bit) 10000000(2)  

+0(10) 00(2) (n=2 bit) 00000000(2) 

+42(10) 0101010(2) (n= 7 bit) 00101010(2)  

 

Finally, the main advantages and disadvantages of the Sign-Magnitude representation are summarized in Table 

8 (Parhami, 2010; Stallings, 2022). 

 

Table 8. Advantages and disadvantages of sign-magnitude representation 

Aspect Description 

Advantages 

Represents both positive and negative numbers using an intuitive sign-and-magnitude 

format. 

Easy to understand because the sign and magnitude are stored separately, resembling the 

decimal representation of signed numbers. 

Positive and negative numbers have the same magnitude representation, differing only in 

the sign bit. 

Disadvantages 

Has two representations of zero (+0 and -0), leading to ambiguity. 

Equality checking requires special handling because both +0 and -0 must be recognized as 

zero. 

Addition and subtraction require separate processing depending on the signs of the operands, 

increasing arithmetic complexity. 

Requires more complex hardware implementation than Two’s Complement representation.  

Rarely used for signed integer representation in modern computer systems. 

 

 

One’s Complement Representation 

 

One's Complement Representation is a signed binary representation in which positive numbers are represented 

using standard binary notation, while negative numbers are obtained by inverting every bit of the corresponding 

positive number. In other words, every bit is inverted: each 0 becomes 1, and each 1 becomes 0 (Parhami, 2010; 

Stallings, 2022). 

 

The numerical range of an n-bit One's Complement representation is: 

 

−(2𝑛−1 − 1)≤ x ≤+(2𝑛−1 − 1), 
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providing a total of 2𝑛 − 1 distinct numerical values. Similar to Sign-Magnitude representation, One's 

Complement contains two representations of zero: +0, represented by all zeros, and −0, represented by all ones. 

Therefore, arithmetic results exceeding +(2𝑛−1 − 1) or falling below −(2𝑛−1 − 1)cannot be represented 

within the given bit width. Table 9 summarizes the numerical range for both the 3-bit example and the general n-

bit case (Parhami, 2010; Stallings, 2022). 

 

Table 9. Numerical range of one’s complement representation 

Representation Minimum Value Maximum Value 

One’s Complement (3-bit) -3 +3 

n-bit −(2𝑛−1 − 1) +(2𝑛−1 − 1) 

 

Table 10 presents the complete 3-bit One's Complement representation, illustrating the binary encoding of all 

representable values. Unlike Sign-Magnitude representation, negative numbers are generated by complementing 

every bit of the corresponding positive value rather than storing the sign separately (Parhami, 2010). 

 

Table 10. Three-bit one’s complement representation 

Binary Number (3 Bits) Decimal Value (One’s Complement) 

000  0 

001  1 

010  2 

011  3 

100 -3 

101 -2 

110 -1 

111 -0 

 

When the bit width is increased, One's Complement uses classical sign extension by replicating the most 

significant bit (MSB). If the MSB is 0, additional leading zeros are inserted; if the MSB is 1, additional leading 

ones are inserted. This process preserves the numerical value of the represented integer. Examples of bit-width 

expansion are presented in Table 11 (Hamacher et al., 2012; Parhami, 2010). 

 

Table 11. Examples of sign extension in one’s complement representation 

Number One’s Complement Representation 8-Bit Representation after Sign Extension  

−5(10) 1010(2) (n = 4 bits) 11111010(2)  

−8(10) 10111(2) (n = 5 bits) 11110111(2)  

−37(10) 1011010(2) (n = 7 bits) 11011010(2)  

−0(10) 11(2) (n = 2 bits) 11111111(2)  

+0(10) 00(2) (n = 2 bits) 00000000(2) 

+42(10) 0101010(2) (n = 7bits) 00101010(2)  

 

Finally, the principal advantages and disadvantages of the One's Complement representation are summarized in 

Table 12 (Parhami, 2010; Patterson & Hennessy, 2020). 

 

Table 12. Advantages and disadvantages of one’s complement representation 

Aspect Description 

Advantages 

Negative numbers can be generated by inverting all bits of the corresponding positive 

number. 

Sign extension is performed by replicating the most significant bit (MSB). 

Disadvantages 

Two representations of zero (+0 and -0) complicate comparisons and equality checking. 

Addition requires an end-around carry, increasing arithmetic and hardware complexity. 

Less efficient hardware implementation than Two’s Complement representation. 

 

 

Two’s Complement Representation 

 

Two's Complement Representation is the most widely used method for representing signed integers in modern 

computer systems. Positive numbers are represented using standard binary notation, whereas negative numbers 

are obtained by taking the One's Complement of the corresponding positive value and adding 1 to the resulting 

bit pattern (Parhami, 2010; Patterson & Hennessy, 2020; Stallings, 2022). 
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The numerical range of an n-bit Two's Complement representation is: 

 

−2𝑛−1 ≤ x ≤ +(2𝑛−1 − 1), 

 

providing a total of  2𝑛 distinct numerical values. Unlike Sign-Magnitude and One's Complement representations, 

Two's Complement has only one representation of zero, eliminating the ambiguity associated with positive and 

negative zero. Therefore, arithmetic results greater than +(2𝑛−1 − 1) or less than −2𝑛−1 cannot be represented 

within the given bit width. Table 13 summarizes the numerical range for both the 3-bit example and the general 

n-bit case (Parhami, 2010; Stallings, 2022). 

 

Table 13. Numerical range of two’s complement representation 

Representation Minimum Value Maximum Value 

Two’s Complement (3-bit) -4 +3 

n-bit −2𝑛−1 +(2𝑛−1 − 1) 

 

Table 14 presents the complete 3-bit Two's Complement representation, illustrating the binary encoding of all 

representable values. The minimum value is represented by 100, while the maximum value is 011, resulting in an 

asymmetric numerical range with one additional negative value (Parhami, 2010). 

 

Table 14. Three-bit two’s complement representation 

Binary Number (3 Bits) Decimal Value (Two’s Complement) 

000   0 

001   1 

010   2 

011   3 

100 -4 

101 -3 

110 -2 

111 -1 

 

When the bit width is increased, Two's Complement uses classical sign extension by replicating the most 

significant bit (MSB). If the MSB is 0, leading zeros are inserted; if the MSB is 1, leading ones are inserted. This 

operation preserves the numerical value of both positive and negative integers. Examples of bit-width expansion 

are presented in Table 15 (Hamacher et al., 2012; Parhami, 2010). 

 

Table 15. Examples of sign extension in two’s complement representation 

Number Two’s Complement Representation 8-Bit Representation after Sign Extension  

−5(10) 1011(2) (n = 4 bits) 11111011(2)  

−8(10) 11000(2) (n = 5 bits) 11111000(2)  

−37(10) 1011011(2) (n = 7 bits) 11011011(2)  

0(10) 00(2) (n = 2 bits) 00000000(2) 

+42(10) 0101010(2) (n = 7 bits) 00101010(2)  

 

Table 16. Advantages and disadvantages of two’s complement representation 

Aspect Description 

Advantages 

Provides a unique representation of zero. 

Simplifies arithmetic operations by eliminating the end-around carry required in One’s 

Complement representation. 

The standard binary adder can be used for both addition and subtraction. 

Simple and efficient sign extension by replicating the most significant bit (MSB). 

Supports efficient hardware implementation, making it the standard representation for signed 

integers in modern computer systems. 

Disadvantages 

Negating the minimum representable value results in overflow. 

Less intuitive for beginners than Sign-Magnitude because the stored bit pattern does not 

directly represent the numerical magnitude. 

The asymmetric numerical range provides one additional negative value (e.g., -128 to +127 

in 8-bit representation). 

Requires understanding of complement-based representation rather than direct sign-and-

magnitude notation. 
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Finally, the principal advantages and disadvantages of the Two's Complement representation are summarized in Table 16. The 

combination of a unique zero representation, efficient hardware arithmetic, and straightforward sign extension has made Two's 

Complement the standard representation for signed integers in virtually all modern processors (Intel Corporation, n.d.; 

Patterson & Hennessy, 2020; RISC-V International, n.d.; ARM Ltd., n.d.). 

 

 

Comparative Analysis 
 

This section presents a comparative analysis of the four binary number representation methods discussed in the 

previous section. The comparison focuses on their numerical ranges, binary encoding, bit-width expansion 

mechanisms, conversion processes, and overall characteristics. Through a series of comparative tables, the 

similarities and differences among Unsigned, Sign-Magnitude, One's Complement, and Two's Complement 

representations are systematically analyzed. 

 

 

Comparison of Numerical Ranges, Overflow, and Underflow 

 

The numerical range is one of the most important characteristics of a binary number representation method, as it 

determines the minimum and maximum values that can be represented using a fixed number of bits. Although all 

four representations use the same bit width, they differ in the allocation of binary patterns, resulting in different 

numerical ranges and numbers of representable values. These numerical limits also determine the boundaries at 

which overflow or underflow may occur during arithmetic operations. When an arithmetic result exceeds the 

maximum or falls below the minimum value representable within a fixed bit width, the result cannot be 

represented correctly. Therefore, comparing numerical ranges also provides a basis for analyzing the overflow 

and underflow behavior of the four representation methods. Table 17 summarizes the numerical range formulas 

for Unsigned, Sign-Magnitude, One's Complement, and Two's Complement representations for an arbitrary n-bit 

word. 

 

Table 17. Numerical range formulas for different number representation methods 

Representation Minimum Value Maximum Value Range 

Unsigned 0 2𝑛 − 1 0 to 2𝑛 − 1 

Sign-Magnitude −(2𝑛−1 − 1) +(2𝑛−1 − 1) −(2𝑛−1 − 1) to +(2𝑛−1 − 1) 

One’s Complement −(2𝑛−1 − 1) +(2𝑛−1 − 1) −(2𝑛−1 − 1) to +(2𝑛−1 − 1) 

Two’s Complement −2𝑛−1 +(2𝑛−1 − 1) −2𝑛−1 to  +(2𝑛−1 − 1) 

 

As shown in Table 17, the Unsigned representation allocates all available bit patterns to non-negative integers, 

resulting in a range from 0 to 2𝑛 − 1. In contrast, Sign-Magnitude and One's Complement reserve one bit for the 

sign, reducing the number of distinct representable values because both methods include separate representations 

for +0 and −0. Consequently, their numerical range extends from  
−(2𝑛−1 − 1) to +(2𝑛−1 − 1). Two's Complement differs by eliminating the duplicate representation of zero, 

thereby utilizing all 2𝑛 binary combinations and extending the minimum value to −2𝑛−1, while the maximum 

value remains +(2𝑛−1 − 1).  

 

 
Figure 2. Numerical range comparison of 3-bit binary number representations 
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The differences in numerical ranges can also be visualized using a 3-bit representation. Figure 2 provides a 

graphical comparison of the representable decimal values for Unsigned, Sign-Magnitude, One’s Complement, 

and Two’s Complement representations. As illustrated in Figure 2, Unsigned representation provides the widest 

positive range, from 0 to 7, while Sign-Magnitude and One’s Complement represent values from −3 to +3. Two’s 

Complement provides an asymmetric range from −4 to +3, thereby representing one additional negative value 

compared with the other signed representations. The figure also demonstrates visually how the available numerical 

range depends on the representation method even when the same 3-bit word length is used. 

 

The numerical limits identified in Table 17 and illustrated in Figure 2 also determine the overflow and underflow 

boundaries of each representation. When the result of an arithmetic operation exceeds the maximum or minimum 

value representable within a fixed bit width, the result can no longer be represented correctly. Although all 

representation methods are affected by fixed-width limitations, their overflow and underflow boundaries differ 

according to their respective numerical ranges. Table 18 summarizes the representable ranges and the 

corresponding positive and negative overflow boundaries for the four binary number representation methods. 

 

Table 18. Representable numerical ranges and overflow boundaries for fixed-width binary representations 

Representation Representable Range Positive Overflow Negative Overflow / 

Underflow 

Unsigned 0 to 2𝑛 − 1 Result > 2𝑛 − 1  N/A  

Sign-Magnitude −(2𝑛−1 − 1) to +(2𝑛−1 − 1) Result > +(2𝑛−1 − 1) Result < −(2𝑛−1 − 1)  

One’s Complement −(2𝑛−1 − 1) to +(2𝑛−1 − 1) Result > +(2𝑛−1 − 1) Result < −(2𝑛−1 − 1)  

Two’s Complement −2𝑛−1 to +(2𝑛−1 − 1) Result > +(2𝑛−1 − 1) Result < −2𝑛−1 

 

As shown in Table 18, the overflow boundaries are directly determined by the numerical range available in each 

representation. Unsigned representation provides the largest positive range, but it cannot represent negative 

values. Sign-Magnitude and One’s Complement have identical numerical ranges, resulting in the same positive 

and negative boundaries. Two’s Complement provides an asymmetric range, extending one value further in the 

negative direction than in the positive direction. Consequently, its minimum representable value is−2𝑛−1, while 

its maximum value is+(2𝑛−1 − 1). These differences in numerical boundaries are important when evaluating the 

behavior of fixed-width arithmetic operations. 

 

The practical implications of these numerical boundaries can be illustrated using specific boundary values and 

arithmetic operations in a 3-bit representation. Because each representation assigns different numerical meanings 

to the available binary combinations, the same binary pattern may represent different values depending on the 

encoding scheme. Table 19 presents boundary cases and arithmetic operations that reach or exceed the 

representable limits of the four representation methods. 

 

Table 19. Boundary values and arithmetic overflow conditions in 3-bit binary representations 

Case Result Unsigned Sign-Magnitude 
One’s 

Complement 

Two’s 

Complement 

Boundary 

value 
+4 100,Representable 

Not representable- 

Overflow 

Not representable- 

Overflow 

Not representable- 

Overflow 

Boundary 

value 
-4 N/A 

Not representable- 

Underflow 

Not representable- 

Underflow 
100,Representable 

Arithmetic 

operation 
3+1=4 Representable Overflow Overflow Overflow 

Arithmetic 

operation 
-3+(-1)=-4 N/A Underflow Underflow Representable 

 

As shown in Table 19, the representability of boundary values and the occurrence of overflow or underflow 

depend directly on the selected representation method. In particular, +4 is representable in 3-bit Unsigned 

representation but exceeds the positive range of the three signed representations, whereas −4 is representable only 

in 3-bit Two’s Complement among the signed methods considered. The arithmetic examples further demonstrate 

how these boundaries are encountered during addition. These cases illustrate the direct relationship between 

numerical range, binary encoding, and fixed-width arithmetic behavior. 

 

 

Comparison of Binary Representations 
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To illustrate these theoretical ranges, Table 20 presents the complete set of 3-bit binary combinations interpreted 

according to the four representation methods. This comparison demonstrates how the same binary pattern can 

represent different decimal values depending on the selected representation. 

 

Table 20. Comparison of three-bit unsigned and signed number representations 

Binary Number Unsigned Sign-Magnitude One’s Complement Two’s Complement 

000 0 +0 0  0 

001 1 +1 1  1 

010 2 +2 2  2 

011 3 +3 3  3 

100 4 -0 -3 -4   

101 5 -1 -2 -3 

110 6 -2 -1 -2 

111 7 -3 -0 -1 

 

Table 20 highlights the fundamental differences in the interpretation of binary numbers across the four 

representation methods. The binary patterns with the most significant bit equal to 0 (000, 001, 010, and 011) 

represent the same positive decimal values in all four representations. However, significant differences arise when 

the most significant bit is 1. In the Unsigned representation, these binary patterns are interpreted as ordinary 

positive binary numbers because no sign bit exists. In contrast, the same binary patterns are interpreted as signed 

values in Sign-Magnitude, One's Complement, and Two's Complement representations. As a result, each binary 

pattern corresponds to three different negative decimal values depending on the selected representation method. 

Furthermore, Sign-Magnitude and One's Complement provide two representations of zero, whereas Two's 

Complement eliminates the duplicate zero and introduces one additional negative value (−4 in the 3-bit case). 

This comparison demonstrates that the decimal value of a binary number depends not only on its bit pattern but 

also on the representation method used for its interpretation. 

 

While the previous subsection demonstrated how the same binary pattern may correspond to different decimal 

values depending on the selected representation method, this subsection examines the reverse process. 

Specifically, it compares how identical decimal values are encoded into binary using Unsigned, Sign-Magnitude, 

One's Complement, and Two's Complement representations. Table 21 summarizes the binary representations of 

decimal values using the four encoding methods. 

 

Table 21. Binary representations of decimal values using unsigned, sign-magnitude, one’s complement, and 

two’s complement (3 bits) 

Decimal Unsigned Sign-Magnitude One’s Complement Two’s Complement 

 3 011 011 011 011 

 2 010 010 010 010 

 1 001 001 001 001 

 0 000 000 000 000 

-0 x 100 111 x 

-1 x 101 110 111 

-2 x 110 101 110 

-3 x 111 100 101 

-4 x x x 100 

 

Table 21 shows that all positive decimal values within the common representable range have identical binary 

representations in the four methods. Differences arise only when negative numbers are encoded. Since the 

Unsigned representation supports only non-negative integers, negative decimal values cannot be represented. In 

contrast, the three signed representations use different encoding techniques to represent the same negative decimal 

values. Sign-Magnitude represents negative numbers by setting the most significant bit to 1 while preserving the 

magnitude. One's Complement obtains the negative representation by inverting every bit of the corresponding 

positive number. Two's Complement generates the negative representation by adding 1 to the One's Complement 

representation. 

 

Furthermore, Table 21 clearly demonstrates that the same negative decimal value is represented by different binary 

patterns in the three signed representation methods. For example, the decimal value −2 is represented as 110 in 

Sign-Magnitude, 101 in One's Complement, and 110 in Two's Complement, while the decimal value −3 is 

represented as 111, 100, and 101, respectively. These differences highlight that the binary encoding of signed 

integers depends entirely on the selected representation method. 
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The comparison also illustrates the fundamental distinction between the three signed representations. Sign-

Magnitude stores the sign and magnitude separately, One's Complement represents negative values through bit 

inversion, whereas Two's Complement represents negative values by combining bit inversion with the addition of 

one. These differences form the basis for the distinct arithmetic properties discussed in the following subsections. 

 

 

Comparison of Bit-Width Expansion 

 

Increasing the bit width while preserving the numerical value is an essential operation in digital systems, 

particularly during data type conversions and arithmetic operations. Although all binary number representation 

methods support bit-width expansion, the expansion procedure differs according to the encoding scheme used for 

representing signed and unsigned integers. 

 

 
Figure 3. 4-bit layout of each representation (shaded box = sign bit) 

 

Figure 3 illustrates the structural organization of a 4-bit word for each representation method and highlights the 

position of the sign bit in the three signed representations. Table 22 compares the expansion of 4-bit binary 

numbers to 6-bit binary numbers using the four representation methods  (Hamacher et al., 2012; Parhami, 2010). 

 

Table 22. Expansion of 4-bit binary numbers to 6 bits for different number representations 

Representation Original (4 Bits, 

MSB = 1) 

Expanded (6 Bits) Original (4 Bits, 

MSB = 0) 

Expanded (6 Bits) 

Unsigned 10112 = 11 0010112 = 11 01012 = 5 0001012 = 5 

Sign-Magnitude 10112 = −3 1000112 = −3 01012 = +5 0001012 = +5 

One’s Complement 10112 = −4 1110112 = −4 01012 = +5 0001012 = +5 

Two’s Complement 10112 = −5 1110112 = −5 01012 = +5 0001012 = +5 

 

Table 22 demonstrates that the Unsigned representation increases the bit width by inserting leading zeros before 

the original binary number. Since unsigned numbers do not contain a sign bit, this operation preserves the 

numerical value without requiring any additional processing. For the Sign-Magnitude representation, the 

expansion procedure differs because the most significant bit is reserved for the sign. Instead of inserting leading 

zeros before the entire binary number, the sign bit remains unchanged, while zeros are inserted between the sign 

bit and the magnitude bits. Consequently, the sign and the numerical magnitude are both preserved after the 

expansion. In contrast, One's Complement and Two's Complement employ classical sign extension. During this 

process, the most significant bit (MSB) is replicated into the newly added higher-order bits. Therefore, if the MSB 

is 0, leading zeros are inserted, whereas if the MSB is 1, leading ones are inserted. This procedure guarantees that 

both positive and negative values retain their original numerical meaning after increasing the bit width. 

 

The comparison clearly demonstrates that, although all four representations preserve the numerical value after bit-

width expansion, they employ different mechanisms to achieve this objective. Unsigned representation relies on 

zero padding, Sign-Magnitude preserves the sign while inserting additional bits between the sign bit and the 

magnitude bits, whereas One's Complement and Two's Complement employ classical sign extension by 

replicating the most significant bit. This distinction is particularly important in computer architecture because sign 

extension is extensively used by modern processors during data type conversions between different word sizes 

(Hamacher et al., 2012; Parhami, 2010; Intel Corporation, n.d.; RISC-V International, n.d.) 

 

 

Illustrative Binary Representation Examples 

 

To further demonstrate the differences among the four binary number representation methods, this subsection 

presents a set of illustrative conversion examples. Unlike the previous comparisons, which were limited to 3-bit 

bit 3 bit 2 bit 1 bit 0

Unsigned bit 3 bit 2 bit 1 bit 0

Sign-Magnitude Sign bit 2 bit 1 bit 0

One's Complement Sign bit 2 bit 1 bit 0

Two's Complement Sign bit 2 bit 1 bit 0
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representations, the following examples use binary numbers with different bit widths. These examples provide a 

practical demonstration of how decimal values are encoded into binary and how binary patterns are interpreted as 

decimal values under different representation methods. 

 

Table 23 presents the conversion of decimal numbers into binary using Unsigned, Sign-Magnitude, One's 

Complement, and Two's Complement representations. The examples demonstrate that positive decimal values 

generally produce identical binary representations in all four methods, whereas negative values require different 

encoding techniques depending on the selected representation. As expected, negative decimal values cannot be 

represented using the Unsigned representation. 

 

Table 23. Conversion of decimal numbers to binary using different binary representation methods 

Decimal Unsigned Sign-Magnitude One’s Complement Two’s Complement 

10(10) 1010(2) 01010(2) 01010(2) 01010(2) 

−10(10) X 11010(2) 10101(2) 10110(2) 

−25(10) X 111001(2) 100110(2) 100111(2) 

25(10) 11001(2) 011001(2) 011001(2) 011001(2) 

 

Table 24 illustrates the reverse conversion process by interpreting the same binary value according to each 

representation method. The examples clearly show that identical binary patterns may correspond to different 

decimal values depending on the representation used. This observation reinforces one of the central findings of 

this study: a binary pattern has no intrinsic numerical meaning unless the corresponding representation method is 

specified. 

 

Table 24. Conversion of binary numbers to decimal by interpreting the same binary value using different binary 

representation methods 

Binary Unsigned Sign-Magnitude One’s Complement Two’s Complement 

1101(2) 13(10) −5(10) −2(10)  −3(10) 

10001(2) 17(10) −1(10) −14(10) −15(10) 

1111(2) 15(10) −7(10) −0(10) −1(10) 

101011(2) 43(10) −11(10) −20(10) −21(10) 

 

Taken together, Tables 23 and 24 provide complementary examples of binary encoding and interpretation. While 

Table 23 focuses on converting decimal values into binary representations, Table 24 demonstrates how the same 

binary pattern may produce different decimal values when interpreted using different representation methods. 

These examples reinforce the theoretical comparisons presented in the previous subsections and facilitate a deeper 

understanding of binary number representations. 

 

 

Comparative Advantages and Disadvantages 

 

Table 25. Comparative advantages and disadvantages of binary number representation methods 

Representation Advantages Disadvantages 

Unsigned 

• Utilizes all 2𝑛 binary combinations. 

• Single zero representation. 

• Simple encoding and decoding. 

• Efficient for non-negative values. 

• Cannot represent negative values. 

• Unsuitable for signed arithmetic. 

Sign-Magnitude 

• Simple representation of sign and 

magnitude. 

• Easy to determine the sign of a number. 

• Two zero representations. 

• More complex arithmetic operations. 

• Does not use classical sign extension; the 

sign bit must be preserved separately during 

bit-width expansion. 

One’s 

Complement 

• Simple generation of negative values by bit 

inversion. 

• Supports sign extension. 

• Two zero representations. 

• End-around carry required during addition. 

• More complex hardware implementation. 

Two’s 

Complement 

• Single zero representation. 

• Uses all 2𝑛 binary combinations. 

• Supports classical sign extension. 

• Efficient hardware arithmetic. 

• Standard representation in modern systems. 

• Asymmetric numerical range. 

• Slightly less intuitive for beginners. 



International Conference on Basic Sciences, Engineering and Technology (ICBASET), September 17-18, 2026, Istanbul/Türkiye 

148 

 

Each binary number representation method offers specific advantages and limitations that influence its suitability 

for different applications. While some methods simplify the representation of signed numbers, others improve 

arithmetic efficiency or maximize the number of representable values. Table 25 provides a comparative summary 

of the principal advantages and disadvantages of Unsigned, Sign-Magnitude, One's Complement, and Two's 

Complement representations. 

 

As shown in Table 25, each representation method involves a different set of design trade-offs. Unsigned 

representation is simple and efficiently utilizes all available binary combinations but cannot represent negative 

values. Sign-Magnitude provides an intuitive separation between the sign and magnitude; however, it introduces 

two representations of zero and complicates arithmetic operations. One's Complement simplifies the generation 

of negative numbers through bit inversion and supports classical sign extension, but it also suffers from duplicate 

zero representations and requires an end-around carry during addition. In contrast, Two's Complement combines 

a unique representation of zero, full utilization of the available binary combinations, efficient hardware arithmetic, 

and classical sign extension, making it the preferred representation for signed integers in modern computer 

systems (ARM Ltd., n.d.; Intel Corporation, n.d.; Parhami, 2010; Patterson & Hennessy, 2020; RISC-V 

International, n.d.). 

 

 

Summary Comparison 

 

The previous subsections examined the four binary number representation methods from different perspectives, 

including numerical range, binary encoding, bit-width expansion, conversion examples, and their respective 

advantages and disadvantages. To consolidate these findings, Table 26 summarizes the principal characteristics 

of Unsigned, Sign-Magnitude, One's Complement, and Two's Complement representations. The comparison 

focuses on the maximum number of representable values, zero representation, support for classical sign extension, 

and suitability for efficient hardware arithmetic. 

 

Table 26. Summary comparison of unsigned, sign-magnitude, one’s complement, and two’s complement 

representations 

Representation 
Maximum Number of 

Representable Values 
Zero Representation 

Classical Sign 

Extension 

Efficient 

Hardware 

Arithmetic 

Unsigned 2𝑛 Single Zero N/A √ 

Sign-Magnitude 2𝑛 − 1 Positive and Negative Zero x x 

One’s Complement 2𝑛 − 1 Positive and Negative Zero √ x 

Two’s Complement 2𝑛 Single Zero √ √ 

 

As summarized in Table 26, each representation method has distinct characteristics and design trade-offs. 

Unsigned representation efficiently utilizes all available binary combinations but is limited to non-negative 

integers. Sign-Magnitude and One's Complement extend the representation to signed integers; however, both 

introduce two representations of zero, reducing the number of distinct representable values and increasing 

arithmetic complexity. In contrast, Two's Complement combines a unique representation of zero, full utilization 

of the available binary combinations, support for classical sign extension, and efficient hardware arithmetic. These 

characteristics explain why Two's Complement has become the standard representation for signed integers in 

modern computer systems (ARM Ltd., n.d.; Intel Corporation, n.d.; Parhami, 2010; Patterson & Hennessy, 2020; 

RISC-V International, n.d.). 

 

The comparative analysis presented in this section demonstrates that, although all four representation methods 

encode binary integers, they differ significantly in their design, implementation, and practical applications. The 

unified comparison highlights the strengths and limitations of each method and provides a structured foundation 

for understanding their use in computer systems. These observations naturally lead to the discussion in the 

following section, which examines the reasons behind the widespread adoption of Two's Complement in modern 

computer architectures. 

 

 

Discussion 
 

The comparative analysis presented in the previous section demonstrates that binary number representation 

methods differ not only in their numerical ranges but also in their encoding mechanisms, bit-width expansion 

procedures, arithmetic properties, and hardware implementation. Although all four representations encode binary 
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integers, each method was developed to address specific limitations of its predecessors. The findings of this study 

provide clear answers to the research questions introduced in Section I (Parhami, 2010; Stallings, 2022). 

 

Regarding RQ1, the analysis shows that the four representation methods differ fundamentally in the way they 

encode signed integers. Unsigned representation is limited to non-negative values because all available bits are 

allocated to representing numerical magnitude. In contrast, Sign-Magnitude, One's Complement, and Two's 

Complement extend binary representation to include negative values using different encoding strategies. Sign-

Magnitude stores the sign and magnitude separately, One's Complement generates negative numbers through bit 

inversion, whereas Two's Complement combines bit inversion with the addition of one (Parhami, 2010; Stallings, 

2022). 

 

Regarding RQ2, the comparison demonstrates that these representations exhibit different characteristics in terms 

of numerical range, zero representation, bit-width expansion, and arithmetic implementation. Unsigned 

representation provides the largest range of non-negative integers by utilizing all available binary combinations. 

Sign-Magnitude and One's Complement, however, sacrifice one distinct representable value because both contain 

two representations of zero. Furthermore, the analysis highlights different approaches to bit-width expansion. 

Unsigned representation performs zero padding, Sign-Magnitude preserves the sign while inserting additional bits 

between the sign bit and the magnitude bits, whereas One's Complement and Two's Complement employ classical 

sign extension by replicating the most significant bit. These differences have a direct impact on arithmetic 

operations and processor implementation (Hamacher et al., 2012; Parhami, 2010; Stallings, 2022). 

 

Regarding RQ3, the results clearly explain why Two's Complement has become the standard representation for 

signed integers in modern computer systems. Unlike Sign-Magnitude and One's Complement, Two's Complement 

eliminates the duplicate representation of zero and fully utilizes all available binary combinations (Parhami, 2010). 

Furthermore, Two's Complement allows addition and subtraction to be implemented using a common binary 

adder, with subtraction performed by complementing the subtrahend and adding one. Classical sign extension 

simplifies data type conversion between different word sizes, making Two's Complement particularly suitable for 

modern processor architectures  (ARM Ltd., n.d.; Intel Corporation, n.d.; Parhami, 2010; Patterson & Hennessy, 

2020; RISC-V International, n.d.). 

 

Overall, the comparative analysis confirms that the adoption of Two's Complement is not arbitrary but is the result 

of several technical advantages. While the other representation methods remain valuable for understanding the 

historical development of signed binary arithmetic and the fundamental concepts of computer architecture, Two's 

Complement offers the best balance between representational efficiency, arithmetic simplicity, and hardware 

implementation. These characteristics explain why Two's Complement has remained the dominant representation 

for signed integers in virtually all modern computer systems (ARM Ltd., n.d.; Intel Corporation, n.d.; Parhami, 

2010; Patterson & Hennessy, 2020; RISC-V International, n.d.). 

 

 

Conclusion 
 

This paper presented a comprehensive comparative analysis of four binary number representation methods: 

Unsigned, Sign-Magnitude, One's Complement, and Two's Complement. The comparison examined their 

numerical ranges, binary encoding mechanisms, bit-width expansion techniques, zero representation, sign 

extension, and suitability for hardware arithmetic. A unified comparative framework supported by formulas, 

illustrative examples, and comparative tables was developed to highlight the similarities and differences among 

these representation methods. 

 

The analysis demonstrated that each representation method has distinct characteristics, advantages, and 

limitations. Unsigned representation efficiently utilizes all available binary combinations for non-negative 

integers, whereas Sign-Magnitude and One's Complement extend the representation to signed numbers but 

introduce additional complexity due to the existence of two representations of zero. In contrast, Two's 

Complement combines a unique zero representation, full utilization of the available binary combinations, classical 

sign extension, and efficient hardware arithmetic, making it the most practical and widely adopted representation 

for signed integers in modern computer systems. 

 

The comparative framework presented in this paper provides a structured reference for understanding binary 

number representations and their practical implications in computer architecture and digital systems. By 

evaluating the four representation methods using consistent technical criteria, the analysis clarifies the design 
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trade-offs associated with numerical range, zero representation, bit-width expansion, overflow behavior, and 

arithmetic implementation. 

 

Future work may extend this analysis by examining the implications of these representations for subtraction, 

multiplication, and division, as well as their hardware complexity and implementation in contemporary processor 

architectures. Further studies may also investigate how knowledge of binary number representations can be 

applied in computer architecture education. 

 

 

Recommendations 

 

Based on the comparative analysis presented in this study, several recommendations can be formulated regarding 

the selection and interpretation of binary number representation methods. 

 

First, Two’s Complement should be preferred for signed integer representation in modern digital systems because 

it provides a unique representation of zero, utilizes all available binary combinations, supports straightforward 

sign extension, and enables efficient implementation of arithmetic operations. 

 

Second, the representation method should always be explicitly specified when binary patterns are interpreted or 

communicated. The same binary pattern may correspond to substantially different numerical values depending on 

whether Unsigned, Sign-Magnitude, One’s Complement, or Two’s Complement representation is assumed. 

 

Third, particular attention should be given to the numerical boundaries of fixed-width representations when 

designing or analyzing arithmetic operations. Overflow conditions should be considered whenever an arithmetic 

result exceeds the maximum representable value, while negative boundary violations should be evaluated against 

the minimum representable value of the selected representation. 

 

Finally, the comparative framework presented in this study can be extended in future work to examine additional 

aspects of computer arithmetic, including subtraction, multiplication, and division, hardware implementation 

complexity, and the behavior of fixed-width arithmetic in contemporary processor architectures. 
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Abstract: Let 𝛷(𝑛) denote Nathanson’s Euler-type function for subsets of {1,2, … , 𝑛}, defined as the number of 

nonempty subsets 𝐴 satisfying gcd(gcd𝐴, 𝑛) = 1. We introduce the second Möbius transform 𝛹 = 𝜇 ∗ 𝛷, derive 

explicit formulas for 𝛹, prove 𝛹(𝑛) > 0 for every positive integer 𝑛, and obtain lower bounds and asymptotic 

estimates. We then study the Nathanson GCD matrix 𝐺𝛷(𝑆) = [𝛷 (gcd(𝑥𝑖 , 𝑥𝑗))]
𝑖,𝑗=1

𝑟

associated with a 

finite set 𝑆 of distinct positive integers. Using divisor-incidence factorization, we prove positive definiteness for 

arbitrary finite sets, derive exact determinant formulas, and obtain an explicit inverse formula on factor-closed 

sets. 
 

Keywords: Nathanson’s totient function; GCD matrix; Möbius inversion; Dirichlet convolution; Positive definite 

matrix; Factor-closed set; Mersenne numbers. 

 

 

Introduction 
 

Arithmetic functions and structured matrices provide a natural meeting point between number theory and linear 

algebra. One of the classical examples is the GCD matrix the GCD matrix whose (𝑖, 𝑗)-entry is gcd(𝑥ᵢ, 𝑥ⱼ), defined 

on a finite set 𝑆 =  {𝑥₁, … , 𝑥ᵣ} of distinct positive integers. The subject originates with Smith's classical 

arithmetical determinant (Smith, 1875–1876) and was developed systematically in the modern literature by Beslin 

and Ligh (1989). Subsequent work extended these ideas to matrices generated by general arithmetic functions and 

to the broader theory of meet and join matrices; see Korkee and Haukkanen (2003) and Ovall (2004). Divisor-

incidence factorizations are particularly effective for studying determinants, inverses, nonsingularity, and positive 

definiteness of matrices whose entries have the form 𝑓(gcd(𝑥ᵢ, 𝑥ⱼ)). 

 

Another direction in arithmetic combinatorics concerns analogues of Euler's totient function obtained by counting 

relatively prime subsets. Nathanson (2007) introduced a phi function for subsets of {1,2, . . . , 𝑛}; in the notation 

adopted here, 𝛷(𝑛) counts the nonempty subsets 𝐴 ⊆ {1, . . . , 𝑛} for which gcd(gcd(𝐴), 𝑛) = 1. Nathanson 

obtained exact formulas for this function, while Nathanson and Orosz (2007) developed related asymptotic 

estimates. A fundamental identity is 𝛴 𝛷(𝑑)  =  2ⁿ −  1, where the sum is over all divisors 𝑑 of 𝑛. Thus 𝛷 is 

naturally connected with the Mersenne sequence 𝑀(𝑛)  =  2ⁿ −  1. In the language of Dirichlet convolution, the 

preceding identity is 𝑀 =  1 ∗  𝛷, and Möbius inversion gives 𝛷 =  𝜇 ∗  𝑀. Standard background on arithmetic 

functions, Möbius inversion, and Dirichlet convolution may be found in Apostol (1976) and McCarthy (1986). 

This convolutional relation is the starting point of the present investigation. 

http://www.isres.org/
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Mersenne-type arithmetic matrices have also been studied recently. Awad, Mghames, and Amin (2024) 

investigated Mersenne power GCD matrices and obtained structural results for associated determinants and 

inverses. Zeid, Chehade, and Awad (2025) subsequently considered Mersenne GCED matrices in the setting of 

exponential divisors. These works motivate a closer examination of arithmetic functions arising from the 

Mersenne sequence through Möbius transformation. 

 

Motivated by 𝑀 =  1 ∗  𝛷, we apply Möbius inversion to Nathanson's function once more and introduce the 

second Möbius transform 𝛹(𝑛)  =  (𝜇 ∗  𝛷)(𝑛). Equivalently, 𝛷(𝑛)  =  𝛴 𝛹(𝑑), where 𝑑 runs through the 

divisors of 𝑛. Since 𝛷 =  𝜇 ∗  𝑀, we also have 𝛹 =  (𝜇 ∗  𝜇)  ∗  𝑀. Thus 𝑀, 𝛷, and 𝛹 form a natural 

convolutional hierarchy, with each successive step obtained by a Möbius transform. 

 

The first objective of this paper is to investigate the arithmetic structure of 𝛹. We determine the prime-power 

values of ℎ =  𝜇 ∗  𝜇, derive an explicit divisor representation for 𝛹(𝑛), and prove the fundamental positivity 

property 𝛹(𝑛)  >  0 for every 𝑛 ≥  1. We further obtain explicit formulas for primes, prime powers, semiprimes, 

and squarefree integers, together with lower bounds involving the prime divisors of 𝑛 and an asymptotic estimate 

𝛹(𝑛) ~ 2ⁿ. 

 

The second objective is to use this positivity to study the matrix 𝐺𝛷(𝑆), whose (𝑖, 𝑗)-entry is 𝛷(𝑔𝑐𝑑(𝑥ᵢ, 𝑥ⱼ)), which 

we call the Nathanson GCD matrix associated with S. General matrices of the form [𝑓(𝑔𝑐𝑑(𝑥ᵢ, 𝑥ⱼ))] belong to the 

established theory of GCD and meet matrices (Beslin & Ligh, 1989; Korkee & Haukkanen, 2003; Ovall, 2004). 

Accordingly, the general incidence-matrix machinery used here is classical; the arithmetic contribution specific 

to the present setting is the analysis and positivity of 𝛹 =  𝜇 ∗  𝛷, which makes that machinery effective for 

Nathanson's subset totient. 

 

Using 𝛷(𝑛)  =  𝛴 𝛹(𝑑), where 𝑑 runs through the divisors of 𝑛, we obtain a divisor-incidence factorization 

𝐺𝛷(𝑆)  =  𝐸ₛ 𝐷𝛹 𝐸ₛᵀ. Since 𝛹(𝑑)  >  0, this representation implies that 𝐺𝛷(𝑆) is positive definite for every finite 

set of distinct positive integers. For factor-closed sets it yields the product determinant det 𝐺𝛷(𝑆) =  ∏ 𝛹𝑥∈𝑆 (𝑥) 

and an explicit inverse formula; for arbitrary finite sets, Cauchy–Binet gives an exact determinant expansion. 

 

The principal contributions are therefore the introduction and arithmetic analysis of the second Möbius transform 

𝛹 =  𝜇 ∗  𝛷; the proof of its strict positivity; explicit formulas and asymptotic estimates; and the resulting 

positive-definiteness, determinant, and inverse results for Nathanson GCD matrices. This provides a direct link 

among relatively prime subset enumeration, Mersenne-type arithmetic functions, and structured GCD matrices. 

 

The remainder of the paper is organized as follows. Section 2 recalls basic identities for Nathanson's totient 

function. Sections 3–5 develop the second Möbius transform, its positivity, explicit formulas, and bounds. 

Sections 6–8 study the associated GCD matrices, determinants, and inverses. Section 9 contains worked examples, 

followed by the Mersenne connection, conclusions, recommendations for future research, declarations, and 

references. 

 

 

Basic Identities for Nathanson’s Totient Function 
 

Proposition 2.1. For every positive integer 𝑛, 

 

∑ 𝛷

𝑑∣𝑛

(𝑑) = 2𝑛 − 1. 

 

Proof. Take any nonempty subset 𝐴 ⊆ {1, … , 𝑛} and define 

 

𝑔 = gcd(gcd𝐴, 𝑛). 
 

Then 𝑔 ∣ 𝑛. Dividing every element of 𝐴 by 𝑔 produces a nonempty subset of {1, … , 𝑛/𝑔} whose common gcd is 

relatively prime to 𝑛/𝑔. Conversely, multiplying such a subset by 𝑔 recovers 𝐴. Thus the nonempty subsets are 

partitioned by the value of 𝑔, and the class corresponding to 𝑔 contains 𝛷(𝑛/𝑔) subsets. Hence 

 

2𝑛 − 1 = ∑ 𝛷

𝑔∣𝑛

(𝑛/𝑔) = ∑ 𝛷

𝑑∣𝑛

(𝑑). 
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This proves the result. 

 

Corollary 2.2. By Möbius inversion, 

 

𝛷(𝑛) = ∑ 𝜇

𝑑∣𝑛

(𝑑)(2𝑛/𝑑 − 1). 

 

For 𝑛 > 1, since ∑ 𝜇𝑑∣𝑛 (𝑑) = 0, 

 

𝛷(𝑛) = ∑ 𝜇

𝑑∣𝑛

(𝑑)2𝑛/𝑑. 

 

Proposition 2.3. If 𝑝 is prime and 𝑎 ≥ 1, then 

 

𝛷(𝑝𝑎) = 2𝑝𝑎
− 2𝑝𝑎−1

. 
 

Proof. Among the divisors of 𝑝𝑎, the Möbius function is nonzero only at 1 and 𝑝. Substitution into Corollary 2.2 

gives the formula. 

 

For distinct primes 𝑝, 𝑞, 

 

𝛷(𝑝𝑞) = 2𝑝𝑞 − 2𝑝 − 2𝑞 + 2. 
 

 

3. The Second Möbius Transform 
 

Define 

 

𝛹(𝑛) = (𝜇 ∗ 𝛷)(𝑛) = ∑ 𝜇

𝑑∣𝑛

(𝑑)𝛷(𝑛/𝑑). 

 

By Möbius inversion, 

 

𝛷(𝑛) = ∑ 𝛹

𝑑∣𝑛

(𝑑). 

 

Let 𝑀(𝑛) = 2𝑛 − 1. Since 𝛷 = 𝜇 ∗ 𝑀, 

 

𝛹 = (𝜇 ∗ 𝜇) ∗ 𝑀. 
 

Put ℎ = 𝜇 ∗ 𝜇. 

 

Lemma 3.1. The function ℎ is multiplicative and, for every prime 𝑝, 

 

ℎ(𝑝𝑎) = {

1, 𝑎 = 0,
−2, 𝑎 = 1,
1, 𝑎 = 2,
0, 𝑎 ≥ 3.

 

 

Proof. Dirichlet convolution preserves multiplicativity. Moreover, 

 

ℎ(𝑝𝑎) = ∑ 𝜇

𝑎

𝑗=0

(𝑝𝑗)𝜇(𝑝𝑎−𝑗), 

 

and 𝜇(𝑝𝑗) = 0 for 𝑗 ≥ 2. The stated values follow. 

 

Proposition 3.2. For every 𝑛 ≥ 1, 
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𝛹(𝑛) = ∑ ℎ

𝑑∣𝑛

(𝑑)2𝑛/𝑑 − 𝜇(𝑛). 

 

Proof. Since 𝛹 = ℎ ∗ 𝑀, 

 

𝛹(𝑛) = ∑ ℎ

𝑑∣𝑛

(𝑑)(2𝑛/𝑑 − 1). 

 

Also, 

 

∑ ℎ

𝑑∣𝑛

(𝑑) = (ℎ ∗ 𝟏)(𝑛) = (𝜇 ∗ 𝜇 ∗ 𝟏)(𝑛) = 𝜇(𝑛). 

 

Substitution gives the result. 

 

 

4. Positivity of 𝜳 
 

Lemma 4.1. For every 𝑛 ≥ 1, 

 

𝛷(𝑛) ≥ 2𝑛−1. 
 

Proof. Every subset of {1, … , 𝑛} containing 1 has gcd 1 and is counted by 𝛷(𝑛). Exactly 2𝑛−1 subsets contain 1. 

 

Theorem 4.2. For every positive integer 𝑛, 

 

1 ≤ 𝛹(𝑛) ≤ 𝛷(𝑛). 
 

In particular, 𝛹(𝑛) > 0. 

 

Proof. We argue by induction. For 𝑛 = 1, 𝛹(1) = 𝛷(1) = 1. Assume the assertion for every proper divisor 𝑑 <
𝑛. From 𝛷(𝑛) = ∑ 𝛹𝑑∣𝑛 (𝑑), 

 

𝛹(𝑛) = 𝛷(𝑛) − ∑ 𝛹
𝑑∣𝑛

𝑑<𝑛

(𝑑). 

 

Using the induction hypothesis 𝛹(𝑑) ≤ 𝛷(𝑑), 

 

𝛹(𝑛) ≥ 𝛷(𝑛) − ∑ 𝛷
𝑑∣𝑛

𝑑<𝑛

(𝑑). 

 

By Proposition 2.1, 

 

𝛹(𝑛) ≥ 2𝛷(𝑛) − 2𝑛 + 1. 
 

Lemma 4.1 gives 2𝛷(𝑛) ≥ 2𝑛, hence 𝛹(𝑛) ≥ 1. Since every proper-divisor term 𝛹(𝑑) is positive, the defining 

identity also gives 𝛹(𝑛) ≤ 𝛷(𝑛). 

 

Corollary 4.3. For 𝑛 ≥ 3, 

 

𝛹(𝑛) ≥ 2𝑛−2 + 1. 
 

Proof. Besides all subsets containing 1, every subset containing both 2 and 3 but not 1 has gcd 1. There are 2𝑛−3 

such subsets. Hence 

 

𝛷(𝑛) ≥ 2𝑛−1 + 2𝑛−3. 
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Substituting into 𝛹(𝑛) ≥ 2𝛷(𝑛) − 2𝑛 + 1 gives the result. 

 

 

5. Explicit Formulas and Prime-Divisor Bounds 
 

Proposition 5.1. If 𝑝 is prime, then 

 

𝛹(𝑝) = 2𝑝 − 3. 
 

Proof. 𝛹(𝑝) = 𝛷(𝑝) − 𝛷(1) = (2𝑝 − 2) − 1. 

 

Proposition 5.2. If 𝑎 ≥ 2, then 

 

𝛹(𝑝𝑎) = 2𝑝𝑎
− 2 ⋅ 2𝑝𝑎−1

+ 2𝑝𝑎−2
. 

 

Proof. By Lemma 3.1, only 1, 𝑝, 𝑝2 contribute, and 𝜇(𝑝𝑎) = 0 for 𝑎 ≥ 2. 

 

Proposition 5.3. For distinct primes 𝑝 < 𝑞, 

 

𝛹(𝑝𝑞) = 2𝑝𝑞 − 2𝑞+1 − 2𝑝+1 + 7. 
 

Proof. The relevant divisors are 1, 𝑝, 𝑞, 𝑝𝑞, with ℎ-values 1, −2, −2,4, and 𝜇(𝑝𝑞) = 1. Thus 

 

𝛹(𝑝𝑞) = 2𝑝𝑞 − 2 ⋅ 2𝑞 − 2 ⋅ 2𝑝 + 4 ⋅ 2 − 1, 
 

which simplifies to the stated formula.  

 

Proposition 5.4. If 𝑛 is squarefree, then 

 

𝛹(𝑛) = ∑ (−2)𝜔(𝑑)

𝑑∣𝑛

2𝑛/𝑑 − 𝜇(𝑛). 

 

Proof. For square free 𝑑, multiplicativity and Lemma 3.1 give ℎ(𝑑) = (−2)𝜔(𝑑). Substitute into Proposition 3.2. 

 

Theorem 5.5. For 𝑛 > 1, 

 

𝛹(𝑛) ≥ 2𝑛 − 2 ∑ 2𝑛/𝑝

𝑝∣𝑛
𝑝 prime

+ 2𝜔(𝑛) − 1. 

 

Proof. A subset is excluded from 𝛷(𝑛) only if all its elements are divisible by at least one prime 𝑝 ∣ 𝑛. For fixed 

𝑝, there are 2𝑛/𝑝 − 1 nonempty subsets consisting entirely of multiples of 𝑝. By the union bound, 

 

(2𝑛 − 1) − 𝛷(𝑛) ≤ ∑ (2𝑛/𝑝 − 1)
𝑝∣𝑛

𝑝 prime

. 

 

Therefore 

 

𝛷(𝑛) ≥ 2𝑛 − 1 + 𝜔(𝑛) − ∑ 2𝑛/𝑝

𝑝∣𝑛
𝑝 prime

. 

 

Combining this with 𝛹(𝑛) ≥ 2𝛷(𝑛) − 2𝑛 + 1 proves the result. 

 

Corollary 5.6. If 𝑝 = 𝑃−(𝑛) is the smallest prime divisor of 𝑛, then 

 

𝛹(𝑛) ≥ 2𝑛 − 2𝜔(𝑛)2𝑛/𝑝 + 2𝜔(𝑛) − 1. 
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Proof. For every prime 𝑞 ∣ 𝑛, 𝑞 ≥ 𝑝, hence 2𝑛/𝑞 ≤ 2𝑛/𝑝. Apply Theorem 5.5. 

 

Corollary 5.7. As 𝑛 → ∞, 

 

𝛹(𝑛) ∼ 2𝑛 . 
Indeed, 

 
𝛹(𝑛)

2𝑛
= 1 + 𝑂(𝜔(𝑛)2−𝑛/2). 

 

 

6. Nathanson GCD Matrices 
 

Let 𝑆 = {𝑥1, … , 𝑥𝑟} be a finite set of distinct positive integers and define 

 

𝐺𝛷(𝑆) = [𝛷 (gcd(𝑥𝑖 , 𝑥𝑗))]
𝑖,𝑗=1

𝑟

. 

 

Let 𝐷(𝑆) be the set of all positive divisors of elements of 𝑆. Define the divisor-incidence matrix 𝐸 by 

 

𝐸𝑖,𝑑 = {
1, 𝑑 ∣ 𝑥𝑖 ,
0, 𝑑 ∤ 𝑥𝑖 ,

 

 

and let 

 

𝐷𝛹 = diag(𝛹(𝑑): 𝑑 ∈ 𝐷(𝑆)). 

 

Theorem 6.1. 

 

𝐺𝛷(𝑆) = 𝐸𝐷𝛹𝐸𝑇 . 
 

Proof. The (𝑖, 𝑗) entry of the right-hand side is 

 

∑ 𝛹
𝑑∣𝑥𝑖
𝑑∣𝑥𝑗

(𝑑) = ∑ 𝛹

𝑑∣gcd(𝑥𝑖,𝑥𝑗)

(𝑑) = 𝛷 (gcd(𝑥𝑖 , 𝑥𝑗)), 

 

which is the (𝑖, 𝑗) entry of 𝐺𝛷(𝑆). 

 

Lemma 6.2. The divisor-incidence matrix 𝐸 has full row rank. 

 

Proof. Order 𝑥1 < ⋯ < 𝑥𝑟 and select the 𝑟 columns indexed by 𝑥1, … , 𝑥𝑟 . The resulting square matrix has entry 

1 when 𝑥𝑗 ∣ 𝑥𝑖. If 𝑗 > 𝑖, then 𝑥𝑗 > 𝑥𝑖, so 𝑥𝑗 ∤ 𝑥𝑖. Hence this submatrix is lower triangular with diagonal entries 1, 

and its determinant is 1. 

 

Theorem 6.3. For every finite set 𝑆 of distinct positive integers, 𝐺𝛷(𝑆) is positive definite. 

 

Proof. Let 𝑧 ≠ 0. By Theorem 6.1, 

 

𝑧𝑇𝐺𝛷(𝑆)𝑧 = (𝐸𝑇𝑧)𝑇𝐷𝛹(𝐸𝑇𝑧). 
 

Lemma 6.2 implies 𝐸𝑇𝑧 ≠ 0. By Theorem 4.2, every diagonal entry 𝛹(𝑑) is positive, so 𝐷𝛹 is positive definite. 

Therefore, the displayed quadratic form is strictly positive 

 

Consequently every eigenvalue and every principal minor of 𝐺𝛷(𝑆) is positive, and 

 

det𝐺𝛷(𝑆) > 0. 
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7. Determinant Formulas 
 

Theorem 7.1. If 𝑆 is factor closed, then 

 

det𝐺𝛷(𝑆) = ∏ 𝛹

𝑥∈𝑆

(𝑥). 

 

Proof. For a factor-closed set, 𝐷(𝑆) = 𝑆. After increasing ordering, 𝐸 is lower triangular with diagonal entries 1, 

so det𝐸 = 1. Taking determinants in 𝐺𝛷(𝑆) = 𝐸𝐷𝛹𝐸𝑇 gives 

 

det𝐺𝛷(𝑆) = (det𝐸)2det𝐷𝛹 = ∏ 𝛹

𝑥∈𝑆

(𝑥). 

□ 

Corollary 7.2. For 𝑆 = {1,2, … , 𝑛}, 

 

det[𝛷(gcd(𝑖, 𝑗))]
𝑖,𝑗=1

𝑛
= ∏ 𝛹

𝑛

𝑘=1

(𝑘). 

 

Theorem 7.3. For arbitrary 𝑆 with |𝑆| = 𝑟, 

 

det𝐺𝛷(𝑆) = ∑ (det𝐸[: , 𝐾])2

𝐾⊆𝐷(𝑆)

|𝐾|=𝑟

∏ 𝛹

𝑑∈𝐾

(𝑑). 

Proof. Write 

𝐺𝛷(𝑆) = (𝐸𝐷𝛹
1/2

)(𝐸𝐷𝛹
1/2

)
𝑇

. 

 

Applying the Cauchy-Binet formula to this Gram product gives the stated expansion. 

 

 

8. Inverse on Factor-Closed Sets 
 

Theorem 8.1. If 𝑆 is factor closed, then 

 

(𝐺𝛷(𝑆)−1)𝑖𝑗 = ∑
𝜇(𝑥𝑘/𝑥𝑖)𝜇(𝑥𝑘/𝑥𝑗)

𝛹(𝑥𝑘)
𝑥𝑘∈𝑆

𝑥𝑖∣𝑥𝑘, 𝑥𝑗∣𝑥𝑘

. 

 

Proof. Möbius inversion gives 

 

(𝐸−1)𝑖𝑗 = {
𝜇(𝑥𝑖/𝑥𝑗), 𝑥𝑗 ∣ 𝑥𝑖 ,

0, 𝑥𝑗 ∤ 𝑥𝑖 .
 

 

Since 

 

𝐺𝛷(𝑆)−1 = 𝐸−𝑇𝐷𝛹
−1𝐸−1, 

 

taking the (𝑖, 𝑗) entry gives the claimed formula. 

 

 

9. Worked Examples 
 

Example 9.1. Arithmetic Values of 𝜳 

 

𝛹(4) = 24 − 2 ⋅ 22 + 2 = 10, 
𝛹(6) = 26 − 24 − 23 + 7 = 47, 

𝛹(8) = 28 − 25 + 22 = 228, 
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𝛹(9) = 29 − 24 + 2 = 498, 
𝛹(10) = 210 − 26 − 23 + 7 = 959. 

 

 

Example 9.2. A Factor-Closed Set 

 

Let 𝑆 = {1,2,3,6}. Then 

 

𝐺𝛷(𝑆) = (

1 1 1 1
1 2 1 2
1 1 6 6
1 2 6 54

). 

 

Moreover, 

 

𝛹(1) = 1,   𝛹(2) = 1,   𝛹(3) = 5,   𝛹(6) = 47. 
 

Therefore 

 

det𝐺𝛷({1,2,3,6}) = 1 ⋅ 1 ⋅ 5 ⋅ 47 = 235. 
 

 

Example 9.3. Another Factor-Closed Set 

 

For 𝑆 = {1,2,3,4}, 

 

det𝐺𝛷(𝑆) = 𝛹(1)𝛹(2)𝛹(3)𝛹(4) = 1 ⋅ 1 ⋅ 5 ⋅ 10 = 50. 
 

 

Example 9.4. A Non-Factor-Closed Set 

 

Take 𝑆 = {2,3,6}. Then 

 

𝐺𝛷(𝑆) = (
2 1 2
1 6 6
2 6 54

), 

 

and a direct calculation gives 

 

det𝐺𝛷({2,3,6}) = 470 > 0. 
 

Thus, factor closure is unnecessary for positive definiteness; it is needed only for the simple product determinant 

formula. 

 

 

10. Mersenne Connection 
 

Since 𝑀(𝑛) = 2𝑛 − 1 and 𝑀 = 𝟏 ∗ 𝛷, 

 

𝑀 (gcd(𝑥𝑖 , 𝑥𝑗)) = ∑ 𝛷

𝑑∣gcd(𝑥𝑖,𝑥𝑗)

(𝑑). 

 

Hence 

 

[𝑀 (gcd(𝑥𝑖 , 𝑥𝑗))] = 𝐸 diag(𝛷(𝑑))𝐸𝑇 . 

 

For factor-closed 𝑆, 
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det [𝑀 (gcd(𝑥𝑖 , 𝑥𝑗))] = ∏ 𝛷

𝑥∈𝑆

(𝑥). 

 

Thus, the arithmetic chain 

 

𝑀 → 𝛷 → 𝛹 

 

links Mersenne GCD matrices with the Nathanson GCD matrices studied here. 

 

 

Conclusion 
 

The second Möbius transform 𝛹 = 𝜇 ∗ 𝛷 is the arithmetic object controlling GCD matrices generated by 

Nathanson’s totient function. Its positivity yields positive definiteness for arbitrary finite sets, while factor-closed 

sets admit exact determinant and inverse formulas. Natural further questions concern divisibility and 𝑝-adic 

properties of 𝛹 and the separate study of the LCM kernel 𝛷 (lcm(𝑥𝑖 , 𝑥𝑗)). 

 

 

Recommendations and Future Research 
 

The results obtained in this study suggest several directions for further investigation. In particular, the arithmetic 

properties of the second Möbius transform 𝛹 =  𝜇 ∗  𝛷 deserve deeper study, including its divisibility properties, 

congruence behavior, p-adic valuations, and possible characterizations of its extremal values. It would also be 

interesting to investigate spectral properties, eigenvalue bounds, and condition numbers of Nathanson GCD 

matrices. 

 

A natural continuation is the study of the corresponding LCM matrices [𝛷(𝑙𝑐𝑚(𝑥𝑖 , 𝑥𝑗))], where questions 

concerning nonsingularity, inertia, and determinant structure are expected to differ substantially from the GCD 

case. Another direction is to examine analogous constructions arising from other subset-counting arithmetic 

functions and their successive Möbius transforms. 

 

Finally, the connection M → Φ → Ψ between Mersenne numbers, Nathanson's totient function, and its second 

Möbius transform suggests that further arithmetic-matrix constructions based on this convolution hierarchy may 

provide new families of structured GCD and LCM matrices. 

 

 

Scientific Ethics Declarations 
 

* The authors declare that the scientific ethical and legal responsibility of this article published in EPSTEM 

Journal belongs to the authors. 

 

 

Conflict of Interest 
 

* The authors declare that there is no conflict of interest regarding the publication of this article. 

 

 

Funding 
 

* This research received no specific grant from any funding agency in the public, commercial, or not-for-profit 

sectors. 

 

 

Data Availability Statement 
 

* No datasets were generated or analyzed during the current study. All results presented in this article are 

theoretical. 

 



International Conference on Basic Sciences, Engineering and Technology (ICBASET), September 17-18, 2026, Istanbul/Türkiye 

161 

 

 

Acknowledgements or Notes 
 

* This article was presented as an oral presentation at the International Conference on Basic Sciences, Engineering 

and Technology (www.icbaset.net) held in Istanbul/Türkiye on September 17-18, 2026.  

 

* The authors gratefully acknowledges the anonymous referees for their careful reading, valuable comments, and 

constructive suggestions that helped improve the quality and clarity of the manuscript. 

 

 

AMS Subject Classification 
 

* 2020 Mathematics Subject Classification: 11C20, 11A25, 15B36, 11A05. 

 

 

References 
 

Apostol, T. M. (1976). Introduction to analytic number theory. New York, NY: Springer-Verlag. 

Awad, Y., Mghames, R., & Amin, K. (2024). On Mersenne power GCD matrices. The Eurasia Proceedings of 

Science, Technology, Engineering & Mathematics, 28, 224–233. 

Beslin, S., & Ligh, S. (1989). Greatest common divisor matrices. Linear Algebra and Its Applications, 118, 69–

76. 

Korkee, I., & Haukkanen, P. (2003). On meet and join matrices associated with incidence functions. Linear 

Algebra and Its Applications, 372, 127–153. 

McCarthy, P. J. (1986). Introduction to arithmetical functions. New York, NY: Springer-Verlag. 

Nathanson, M. B. (2007). Affine invariants, relatively prime sets, and a phi function for subsets of {1, 2, ..., n}. 

Integers, 7, Article A01. 

Nathanson, M. B., & Orosz, B. (2007). Asymptotic estimates for phi functions for subsets of {m+1, m+2, ..., n}. 

Integers, 7, Article A54. 

Ovall, J. S. (2004). An analysis of GCD and LCM matrices via the LDLᵀ-factorization. Electronic Journal of 

Linear Algebra, 11, 51–58. 

Smith, H. J. S. (1875–1876). On the value of a certain arithmetical determinant. Proceedings of the London 

Mathematical Society, 7, 208–212. 

Zeid, W., Chehade, H., & Awad, Y. (2025). On mersenne GCED matrices. The Eurasia Proceedings of Science, 

Technology, Engineering & Mathematics, 34, 58–65. 

 

 

Author(s) Information 
Yahia Awad 
Lebanese International University (LIU) 

Department of Mathematics and Physics 

AlKhyara, West Bekaa, Lebanon. 

ORCID iD: https://orcid.org/0000-0001-9878-2482 

*Contact e-mail: yehya.awad@liu.edu.lb 

 

Haissam Chehade 
Lebanese International University (LIU) 

Department of Mathematics and Physics 

Saida, Lebanon. 

ORCID iD: https://orcid.org/0000-0002-0639-0236 

 

Wiam Zeid 
Lebanese International University (LIU) 

Department of Mathematics and Physics 

Saida, Lebanon. 

ORCID iD: https://orcid.org/0000-0003-1003-8515 

 

 

 

To cite this article:  

Awad, Y., Chehade, H. & Zeid, W. (2026). GCD matrices associated with Nathanson’s totient function. The 

Eurasia Proceedings of Science, Technology, Engineering and Mathematics (EPSTEM), 42, 152-161. 

 

http://www.icbaset.net/
https://orcid.org/0000-0001-9878-2482
https://orcid.org/0000-0002-0639-0236
https://orcid.org/0000-0003-1003-8515


 

The Eurasia Proceedings of Science, Technology, 

Engineering and Mathematics (EPSTEM) 

ISSN: 2602-3199 

 

- This is an Open Access article distributed under the terms of the Creative Commons Attribution-Noncommercial 4.0 Unported License, 

permitting all non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

- Selection and peer-review under responsibility of the Organizing Committee of the Conference 

© 2026 Published by ISRES Publishing: www.isres.org 

 

 

 

The Eurasia Proceedings of Science, Technology, Engineering and Mathematics (EPSTEM), 2026 

 

Volume 42, Pages 162-175 

 

ICBASET 2026: International Conference on Basic Sciences, Engineering and Technology 

 

 

DBSCAN-Based Spatial Hotspot Detection of Motorcycle and Three-

Wheeled Vehicle Crashes  
 

Ghaidaa A. Majeed 

Mustansiriyah University 

 

Abeer K. Jameel 

Mustansiriyah University 

 

 

Abstract: Because of the lack of physical protection and the often-complex interaction between motorcycles 

and 3-wheelers and the other components of urban transportation systems, motorcycles and 3-wheelers are 

among the most vulnerable road users. Therefore, it is important to determine spatial crash hotspots to enable 

evidence-based road safety management and targeted interventions. The purpose of this study is to detect crash 

hotspot areas of motorcycles and three-wheel vehicles for the Rusafa district in Baghdad using the density-based 

spatial clustering of applications with noise (DBSCAN) algorithm and the Haversine distance measure. There 

were 802 crash records that were georeferenced and analyzed to identify areas that have been more prone to 

crashes. We used a Ball Tree nearest-neighbor search algorithm to implement DBSCAN and preprocessed the 

geographic coordinates before we applied DBSCAN, converting them to radians. We did a sensitivity analysis 

and selected the optimal clustering parameters (eps = 0.5 km, min_samples = 5). Three spatial indicators 

(Zone_Label, Zone_Count, Hotspot_Flag) were then calculated to describe the identified hotspot regions. The 

framework recommended 37 spatial clusters, with 656 (81.8%) of these crashes being identified as a hotspot and 

146 crashes (18.2%) as spatial noise. The greatest number of crashes recorded occurred in the largest hotspot 

(Zone 8) with 116 crashes, or 14.46% of all crashes recorded. Results also indicate that the most common crash 

locations are not necessarily the most severe, suggesting that, in addition to severity, crash frequency should be 

taken into account when assessing road safety. The framework proposed here may assist transportation agencies 

in determining persistent crash locations, prioritizing engineering and enforcement measures, and combining 

with machine learning methods to forecast crash severity. 

 

Keywords: DBSCAN, Spatial hotspot detection, Haversine distance, GIS, Road safety 

 

 

Introduction 

 

Motorcycles and three-wheelers are indispensable elements of urban transport networks, especially in 

developing countries, where they offer low-cost, flexible, and efficient transportation. They are maneuverable 

and can be used for both passenger and commercial traffic in busy streets. Unlike enclosed vehicles, however, 

these modes provide little physical protection to riders and passengers and put them at significant risk of serious 

injury or death in the event of a traffic accident. Motorcycle and three-wheeled vehicle crashes have thus 

emerged as a significant public health and transportation safety problem, particularly in rapidly urbanizing cities 

with mixed traffic, high traffic volumes, and complex roadway environments (WHO, 2023). 

 

Traffic accidents do not happen uniformly throughout the urban road network. Rather, they usually focus in one 

or more geographic areas where roadway geometry, traffic exposure, land use, operational characteristics, and 

human behavior combine to raise the risk of crashes. These high-risk locations, also known as crash hotspots, 

are key to evidence-based road safety management. Hotspot identification helps the transportation agency 

prioritize engineering improvements, optimize enforcement efforts, allocate limited safety resources more 

http://www.isres.org/
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effectively, and target limited education resources to reduce the number and severity of crashes (National 

Research Council, 2010; Shokat & Jameel, 2025). 

  

The typical approaches to identifying hot spots are based on crash frequency rankings, administrative 

boundaries, roadway segments, or statistical aggregation techniques. While these methods offer valuable 

insights, crash patterns seldom align with administrative or roadway boundaries, making them less useful for 

capturing localized spatial patterns. In addition, standard clustering algorithms may fail to capture crash patterns 

around complex intersections, commercial areas, or urban activity centers, where crash clusters may form in 

irregular shapes (Li & Wang, 2022; Jameel & Jameel). 

 

New developments in Geographic Information Systems (GIS), spatial data analytics, and machine learning have 

enabled more sophisticated strategies for crash hotspot detection. The growing popularity of this type of 

clustering algorithm is due to its ability to detect spatial clusters in the data that are not created by aggregating 

data in arbitrary spatial units. The Density-Based Spatial Clustering of Applications with Noise (DBSCAN) 

algorithm has proven to be one of the most popular methods for traffic safety analysis. One advantage of 

DBSCAN over standard clustering methods is that it automatically determines the number of clusters (no prior 

knowledge of it), automatically finds clusters of any shape (no requirement for them to be convex), and 

classifies isolated data points as noise. The advantages of DBSCAN render it particularly suitable for traffic 

crash analysis, as crash locations often are not arranged in a compact geometric pattern, but in an irregular road 

corridor (Ali & Alhusaynat, 2026; Mandala et al., 2026). 

 

Choosing a distance measure is also crucial if geographic coordinates are used to analyze relationships. Latitude 

and longitude are not Cartesian coordinates, but rather angular measurements on the surface of the Earth. For 

that reason, spherical distance measures must be used in place of Euclidean distance measures. The Haversine 

distance is a perfect choice because it provides the shortest distance between two points on Earth's surface while 

accounting for its curvature. The Haversine metric is combined with DBSCAN to enhance the reliability of 

hotspot detection by augmenting the neighborhood relationships between crash locations with a geographical 

sense (Sharmila & Sabarish, 2021; Pusuluri, & Dangeti, 2024). 

 

Although density-based clustering has been increasingly applied in transportation safety studies, several 

challenges remain. The performance of DBSCAN is strongly affected by both the neighborhood radius (eps) and 

the minimum number of samples (min_samples) required to form a cluster. These parameters required to form a 

cluster strongly affect DBSCAN's performance. Furthermore, most previous studies have examined all traffic 

crashes, with relatively few specifically examining motorcycles and three-wheeled vehicle crashes using 

coordinate-level spatial analysis. Further, there is little research that investigates the sensitivity of DBSCAN 

parameters or that converts clustering results into more practical hotspot indicators to inform further crash 

severity modeling and transportation planning (Lai et al., 2019; Zhang et al., 2024). 

 

With urbanization and rising traffic volumes, Iraq's capital, Baghdad, has seen an increase in the number of 

motorcycles and 3-wheelers. The city is home to several signalized intersections, commercial corridors, mixed 

land-use zones, and freewheeling road networks in district Rusafa, one of the city's busiest urban areas, which 

contributes to high crash rates. While enhancing road safety in this context is important, there is a lack of in-

depth coordinate-based hotspot analyses of vulnerable road users. 

 

In view of this, the aim of this study is to use the DBSCAN algorithm, with Haversine distance as the metric, to 

detect crash hotspots for motorcycles and three-wheeled vehicles in the city of Rusafa in Baghdad. A set of 802 

georeferenced crash records was analyzed to identify dense crash clusters and isolated crash locations, and to 

assess the impact of varying neighborhood radii through a sensitivity analysis. To quantify the detected clusters 

and support integration with crash severity prediction and transportation safety assessment models in the future, 

three spatial indicators were developed: Zone_Label, Zone_Count, and Hotspot_Flag. 

 

This study helps in the following four ways: 

 

• It introduces a hotspot detection system based on a coordinate-based approach and specifically tailored to 

motorcycle and three-wheeled vehicle crashes, based on the DBSCAN cluster algorithm and Haversine 

distance measure. 

• It tests the sensitivity of DBSCAN neighborhood parameters to determine the balance between the accuracy 

of the hotspot detection and spatial resolution. 

• It develops spatial hotspot indicators that can be integrated into future machine learning and crash severity 

prediction models. 
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• It offers a first-hand account of how transportation planners and road safety agencies can identify high-risk 

areas in urban settings in Baghdad and prioritize interventions that will enhance safety. 

 

The results provide valuable insights into the evolving field of GIS-based traffic safety analysis and highlight 

the potential of density-based spatial clustering for data-driven decision-making on enhancing road safety for 

vulnerable road users in urban areas. 

 

 

Methods  
 

Research Framework 

 

The methodology used in this study was density-based spatial clustering (DBSCAN), which was used to detect 

crash hotspots for motorcycles and 3-wheelers in Baghdad. The proposed framework is a sequential six-step 

process of crash data collection and preprocessing, Geographic coordinate preparation, Spatial distance 

computation (with the Haversine metric), Hotspot detection (with the DBSCAN algorithm), Sensitivity analysis 

for parameter selection, spatial visualization, and descriptive analysis of the identified hotspots. The overall 

research framework is presented in Figure 1. 
 

 
Figure 1. Proposed research framework for DBSCAN-based spatial hotspot detection of motorcycle and three-

wheeled vehicle crashes. 
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Study Area and Crash Database 

 

The study was conducted in Baghdad, Rusafa, one of the most densely populated urban areas with a dense 

network of transportation corridors, including arterial roads, signalized intersections, commercial corridors, 

residential neighborhoods, and mixed land-use developments. The district has a high number of motorcyclists 

and high traffic demand, which makes it ideal for studying spatial patterns of crash concentrations. 

 

The 802 motorcycle and three-wheeled vehicle crashes in the crash database were officially recorded traffic 

crashes with geographic information. Geographic coordinates (latitude and longitude) were included with the 

severity information, which was classified into 3 levels for each crash record: Fatal crashes, Injury crashes, and 

Property damage only (PDO) crashes. Crash severity was used to describe the characteristics of the detected 

hotspot zones but did not affect the clustering process, whereas geographic variables were used as the main 

variables for detecting hotspot zones. 

 

 

Data Preparation 

 

All crash data were first extensively processed to enhance data quality and facilitate accurate spatial analysis 

prior to clustering. The preprocessing consisted of the following steps: 

 

• Geographic information system (GIS) data; and 

• Removing duplicated observations; 

• Correcting incomplete or incorrect geographic coordinates; 

• Converting Degrees–Minutes–Seconds (DMS) to decimal degrees; 

• Converting degrees to radians for Haversine distance calculation. 

 

Angles recorded in DMS were converted into decimal degrees (Eleiche, 2010): 

 

       (1) 

 

where: 

 

DD is the coordinate in decimal degrees, D = degree, M = minute, S = second. 

 

Since Scikit-learn uses angular coordinates to implement the haversine metric, all latitudes and longitudes were 

converted from decimal degrees to radians prior to clustering. 

 

 

Geographic Distance Measurement 

 

Geographic coordinates are used to determine points on the Earth's surface, which is curved, unlike planar 

coordinate systems (Mahmoud & Akkari, 2016). As such, the Euclidean distance is not suitable for measuring 

the real distance between crash sites. Therefore, this study used the Haversine distance: the shortest great-circle 

distance between two points (A and B) on the Earth's surface. The Haversine metric ensures neighborhood 

relationships reflect real geographic distances, rather than planar approximations. 

The Haversine distance is the distance between two points on the globe. 

 

d         (2) 

 

Where R is the Earth's radius (6371.0088 km), d is the geographic distance between two crash locations,  and 

are the latitudes of the two points in radians, is the difference between the two latitudes, and is the 

difference between the two longitudes. 

 

 

DBSCAN Spatial Clustering 

 

The Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm was employed with the 

Python library Scikit-learn to identify crash hotspots. DBSCAN is different from partition-based clustering 

methods like K-means in that it doesn't rely on a fixed number of clusters. Unlike partition-based clustering 
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algorithms like K-means, DBSCAN doesn't assume a fixed number of clusters (Zhang et al., 2018; Saputra & 

Sihabudin, 2023; Kamh et al., 2024). The characteristics of DBSCAN are particularly interesting for traffic 

crash analysis because hotspot areas often exhibit irregular spatial patterns along road corridors, at intersections, 

and in urban activity centers. 

 

DBSCAN divides observations into 3 categories:  

 

• Core points are those that have a minimum of min-samples crashes within a search radius.  

• Border points that are in the neighborhood of a core point but have fewer observations in the neighborhood. 

• Noise points are those that don't meet the density requirement and aren't clustered together. 

 

There are two parameters that control the algorithm: 

 

• eps: radius of the maximum neighborhood; The term “eps” refers to the maximum distance between points 

in the clusters in DBSCAN. eps must be in radians and not kilometers when using Haversine as the  distance 

metric (Mahmoud & Akkari, 2016; Prasetya et al., 2020; Sharmila & Sabarish, 2021). 

• min_samples: minimum number of crashes in neighbors to form a dense area. 

 

Based on preliminary experiments and sensitivity analysis, the following values were selected: eps = 0.5 km and 

min_samples = 5. The neighborhood radius was converted to radians for calculation by scikit-learn, which uses 

radians to compute the Haversine distance. In neighborhood search, a Ball Tree nearest-neighbor search 

structure was used to speed up the computation. 

 

 

Sensitivity Analysis 

 

The neighborhood radius parameter is sensitive to DBSCAN's performance; hence, a sensitivity analysis was 

conducted to determine the value of EPS. The term “eps” refers to the maximum distance between points in the 

clusters in DBSCAN. eps must be in radians and not kilometers when using Haversine as the distance metric 

(Mahmoud & Akkari, 2016; Prasetya et al., 2020; Sharmila & Sabarish, 2021). 

 

The following performance indicators were used to assess each radius:  

 

• The number of clusters identified; 

• Clustered crash records; 

• Noise observations; 

• Percent of crashes that are clustered; 

• Spatial coverage; 

• Maintaining local spatial resolution. 

 

The chosen parameter should be maximized to detect hotspots and prevent over-segmentation or merging of 

hotspot areas. 

 

 

Spatial Hotspot Indicators  

 

Three spatial indicators were derived for each crash record after the clustering process. 

 

• Zone_Label: The identifier of the DBSCAN cluster to which a crash was linked was used as the identifier 

for that crash. Noise observations received Zone_Label = −1 

 

Zone labels are simply categories and do not specify the intensity of the hotspot. 

 

• Zone_Count: It is the total number of crashes in each cluster zone. This variable represents the magnitude of 

hotspots and can be used to compare hotspot regions. 

• Hotspot_Flag: A binary variable was created to differentiate between clustered crashes and isolated crashes:  

 

     (3) 
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This indicator aids in future statistical analyses and may be included in future crash prediction or machine 

learning models. 

 

 

Descriptive Spatial Analysis  

 

Characteristics of the identified clusters were quantified with descriptive statistics. 

The analysis included: The sum of the number of clusters; The ratio of hotspot to noise proportions; 

The number of crashes for each hotspot; largest hotspot; Average hotspot size; and  

Distribution of crash severity by hotspot areas. 

The average cluster size was computed as: 

 

Mean Cluster Size =         (4) 

 

Where Nc is the total number of clustered crash points, and K is the total number of detected clusters. Noise 

points were excluded from the calculation of mean cluster size. 

 

Spatial visualization was performed using Python GIS libraries, with OpenStreetMap as the base map. The 

visualization consisted of: a crash severity map; a hotspot map and a non-hotspot map; the spatial distribution of 

clusters from the DBSCAN algorithm; hotspot frequency distribution, the composition of crash severity by 

hotspot; and a detailed visualization of the largest hotspot. These visualizations enable intuitive interpretation of 

spatial clustering results and help transportation agencies determine locations for priority safety interventions. 

 

 

Results and Discussion 
 

Sensitivity Analysis of DBSCAN Parameters 

 

The density-based clustering algorithm also relies heavily on the choice of neighborhood radius (eps), as it 

affects hotspot identification results. Three neighborhood radii (0.3, 0.5, and 0.7 km) were studied for each 

neighborhood size of 5 crash points to assess the robustness of the clustering results. The clustering performance 

for the three values that were considered is summarized in Table 1.  

 

Table 1. Sensitivity analysis of the DBSCAN neighborhood parameter eps for hotspot detection 

eps 

(km) 
eps (radians) 

Hot spot 

points 

Total 

Points 

Percentage 

(%) 
Note 

0.3 0.00004708 452 802 57 % Smaller radius; detects fewer hotspot points 

0.5 0.00007846 656 802 82 % Balanced value; selected for final modeling 

0.7 0.00010985 760 802 95 % 
Larger radius; broader coverage, lower 

spatial resolution 

 

As predicted, the neighborhood radius showed a progressive increase in the number of crash records included in 

the clusters and a progressive decrease in the number of observations deemed spatial noise. If the radius was 

reduced to 0.3km, only 452 crashes (57%) were assigned to hotspot clusters, suggesting that only a small 

number of crashes were classified as highly concentrated. This setup provided good local spatial resolution but 

caused several meaningful hotspot areas to be spread apart and many local crashes to be treated as single 

observations. 

 

The values of the radius 1.0 km and 1.5 km, however, resulted in a high proportion of “clustered” crashes (96% 

and 95%) and a marked reduction in noise points. This larger neighborhood, however, geographically grouped 

clusters of crashes together into larger areas, making it difficult for the algorithm to detect and separate 

individual hazardous areas. The usefulness of hotspot analysis for engineering interventions might be reduced if 

too many clusters are merged, as different roadway environments would end up being represented as a single 

hotspot. 

 

The intermediate radius of 0.5 km, yielded a balanced solution, with 656 crashes (81.8%) being clustered 

together, and with good spatial separation between the adjacent hotspots. This parameter was selected for further 

analysis due to the good hotspot coverage and spatial resolution. The results validate the impact of 

neighborhood definition in the sensitivity of DBSCAN and highlight the importance of parameter tuning before 

interpreting the spatial hotspot patterns. 
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Statistical Summary of the Derived Spatial Variables 

 

The identified crash hotspots are summarized in Table 2.  

 

Table 2. Summary statistics of the derived spatial variables 

Spatial Indicators Value 

Total Crash Records 802 

Number of DBSCAN-clustered 37 

Clustered Crash Points 656 

Noise Points 146 

Cluster Crashes% 81.8% 

Noise Points% 18.2% 

Large Cluster Zone 8 

Crashes in Large Cluster 116 

Large Cluster% 14.46% 

Mean Cluster Size* 17.73 

 

Using the same parameters, DBSCAN resulted in 37 spatial clusters and 146 noise observations, which 

accounted for 81.8% and 18.2% of the total number of crash records, respectively. The hotspot clusters had an 

average of 17.7 crashes, with some having more and others having fewer. There were 116 crashes in the largest 

hotspot (Zone 8), which made up 14.46% of all motorcycle/3-wheeled vehicle crashes. 

 

The clustered crashes indicate that the locations of motorcycle crashes are not random in the transportation 

network but are concentrated at certain locations. Clustering suggests that the variables related to roadway, 

traffic exposure, and land use near the roadway are significant factors in the occurrence of a crash. Spatial 

heterogeneity is further suggested by the distribution of crashes with a relatively low number of crashes 

occurring at a disproportionately high share of locations. 

 

 

Spatial Distribution of Crash Frequencies 

 

The distribution of the crash frequencies along the detected DBSCAN clusters is shown in Figure 2.  

 

 
Figure 2. Distribution of crashes across the identified spatial zones 

 

These results show significant variability in hotspot sizes. The highest crash frequency was in Zone 8, followed 

by Zones 18, 21, 17, and 10. However, a few clusters had fewer than 10 crashes, and 146 observations fell 

outside the identified hotspots. The dominance of Zone 8 implies that the area is not only subject to isolated 

crashes, but also to a persistent occurrence. These concentrations tend to occur where there are high traffic 

demand areas, traffic conflict areas, high pedestrian volumes, and intricate intersection geometries. The small 

groups also show that the risk of a crash is not concentrated in a single hazardous corridor but is spread across a 

variety of smaller regions. This spatial heterogeneity aligns with urban transportation systems that exhibit 

significantly different roadway functions, land uses, and traffic operations over relatively short distances. 

Therefore, hotspot identification data are more useful than crash frequencies, as they can be used to direct safety 

interventions to specific locations. 
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Hotspot Classification 

 

The DBSCAN classification identified the crash locations as hotspot or non-hotspot areas. Figure 2 presents the 

proportion of crash records assigned to each category. About 82% of the crashes occurred in hotspot areas, and 

18% occurred in isolated areas. There is evidence of a high level of geographic dependence in motorcycle 

crashes because of the high percentage of clustered crashes. Non-hotspot locations, however, should not be 

taken as a given to be safe locations. Instead, these observations are of crashes that did not meet the density 

threshold criteria. Even if no specific hotspots are identified, individual severe crashes can occur outside of 

these areas, as many factors contribute to their severity. To further examine the geographic distribution of 

hotspot locations, the DBSCAN results were visualized using spatial mapping techniques. Figure 3 illustrates 

the locations of hotspot and non-hotspot crashes within the study area. 

 

 
Figure 3. Hotspot and non-hotspot crash locations in Rusafa, Baghdad 

 

The hotspot locations (red points) in Figure 3 are clearly concentrated in urban corridors and intersections in 

Rusafa, Baghdad with non-hotspot locations (blue points) being more spatially dispersed. The distribution 

indicates that there is a strong relationship between the distribution pattern of motorcycle and three-wheeled 

vehicle accidents and traffic interaction and urban activity. Identified hotspot areas are useful to transportation 

planners and decision makers as they will be able to prioritize safety interventions in areas where crashes are 

concentrated over a period of time. 

 

 

Distribution of Crash Severity Inside and Outside Hotspots 

 

The distribution of fatal, injury, and PDO crashes was analyzed between hotspot and non-hotspot areas to 

investigate the relationship between the severity of the crashes and the presence of the hotspots. The distribution 

of crash severities by hotspot and non-hotspot locations is presented in Figure 4. In absolute numbers, hotspot 

areas showed more fatal, injury, and PDO crashes than non-hotspot areas. This observation is not surprising, as 

most reported crash data comes from hotspot areas. 

 

The findings indicate that hotspots have higher crash rates across all severity levels. This analysis, however, is 

descriptive and based on crash frequencies rather than severity proportions. Thus, hotspot designation should 

not be assumed to be associated with more severe crashes. Instead, the location of hotspots mainly corresponds 

to higher absolute crash frequencies. Further zone-wise analyses are needed to pinpoint zones with a 

disproportionately high incidence of severe crash outcomes. 
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Figure 4. Distribution of crash severity according to hotspot presence. 

 

 

Spatial Distribution of Crash Severity 

 

The distribution of severity of the crashes in the identified DBSCAN zones is shown in Figure 5. Zone 8 

experienced the most crashes (116), and therefore has the greatest concentration of crashes in the study area. 

Relatively high crash frequencies were also found in other zones (Zones 17, 18, and 21). 

 

Figure 5. Distribution of crash severity across the identified DBSCAN zones. 

 

The spatial distribution of fatal crashes was different, however. There were a few zones with relatively high 

numbers of fatal crashes and relatively low overall crash counts compared to Zone 8, including Zones 24, 27, 

and 28. This finding suggests that there is no correlation between the severity of crashes and their frequency. 

The findings show that frequency and severity of crashes are two complementary aspects of road safety. 

Although DBSCAN clustering works well to find clusters of crashes, further analyses based on the severity of 
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crashes are necessary to find areas with disproportionately severe crash outcomes. Therefore, both indicators 

should be taken into account if prioritizing road safety interventions in urban areas. 

 

 

Spatial Distribution of Motorcycle Crashes in Baghdad 

 

The overall spatiotemporal distribution of the severity of crashes and hotspot classification in Baghdad is shown 

in Figure 6. The severity map presents the geographic distribution of fatal, injury, and PDO crashes, and the 

hotspot map differentiates between crashes of multiple clusters and non-crashed locations. The maps depict a 

similar pattern of high rates of crashes in the middle, high-traffic-volume portions of the study area. The hotspot 

map also reflects that a significant percentage of crashes did occur in spatially clustered locations, while crashes 

at non-hotspot points were more spread out. 

 

     
(a)                                                                             (b) 

Figure 6. Spatial distribution of crash severity and hotspot classification in Baghdad: (a) crash severity map and 

(b) hotspot map. 

 

 

Spatial Distribution of DBSCAN Clusters 

 

Figure 7 shows the spatial distribution of the DBSCAN clusters found in the study area. There were 37 clusters 

detected with heterogeneous spatial patterns throughout Rusafa. There were relatively few crashes in several of 

the clusters but the highest number of crash events occurred in Zone 8. The detailed visualization of Zone 8 

shows the concentration of crashes around major intersections and in urban corridors, and the algorithm's ability 

to detect concentrated areas of crashes within the urban road network. 

 

Results indicate that the majority of the crashes occurred in a small area, including around major intersections 

and traffic corridors. The spatial distribution of crashes in the area of Zone 8 (Rusafa-Baghdad) shows some 

major urban features like Al-Firdaws Square, Al-Saadoon Street, Kahramana Square, and Al-Nidhal Street. The 

location of crashes is slightly jittered to bring out clear visualizations. 



International Conference on Basic Sciences, Engineering and Technology (ICBASET), September 17-18, 2026, Istanbul/Türkiye 

172 

 

   
(a)  (b) 

Figure 7. DBSCAN clustering results: (a) spatial distribution of all detected clusters in Rusafa, Baghdad, and 

(b) detailed visualization of Zone 8, the largest identified crash cluster. 

 

 

Discussion  
 

This study introduced a spatial hotspot detection methodology that could be implemented in GIS to identify 

spatial clusters of motorcycle and three-wheeled motorcycle crashes in the Rusafa district of Baghdad, using the 

DBSCAN (density-based spatial clustering of application with noise) clustering algorithm and the Haversine 

distance metric. The proposed framework effectively identified repeat crash locations by analyzing 802 geo-

referenced crash records and separating isolated locations that were not deemed crash hotspots based on the 

density requirement. The sensitivity analysis showed that the clustering performance was strongly influenced by 

the neighborhood radius, and that eps = 0.5 km was the optimal compromise between the number of hotspots 

covered and the spatial resolution. With these optimal parameters, 37 spatial clusters were found; 81.8% of these 

crashes were in hotspot areas, and 18.2% were classified as spatial noise. In this largest hotspot (Zone 8) there 

were 116 crashes (14.46% of all crashes recorded). 

 

The results demonstrate that motorcycle and 3-wheeled vehicle crashes are not randomly distributed over the 

road network, but clustered in a few urban areas. Furthermore, the analysis will show that hotspot frequency and 

severity of crashes are complementary and not interchangeable measures. The highest number of crashes was 

found in the largest hotspot, but some smaller hotspots had relatively high percentages of fatal crashes, 

suggesting that hotspots with the highest number of crashes are not hotspots with the highest percentage of fatal 

crashes. The overall conclusion is that both frequency- and severity-based analyses are important for setting 

road safety priorities. 

 

In terms of method, the study shows the effectiveness of using the Haversine distance metric with DBSCAN for 

the geographic analysis of crash data. The proposed spatial indicators, Zone_Label, Zone_Count, and 

Hotspot_Flag, are additional explanatory variables that can be added to future statistical and machine learning 

models for crash severity prediction, transportation risk assessment and intelligent transportation systems. 

Beyond visualization, these indicators bring spatial information to hotspot detection to enhance the value of the 

information to predictive safety analysis. 

 

At a practical level, the identified hotspot locations could be used by transportation planners and road safety 

authorities to gain insight into what aspects of the roadway and traffic network require improvement, traffic 

management, enforcement and public education. Interventions can be targeted to persistent hotspots to increase 

the safety of vulnerable road users and maximize the use of limited transportation safety resources. 
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While all of these contributions have been made, there are a few things that need to be recognized. All crash 

locations are analyzed without accounting for traffic exposure, roadway geometry, traffic control characteristics, 

weather, land-use attributes or temporal variations. These factors should be integrated into spatiotemporal and 

machine learning models in future studies to gain a fuller understanding of motorcycle crash risk. Furthermore, 

comparing Hotspot Detection Method with other methods, like Kernel Density Estimation (KDE), Getis–Ord 

Gi*, Local Moran's I, OPTICS, and HDBSCAN, would better support the robustness and generalizability of the 

Hotspot Detection Method. 

 

In general, the proposed framework shows that density-based spatial clustering is an effective and practical 

method for detecting hotspot areas of motorcycle and three-wheeled vehicle crashes in urban areas. The 

methodology helps the transportation safety analyst conduct a safety analysis based on GIS and it also serves as 

a basis for data-driven decision making to increase road safety for vulnerable road users. 

 

 

Conclusion 
 

This research aimed to develop a spatial hotspot detection methodology to identify areas of motorcycle and 

three-wheel vehicle (TWV) crash concentration in the Rusafa district of Baghdad city, utilizing the DBSCAN 

clustering algorithm, the Haversine distance measure, and GIS. The proposed framework identified persistent 

crash hotspots and excluded crash locations that were not dense enough to warrant inclusion in the persistent 

hotspot list by analyzing 802 geo-referenced crash records. The sensitivity analysis showed that the clustering 

results were highly sensitive to the neighborhood radius; eps = 0.5 km was found to be the most suitable value 

to balance hotspot coverage and spatial resolution. With these optimal parameters, 37 spatial clusters were 

identified, with 81.8% of crashes falling into hotspot areas and 18.2% considered spatial noise. A total of 116 

crashes occurred in the largest hotspot (Zone 8), accounting for 14.46% of all reported crashes. 

 

The results show that the crashes involving motorcycles and three-wheel vehicles are not randomly distributed 

on the road network but are clustered in relatively small numbers of locations within the city. Furthermore, this 

analysis shows that hotspot frequency and crash severity must be regarded as complementary, not synonymous. 

The highest frequency of crashes was in the largest hot spot; however, several smaller hot spots had relatively 

high percentages of fatal crashes, meaning that areas with the highest crash rates are not necessarily the highest 

risk of injury. This discovery is significant in terms of the need to combine frequency and severity-based 

analysis for setting road safety priorities. 

 

From the methodological point of view, the study shows the effectiveness of this methodology for analyzing 

geographic crash data based on a hybrid approach of DBSCAN and Haversine distance. The proposed spatial 

indicators: Zone_Label, Zone_Count, and Hotspot_Flag, are additional explanatory variables that can be utilized 

by future statistical and machine learning models to predict crash severity, transportation risk assessments, and 

intelligent transportation systems. The indicators are useful beyond visualization to provide spatial information 

as a tool to predictive safety analytics. 

 

As a practical example, the identified hotspot locations can serve as evidence for transportation planners and 

road safety authorities to prioritize engineering improvements, traffic management, enforcement, and public 

awareness programs. Strategic deployment of interventions at hotspot locations can enhance the safety of 

vulnerable road users and maximize the use of limited transportation safety resources. 

 

Several limitations should, however, be noted in the face of these contributions. This analysis only examined the 

spatial distribution of crash locations, and the other data elements such as traffic exposure, roadway geometry, 

traffic control characteristics, weather, land use, and temporal changes were not included. These factors should 

be incorporated into spatiotemporal and machine learning models in future studies to gain a more 

comprehensive understanding of motorcycle crash risk. Furthermore, comparative assessments with other 

hotspot detection methods (e.g., Kernel Density Estimation (KDE), Getis–Ord Gi*, Local Moran's I, OPTICS, 

and HDBSCAN) would help to support the robustness and generalizability of hotspot identification techniques. 

 

In general, the proposed framework is an effective and practical method for identifying persistent crash hot spots 

involving motorcycles or three-wheeled vehicles in urban areas. The methodology is part of GIS transportation 

safety analysis and serves as a foundation for data-driven decision-making for improving road safety for 

vulnerable road users. 
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Abstract: Building Information Modeling (BIM), also referred to as the digital twin of a building, is a widely 

used methodology for digitalizing building properties and parameters throughout the entire building lifecycle, 

from the planning stage to demolition. This process enables effective management of information, thereby 

increasing profitability and productivity while saving time. Compared with conventional design approaches, 

BIM coordination during the preliminary design stage has been shown to provide significant savings during 

construction and throughout the subsequent stages of a project. Recent BIM software has increasingly 

incorporated algorithm-assisted design tools to automate repetitive tasks. These tools perform a series of 

analyses based on constraints defined by the user and subsequently identify the most suitable solution. In 

addition, BIM models can be connected to external software through Application Programming Interfaces 

(APIs). Data transfer to SAP2000 can be achieved through the use of genetic algorithms within Grasshopper and 

Dynamo. Structural design under seismic loading requires considerable experience and time. Reinforced 

concrete shear walls are commonly used in buildings because of their substantial stiffness against lateral forces. 

The aim of this study is to obtain an optimum shear wall layout by utilizing Building Information Modeling 

(BIM) technologies. The optimization of the shear wall arrangement is formulated as a topology optimization 

problem that aims to minimize cost, provide accurate analytical results, and reduce the time required from the 

engineer. In a typical project, the arrangement of shear walls is generally determined during the preliminary 

design stage through a coordination process involving architectural, mechanical, and electrical (MEP) 

disciplines. The main workflow of this study consists of identifying potential shear wall locations from 

architectural models and subsequently performing a series of structural analyses using different wall layout 

alternatives. Genetic algorithms and finite element software APIs are employed iteratively until an optimum 

solution is achieved. Dynamo visual programming software and the Python programming language are used to 

create BIM and structural models, establish connections between BIM models and structural analysis software, 

retrieve structural analysis results, and execute the optimization algorithm. 

 

Keywords: Shear wall optimization, Computational design, Earthquake and structural engineering  

 

 

Introduction 

 

This study presents an innovative method that integrates Building Information Modeling (BIM) technologies 

and the Genetic Algorithm (GA) to automatically determine the optimal reinforced concrete shear wall layout 

(topology optimization) under seismic loads. Main purpose of the study is to automatically determine the 

lowest-cost shear wall layout (minimizing concrete volume) that fully complies with structural design code 

regulations without disrupting the coordination of architectural, mechanical, and electrical (MEP) disciplines or 

aesthetic decisions during the conceptual design phase and to save design time for engineers (Carlos, 2018). In 

design, significant amount of time is often spent during the conceptual design phase (Nouredine, 2022). A key 

aspect of structural design work is the placement of load-bearing elements without conflicting with voids, 

service channels, or architectural spaces. When all the mentioned concerns are considered together, it becomes 

http://www.isres.org/
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necessary to generate analysis models through programming and intervention within Building Information 

Modeling (BIM) software and to identify the optimal configuration for these models via a series of analyses. 

(Aydoğdu, 2021) 

 

 

Method 

 

The study focused on mid-rise structures and linear modal analysis scenarios. Three actual construction projects 

were selected based on engineering experience. These examples exhibit diverse characteristics, such as floor 

plans featuring non-orthogonal or angled layouts. Furthermore, the structural systems vary, encompassing both 

flat-slab systems and beam-column-wall frame systems (Yu, 2017). As a starting point, architectural plans were 

converted into BIM objects. Subsequently, a structural model was created using Dynamo; grid lines, columns, 

walls, beams, and floor elements were derived from the architectural model (Korus, 2021). Wall elements were 

segmented at 1-meter intervals to allow for adjustments to the wall layout length, and each segment was tagged 

as a shear wall component. Preliminary design thicknesses were assigned to the shear walls and columns. The 

structural BIM model was then exported to ETABS software. Definitions from the Turkish Earthquake Code 

were used to establish various story height categories and seismic load levels; specifically, four seismic levels 

and eight height categories were considered. In total, thirty-two analyses were conducted for each building type. 

After defining the height and seismic parameters in ETABS, a genetic algorithm was executed via the API to 

determine the optimal shear wall layout. Dynamo features a built-in genetic algorithm function known as 

Generative Design (GD) (Alanani, 2024). It was determined that the GA (Genetic Algorithm) employs a genetic 

algorithm approach to achieve the optimal result (Wenjie, 2021). The genetic algorithm draws inspiration from 

the biological principle of "survival of the fittest." It is a practical, widely used method for addressing 

engineering problems (Bekdaş, 2016). The algorithm operates by conducting trials with random parameters for 

each population. Once results are obtained, favorable alternatives are filtered; the selected "offspring" then 

undergo mutation and crossover—mimicking biological processes—to generate new alternatives. Through 

successive iterations of this evolutionary process, the optimal result is identified. Moreover, custom code was 

developed to define Revit objects and transfer them to ETABS. Each shear wall segment was then tagged with a 

binary value (1 or 0) to define the configuration: a "1" indicated an existing shear wall, while a "0" signified a 

wall to be removed during the trial. Multiple configurations—represented by binary strings—were randomly 

generated and sent to ETABS, with the results of these sequential runs forming the population. custom 

algorithm coded by the designer. The advantages of using a custom program include reduced data storage 

requirements, increased speed, and optimization tailored specifically to the target problem. The program 

executed sequential analyses using a population of two hundred samples at each step. Following the selection of 

the best results from a given step via "elitist selection," a new population was generated using variations derived 

from the most promising samples of the previous generation. Additionally, adaptive mutation and crossover 

rates were defined. Since each successive step brought the process closer to the final result, the expected 

duration for any given analysis was six to eight hours. The final step automatically yielded the optimal layout.  

 

 
Figure 1. (a) Solid BIM View (b) Analytical Model Representation 

 

 

Formulation of Problem 

 

The design philosophy was outlined in the previous section. The process described in the previous section is 

practically applied as follows: Design workflow is summarized at Figure 2. 3D model, initially created as a BIM 
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model, is parameterized within the Dynamo environment. This parametric model is then transferred to ETABS 

via the API. The structural design software verifies compliance with code requirements; these constraints are 

illustrated in Figure 2. Subsequently, trials involving the placement of shear walls are conducted, and for each 

iteration, it is checked whether the design remains within the specified constraints (Gradisar, 2024). The 

program computes the total shear wall area, at each calculation step. The objective is to determine the minimum 

required area; however, if a given trial violates the constraints shown in Figure 3, the calculated shear wall area 

is multiplied by a fictitious coefficient to ensure that such alternatives are disregarded. 

 

 
Figure 2. Topology optimization flowchart 

 

 
Figure 3. Optimum design constraints 
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Case Buildings 

 

Three different building types exhibiting distinct behavioral characteristics are shown in Figure 4. The first is an 

example featuring flat-slab construction where shear walls carry the entire lateral load and are concentrated near 

the center of the structure. The second is an angular structure susceptible to torsional irregularities. The third 

utilizes a combination of moment-resisting frames and shear walls, though the shear walls are not arranged in a 

regular grid pattern. 

 

 
Figure 4. Case buildings 

 

 

Sample Algorithmic Design Results 

 

The analysis results for the sample building height are presented in Figure 4. As can be seen, as seismicity 

increases, the frequency of shear walls increases, and they are positioned towards the building's exterior axes. 

 

  

  
Figure 4. Optimum wall layout for a) Seismic class 1, b) Seismic class 2, c) Seismic class 3, d) Seismic class 4 

 

Similarly, the algorithm was run for the other two building types using comparable building heights, and the 

results are presented in the subsequent figures. Each analysis result was recorded, and the correlations between 

them were examined. The study demonstrated a linear relationship across all building samples. As the study was 

limited to various iterations of three primary sample types, it established a general correlation. With an 

increased sample size, it would be possible to create a database of the existing building stock and use the 

information derived from the developed method to formulate design guidelines for new buildings. 
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Figure 5. Optimum wall layout for a) Seismic class 1, b) Seismic class 2, c) Seismic class 3, d) Seismic class 4 

 

 

 
Figure 6. Optimum wall layout for a) Seismic class 1, b) Seismic class 2, c) Seismic class 3, d) Seismic class 4 

 

 

Results and Discussion 
 

Similar behavioral patterns were observed in the analyzed samples. It was found that the ratio calculated by 

dividing the required shear wall area (determined by analysis) by the product of the floor area and the short-

period spectral acceleration coefficient (Sds) increases as the number of stories increases, exhibiting a trend 
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close to linear behavior, as shown in Figure 7. When the calculation result is normalized to remove the influence 

of Sds and the number of stories, a trend approaching horizontal behavior is expected. These relationships are 

illustrated in Figure 8. 

 

 
Figure 7. Optimum wall area per (single story area x spectral acceleration) 

 

 
Figure 8. Optimum wall area per (construction area x spectral acceleration) 

 

The observed relationship indicates that the demand for shear walls is higher in low-rise structures lacking shear 

wall-frame interaction; conversely, as the number of stories increases, the frame engages, thereby minimizing 

the load on the shear walls (Hu, 2025). In Example I, since a system featuring entirely flat slab was designed, 

this interaction did not occur, resulting in a strictly linear relationship. Consequently, when creating an idealized 

model, distinct equations should be employed for shear wall-frame structures versus systems with flat slabs 

where seismic loads are ensured exclusively by the shear walls. The first scenario can be idealized using a curve 

that begins with a large shear wall area, shows a relative decrease in this area as the number of stories rises, and 

levels off to a constant value once the building height exceeds 35–40 meters. The second scenario, however, can 

be idealized simply as a horizontal line. The idealization of the trendline can be expressed with a two-segment 

curve equation by establishing a building height of 35 meters as the threshold. 

 

Ideal bilinear curve, including the consideration of building irregularities can be expressed as follows: 

 

Aw = C x (-0.00005 x Hn + 0.0036) x (Apj x N x Sds)  For Hn ≤ 35 m: 

 

Aw = C x (0.0018) x (Apj x N x Sds)   For Hn > 35 m: 
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Where : 

 

Apj : Floor plan area 

Aw : Required shear wall area 

Hn :  :Building height 

N :  :Number of stories 

Sds : Short period spectral acceleration coefficient 

 

C = C1 x C2 x C3 x C4 x C5 x C6  

 

Where : 

 

C1 : Frame components. 0.9 if a system detailed with high-ductility frames exists in addition to shear walls 

(excluding ribbed or waffle slab systems); 1.0 if seismic loads are resisted solely by shear walls. 

C2 : Mass distribution. 1.1 if the structure exhibits regular behavior due to efficient distribution of architectural 

functions or a live load participation ratio of 0.6 or 0.8; 1.0 otherwise. 

C3 : Stiffness distribution between adjacent stories. 1.15 for configurations involving soft story irregularity; 1.0 

for other types. 

C4 : Shear wall arrangement. 1.15 if at least one rigid core (such as an elevator or stairwell) is located on an 

exposed outer axis; 1.0 otherwise. 

C5 : Plan orthogonality. 1.2 for asymmetric or L-, C-, or T-shaped buildings; 1.0 otherwise. 

C6 : Plan dimensions. 1.1 if the ratio of the long side to the short side of the plan is 3 or greater; 1.0 otherwise. 

 

 

Conclusion  
 

This study demonstrates how structural design can be manipulated using BIM technologies, specifically through 

examples of parametric and computational design. The main objective of the study is to use a visual 

programming language to iteratively analyze various shear wall layout configurations and verify their 

compliance with code requirements. An optimal layout was achieved by applying a genetic algorithm to three 

sample structures in accordance with the Turkish Earthquake Code. Required shear wall areas derived from 

these examples were multiplied for various building heights and seismic hazard levels. Based on the resulting 

analysis data, the required shear wall areas were plotted against building characteristics. In addition to 

calculating the required area, the specific layout of shear wall elements was determined for each analysis set; it 

was observed that as seismic hazard levels increased, the walls tended to shift toward the building's outer axes, 

whereas layouts showed more randomness at lower seismic hazard levels. 

 

 

Recommendations 

 

The study is based on algorithmic design which requires computational time and effort. AI and machine 

learning studies can be developed in order to automate the algorithmic process. Accuracy of study can be 

ensured with increasing the number of observed real projects. Projects can be coordinated with municipalities or 

construction ministries of each country that is compatible with design code that is studied. Observed buildings 

will create a data pool for AI training; mapping of layout will be the guide for new designs and automation of 

shear wall layout can be done without executing any calculation effort. Moreover, optimum layouts can be 

verified by executing time history analysis and nonlinear behavior can be observed.  
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Abstract: Industrial wastewater contains various pollutants that can impact water quality and the environment. 

It is important to identify pollution risk conditions in order to monitor wastewater treatment processes effectively. 

This study compares four machine learning algorithms — Random Forest, Support Vector Machine (SVM), 

XGBoost and LightGBM — for classifying pollution risk. The Melbourne Eastern Industrial Wastewater Plant 

dataset was used for this study, containing 600 observations and 14 physicochemical and operational variables. 

The dataset includes two predefined classes: 'Normal' and 'High Risk'. The models were evaluated using stratified 

five-fold cross-validation. Accuracy, precision, recall, F1-score and ROC-AUC were used to compare their 

performance. XGBoost achieved the highest mean accuracy of 93.5%, precision of 90.32%, recall of 91.43%, F1 

score of 90.72% and ROC-AUC of 0.9803. LightGBM achieved an accuracy of 93%, followed by random forest 

with 91.67% and SVM with 90.33%. SHAP analysis was used to examine the contribution of input variables to 

XGBoost predictions. According to the mean absolute SHAP values, COD and BOD5 were the most influential 

variables. The results showed that the models could distinguish between the predefined pollution risk categories. 

However, the risk classes were derived from a composite pollution index, and further validation using independent 

datasets is needed. 

 

Keywords: Industrial wastewater, Pollution risk classification, Machine learning, XGBoost, SHAP 

 

 

Introduction 
 

Industrial wastewater is an important source of water pollution due to the different pollutants it may contain. 

Organic compounds, heavy metals, suspended solids, and nitrogen compounds can affect water quality and aquatic 

ecosystems when wastewater is discharged without proper treatment (Breida et al., 2019; Zhang & Ren, 2019). 

For this reason, wastewater treatment and pollution control are important for reducing the environmental effects 

of industrial activities. Different approaches have been developed to manage industrial pollution and improve 

wastewater treatment processes (Singh & Mishra, 2023; Kato & Kansha, 2024). 

 

Several physicochemical and operational parameters are used to evaluate the conditions of wastewater treatment. 

These include Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD₅), ammonia nitrogen 

(NH₃-N), pH, temperature and suspended solids, which provide information about the characteristics of the 

wastewater. Energy consumption, production load and system load are also related to the operation of treatment 

facilities. Changes in these parameters may indicate changes in wastewater quality or treatment conditions. 

Trubetskaya et al. (2021) presented a methodology for assessing and monitoring risks in the industrial wastewater 

sector. In a subsequent study, Trubetskaya et al. (2025) examined tools used to assess risks associated with 

wastewater and water technologies. 

 

Wastewater quality is commonly monitored through laboratory measurements and the analysis of individual 

parameters. These measurements are necessary for evaluating treatment conditions, but examining several 

variables together can provide additional information. Machine learning methods can be used to analyze such data 
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and identify relationships between variables. Their use in wastewater treatment has been investigated for different 

purposes, including water quality prediction and process monitoring. Zamfir et al. (2025) reviewed machine 

learning models applied to wastewater treatment optimization and discussed their applications in monitoring and 

operational management. 

 

Machine learning has been used in previous studies to address various wastewater-related issues. For example, 

Hammond et al. (2021) investigated the use of machine learning to detect untreated sewage discharges into 

watercourses. Elsayed et al. (2022), meanwhile, compared 23 machine learning classification algorithms for 

mitigating the risk of wastewater treatment. They found that an ensemble bagged trees algorithm achieved the 

highest classification accuracy. Nguyen et al. (2024) used boosting algorithms to predict the toxicity of industrial 

wastewater effluent and examine possible control strategies. Shu et al. (2025) applied machine learning to trace 

the sources of wastewater using fluorescence information, achieving an identification accuracy of 94.25%. While 

these studies addressed different issues, they demonstrate the application of machine learning in wastewater 

monitoring, risk classification, toxicity prediction and source identification. 

 

There are several machine learning algorithms available for classification tasks. Random Forest, for example, 

combines the predictions of multiple decision trees (Breiman, 2001). A Support Vector Machine (SVM) 

determines a decision boundary between classes and can handle non-linear classification problems through kernel 

functions (Boser et al., 1992). XGBoost and LightGBM use gradient boosting to build decision trees sequentially 

(Chen & Guestrin, 2016; Ke et al., 2017). The performance of these algorithms can be compared using the same 

dataset and evaluation procedure. However, classification metrics alone do not explain which variables influence 

model predictions. SHapley Additive exPlanations (SHAP), introduced by Lundberg and Lee (2017), can be used 

to analyse the impact of individual input variables on model predictions. 

 

This study compared Random Forest, SVM, XGBoost and LightGBM for the classification of pollution risk in 

industrial wastewater treatment. The Melbourne Eastern Industrial Wastewater Plant dataset, containing 600 

observations and 14 physicochemical and operational variables, was used for this comparison. The target variable 

includes two predefined classes, Normal and High Risk, obtained from a composite pollution risk index. The 

models were evaluated using stratified five-fold cross-validation. Accuracy, Precision, Recall, F1-score, and 

ROC-AUC were calculated to compare their performance. SHAP analysis was also performed for the XGBoost 

model to examine the contribution of the input variables. The study focuses on comparing the four algorithms and 

identifying the parameters associated with the predefined pollution risk categories. 

 

 

Method 

 

Four machine learning algorithms — Random Forest, Support Vector Machine (SVM), XGBoost and LightGBM 

— were used to classify pollution risk conditions in industrial wastewater treatment. The dataset was prepared 

and preprocessed prior to model training. All four models were evaluated using the same dataset and cross-

validation procedure. Their classification performance was then compared using different evaluation metrics. 

SHAP analysis was also applied to the XGBoost model to examine the contribution of the input variables to its 

predictions. 

 

 

Dataset 

 

For the classification experiments, data from the Melbourne Eastern Industrial Wastewater Plant were used 

(Melbourne Eastern Industrial Wastewater Plant, Kaggle). The dataset is available on Kaggle and includes 600 

records. Each record contains 14 measurements related to wastewater quality and plant operation. These 

measurements are heavy metals, COD, BOD5, suspended solids, NH3-N, pH, temperature, conductivity, flow 

velocity, energy consumption, production load, effluent flow, daily output, and system load. 

 

The 'Pollution_Risk' column was used as the target variable. Of the 600 records, 390 were classified as 'Normal' 

and 210 as 'High Risk'. In the original dataset, 'Normal' was coded as 1 and 'High Risk' as 0, and these labels were 

determined using a pollution index based on COD, BOD5, NH₃-N, energy consumption and suspended solids. 

The 65th percentile of the index was used as the threshold. Records exceeding this threshold were assigned to the 

'High Risk' class, while the others were assigned to the 'Normal' class. 

 

 

Data Preprocessing 
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The dataset contained no missing values. For the classification task, the original class labels were changed to 1 

for High Risk and 0 for Normal. All 14 numerical features were used in the experiments. Feature standardization 

was performed only for SVM using StandardScaler. In each fold, the scaling parameters were obtained from the 

training set and then applied to the test set. This ensured that the test data did not influence the preprocessing 

stage. 

 

 

Machine Learning Models 

 

In this study, three tree-based machine learning algorithms and SVM were used to classify pollution risk 

conditions in industrial wastewater treatment. The models were evaluated using the same input variables and 

cross-validation procedure to compare their classification performance. Random Forest combines the predictions 

of multiple decision trees (Breiman, 2001). In this study, the model was trained with 300 trees. For SVM, the 

radial basis function (RBF) kernel was selected, and the regularization parameter was set to 1.0. The algorithm 

uses the maximum margin principle to separate observations belonging to different classes (Boser et al., 1992). 

 

Two gradient boosting algorithms, XGBoost and LightGBM, were also included in the experiments. XGBoost 

constructs decision trees sequentially, with each new tree contributing to the correction of previous prediction 

errors (Chen & Guestrin, 2016). A total of 300 estimators were used, together with a maximum tree depth of 4 

and a learning rate of 0.05. LightGBM was included as another tree-based boosting method with an emphasis on 

computational efficiency (Ke et al., 2017). Its configuration consisted of 300 estimators, a learning rate of 0.05, 

and 15 leaves. All experiments used a random seed of 42. 

 

 

Experimental Setup and Performance Evaluation 

 

The models were evaluated using stratified five-fold cross-validation. The 600 observations were divided into five 

folds with similar class distributions. Four folds were used to train the models, and the remaining fold was used 

for testing. The training and testing folds were changed in each iteration. After five iterations, every observation 

had been used once for testing. Model performance was evaluated using accuracy, precision, recall, F1-score and 

ROC-AUC. Precision, recall and F1 score were calculated by considering high risk as the positive class. The mean 

and standard deviation of the five folds were calculated for each performance metric. Additionally, out-of-fold 

predictions were combined to construct confusion matrices and ROC curves. 

 

 

SHAP Analysis 

 

SHAP (SHapley Additive exPlanations) was used to examine how the input variables affected the predictions of 

XGBoost. Following the five-fold cross-validation experiments, XGBoost was trained again on all 600 

observations. SHAP values were then calculated for the input variables, and their mean absolute values were used 

to compare feature importance. This analysis focused on the physicochemical and operational variables associated 

with the predicted pollution risk classes. 

 

 

Results and Discussion 

 

The classification performances of Random Forest, SVM, XGBoost, and LightGBM were evaluated using 

stratified five-fold cross-validation. Accuracy, Precision, Recall, F1-score, and ROC-AUC were used to compare 

the models. The mean and standard deviation values obtained from the five folds are presented in Table 1. 

 

Table 1. Classification performance of machine learning models (mean ± standard deviation) 

Model Accuracy Precision Recall F1-score ROC-AUC 

Random Forest 0.9167 ± 0.0156 0.8957 ± 0.0456 0.8667 ± 0.0643 0.8786 ± 0.0258 0.9692 ± 0.0146 

SVM 0.9033 ± 0.0095 0.8604 ± 0.0337 0.8667 ± 0.0361 0.8625 ± 0.0129 0.9702 ± 0.0033 

XGBoost 0.9350 ± 0.0137 0.9032 ± 0.0287 0.9143 ± 0.0598 0.9072 ± 0.0232 0.9803 ± 0.0047 

LightGBM 0.9300 ± 0.0095 0.9025 ± 0.0344 0.9000 ± 0.0543 0.8996 ± 0.0170 0.9783 ± 0.0068 

 

As shown in Table 1, all four models achieved high classification performance. XGBoost obtained the highest 

mean Accuracy of 0.9350, followed by LightGBM with 0.9300, Random Forest with 0.9167, and SVM with 
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0.9033. XGBoost also achieved the highest Precision (0.9032), Recall (0.9143), F1-score (0.9072), and ROC-

AUC (0.9803). These results indicate that XGBoost provided the highest overall classification performance 

among the evaluated models. 

 

The performance of LightGBM was close to that of XGBoost, with a difference of 0.0050 in mean Accuracy. 

LightGBM also achieved an F1-score of 0.8996. Although Random Forest had a higher Accuracy than SVM, 

SVM achieved a slightly higher ROC-AUC. This difference was also observed in the comparison of the evaluation 

metrics. Recall was evaluated by considering High Risk as the positive class. LightGBM achieved a mean Recall 

of 0.9000, while Random Forest and SVM both obtained 0.8667. Compared with these models, XGBoost achieved 

a higher Recall and identified a larger proportion of high-risk observations. The mean ROC-AUC values were 

0.9783 for LightGBM, 0.9702 for SVM, and 0.9692 for Random Forest. All four models achieved ROC-AUC 

values above 0.96. The ROC curves of the models are presented in Figure 1. 

 

 
Figure 1. ROC curves of the four machine learning models based on combined out-of-fold predictions. 

 

 

 
Figure 2.  Confusion matrices of the four machine learning models. 
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The pollution risk labels were generated using a composite index based on selected wastewater parameters. Since 

COD and BOD5 were included in this index, their contribution to the classification results was expected. 

Therefore, the model performances represent the classification of the risk levels defined in the dataset and do not 

directly indicate their ability to detect actual pollution events. 

 

Figure 2 shows the confusion matrices obtained from the combined out-of-fold predictions. XGBoost correctly 

classified 369 Normal and 192 High Risk observations, while 18 High Risk observations were incorrectly assigned 

to the Normal class. LightGBM correctly classified 189 High Risk observations, compared with 182 for both 

Random Forest and SVM. XGBoost had the lowest number of missed High Risk observations among the four 

models. 

 

The SHAP results for XGBoost are given in Figure 3. Among the 14 input variables, COD had the largest mean 

absolute SHAP value (4.3872). BOD5 followed with a value of 1.4431. Suspended solids, ammonia nitrogen, and 

conductivity had much lower values of 0.3019, 0.2725, and 0.2238, respectively. The difference was particularly 

large between BOD5 and the remaining variables. COD and BOD5 were also among the five variables used to 

calculate the pollution risk index. Their high importance in the XGBoost model should therefore be considered 

together with the way the risk classes were defined. 

 

 
Figure 3.  SHAP summary plot showing the contribution of input variables to XGBoost predictions. 

 

 

Conclusion  
 

This study investigated the classification of pollution risk conditions in industrial wastewater treatment using four 

machine learning algorithms: Random Forest, SVM, XGBoost and LightGBM. The Melbourne Eastern Industrial 

Wastewater Plant dataset was used, containing 600 observations and 14 input variables. Model performance was 

evaluated using stratified five-fold cross-validation based on accuracy, precision, recall, F1-score and ROC-AUC. 

 

The results of the experiments showed that all four models achieved high classification performance. XGBoost 

performed the best overall, achieving an accuracy of 93.5%, precision of 90.32%, recall of 91.43%, an F1 score 

of 90.72% and a ROC-AUC of 0.9803. LightGBM achieved comparable results with an accuracy of 93%, 

followed by random forest and SVM with 91.67% and 90.33%, respectively. XGBoost correctly classified 192 

out of 210 high-risk observations. SHAP analysis showed that COD and BOD5 had the greatest influence on 

XGBoost predictions. Both variables were also used to calculate the composite index from which the pollution 

risk labels were generated. Therefore, their importance in the model predictions should be interpreted in relation 

to the labeling method. 

 

The four models were able to classify the predefined pollution risk categories with high accuracy. However, the 

dataset did not contain independently observed pollution events, so the reported results are limited to the risk 

categories defined by the composite index. Further studies could use larger wastewater datasets and independent 
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test data to examine how well these models perform on new observations. Different feature selection methods 

could also be evaluated to determine their effects on classification performance. 

 

 

Recommendations 

 

Future studies should investigate larger and independent wastewater datasets to evaluate the generalization 

performance of machine learning models. Different feature selection and hyperparameter optimization methods 

could be applied to improve classification performance. In addition, the integration of machine learning models 

into wastewater monitoring systems could be investigated to support early pollution risk detection. 
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Abstract: The study area is located between latitudes (36°42′24.52″ N – 36°24′38.40″ N) and longitudes 

(43°38′14.98″ E – 43°22′14.58″ E), covering an area 1245 km². The elevation ranges from 283 to 1015 m above 

sea level. The climate classified as a transitional zone between semi-arid and Mediterranean climates. Twenty-

five sites were selected within the study area. Approximately 2 kg of soil was collected per site, with samples 

carefully selected to ensure homogeneity. The samples were then transported to the laboratory, air-dried, gently 

crushed using a wooden hammer, and sieved through a 2 mm mesh sieve. Subsequently, they were stored in 

plastic containers for further physical and chemical analyses. Laboratory analyses included the determination of 

soil organic matter, calcium carbonate (CaCO₃) content, and particle size distribution, and Environmental 

Sensitivity Index equations were applied.The results indicated that the dominant soil textures in the study area 

ranged from clay to clay loam.. This variability is primarily attributed to differences in soil organic matter 

content and calcium carbonate levels, which reached maximum values of 2.28% and 37.2%, respectively. 

Furthermore, the results revealed relatively uniform sorting values across most sites, indicating a generally 

homogeneous particle size distribution, except for site, which exhibited a high sorting value of 2.420, reflecting 

poorer sediment uniformity. The study demonstrates that both water and wind erosion processes in the region 

are controlled by a complex interaction of natural and anthropogenic factors acting simultaneously, which 

significantly influence soil stability and susceptibility to detachment and transport.  

 

Keywords: Erosion, USLE, SEI, Sorting, Land use. 

 

 

Introduction 

 

Water erosion has been the subject of numerous studies that have looked at it from a variety of angles, including 

how to measure it, what causes it, and how it affects the ecosystem. Kefi and Yoshino (2010) pointed out the 

significance of studying water erosion both inside and outside of watersheds, stressing that, especially when 

using contemporary spatial analysis techniques, looking into the environmental factors influencing this process 

helps manage watersheds and lessen soil degradation. According to Ganasri and Ramesh (2016); Adeyeri et al. 

(2024); Kafroshy and Alkhaled (2025), soil loss rates are directly correlated with the energy of raindrops falling 

and the intensity of precipitation for short periods of time, making rainfall intensity the most important climatic 

factor in promoting water erosion. 

 

In a study conducted in Iraq's Abu Ghraibat Basin, Maaroof et al. (2025) demonstrated that soil erosion is highly 

related to land use and prevailing climate conditions Alhashyme & Khaled (2025). The study showed that sites 

with limited plant cover and those heavily exploited for agriculture have the highest rates of erosion. Dutucu et 

al. (2025) also stated that changes in land use play a critical role in influencing the future direction of soil 
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erosion. Quinton and Fiener (2024), in a study analyzing the causes of erosion in agricultural lands on a global 

scale, demonstrated that human activities, especially agriculture and the conversion of forests to farmland, are 

the main reason for the acceleration of soil erosion compared to natural rates. Yanqing et al. (2025) also stated 

that human activities represent the most influential factor in increasing soil erosion compared to natural factors. 

 

The Modified Global Soil Loss Equation (RUSLE) is one of the most well-known and often utilised formulas in 

the world. Its usefulness in semi-arid situations was proved by Akbari et al. (2022), who showed its potential for 

identifying geographical heterogeneity in loss rates. Wischmeier and Smith (1978) developed an equation to 

estimate the average annual soil loss caused by water erosion, which later became known as the Universal Soil 

Loss Equation (USLE). 

 

A = R × K × LS × C × P       (1) 
 

Where: A: Annual soil loss rate (tons/hectare/year)., R: Rainfall-runoff Erosivity, reflecting the ability of rainfall 

to break down and transport soil., K: Soil Erodibility, expressing the soil's susceptibility to breakdown and 

transport., LS: Topography, representing the effect of slope length and steepness on accelerating surface runoff., 

C: Vegetation cover and soil management, reflecting the role of vegetation cover in protecting the soil from 

rainfall., P: Supporting practices, encompassing the impact of agricultural methods and measures that reduce 

surface runoff. 

 

According to Akpa et al. (2024), the RUSLE model's effectiveness in estimating soil loss under various climatic 

circumstances was examined in a reevaluation of the model's dependability in semi-arid regions. Ho et al. 

(2026) showed that the RUSLE model is a useful tool for estimating sedimentation volume and erosion risk 

when combined with remote sensing and geographic information systems (GIS). Lukić et al. (2022) noted the 

application of the MEDALUS model in Southeast Europe, which revealed a clear variation in land sensitivity to 

environmental degradation (Azimi et al 2025). Similarly, Gül and Esen (2024) demonstrated that the 

Environmental Sensitivity Index (ESAI) used in semi-arid forest systems revealed high levels of desertification 

susceptibility. Alhamdany and Alnaser (2024) also showed that the application of the MEDALUS model 

indicated that most of the studied sites fell within the critical categories for desertification, with some areas 

falling within the fragile categories. Abbood et al. (2025) reported that the application of the MEDALUS model 

and its modified version in southern Iraq demonstrated high efficiency in assessing desertification risks using 

several environmental scenarios. This study relied on integrating 19 environmental criteria within a spatial 

analysis using GIS. 

 

Wu et al. (2019) showed that changes in soil erosion sensitivity are directly reflected in long-term variations in 

(Normalized Difference Vegetation Index) NDVI maps. These results demonstrate that, especially in arid and 

semi-arid areas, plant loss is both an environmental indicator and a direct predictor of the beginning or 

escalation of erosion processes. In a study carried out in Iran's semi-arid Saravan region, Ebrahimi et al. (2024) 

discovered that spectral indices exhibited a correlation with field measurements ranging from 0.52 to 0.88, 

showing their great potential to explain erosion and deterioration. Meanwhile, Mahgoub et al. (2024) found that 

spectral indices are substantially connected with the C factor, and that increasing vegetation cover (higher 

NDVI) reduces erosion rates significantly. The study also found that these indices can be utilised as a 

quantitative alternative to assessing vegetation cover in erosion models. 

 

As a result, monitoring soil erosion in northern Iraq using RS and GIS techniques is an important scientific step 

toward identifying geographical variations in soil loss rates and developing practical strategies to reduce their 

consequences. This helps to achieve sustainable agricultural development and conserve natural resources for 

future generations. The study aims to:  

 

Implement long-term methods to decrease soil erosion and track how land usage affects its rate of progression 

and Identify the spatial factors affecting soil erosion intensity and estimate the areas of soil exposed to erosion 

in the study region by applying the modified global soil loss equation and using remote sensing and GIS 

techniques. 

 

 

Materials and Methods 
 

Description of the Study Area 
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The study area, which spans many administrative units and villages with a variety of geomorphological features 

and land uses, is located in the northeastern part of the Nineveh Governorate. The study sites were chosen to 

reflect the region's prevailing environmental conditions and geographic differences in soil attributes. The region 

is located between latitudes (36˚42ˉ24.52˭ N - 36˚24ˉ38.40˭ N) and longitudes (43˚38ˉ14.98˭ E - 43˚22ˉ14.58˭ 

E). With an area of 1274.737 km² and elevations ranging from 283 to 1015 m above sea level, the topography is 

remarkably diverse as showed in (Figure 1). 

 

 
Figure 1. The study area 

 

 

Climatic Characteristics of the Study Area 

 

The climate of northern Mosul is classified as a transitional climate between semi-arid and Mediterranean, and it 

lies within the continental climate zone of northern Iraq. It is characterized by significant temperature variations 

and distinct seasons between summer and winter. Summers are hot and dry, with temperatures soaring during 

June, July, and August, sometimes exceeding 40°C. Winters are relatively cold, with seasonal rainfall 

concentrated between November and April. Average annual rainfall ranges from 300 to 450 mm, depending on 

topography and elevation. 

 

Table 1. The climatic data rates for the weather station in Nineveh. 

Date 

Temperature 

rate 

Relative 

humidity 

Total solar 

radiation 

Wind 

speed rate 

Max. wind 

speed 

Wind 

direction 

Evaporation 

rate 

AT Avg 

C° 

RH Avg 

% 

SLR Total 

Mj/m2 

WS Avg 

m/s 

WS Max 

m/s 

WD 

m/s 

ET  

mm 

2015 22.30 42.26 16.37 2.83 6.62 196.83 2.83 

2016 22.35 41.62 17.55 2.84 6.59 201.62 2.84 

2017 22.43 42.14 15.76 3.02 6.80 193.65 3.02 

2018 22.68 45.56 16.94 3.40 7.26 201.85 3.40 

2019 22.34 47.04 16.92 2.95 8.23 189.76 2.95 

2020 22.39 43.96 17.81 5.27 7.48 192.02 5.27 

2021 23.39 43.10 16.63 2.51 7.14 209.59 5.74 

2022 22.80 44.89 14.99 2.55 6.54 206.69 5.76 

2023 16.79 57.65 13.87 2.17 7.48 178.58 3.87 

2024 20.69 48.85 15.85 2.51 3.29 246.72 3.78 

2025 22.23 48.46 16.67 2.08 5.92 183.85 4.83 
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Table (1) shows the climatic data averages for the Nineveh and surrounding areas meteorological station for the 

years (2015-2025), showing the maximum and minimum temperatures. The highest temperature reached 

approximately (31.49) in 2021, and the lowest was (12.47) in 2023. The total solar radiation reached its peak at 

(17.81) in 2020, and the average wind speed ranged between (17.81-5.27) m/s. The amount of 

evapotranspiration ranged between (2.83 - 5.76) mm. This pattern is prevalent in northern Iraq, with a clear 

influence of topographical elements on the higher rainfall levels in Duhok compared to Mosul. 

 

 

Field Work 

 

According to Renard et al. (1997), each of the chosen sites was represented by 16 composite soil samples at a 

depth of (0–15) cm using the grid method, representing an area with dimensions of 100 x 100 m. As indicated in 

Table (2), the samples were taken from 25 locations in the northern Nineveh Governorate with varying soil 

grades and land uses. A GPS (Global Positioning System) was used to pinpoint their whereabouts. 

 

Table 2. Study area and their coordinates, and nature of land use.. 

Land use Tobography 

Gravel 

ratio 

in 1 m 

Soil 

Depth 

 سم

Coordinates 

Location No 
E N 

Wheat Undulated 4 24 43.122926° 36.683438° En bakri 1 

Wheat Undulated 1 30 43.346618° 36.646563° Shekan 2 

Potato Level land 0 25 43.221895° 36.529393° Baryma 3 

Olive Level land 1 25 43.325450° 36.446593° Bashiqa 4 

Wheat L. Sloping 2 80 43.495979° 36.574458° Kelkji 5 

Wheat Undulated 7 35 43.114618° 36.55100° Batnaya 6 

Wheat Level land 1 25 43.229075° 36.497122° Khorsibat 7 

Wheat L. Sloping 1 35 43.259807° 36.439353° Telyara 8 

Olive Level land 0 30 43.260068° 36.519004° Fadlya 9 

Wheat Level land 9 25 43.177410° 36.623483° Khoshaba 10 

Wheat Level land 0 30 43.109344° 36.507921° Telkef 11 

Wheat Undulated 1 25 43.257653° 36.635931° Jarghan 12 

Wheat Undulated 1 40 43.085575° 36.630771° Sharqia 13 

Wheat Foot hell 11 20 43.441744° 36.471340° Dermati 14 

Wheat Undulated 1 25 43.422397° 36.666621° Mamrshan 15 

Barley Undulated 5 30 43.237575° 36.583636° Malon 16 

Wheat Level land 0 35 43.123645° 36.604098° Telsqef 17 

Corn Level land 2 80 43.511759° 36.597454° Zenawa 18 

Wheat Level land 0 70 43.531336° 36.569789° Karmlk 19 

Wheat Level land 2 30 43.134835° 36.628127° Doghat 20 

Wheat Flood Plain 1 50 43.517746° 36.468158° Mandan 21 

Wheat Undulated 3 80 43.115903° 36.626703° Nveria 22 

Wheat Level land 3 30 43.578345° 36.484073° Bardarsh 23 

Wheat Undulated 1 30 43.286892° 36.611118° Narqizlia 24 

Wheat Level land 4 50 43.554962° 36.558255° Ismawa 25 

 

 

Laboratory Analyses: Physical Properties 

 

1- Particle Size distribution of soil : Soil texture was estimated using the hydrometer method with chalcone as a 

dispersing agent for soil particles. The hydrometer reading was taken with the temperature of the suspension 

in order to adjust the hydrometer reading and determine the soil texture based on the texture triangle and 

according to the method described by Gee and Bauder, (1986). 

2- Bulk Density: Estimated using the paraffin wax encapsulation method. Particle Density: Estimated for soil 

samples using a pycnometer. according to Black (1965). 

3 - Soil porosity was calculated using the following mathematical relationship, as reported in (klute, 1986): 

 

% Porosity = 1- ( Bulk Density / Partial Density) * 100     (2) 

 

 

Chemical Properties 
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1- The pH:  Soil reaction of the saturated in soil extract using a pH meter as described in Richards, (1954). EC is 

measured in the soil extract according to Page et al., (1982). 

2- Calcium carbonate CaCO3: Estimated by gravimetric method using 1 N hydrochloric acid as described in 

Hesse, (1971). 

3- Organic Matter: It is estimated by oxidizing organic carbon with potassium dichromate solution K₂Cr₂O₇, and 

then tidylating with ammoniacal ferrous sulfate solution, as stated in the method mentioned by Page et al. 

(1982). 

 

 

Soil Erodibility Index 

 

This is accomplished using the equation below, and the CORINE (Coordination of Information on the 

Environment) model is employed based on the ranges of the variables (texture type, depth, gravel coverage) 

Table (3) European Environment Agency. (1997). with the assistance of Arc Map software 

 

SEI = Soil Texture Map * Soil Depth Map * Gravel Surface cover Map   (3) 

 

Table 3. The classification of soil texture, depth, surface gravel cover, and soil erosion factor according to the 

CORINE model 

Soil Erodibility 

Class 
Class 

Surface 

Gravel 

Cover (%) 

Class 

Soil 

Depth 

(cm) 

Class Soil Texture Class 

Non-erodible 0 – 0 – 0 Rock Outcrops 0 

Low 1 >10 1 >75 1 
Low erodibility (Clay, Sandy 

Clay, Silty Clay) 
1 

Moderate 2 <10 2 25–75 2 

Moderate erodibility (Sandy 

Clay Loam, Clay Loam, Silty 

Clay Loam, Sandy Loam, 

Loamy Sand) 

2 

High 3 – – <25 3 
High erodibility (Loam, Silt 

Loam, Silt, Sandy Loam, Sand) 
3 

 

 

Structural Stability Index 

 

The physical degradation (SSI) of the studied soils are estimated based on Tesfahunegn and Gebru (2020). 

 

SSI = OM * 100 / Clay % + Silt %       (4) 

 

 

Using the Modified Global Soil Loss Equation (RUSLE) to Predict Soil Loss Amounts 

 

To estimate A (Annual Soil Loss) we should find the Characters listed below: 

 

First: R : Erosivity Factor, The Fournier Index is used according to the formula below 

 

FI =         (5) 

 

Where is: Pi is Monthly rainfall (mm), P is Total annual rainfall (mm), It is based on private data from the 

Ministry of Agriculture/Agricultural Meteorology Centre, the website of the UK's Natural Environment 

Research Council (NERC) and the US Department of Energy, and is then processed in the Arc Map software. 

 

Second: K : Erodibility Factor, It is estimated according to Foster et al. (1981), as this factor combines the 

relationship between soil texture and organic matter content, which are critical elements in influencing soil 

susceptibility to erosion, in addition to soil structure and permeability. 

 

K= [2.1 * 10-4 * (12 - OM) M1.14 + 3.25 (SC - 2) + 2.5 (PC - 3)]/100    (5) 
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M = [(100 – % Clay) x (% VFS + Silt)]      (6) 

 

Where: OM is % organic matter content., SC ; Soil structure classification as in Table (4), PC = Soil 

permeability class as in Table (5) 

 

Table 4. Soil Structure ranges in calculating the K factor according to Foster et al. (1981) 

Structure Code Soil Structure Class Description 

1 Very Fine Granular 
Very small soil aggregates (<1 mm), commonly found in 

organic matter-rich surface soils. 

2 Fine Granular 
Granular aggregates (1–2 mm) with good permeability and 

relatively high resistance to erosion. 

3 
Medium or Coarse 

Granular 

Granular aggregates (>2 mm), common in many agricultural 

soils. 

4 
Blocky, Platy, Prismatic or 

Massive 

Includes blocky, angular blocky, platy, prismatic, columnar, 

or structureless soils, generally more susceptible to erosion. 

 

Table 5. Soil permeability ranges in calculating the K factor according to Wischmeier & Smith (1978) 

Permeability Class Permeability Description Approximate Permeability Rate (cm h⁻¹) 

1 Very Rapid >15 

2 Rapid to Moderate 5–15 

3 Moderate 1.5–5 

4 Slow to Moderate 0.5–1.5 

5 Slow 0.13–0.5 

6 Very Slow <0.13 

 

Third: (LS),  Topographic  Factor,  It relies on the effect of slopes on erosion rates, and DEM digital elevation 

data can be used to obtain some of the equation's data with high accuracy within GIS software. Then, the 

Wischmeier and Smith (1978) equation is used to calculate the values for each location as follows: 

 

 
Figure 2. Spatial distribution of slope degree used in calculating the LS 

 

LS = Pow [(Flow Accumulation)*Cell Size /22.1]m Pow[Sin(Slop)*0.01745/0.089665]m   (7) 

 

The flow direction is obtained first using the Spatial Analyst Hydrology Flow of Direction steps, which are 

applied to the DEM map. Then the direction of water exit (Outlet) towards the lowest height is determined. 

Then the slope is estimated from the Flow Accumulation, according to Figure (2) below, to be applied later in 

Equation (7) for the LS factor, as reported in Moore and Burch (1986). Where: L = length of slope (m), S = 

degree of Slop (%) m = 0.6, 1.3, a coefficient defined in terms of the degree of Slop. 
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Forth: C-Factor, Cropping Management, The C factor is used to determine the effects of both land cover and 

land management related to different types of vegetation on soil erosion. In this study, we used the Natural 

Vegetation Differences Index (NDVI) to calculate the C factor. The index is first calculated from the ArcMap 

program, and then the equation below is applied as reported in Kouli et al. (2009). 

 

NDVI=[𝑁𝐼𝑅-𝑅/ 𝑁𝐼𝑅+𝑅]       (7)  

 

Where NIR= near-infrared band , R= Red band. Then, the value of the factor (C) is calculated from the 

following relationship in terms of NDVI, as reported in Woldemariam et al. (2018): 

 

C = 1- NDVI / 2        (8) 

 

Fifth: Soil practical Factor , The P factor refers to the extent to which land use management practices such as 

terraces, contour lines, and tillage affect erosion rates. These practices reduce soil erosion by affecting surface 

runoff velocity. The values of the soil conservation factor range between (0 and 1). When the value is close to 

(0), it indicates that the conservation measures are good, while it indicates very poor conservation measures 

when the values are close to (1) (Ganasri and Ramesh, 2016). Its value in this study was considered to be equal 

to (1) because no soil conservation measures were followed in the study area. Finally, the map of soil loss 

quantities (A) is prepared using the modified global equation model for soil loss RUSLE from the product of the 

maps of (Rainfall factor R, Soil erosion factor K, Topography factor LS, Vegetation cover factor C). 

 

 

Results and Discussion 
 

Physical Characteristics of Soil Samples 

 

The particle size distribution, shown in Table (6), demonstrated a clear variance among the study areas, as 

evidenced by the differences in prevailing soil textures. The clay content varied from 22.6% to 65.8%, with the 

Kelkji site having the greatest at 65.8% and the Mandan sample had the lowest at 22.6%. The silt content ranged 

between 11.2% and 52.8%, with the Karmlk site having the highest percentage and Kelkji having the lowest. In 

contrast, the sand content varied from 20.0% to 50.8%, with the Telsqef site having the highest proportion and 

the Telkef site having the lowest. According to the texture triangle, clayey and clay loam textures were found to 

be the most common at the study sites, with loam, silty, and sandy clay loam textures appearing in numerous 

additional areas. This variation is the result of changes in the nature of the parent material and the depositional 

circumstances. Soil bulk density varied significantly, ranging from 0.78 to 2.02 Mg m⁻³. This variation is due to 

changes in soil texture, structure, and organic matter content. Moisture content varied from 4.07% to 23.65%, 

indicating differences in soil water retention ability based on fine particle percentage, porosity, and surrounding 

environmental variables. Porosity values varied significantly between the study locations, ranging from 23.5% 

to 70.3%. The Doghat site had the highest porosity value (70.3%), followed by the Bardarsh site (65.5%), and 

the Dermati site had the lowest value (23.5%), followed by the Mlon site (25.9%). This variation reflects 

changes in the physical qualities of the soils under study, particularly bulk density and texture. 

 

 

Chemical Characteristics of Soil Samples 

 

The soil pH measurement results indicated low variance between study locations, with values ranging between 

(7.5-8.0), indicating that the region's soils generally tend towards a neutral reaction, tending towards alkalinity. 

The electrical conductivity (EC) data show that the study sites had salinity values ranging from 0.42 to 1.10 

dSm⁻¹, indicating that the soils in the region are non-saline to mildly saline. This variance is due to the influence 

of current environmental circumstances, the composition of the parent material, and the amount of soluble salt 

accumulating in the soil. 

 

Organic matter contents were consistent throughout research sites, ranging from 13.11 to 22.78 g kg⁻¹. Most 

semi-arid soils show a decline in organic matter content, indicating deterioration. A lack of organic matter 

causes poor soil structure and lower stability of soil aggregates, as well as decreased cation exchange capacity 

and water and nutrient retention, making the soil more susceptible to water erosion. Furthermore, a decrease in 

organic matter reduces soil resistance to rainwater runoff and increases the likelihood of crust formation and 

surface runoff, which accelerates land degradation. These findings are consistent with those of FAO and ITPS 

(2020), which indicated that declining organic matter is a key indicator of soil degradation and deteriorating 

agricultural land quality. 
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Calcium carbonate values ranged from 136 to 372 g kg⁻¹, reflecting variations in the nature of the parent 

material, environmental conditions, and the degree of calcareous precipitation within the soil profile. The 

highest calcium carbonate value was recorded in the soils of the Jarghan, followed by the Mandan site at 364 g 

kg⁻¹. It has been observed that the high calcium carbonate content in some locations is related to the nature of 

the predominant calcareous parent material in the area, as well as the influence of arid and semi-arid climatic 

conditions that limit leaching processes and promote the precipitation and accumulation of calcareous 

compounds in the soil. Furthermore, low rainfall and high evaporation rates cause calcium to remain 

precipitated in the soil profile rather than being transferred to lower depths.  

 

Conversely, the low calcium carbonate content in some locations may be due to variations in the nature of the 

deposits or to the soil being subjected to relative leaching processes that have reduced the accumulation of 

calcareous compounds compared to other locations. Variations in soil texture and drainage may also play a role 

in the different distribution of carbonates within the soil.High levels of calcium carbonate lead to increased soil 

alkalinity and reduced decomposition and accumulation of organic matter. Conversely, some sites with 

relatively low CaCO₃ levels have shown a significant increase in organic matter, indicating a relative 

improvement in environmental conditions conducive to its accumulation. 

 

Table 6. Physical and chemical properties of the study area 

 
 

 

(SEI )Soil Erodibility Index 

 

In order to create a spatial distribution map of the soil erosion index, as illustrated in Figures (3, 4, 5, 6), the 

results of equation (3) and table (3), which shows the percentage of gravel distribution for each location and soil 

depth in the Materials and Methods table (2) of Work section, were transformed into a map using the (IDW) 

Inverse Distance Weighting algorithm to determine the spatial distribution of each factor within the equation. 

According to Table (7) and Figure (3), clay soil type (C), which is the least erodible, was localised in small, 

dispersed patches and covered an area of 107.205 km², or just 8.4% of the region's total area. Its high clay 

particle content, which improves soil structure stability and grain cohesion, is responsible for its low Erodibility. 

With an area of 868.455 km², or 68.1% of the total area, the second, intermediate soil type (CL, SiCL, SCL) was 

the most common and was categorized as having moderate Erodibility. This broad distribution suggests that the 

majority of the soil in the research area has a moderate resistance to erosion, where grain separation under the 

effect of erosion agents is balanced with water retention qualities. 

 



International Conference on Basic Sciences, Engineering and Technology (ICBASET), September 17-18, 2026, Istanbul/Türkiye 

199 

 

Table 7. Percentage and area of Texture classes in the study area 

 

 

 

 

 

 

The third group (L, SiL) is very erodible and accounts for around 299,077 km², or 23.5% of the total area. This 

category was mostly concentrated in the east and southwest. Its high erosion susceptibility is related to the 

presence of silt and fine sand, as well as the low clay concentration, which causes the grains to separate and 

transport by rainwater or wind. 

 

 
Figure 3. The spatial distribution of texture in the study area. 

 

 

Soil Depth 

 

Figure (4) shows that soils with a depth of (>75 cm), classified as having low erosion susceptibility, occupied an 

area of (93,444) km², equivalent to only (7.3%) of the total area  (Table 8). These soils were found in limited 

and scattered areas, particularly in the northeastern parts and some northwestern locations. Their low erosion 

susceptibility is attributed to the large thickness of the soil profile, which provides a higher capacity for 

rainwater absorption and reduces surface runoff, in addition to increasing the soil volume available for root 

anchorage and improving stability. Medium-depth soils (25–75 cm) were the most widespread, covering an area 

of (675,808) km², representing (53.0%) of the region's area, and were classified as having medium erosion 

susceptibility. This widespread nature indicates that the majority of the region's land has a medium-thickness 

soil profile that provides moderate resistance to erosion processes. However, this resistance may decrease in 

areas with steep slopes or sparse vegetation cover. 

 

Table 8. Percentage and area of Depth classes in the study area 

 

 

 

 

 

 

 

Gravel Cover 

 

Class Texture Class Area (km²) Percentage (%) Erodibility Classification 

1 C 107.205 8.4 Low Erodibility 

2 CL, SiCL, SCL 868.455 68.1 Moderate Erodibility 

3 L, SiL 299.077 23.5 High Erodibility 

Total  1274.737 100  

Class Texture Class Area (km²) Percentage (%) Erodibility Classification 

1 75 > 93.444 7.3 Low Erodibility 

2 25  –  75  675.808 53.0 Moderate Erodibility 

3 25 < 505.485 39.7 High Erodibility 

Total  1274.737 100  
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Figure (5) and Table (9) show that areas with high stone cover (>10%) covered an area of 599,745 km² (47.0%), 

concentrated in the eastern and northwestern parts, providing better protection for the soil from erosion. In 

contrast, areas with low stone cover (<10%) covered an area of 674,992 km² (53.0%), spread across most of the 

central, southern, and western parts, increasing soil vulnerability to erosion due to reduced natural protection. 

Overall, the results indicate that more than half of the study area has limited stone cover, increasing its 

sensitivity to erosion according to the CORINE classification. 

 

 
Figure 4. The spatial distribution of Depth in the study area. 

 

Table 9. Percentage and area of Cover classes in the study area 

 

 

 

 

 

 

 
Figure 5 The spatial distribution of Gravel Cover in the study area. 

 

The SEI values were ultimately obtained by multiplying the three maps together. As shown in Table 10 , the 

third, highly eroded soil class (>6) was dominant, covering an area of 1013.409 km², representing 79.5% of the 

total study area, as illustrated in Figure 6. This class was prevalent in most of the central, southern, and western 

Class Texture Class Area (km²) Percentage (%) Erodibility Classification 

1 10 > 599.745 47.0 Complete Soil Protection 

2 10 < 674.992 53.0 Low Soil Protection 

Total  1274.737 100  



International Conference on Basic Sciences, Engineering and Technology (ICBASET), September 17-18, 2026, Istanbul/Türkiye 

201 

 

parts of the area. In contrast, the intermediate class (3–6) covered approximately 224.136 km² (17.6%), 

concentrated in the northeastern and northwestern parts. The sparse class (0–3) was limited to 37.192 km² 

(2.9%) and appeared in limited and scattered areas, specifically in the locations of Ain Bakri, Nafiriya, Zinawa, 

and Kelkji. These results indicate that the majority of the study area has a high susceptibility to erosion due to 

the influence of the soil's natural properties, making it more sensitive to soil loss according to the CORINE 

methodology. 

 

Table 10. Percentage and area of SEI in the study area 

 

 

 

 

 

 

 
Figure 6. The spatial distribution of SEI in the study area. 

 

 

Annual Soil Loss 

 

Erosivity Factor 

 

According to the Fournier index, the factor (R), representing the rate of soil loss due to the impact of raindrops, 

was calculated by determining the amount of rainfall in the study area based on the established monthly rainfall 

data, However, the calculation of equation (5) relied on the sum of the squares of the rainy months divided by 

the total annual rainfall. Figure (7) shows the spatial distribution and variation of rainfall rates during the rainy 

year in the study area, based on the rainfall data collected in (NCF) format and then transferred to ArcMap 

software for data processing within the ArcToolbox. The rainfall ranged from (181) mm/year in the southern 

and southeastern parts to (237) mm/year in the northwestern parts of the study area, with the highest rates 

recorded in the En bakri area. 

 

The rainfall factor (R-factor) map in figure (8) clearly indicates an increase from south to north. Because of the 

greater intensity and influence of rainfall in those areas, the R-factor values steadily rise towards the northern 

portions of the research area. Low values in MJ.mm.ha⁻¹.h⁻¹ (54.4–64.4)The southern and southeastern regions 

had the highest concentrations of •yr⁻¹, whilst the majority of the center region had medium values (64.41–74.4). 

The highest values were found in the northern and northwest strip. This gradient is due to increased rainfall with 

higher topographic elevations in the northern half of the research area, which results in higher kinetic energy of 

raindrops and enhanced surface runoff capacity for separating and moving soil particles. These findings also 

show that the northern regions are more vulnerable to water erosion than the southern regions, particularly when 

Class Texture Class Area (km²) Percentage (%) Erodibility Classification 

1 0 - 3 37.192 2.9 Low Erodibility 

2 3 - 6 224.136 17.6 Moderate Erodibility 

3 > 6 1013.409 79.5 High Erodibility 

Total  1274.737 100  
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a high R factor coincides with low vegetation cover or weak soil resistance to erosion, necessitating the 

implementation of soil and water conservation measures in these areas in order to reduce soil loss and maintain 

productivity. 

 

 
Figure 7. Annual rainfall rates distribution for the period (2015-2025) 

 

 
Figure 8. Spatial distribution of Erosivity Factor (R) 

 

Table (11) shows the results of the rainfall erosion potential. The first class occupied the largest area, at 

(502.334) km² (39.41%), followed by the third class at (30.78%), and then the second class at (29.81%). These 

results indicate that the study area has a rainfall erosion potential ranging from moderate to high, due to 

variations in rainfall intensity and spatial distribution. These results are consistent with the CORINE concept, 

which considers climate, particularly rainfall energy, as a major determinant of environmental sensitivity to 

erosion. They also align with the R factor in the RUSLE model, which expresses the Erosivity potential of 

rainfall. Higher R values lead to increased energy of raindrops and surface runoff, thus increasing the likelihood 

of soil particle separation and transport, especially in areas with steep slopes or limited vegetation cover. 

Therefore, areas in the highest class require greater attention when developing soil management and 

conservation measures to reduce the risks of water erosion. These results are consistent with the findings of 

Samara and Khalid (2021). 
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Table 11. Erosivity factor classes in the study area 

 

 

 

 

 

 

 

Erodibility Factor 

 

The calculation of the K factor was based on the components (M, OM, SC, PC) according to Equation (5) , and 

their values are shown in Table (2) and (3). The results in Table (12) show that the study area is predominantly 

characterized by high soil erosion susceptibility. The high Erodibility soils occupied the largest area, covering 

(554.828) km², or (43.53%) of the total area. This was followed by the moderate Erodibility soils, covering 

(375.464) km² (29.45%), and then the low Erodibility soils, covering (344.445) km² (27.02%). Figure (9) 

illustrates that soils with high Erodibility are mainly found in the southern and southeastern parts and some 

central areas, while soils with lower Erodibility are concentrated in the northern and northeastern parts. These 

results are consistent with what Esfandiar et al. (2018) stated, as he explained that high K-factor values reflect 

increased soil susceptibility to separation and transport by rainwater due to weak structural stability and low soil 

resistance to erosion. 

 

These results indicate how soil characteristics, including texture, organic matter content, structure, and 

permeability, affect the K factor. Soils with little organic matter content and weak structure are more susceptible 

to erosion, whereas more cohesive and structurally robust soils are less affected. These findings are in line with 

the RUSLE model idea, which was introduced by Renard et al. (1997) as a measure of the inherent sensitivity of 

soil to erosion and precipitation transport. Additionally, they are consistent with the CORINE approach, which 

highlights the importance of soil qualities in determining environmental sensitivity to water erosion. 

 

Table 12. Erosivity factor classes in the study area 

 

 

 

 

 

 

 
Figure 9. Spatial distribution of Erodibility Factor (K) 

 

 

Topographic Factor LS- Factor 

 

Class Texture Class Area (km²) Percentage (%) 

1 54.4  - 64.4  502.334 39.41 

2 64.41 - 74.4  380.098 29.81 

3 74.41 - 86.1  392.304 30.78 

Total  1274.737 100 

Class Texture Class Area (km²) Percentage (%) Erodibility Classification 

1 0.04  - 0.25  344.445 27.02 Low Erodibility 

2 0.21  - 0.30  375.464 29.45 Moderate Erodibility 

3 0.31  - 0.41  554.828 43.53 High Erodibility 

Total  1274.737 100  
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The results for LS- Factor, which cover an area of 1088,958 km², or 85.43% of the study's entire area, indicate 

the dominance of the second class with a moderate influence, as shown in Table 13 and Figure 10. The high-

impact class, on the other hand, was restricted to a 56,864 km² (4.46%) area. This indicates that the majority of 

the region has limited slope lengths and fairly steep slopes, which means that topography has a moderate effect 

on water erosion. There are few places with steeper slopes where the high impact is focused. These results are in 

line with those of Moore and Burch (1986) and Panda et al. (2005), who showed that the LS factor rises with 

slope length and steepness, increasing surface runoff energy and soil erosion risk. On the other hand, 

topography that contributes less to erosion processes is reflected in low and medium values. 

 

Table 12. Topographic factor classes in the study area 

 

 

 

 

 

 

 
Figure 10. Spatial distribution of Topographic Factor (LS) 

 

 

Cropping Management C factor 

 

The spatial distribution of the C Factor values, which varied from (-0.30 to 0.65), is shown in Figure (11) and 

clearly shows the variation in vegetation density within the study area. While values between 0.31 and 0.50 

dominated most of the region, indicating a degree of moderately dense vegetation, negative values were found 

in a small number of locations that represented watercourses or non-vegetated surfaces. Additionally, scattered 

areas which indicate areas with dense, highly active vegetation—recorded values higher than 0.50. These results 

are in line with those of Xue and Su (2017), who explained that low NDVI values indicate little to no vegetation 

cover, which increases the soil surface's susceptibility to runoff and erosion, while high values reflect increased 

biomass and photosynthetic activity of plants. 

 

Based on the values of the Vegetation Differences Index, the vegetation cover factor was calculated according to 

Equation (17) in the Materials and Methods section. Figure (12) and the results in Table (13) for the C-factor 

show that the Very High Soil Protection and High Soil Protection varieties were the most widespread, covering 

an area of 349.052 km² (27.38%) and 352.735 km² (27.67%) respectively, totaling 55.05% of the study area. 

This indicates that the vegetation cover provides a high level of protection in more than half of the area. In 

contrast, the Very Low Soil Protection variety occupied only 111.002 km² (8.71%), representing areas with 

limited vegetation cover and therefore the most vulnerable to water erosion. These results are consistent with 

what Xiong et al. (2023) showed, as they explained that low C factor values reflect increased effectiveness of 

vegetation cover in protecting the soil, while high C factor values are associated with low efficiency of 

vegetation cover and a high risk of water erosion. 

Class Texture Class Area (km²) Percentage (%) Erodibility Classification 

1 0.19  - 1.44  128.810 10.11 Low Topographic Effect 

2 1.45  - 02.7 1.088.958 85.43 Moderate Topographic Effect 

3 2.71  - 3.95  56.864 4.46 High Topographic Effect 

Total  1274.737 100  
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Figure 11. Spatial distribution of NDVI of the study area 

 

 
Figure 12. Spatial distribution of Cropping Management Factor (C) 

 

Table 13. Cropping management factor classes in the study area 

 

 

 

 

 

 

 

 

 

Soil Management and Practice Factor (P-Factor) 

 

The Soil Conservation Factor (P) represents the impact of agricultural and management practices used by most 

farmers to reduce water erosion, such as contour plowing on sloping areas, strip farming, and terracing, to 

decrease runoff velocity and increase water infiltration into the soil, thus reducing soil loss. Accurate data for 

Class Texture Class Area (km²) Percentage (%) Erodibility Classification 

1 0.18  - 0.25  349.052 27.38 Very High Soil Protection 

2 0.26  - 00.3  352.735 27.67 High Soil Protection 

3 0.31  - 0.36  252.609 19.82 Moderate Soil Protection 

4 0.37  - 0.42  209.339 16.42 Low Soil Protection 

5 0.43  - 0.66  111.002 8.71 Very Low Soil Protection 

Total  1274.737 100  
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the study area indicating the widespread application of organized soil conservation practices were not available; 

therefore, a value of P = 1 was adopted, representing the baseline condition where no supportive erosion control 

measures are in place. This aligns with the RUSLE model methodology, which states that P equals 1 in the 

absence of soil conservation practices, while its value decreases as the effectiveness of these practices in 

reducing runoff and soil loss increases, as reported by Renard et al. (1997). 

 

After completing the calculation of all the indicators, the annual soil loss rate (the global equation for soil loss) 

was calculated. We were able to estimate and calculate it through the ArcMap program by multiplying the four 

indicators as maps to obtain a map of its own. Its results were close to the computational data for each point 

after converting it to point values representing the locations of the (25) study area according to Table (14). 

 

Table 13. Values used to calculate the annual soil loss rate for the study area 

No. Location 
Rainfall 

(mm) 

R 

Factor 
SC PC 

Texture 

Factor (m) 

K 

Factor 

LS 

Factor 

C 

Factor 
A (t ha⁻¹ yr⁻¹) 

1 En bakri 232 86.1 3 3 1865.24 0.14 0.57 0.26 1.79 

2 Shekan 223 79.4 2 2 2568.24 0.13 1.82 0.45 8.45 

3 Baryma 198 62.7 3 2 2829.24 0.18 2.42 0.23 6.28 

4 Bashiqa 191 58.4 4 3 3985.24 0.33 1.66 0.37 11.84 

5 Kelkji 204 66.7 2 2 1101.24 0.04 0.93 0.3 0.74 

6 Batnaya 200 63.9 3 2 3899.4 0.27 1.12 0.24 4.64 

7 Khorsibat 195 61.0 3 3 5161.2 0.41 1.43 0.4 14.31 

8 Telyara 191 58.3 2 2 5086.4 0.32 1.76 0.28 9.19 

9 Fadlya 197 62.5 4 3 3992.28 0.33 1.69 0.32 11.15 

10 Khoshaba 214 73.7 3 3 3755.44 0.3 1.07 0.27 6.39 

11 Telkef 192 59.1 3 2 4500.16 0.31 3.95 0.25 18.09 

12 Jarghan 221 78.1 3 3 3808.0 0.28 3.88 0.43 36.48 

13 Sharqia 218 76.1 3 3 3617.6 0.27 0.19 0.24 0.94 

14 Dermati 190 58.0 3 3 3841.2 0.3 2.19 0.25 9.53 

15 Mamrshan 227 82.5 3 3 4042.4 0.31 1.36 0.28 9.74 

16 Malon 208 69.5 3 3 4577.76 0.36 0.93 0.29 6.75 

17 Telsqef 211 71.1 3 2 3044.4 0.2 3.27 0.24 11.16 

18 Zenawa 208 69.4 2 2 4132.8 0.26 3.11 0.35 19.64 

19 Karmlk 202 65.2 2 2 5295.84 0.34 1.85 0.24 9.84 

20 Doghat 215 74.3 3 2 3947.44 0.27 1.42 0.27 7.69 

21 Mandan 186 55.2 2 2 5139.36 0.35 2.01 0.28 10.87 

22 Nveria 215 74.1 3 2 3560.4 0.25 2.87 0.33 17.55 

23 Bardarsh 184 54.4 3 3 3989.12 0.3 2.17 0.22 7.79 

24 Narqizlia 217 75.6 2 2 3768.32 0.22 1.24 0.26 5.36 

25 Ismawa 198 62.6 2 2 4338.4 0.27 2.46 0.3 12.47 

 

Table (14) and Figure (13) show the results of the annual soil loss rate, The medium risk class for erosion was 

the most common, with an area of 642,254 km², representing 50.38% of the total area. The low risk class 

covered 610,854 km² (47.92%), whereas the high risk class only covered to 21,629 km² (1.70%). These results 

show that most of the study area experiences low to medium soil loss rates, which reflects the positive impact of 

plant cover and the region's moderate topography. High loss rates were concentrated in a few places with 

increased slope and low vegetation cover, particularly at Jarghan, Zenawa, and Telkef. These results are 

consistent with those of Kumar et al. (2022), who found that spatial variability in the annual soil loss rate in the 

RUSLE model is caused by the interaction of rainfall, soil erosion ability, topography, and vegetation cover, and 

that areas with higher vegetation cover also moderate slopes typically have low to moderate loss rates. They also 

agree with the results of Sidharthan et al. (2024), who found that including RUSLE elements into a GIS 

environment gives an accurate and reliable spatial representation of erosion-risk areas and is helpful in the 

identification of priority locations for soil conservation measures. 

 

Table 14. Classification of Annual soil loss, areas, and percentage within the study area. 

 

 

 

 

 

 

Class Texture Class Area (km²) Percentage (%) Erodibility Classification 

1 0.601 - 10.0  610.854 47.92 Low Erosion Risk 

2 10.1  - 20.0  642.254 50.38 Moderate Erosion Risk 

3 20.1  - 38.6  21.629 1.70 High Erosion Risk 

Total  1274.737 100  
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Figure 13. Spatial distribution of annual soil loss in the study area 

 

 

Conclusion  
 

The results of the RUSLE model showed that the topographic factor (LS) was one of the most influential factors 

in the distribution of water erosion, as the medium topographic influence category occupied about 85.43% of the 

study area, while high LS values were associated with increased soil loss rates in steep areas. Also The results of 

the Normalised Difference Vegetation Index (NDVI) and the C-factor showed that increasing the density of 

vegetation cover effectively contributed to reducing the impact of raindrops and the speed of surface runoff, as 

the very high and high protection categories constituted more than half of the area, resulting in a reduction in 

erosion rates in most parts of the study area. 

 

The combination of remote sensing techniques and geographic information systems with the RUSLE model has 

proven extremely effective in characterising the spatial variability of erosion factors and producing accurate 

maps of the annual rate of soil loss, providing a solid scientific foundation for sustainable planning and land 

management in northern Nineveh Governorate. 

 

 

Recommendations 

 

The study recommends conducting long-term time-based monitoring of water erosion rates using multi-time 

satellite data and modern digital models, with the aim of tracking spatial and temporal changes in soil loss, and 

assessing the impact of climate change and land-use change on the future development of erosion. 

 

The study recommends expanding the use of artificial intelligence and machine learning technologies, as well as 

remote sensing and geographic information systems, to improve the accuracy of water erosion modelling and 

predicting areas most vulnerable to future degradation, thereby contributing to decision-making and sustainable 

land resource management. 
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Abstract: The decline in agricultural production rates necessitates the advancement of this sector by 

enhancing production efficiency through various modern technologies. Among these technologies in the field of 

fertilizers and fertilization is nanofertilizer technology. To achieve this goal, a biological experiment was 

conducted in the greenhouse of the Department of Soil Sciences and Water Resources, College of Agriculture 

and Forestry, University of Mosul, during the winter season of 2024/2025. The study aimed to evaluate the 

response of Broad Bean (Vicia faba L., Mornash cultivar) to the interaction between nano and mineral iron in 

two different soil orders within Nineveh Governorate.The experiment was implemented according to a 

Completely Randomized Design (CRD) as a factorial experiment with three replicates and three factors, first (S) 

Two types of soil with different textures., Second (M) Mineral fertilization, Tharid (N) Nano-fertilization. The 

total number of experimental units was 54 (2 soil types × 3 soil application levels × 3 foliar application levels × 

3 replicates). Significant differences between treatments were evaluated using the Least Significant Difference 

(LSD) test at a significance level of 0.05. Key Results,Foliar Application: The foliar application of iron (both 

nano and mineral) had a clear impact on the growth of the broad bean plant. It resulted in a significant increase 

in growth indicators compared to the control treatment, including: plant height (cm), number of branches 

(branch plant⁻¹), leaf area (cm² plant⁻¹), chlorophyll concentration (SPAD), and shoot dry weight (g plant⁻¹). 

Yield Components, Significant increases were observed in yield components, including seed dry weight, seed 

fresh weight (g plant⁻¹), and biological yield (g plant⁻¹). Optimal Concentrations, Foliar applications of 100 mg 

Fe L⁻¹ and 1.5 g L⁻¹ outperformed other treatments, recording the highest values across all growth and yield 

indicators. Soil Application, Soil application at rates of 15 kg Fe ha⁻¹ and 4 kg Fe ha⁻¹ excelled over other 

concentrations in all studied growth and yield traits. Interaction Effects, The results of the dual interaction 

between soil and foliar application methods showed that the fertilizer combination of 100 mg Fe L⁻¹ (foliar) + 4 

kg Fe ha⁻¹ (soil) (N2 + M3) significantly outperformed all other interactions in growth indicators and yield 

components. 

 

Keywords: Faba bean, Nano-fertilizer, Mineral iron, Soil orders, Crop productivity 

 

 

Introduction 
 

Broad bean (Vicia faba L.) is considered one of the most significant pulse crops globally, valued for its high 

nutritional content of plant proteins, amino acids, minerals, and vitamins. Beyond its direct use as human food 

and animal feed, it holds strategic importance in sustainable agriculture due to its capacity for atmospheric 

nitrogen fixation and its role in improving the physical and chemical properties of soil (Abd El-Hady et al., 

2023). However, the productivity of broad beans in calcareous soils—which are prevalent in many regions, 

including Iraq is adversely affected by the low bioavailability of micronutrients, particularly iron (Fe). This 

occurs due to high pH levels and the presence of calcium carbonates, which lead to the fixation of the element 

http://www.isres.org/
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and the inhibition of its uptake. Consequently, this results in iron-deficiency chlorosis, stunted growth, and 

degraded yield (Jassim et al., 2023). 

 

Iron (Fe) is a vital micronutrient required by plants in small quantities, yet it performs essential functions in 

growth and development. It is a structural component of numerous enzymes and proteins responsible for redox 

reactions, such as cytochromes and ferredoxin. Furthermore, it contributes indirectly to chlorophyll synthesis 

and the activation of photosynthesis, while playing a crucial role in cellular respiration and energy production. 

Additionally, iron is a key factor in root nodule formation and the stimulation of Rhizobium bacteria activity, 

which fixes atmospheric nitrogen in legumes, thereby enhancing biological nutrition efficiency and increasing 

soil fertility (Khan et al., 2022). 

 

Traditionally, mineral fertilization has been employed to address iron deficiency. Soil application of compounds 

such as ferrous sulfate (FeSO₄.7H₂O) aims to increase available iron concentrations in the soil and improve root 

uptake. However, the efficacy of this method is often compromised in calcareous soils due to nutrient fixation. 

Consequently, foliar application has been adopted as a complementary technique, where iron is sprayed directly 

onto the leaves. This method accelerates absorption, improves chlorophyll content, and exerts a rapid positive 

effect on vegetative growth (Shirsat et al., 2024). 

 

With recent advancements in nanotechnology, nano-fertilization has emerged as an innovative strategy to 

enhance fertilizer use efficiency (FUE). Iron nanoparticles (Fe-NPs) are characterized by their small particle size 

and large surface area, which increase their solubility and bioavailability to the plant. Soil application of nano-

iron contributes to improving the availability of the element and its subsequent uptake by roots. Meanwhile, 

foliar application has demonstrated exceptional effectiveness in boosting vegetative growth, increasing 

chlorophyll concentrations, and improving photosynthetic efficiency in leguminous plants, including broad 

beans (Mohamed et al., 2023; Al-Khafaji et al., 2024). 

 

Accordingly, studying the impact of mineral and nano-iron fertilization—via both soil and foliar applications—

on broad bean crops under calcareous soil conditions is a fundamental scientific step toward developing 

advanced fertilization programs. Such programs aim to enhance production efficiency and achieve agricultural 

sustainability. The primary objectives of this study are: 

 

1. To evaluate the impact of mineral and nano-iron, along with their application methods, on certain growth 

parameters and yield components of the broad bean plant. 

2. To determine the optimal levels of nano and mineral iron fertilizers, as well as the best interaction between 

application methods, to achieve the maximum yield for the broad bean crop. 

 

 

Method 
 

Soil Sampling Sites and Preparation 

 

Two distinct locations with varying chemical and physical properties were selected within Nineveh Governorate 

to collect soil samples for cultivating the faba bean (Vicia faba L.) plant. 

 

 

Site 1: Al-Rashidiya 

 

Located in the Al-Rashidiya fields on the left bank of the Tigris River. It is situated at Longitude 43.1167° E and 

Latitude 36.4333° N in the northern suburbs of Mosul, approximately 10 km from the city center. According to 

the soil taxonomy, the soil at this site belongs to the Inceptisols order (specifically the suborder Uceptisols). 

 

 

Site 2: Filfil 

 

Located in the Filfil sub-district fields, approximately 60 to 70 km from Mosul city center on the left bank of the 

Tigris River. It is situated at Longitude 43.0343° E and Latitude 36.5467° N. The soil at this site belongs to the 

Aridisols order. 

 

The selection of these two sites was based on the clear variation in their soil orders and properties, as illustrated 

in the figure below. 
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Figure 1. Geographical locations of the two study sites (Source: Google Maps). 

 

 

Soil Sampling and Preparation 
 

Materials and Methods 
 

Surface soil samples were collected from a depth of 0–30 cm on November 10, 2025. Samples from each site 

were thoroughly mixed separately to obtain a composite representative sample for the field soil. The samples 

were then air-dried, crushed, and passed through a 4 mm sieve for use in pot experiments. Each pot 

(experimental unit) was filled with 8 kg of air-dried soil. For physical and chemical characterization, a sub-

sample from each site was ground and passed through a 2 mm sieve, then stored in airtight plastic containers. 

 

 

Soil Physical Analysis 

 

Particle Size Distribution (Soil Texture): Soil texture was determined using the hydrometer method. A known 

weight of soil was treated with calgon (sodium hexametaphosphate). Readings were taken at 40 seconds and 2 

hours, adjusted for temperature as described by Gee and Bauder (1986). The texture class was identified using 

the USDA Soil Texture Triangle. 

Field Capacity (Moisture Content): Moisture content was determined gravimetrically. Samples were saturated 

with water and placed in funnels with filter paper for 24 hours. The remaining moisture content was measured 

after oven-drying the samples at 105°C for 24 hours, following Klute (1986) and USDA (2006). 

Bulk Density: Bulk density was measured in situ using the core sampler method as outlined by Black (1965). 

 

 

Soil Chemical Analysis 

 

1. Soil pH: Determined in a 1:1 (soil:water) extract using a digital pH meter according to Rowell (1996). 

2. Electrical Conductivity (EC): Measured in a 1:1 soil extract at 25°C using an EC-meter as described by 

Rowell (1996). 

3. Calcium Carbonate (CaCO3): Determined chemically by adding excess 1.0 N HCl to the soil and back-

titrating the unreacted acid with 1.0 N NaOH in the presence of phenolphthalein indicator (FAO, 1973). 

4. Organic Matter (O.M.): Determined by the Walkley-Black wet oxidation method. Organic carbon was 

oxidized using concentrated H2SO4 (95%) and 1.0 M potassium dichromate K2Cr2O7then titrated against 

0.5 N ferrous ammonium sulfate using diphenylamine as an indicator. 

5. Cation Exchange Capacity (CEC): Determined by saturating the soil with 1.0 N sodium acetate (1N ) 

pH=8.2 to replace exchangeable cations with sodium. Sodium was then extracted using 1.0 N ammonium 

acetate and measured using a flame photometer. 

6. Available Nitrogen (N): Extracted using 2.0 N KCl (1:20 ratio). Nitrogen in the filtrate was determined via 

the Micro-Kjeldahl distillation method, with ammonia captured in boric acid containing a mixed indicator 

(Black, 1965). 
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7. Available Phosphorus (P): Determined using the Modified Olsen Method (1982). Phosphorus was extracted 

with 0.5 M NaHCO3 (pH 8.5) at a 1:20 ratio and measured colorimetrically using a spectrophotometer at a 

wavelength of 882 nm. 

8. Available Potassium (K): Extracted with 1.0 N neutral ammonium acetate   =pH 7.0) at a 1:10 ratio and 

measured using a flame photometer. 

9. Available Iron (Fe, mg/kg): Extracted using a DTPA solution (1:2 ratio). 10 g of soil was shaken with 20 ml 

of DTPA (pH = 7.3) for two hours. The iron concentration was measured using an Atomic Absorption 

Spectrophotometer. 

 

 

Seeds Used in the Experiment 

 

Broad bean (Vicia faba L.) seeds of the Mornache cultivar were used. This variety is produced by the Moroccan 

company Agrosem. The germination rate was tested and confirmed at 90%. 

 

 

Biological Experiment 
 

Experimental Design 

 

To accurately determine plant response to applied fertilizers, a factorial experiment was conducted following a 

Completely Randomized Design (C.R.D.). The study took place in the greenhouse of the Department of Soil 

Sciences and Water Resources, College of Agriculture and Forestry, University of Mosul, during the 2024–2025 

growing season. The experiment investigated three factors with three replicates: 

 

 

Factor 1: Two Soil Locations (Varying in Texture, Calcium Carbonate, and Iron Content) 

 

• S1: Filfil region, Nineveh Governorate. 

• S2: Al-Rashidiya region, Nineveh Governorate. 

 

 

Factor 2: Mineral Iron Fertilizer 

 

Using ferrous sulfate (FeSO4.7H2O) containing 19% Fe, applied based on fertilizer recommendations: 

 

• M1: Control (No application). 

• M2: Soil application (15 kg Fe ha-1). 

• M3: Foliar application (100 mlg Fe L-1). 

 

 

Factor 3: Nano-Iron Fertilizer 

 

An Iranian-origin nano-fertilizer (manufactured by Al-Khadra Company) containing 6% Fe, applied as follows: 

 

• N1: Control (No application). 

• N2: Soil application (4 kg Fe ha-1). 

• N3: Foliar application (1.5 mlg L-1). 

 

 

Total Experimental Units 

 

The experiment comprised 54 units (2 Soil Locations × 3 Mineral Levels × 3 Nano Levels × 3 Replicates). Each 

location included 27 experimental units. 

 

 

Studied Traits 

 

I. Vegetative Growth Traits 
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1. Plant Height (cm): Measured from the soil surface to the plant apex using a metallic measuring tape. 

2. Number of Branches (branch plant-1): Total count of primary branches per plant. 

3. Chlorophyll Content (SPAD): Measured using a portable hand-held Chlorophyll Meter (Model SPAD-502, 

Minolta, Japan) following the methods of Sotiropoulos and Mouhtaridou (2005) and Cerovic et al. (2012). 

4. Leaf Area (cm2): Calculated for a single leaf by measuring the length and maximum width using a ruler, then 

applying the equation by Wali (2018): 

LA = 0.04 + 0.45(L \times W) 

Where: 

o LA: Leaf Area. 

o L: Leaf Length. 

o W: Leaf Width. 

 

 

II. Maturity and Yield Traits 

 

5. Shoot Dry Weight (g plant-1): Plants were placed in perforated paper bags and dried in an electric oven at 

60–65°C for 48–72 hours until a constant weight was achieved (Al-Sahaf, 1989). 

6. Biological Yield (g plant-1): Calculated as the total weight of pods plus the total weight of the vegetative 

shoot system. 

7. Seed Fresh Weight (g plant-1): Measured immediately after harvesting seeds from the pods. 

8. Seed Dry Weight (g plant-1): Seeds were extracted from pods and dried in an oven at 60–65°C for 48–72 

hours until weight stabilization (Al-Sahaf, 1989). 

 

 

Results and Discussion 
 

Plant Height (cm) 

 

Table (1) illustrates the impact of nano and mineral iron fertilization, soil texture, and application methods on 

plant height (cm). The data indicates that both nano and mineral iron fertilization—applied via soil and foliar 

methodshad a statistically significant effect on plant height.Nano-Fertilization EffectsRegarding nano-iron 

treatments, the highest plant height was recorded under the N3 treatment (foliar application), reaching 100.17 

cm. This treatment significantly outperformed the control, achieving a growth increase of 7.58%. In contrast, the 

soil application of nano-fertilizer (N2) resulted in a more modest increase of 2.80% compared to the non-

fertilized control.Mineral Fertilization Effects For mineral iron fertilization, the foliar application (M3) yielded 

the most substantial results, with a significant increase of 19.31%. Soil application of mineral iron (M2) 

followed with an increase of 9.09%. Environmental and Interaction Factors A significant difference was 

observed between the two study locations: Al-Rashidiya (S2) and Filfil (S1). Site S2 exhibited superior growth, 

surpassing S1 by 1.08%. The triple interaction—encompassing application method, fertilizer type (nano vs. 

mineral), and soil texture—showed that the highest overall plant height was recorded at site S2 under the 

M3N3S2 treatment, reaching 113 cm (a 34.52% increase over the control).  

 

Table 1. Effect of nano-iron and mineral iron fertilization and soil texture on plant height (cm). 

S1 

 N1 N2 N3 Effect  M Effect S 

M1 87.00 89.67 92.33 

88.00 

96.00 

105.00 

95.82 M2 94.00 96. 00 97.67 

M3 98. 00 98.67 109.00 

S2 

M1 84. 00 86.00 89.00 

96.85 M2 91.67 96.67 100.00 

M3 104. 00 107.33 113.00 

 Effect  N 93.11 95.72 100.17 
LSD  N= 0.6629    M= 0.6629 

 S= 0.5412    MNS= 1.6237 

 

At site S1, the peak height was 109 cm under the M3N3S1 treatment, representing a significant increase of 

25.28% compared to the control.Scientific DiscussionThe positive response of the plants to both soil and foliar 

fertilization, as evidenced by increased plant height, can likely be attributed to the enhanced bioavailability of 

iron (Fe) in the soil and its efficient uptake by the root system. This availability stimulates vital biological 

processes and metabolic activities, which are directly reflected in improved growth parameters, specifically 

plant height (Al-Ansi & Al-Maghrabi, 2025). 
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Number of Branches (branch plant⁻¹) 

 

Table (2) illustrates the impact of nano and mineral iron fertilization, along with soil texture, on the number of 

branches (branch plant⁻¹). The data reveals that both nano and mineral iron fertilization, via soil and foliar 

applications, significantly influenced plant growth parameters.Effects of Nano-Iron FertilizationRegarding 

nano-fertilization, foliar application (N3) resulted in the highest number of branches, reaching 9 branches 

plant⁻¹. This represents a statistically significant increase of 40% over control. Meanwhile, soil application (N2) 

achieved a 20% increase compared to the non-fertilized treatment.Effects of Mineral Iron Fertilization Mineral 

iron fertilization showed even more pronounced effects. The foliar application (M3) recorded a substantial 

significant increase of 166%, while the soil application (M2) resulted in a 100% increase.Site Variations and 

InteractionsStatistical analysis showed a significant difference between the two study sites, with the first site 

(S1) outperforming the second by 6.66% Regarding the triple interaction (application method × fertilizer type × 

soil texture):In the first site (S1), the M3N3S1 treatment yielded the highest number of tillers, with a 200% 

increase compared to the control. In the second site (S2), the M3N3S2 treatment achieved the maximum 

response, with a significant increase of 350% over the non-fertilized treatment. Scientific DiscussionThe 

increase in the number of branches and tillers can be attributed to the development of a dense root system 

resulting from soil fertilization. This robust root architecture enables the plant to absorb higher quantities of 

water and essential nutrients, thereby enhancing overall vegetative growth. Furthermore, the effectiveness of 

foliar nano-fertilization is due to the unique properties of nanoparticles, specifically their small particle size. 

This allows for efficient penetration of the leaf surface and rapid integration into the plant’s internal tissues, 

where they participate in vital biological processes that stimulate branching. These findings are consistent with 

the results reported by Rabih et al. (2023).  

 

Table 2. Effect of nano and mineral iron fertilization and soil texture on the number of branches (branch plant⁻¹). 

 

 

Chlorophyll Concentration (SPAD) 

 

Table (3) illustrates the impact of nano and mineral iron fertilization, alongside soil texture, on chlorophyll 

concentration (SPAD). The results indicated that both fertilization types, applied via soil and foliar methods, 

significantly influenced chlorophyll levels. Nano-Iron Fertilization Effects Regarding nano-fertilization, the 

foliar application (N3) yielded the highest chlorophyll concentration, reaching 52.221 SPAD, which represents a 

significant increase of 17.48% over the control. In comparison, the soil application (N2) showed an increase of 

8.11% relative to non-fertilized treatment. Mineral Iron Fertilization EffectsMineral iron fertilization also 

showed substantial improvements. The foliar application (M3) achieved a significant increase of 61.75%, while 

the soil application resulted in a 33.33% increase. A significant geographical variation was observed, as the 

second site (S2) outperformed the first by 1.08%. Interaction Effects. The triple interaction (application method 

× fertilizer type × soil texture) revealed that:At the second site (S2), the M3N3S2 treatment achieved the peak 

chlorophyll concentration of 64 SPAD, a 95.89% increase over the control. At the first site (S1), the M3N3S1 

treatment reached 63.33 SPAD, representing a significant increase of 82.66% compared to the control. 

 

Table 3. Effect of nano and mineral iron fertilization and soil texture on chlorophyll concentration (SPAD). 

S1 

 N1 N2 N3 Effect  M Effect S 

M1 34.67 37 39 

36.6 

48.8 

59.2 

47.1852 M2 43 47.67 50 

M3 53 57 63.33 

S2 

M1 32.67 35.67 40.67 

49.2963 M2 45.67 50.67 56.33 

M3 57. 67 60.33 64 

 
Effect 

N 
44. 45 48.056 52.221 

LSD     M= 0.8996  N= 0.8996        S= 

0.7345      MNS=2.2036 

S1 

 N1 N2 N3 Effect  M Effect S 
M1 3 4 6 

3 

6 

8 

6.4 M2 5 7 8 

M3 8 8 9 

S2 
M1 2 3 5 

6 M2 6 6 7 

M3 8 8. 9 

 
Effect  

N 
5 6 7 

LSD     M= 0.6707       N= 0.6707    S= 

0.5477        MNS=1.643 
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Scientific Discussion The increase in chlorophyll concentration across fertilized treatments (both nano and 

mineral, soil and foliar) can be attributed to the enhanced activity of enzymes responsible for chlorophyll 

biosynthesis as a result of increased internal iron (Fe) concentrations. Iron plays a critical role in the photoperiod 

of the photosynthetic process, acting as a structural component of various enzymes and co-enzymes. These 

findings are consistent with the results reported by Abdul-Jabbar (2017). 

 

 

Leaf Area (cm²) 

 

Table (4) presents the impact of nano and mineral iron fertilization, along with soil texture, on leaf area (cm²). 

The results indicate that both nano and mineral iron treatments, applied through soil and foliar methods, 

significantly influenced the leaf area. Effects of Nano-Iron Fertilization Regarding nano-fertilization, the foliar 

application (N3) recorded the highest leaf area at 10.5488 cm², representing a significant increase of 21.46% 

over the control. Meanwhile, the soil application (N2) achieved a 9.53% increase compared to the non-fertilized 

treatment.Effects of Mineral Iron FertilizationMineral iron fertilization also showed substantial improvements. 

The foliar application (M3) achieved a significant increase of 79.02%, while the soil application resulted in a 

38.12% increase. Additionally, a significant difference was observed between the two sites, with the second site 

(S2) outperforming the first site (S1) by a margin of 9.57%. Interaction Effects The triple interaction 

(application method × fertilizer type × soil texture) revealed that: In the second site (S2), the highest leaf area 

reached 14.2045 cm² under the M3N3S2 treatment, with a remarkable increase of 147.9% compared to the 

control.In the first site (S1), the maximum value was 12.0700 cm² under the M3N3S1 treatment, showing a 

significant increase of 84.65% over the non-fertilized treatment. Scientific Discussion The enhancement in leaf 

area following the application of nano and mineral fertilizers (via both soil and foliar routes) can be attributed to 

the high efficiency and rapid penetration of nanoparticles into plant tissues. This rapid integration into vital 

biological processes subsequently improves overall plant growth and expands the photosynthetic surface area. 

These findings are in alignment with the results reported by Rafiq and Al-Jubour (2020). 

 

Table 4. Effect of nano and mineral iron fertilization and soil texture on leaf area (cm²). 

S1 

 N1 N2 N3 Effect  M Effect S 

M1 6.5365 7.0540 7.7185 

6.8910 

9.5180 

12.3368 

9.14417 M2 7.9915 8.8420 10.1845 

M3 10.6390 11.2615 12.0700 

S2 

M1 5.7280 6.5065 7.8025 

10.01967 M2 8.8000 9.9775 11.3125 

M3 12.4120 13.4335 14.2045 

 
Effect 

N 
8.6845 9.5125 10.5488 

LSD  N= 0.2327   M= 0.2327  S= 0.19  

MNS= 0.5701 

 

 

Shoot Dry Weight (g plant⁻¹) 

 

Table (5) presents the impact of nano and mineral iron fertilization, along with soil texture, on the shoot dry 

weight (g plant⁻¹). The data indicates that both fertilization types, applied via soil and foliar methods, 

significantly influenced the dry matter accumulation of the shoots Effects of Nano-Iron Fertilization For the 

nano-iron treatments, the foliar application (N3) yielded the highest value of 22.83 g plant⁻¹, representing a 

statistically significant increase of 17.49% over the control. Meanwhile, the soil application (N2) resulted in a 

9.41% increase compared to the non-fertilized treatment. Effects of Mineral Iron Fertilization Mineral iron 

fertilization also showed substantial improvements. The foliar application (M3) achieved a significant increase 

of 48.53%, while the soil application resulted in a 25.5% increase. A significant difference was observed 

between the study locations, with the first site (S1) outperforming the second site (S2) by 9.12%.Interaction 

Effects Regarding the triple interaction (application method × fertilizer type × soil texture): In the first site (S1), 

the highest shoot dry weight was recorded under the M3N3S1 treatment, with an increase of 86.30% compared 

to the control. In the second site (S2), the M3N3S2 treatment showed a significant increase of 71.02% over the 

non-fertilized treatment. Scientific Discussion The increase in shoot dry weight in the fertilized treatments can 

be attributed to the enhanced uptake of iron (Fe) following soil application, as well as the high efficiency of both 

nano and mineral fertilizers in translocating across plant cell membranes. This leads to stimulated vegetative 

growth due to the vital role of these elements in cell division, photosynthesis, and the enhancement of enzymatic 

activity and biochemical reactions. Furthermore, nanoparticles play a protective role by reducing the formation 

and activity of reactive oxygen species (ROS) and preventing oxidative stress, which delays senescence and 
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promotes sustained vegetative growth. These findings are in agreement with (Mohammed, 2022), who 

highlighted the role of nano and mineral fertilizers in increasing the dry matter of plant shoots. 

 

Table 5. Effect of nano and mineral iron fertilization and soil texture on shoot dry weight (g plant⁻¹). 

S1 

 N1 N2 N3 Effect M Effect S 

M1 14.60 16.80 19.30 

16.983 

21.316 

25.226 

22.073 M2 22.30 23.23 24.10 

M3 24.90 26.23 `27.20 

S2 

M1 15.67 16.70 18.83 

20.277 M2 17.83 19.67 20.77 

M3 21.30 24.93 26.80 

 
Effect 

N 
19.43 21.26 22.83 

LSD  N= 0.289  M= 0.289 S= 0.2359  

MNS= 0.7078 

 

 

Seed Fresh Weight (g plant⁻¹) 

 

Table (6) presents the impact of nano and mineral iron fertilization, along with soil texture, on the seed fresh 

weight (g plant⁻¹). The results demonstrate that both nano and mineral iron fertilization—via soil and foliar 

applications—significantly influenced the seed fresh weight. Effects of Nano-Iron Fertilization Regarding nano-

fertilization, the foliar application (N3) yielded the highest value of 81.92 g plant⁻¹, representing a statistically 

significant increase of 52.63% over the control. Meanwhile, the soil application (N2) achieved a 36.63% 

increase compared to the non-fertilized treatment. Effects of Mineral Iron Fertilization Mineral iron fertilization 

also showed substantial improvements. The foliar application (M3) recorded a significant increase of 50.34%, 

while the soil application resulted in a 23.26% increase. A significant difference was observed between 

locations, with the second site (S2) outperforming the first site (S1) by 3.39%.Interaction Effects The triple 

interaction (application method × fertilizer type × soil texture) revealed that: At the second site (S2), the 

maximum total seed fresh weight was recorded under the M3N3S2 treatment, with an increase of 104.3% 

compared to the control.At the first site (S1), the M3N3S1 treatment showed a significant increase of 76.63% 

over the non-fertilized treatment. Scientific Discussion The enhancement in seed fresh weight is attributed to the 

fact that nano and mineral fertilizers improve the utilization of Photosynthetically Active Radiation (PAR). This 

enhances the availability of photosynthetates required for the initiation and development of tiller primordia. 

This, in turn, positively reflects on the total seed fresh weight per cultivated area due to the increased 

bioavailability of iron (Fe) concentrations. These results align with the findings of Al-Saidan (2019). 

Furthermore, the absorption of nutrients through the stomata during foliar application led to accelerated plant 

growth and development, as noted by Sajadinia et al. (2021). 

 

Table 6. Effect of nano and mineral iron fertilization and soil texture on seed fresh weight (g plant⁻¹). 

 

 

Seed Dry Weight (g plant⁻¹) 

 

Table (7) illustrates the impact of nano and mineral iron fertilization, along with soil texture, on seed dry weight 

(g plant⁻¹). The data indicates that both fertilization types, applied via soil and foliar methods, significantly 

influenced the dry matter accumulation in seeds. Effects of Nano-Iron Fertilization Regarding nano-fertilization, 

the foliar application (N3) recorded the highest value of 23.32 g plant⁻¹, representing a statistically significant 

increase of 21.9% over the control. In contrast, the soil application (N2) achieved an increase of 8.89% 

compared to the non-fertilized treatment. Effects of Mineral Iron Fertilization Mineral iron fertilization also 

showed substantial improvements. The foliar application (M3) achieved a significant increase of 61.92%, while 

the soil application resulted in a 16.89% increase. A significant difference was observed between the study 

locations, with Site S2 outperforming Site S1 by a margin of 3.91%. Interaction Effects The triple interaction 

S1 

 N1 N2 N3 Effect M Effect S 

M1 55. 67 61. 66 65.96 

59.45 

72.51 

89.38 

72.55 M2 66. 33 70.70 76.96 

M3 72.83 84.53 98.33 

S2 

M1 53. 67 58.10 61. 66 

75.01 M2 67. 67 74.46 78.97 

M3 80.40 90.53 109. 67 

 
Effect 

N 
66.10 73.33 81.92 

LSD   N= 0.6119  M= 0.6119  S= 0.4996   

MNS= 1.4988 
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(application method × fertilizer type × soil texture) revealed that: At Site S2, the highest seed dry weight was 

recorded under the M3N3S2 treatment, with a 97.89% increase over the control. At Site S1, the M3N3S1 

treatment reached its peak with a significant increase of 90.39% compared to the non-fertilized treatment. 

Scientific Discussion The enhancement in seed dry weight is attributed to the role of nano and mineral fertilizers 

in improving the utilization of Photosynthetically Active Radiation (PAR). This facilitates the availability of 

essential compounds that support the initiation of tiller primordia, which positively reflects on the total seed dry 

weight per unit area due to the increased bioavailability of iron (Fe). These findings are consistent with the 

results reported by Al-Jubouri et al. (2017, 2019). Furthermore, the efficient nutrient uptake through the stomata 

during foliar application led to enhanced plant growth and developmental stages, as noted by Sajadinia et al. 

(2021). 

 

Table 7. Effect of nano and mineral iron fertilization and soil texture on seed dry weight (g plant⁻¹). 

S1 

 N1 N2 N3 Effect M Effect S 

M1 14. 67 15.73 18.53 

16.81 

19.65 

26.83 

20.69 M2 17.53 20. 33 22.43 

M3 23.80 25.30 27.93 

S2 

M1 15. 67 16.60 19. 66 

21.50 M2 17.80 19.50 20. 33 

M3 25. 33 27.60 31.01 

 
Effect 

N 
19.13 20.83 23.32 

LSD  N= 0.2114  M= 0.2114  S= 0.1726    

MNS= 0.5178 

 

 

Biological Yield (g plant⁻¹) 

 

Table (8) presents the impact of nano and mineral iron fertilization, along with soil texture, on the biological 

yield (g plant⁻¹). The results indicate that both types of fertilization—applied via soil and foliar methods—had a 

significant effect on the total biological yield. Effects of Nano-Iron Fertilization Regarding nano-fertilization, 

the foliar application (N3) recorded the highest value of 45.60 g plant⁻¹, representing a statistically significant 

increase of 24.62% over the control. In contrast, the soil application (N2) achieved a 14.18% increase compared 

to the non-fertilized treatment.Effects of Mineral Iron Fertilization For mineral iron treatments, the foliar 

application (M3) achieved a significant increase of 45.68%, while the soil application resulted in an 18.51% 

increase. A significant difference was also observed between the study locations (Filfil & Al-Rashidiya), with 

Site S2 outperforming Site S1 by 1.19%. Interaction Effects The triple interaction (application method × 

fertilizer type × soil texture) revealed that: At Site S2, the M3N3S2 treatment achieved the highest total seed 

fresh weight, with an increase of 73.51% compared to the control. At Site S1, the M3N3S1 treatment yielded the 

most significant response, showing an increase of 85.37% over the non-fertilized treatment. Scientific 

Discussion The enhancement in biological yield is attributed to the role of nano and mineral fertilizers in 

optimizing the utilization of Photosynthetically Active Radiation (PAR). This improvement increases the 

availability of essential compounds that support the development of tiller primordia, leading to a higher total 

seed dry weight within the cultivated area due to the increased bioavailability of iron (Fe). These findings are 

consistent with (Al-Jubouri et al., 2019). Furthermore, the absorption of nutrients through the stomata during 

foliar application led to accelerated plant growth and overall development, as noted by Al-Hayali et al. ( 2018). 

 

Table 8. Effect of nano and mineral iron fertilization and soil texture on biological yield (g plant⁻¹). 

S1 

 N1 N2 N3 Effect M Effect S 

M1 28.23 31.23 37.96 

34.04 

40.34 

49.59 

41.13 M2 35.26 40.86 44. 67 

M3 47.96 50.63 52. 33 

S2 

M1 30.16 36. 33 40. 33 

41.62 M2 33.26 42. 00 46.00 

M3 44. 67 49. 67 52.33 

 
Effect 

N 
36.59 41.78 45.60 

LSD   N= 0.3709  M= 0.3709  S= 0.3028   

MNS= 0.9084 

 

 

Conclusion  
 

This study concludes that the application of nanotechnology in iron fertilization, whether via foliar spray or soil 

addition, led to a significant advancement in all morphological and yield parameters of the wheat plant. The 
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(M3N3) treatment demonstrated exceptional efficiency in maximizing biological yield and seed weight. This 

success is attributed to the ability of nanoparticles to rapidly penetrate through stomata and cell membranes, 

subsequently activating enzymes responsible for chlorophyll biosynthesis and photosynthesis. Furthermore, the 

results indicated that the interaction between fertilizer type and soil texture at the Al-Rashidiya site (S2) 

effectively enhanced nutrient uptake efficiency. This synergy promoted the initiation of tiller primordia and 

mitigated oxidative stress within plant tissues, ultimately The study demonstrates that iron fertilization (both 

nano and mineral) significantly improved all growth and yield parameters of the wheat plant. The conclusions 

are summarized as follows: 

 

1. Superiority of Nanotechnology: Nano-fertilizers exhibited high efficiency, particularly via foliar application 

(N3), in enhancing plant height, leaf area, and chlorophyll concentration. This reflects the superior 

penetration ability of nanoparticles into plant tissues. 

2. Enhanced Photosynthetic Efficiency: Improved iron uptake increased the utilization of Photosynthetically 

Active Radiation (PAR), which supported tiller primordia initiation and subsequently increased dry weight, 

shoot biomass, and biological yield. 

3. Triple Interaction Effects: The interaction between foliar application, nano/mineral fertilizers, and soil 

texture at the Al-Rashidiya site (S2) yielded the highest biological yield and seed fresh weight, indicating the 

role of soil properties in maximizing fertilization efficiency. 

4. Protective Role: Nano-iron contributed to reducing oxidative stress (ROS) and delaying senescence, thereby 

maintaining vegetative vigor for a longer duration. 

 

 

Recommendations 
 

1. Adopting Foliar Application: It is recommended to utilize foliar spray techniques for nano and mineral 

fertilizers as an alternative or supplement to soil application to ensure rapid absorption and avoid iron 

fixation in the soil. 

2. Integrated Fertilization: Implementing the (M3N3) combination is advised to achieve maximum biological 

yield and seed weight, especially in soils with textures similar to the Al-Rashidiya site. 

3. Economic Studies: Conducting an economic feasibility study to compare the cost of nano-fertilizers against 

the qualitative increase in yield to encourage farmers to adopt these technologies. 

4. Expanding Research: Further investigation is suggested regarding the impact of various nano-iron 

concentrations on grain quality (protein and starch content) across different growing seasons. 
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Abstract: In the article, the possibilities and challenges of using 3D printing in the shipbuilding and ship 

repair industry are discussed. This technology enables the fast and efficient production of spare parts, elements, 

and components required for these industries. To a certain extent, this leads to reduced repair time, faster 

deliveries, and lower dependence on maintaining permanent warehouse stock. Technology also allows the 

production of lighter, more efficient, and relatively complex structures. In addition, it helps reduce the generated 

carbon footprint. The challenges facing the shipbuilding and ship repair industry in the use of 3D printing are 

related to several aspects. The first is purely technological and focuses on integrating components produced by 

this method into the ship’s hull structure. The second aspect is related to the certification of the parts and their 

durability throughout the ship’s life cycle. The third aspect concerns the economic factors associated with 

equipment, consumables, and maintenance. Nevertheless, the method of 3D printing cannot completely replace 

traditional shipbuilding and repair processes, but it can support and facilitate these industries to a certain extent. 

 

Keywords: Shipbuilding, Ship repair, Printing, 3D, Challenges 

 

 

Introduction 

 

The use of 3D printing has been known for more than 40 years. The first experiment with this type of printer 

was conducted in the United States in 1983. In its early stages of development, the technology was primarily 

used for rapid and cost-effective prototyping. Over the decades, this manufacturing method has undergone 

continuous improvement and modernization across virtually all industrial sectors. Today, 3D printing is 

employed to produce custom-designed components, architectural models, and large-scale parts for industrial 

applications. The emergence of Industry 4.0 and Industry 5.0 has placed industry in a state of transformation 

aimed at maintaining competitiveness. Shipbuilding and ship repair, as integral parts of the industrial sector, are 

also facing this transformation. In line with this trend, these two industries must adapt to fundamental 

technologies, artificial intelligence, reengineering throughout the product life cycle, and other related 

innovations. 

 

The use of 3D printing for the production of ship models is presented in (Choi, 2024). This approach has proven 

to be particularly effective for models of high-speed vessels with high Froude numbers. An algorithm for the 

application of modular 3D printing in model manufacturing has been developed. The use of this approach 

reduces the time required for model production and allows significant modifications to the hull form design 

when necessary. In the manufacture of ship models intended for assessing the performance characteristics of the 

full-scale vessel, similarity is of critical importance, as it has a direct impact on the accuracy of the results. 

Experimental investigations have demonstrated a high level of accuracy when this method is employed. 

 

Over the years, 3D printing has made significant advances across engineering industries. The emergence of 4D 

printing has further accelerated this process. This technology enables the creation of complex shapes and 

structures, which can be produced much more easily than through traditional manufacturing processes. The 

primary materials used in 4D printing include carbon fibers, wood-grain programmable materials, and 

http://www.isres.org/
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programmable textiles. These materials exhibit high tensile strength and low weight, making them highly 

desirable for a wide range of engineering applications (Haleem,2021). The application of 3D printing as a smart 

manufacturing technology is presented in (Endharta,2018). This technology, together with the Internet of Things 

(IoT), cloud computing, and other advanced digital solutions, has been developed and implemented. Measures 

have been identified to improve manufacturing through optimization techniques and strategic approaches 

applied at various stages of the shipbuilding production process. 

 

3D printing is a more sustainable manufacturing method compared to traditional technologies. It is not only 

cost-effective and efficient but also environmentally friendly, contributing to the reduction of pollution. As 

technology has evolved, the range of materials used has expanded significantly and is no longer limited to 

polymers. Different 3D printing methods have their own advantages and disadvantages, enabling the processing 

of both complex and simpler materials. The FDM process is among the most widely used technologies and is 

particularly suitable for working with polymer materials. On the other hand, one of the main challenges of SLS 

technology is the transportation and storage of the powdered materials used in the process (Mughir, 2022). 

 

 

3D Printing in the Shipbuilding and Ship Repair Industry 
 

The use of additive manufacturing is becoming increasingly widespread in shipbuilding and ship repair. One of 

the technologies included in this type of manufacturing is 3D printing. Its use enables the rapid production of 

components compared to traditional manufacturing methods, facilitates supply and logistics, and reduces costs. 

On the other hand, additive manufacturing contributes to the optimization of logistics processes by reducing the 

inventory of spare components for ship systems. Instead of maintaining large stocks of physical spare parts, 

their digital models can be stored, enabling rapid on-demand production whenever required. This approach 

reduces vessel downtime and improves the efficiency of repair and maintenance operations. For example, the 

production of a ship propeller using 3D printing technology can be completed in significantly less time 

compared to conventional manufacturing methods (Fig. 1). 

 

 
Figure 1. 3D printed ship propeller (Ship- shape) 

 

Current trends in the European shipbuilding industry are focused on the construction of specialized vessels 

designed to perform specific operational tasks. In most cases, these vessels feature more complex structural 

designs and components with intricate geometries, creating favorable conditions for the application of additive 

manufacturing technologies (Fig. 2). 

 

The application of 3D printing in ship repair has also experienced significant development. During repair 

operations, this approach can be used for the rapid production of components and parts for machinery and 

equipment that require immediate replacement, particularly when their delivery through the conventional supply 

chain would involve considerable delays. Furthermore, certain stages of the 3D printing process can be carried 

out on board the vessel, even while it is at sea (Fig. 3). 
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Figure 2. Catamaran hull (CEAD group) 

 

 
Figure 3. 3D printed part for ship repair (The Salty Mariner) 

 

 

Challenges and Opportunities of 3D Printing in Shipbuilding and Ship Repair 
 

The challenges and opportunities of implementing 3D printing in shipbuilding and ship repair can be classified 

into three main groups: technical, technological, and related to certification and regulatory compliance (Figure 

4). The main challenges associated with the application of 3D printing in shipbuilding and ship repair are related 

to the materials employed, the scale of component production, the required manufacturing accuracy, and the 

certification of personnel involved in additive manufacturing processes. Regarding the materials used for 

component manufacturing, ferrous and non-ferrous alloys, various polymers, metal powders, and rubber are 

commonly employed. Their application in shipbuilding and ship repair requires certification by the classification 

societies responsible for the survey and certification of vessels operating within the modern commercial fleet. 
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Figure 4. Challenges and opportunities of 3D printing in shipbuilding and ship repair 
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An important challenge for the application of 3D printing in shipbuilding and ship repair is the size and scale of 

the components. For this reason, this manufacturing method is currently most suitable for producing parts for 

marine machinery and mechanical systems. Furthermore, the manufactured components require subsequent 

machining to achieve the required surface roughness and dimensional tolerances where necessary. All of these 

requirements are met through a high level of control and precision already at the stage of designing the model 

for 3D printing. 

 

A particularly important challenge is related to regulatory requirements, more specifically, those imposed by 

classification societies. These organizations are directly responsible for the certification of both the materials 

used and the operators performing the manufacturing process. The requirements are stringent, as components 

produced by 3D printing must satisfy all applicable mechanical strength and technological criteria to ensure 

their reliable and safe operation. 

 

The potential applications of 3D printing in the maritime industry are extensive. When considered within the 

context of technical, technological, and regulatory aspects, these capabilities enable the implementation of this 

manufacturing method at various stages of shipbuilding, particularly in ship repair. From a technical 

perspective, the capabilities of 3D printing include rapid prototyping, reducing the need for maintaining 

extensive inventories of spare parts, and manufacturing components for emergency repairs. 

 

Other significant possibilities of this manufacturing method include its high efficiency and the ability to produce 

customized components with complex geometries, which are commonly encountered in shipbuilding and ship 

repair. From a regulatory perspective, the main advantages are closely related to the certification of the materials 

used in the manufacturing process, ensuring the reliability, safety, and operational performance of the ship's 

systems. 

 

 

Conclusion  
 

The article examines the challenges and opportunities associated with the use of 3D printing in shipbuilding and 

ship repair. For each category, the potential challenges and opportunities are analyzed according to three 

criteria: technical, technological, and regulatory. The manufacturing of components involves the use of various 

metallic alloys, polymers, metal powders, and elastomeric materials, all of which must possess the required 

certifications, as this is a regulatory requirement. A significant challenge is the limitation related to the size of 

the manufactured components and the materials used for their production. The purpose of certification is to 

ensure the operational reliability and functionality of parts produced through this method. In addition, the 

accuracy of the digital model must be carefully controlled in accordance with the specified dimensional 

tolerances and the required surface quality of the finished component. 

 

The capabilities of this manufacturing method are extensive and versatile. One of its most important advantages 

is the rapid production of prototypes, which significantly reduces the need to maintain large inventories of spare 

parts and components. High productivity is particularly valuable in dynamic industries such as ship repair, and 

when combined with the ability to manufacture components with complex geometries, it makes the process 

highly suitable for applications in the maritime sector. 

 

Furthermore, recent amendments to the regulations of classification societies have introduced specific 

procedures governing the use of components manufactured through 3D printing. These developments facilitate 

the wider adoption of additive manufacturing technologies while ensuring compliance with safety, quality, and 

certification requirements. 
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Abstract:  The classification of archaeological artifacts according to their material types is important for 

archaeological documentation and analysis. This study evaluates five convolutional neural network (CNN) 

architectures for the classification of archaeological artifact images. A balanced dataset containing 1,000 images 

from four material classes, namely ceramic, glass, metal, and stone, was used. Five CNN architectures, 

SqueezeNet1.1, MNASNet0.5, RegNetX-200MF, FasterNet-T0, and InceptionNeXt-Tiny, were evaluated using 

stratified five-fold cross-validation. Model performance was assessed using accuracy, precision, recall, F1-score, 

and confusion matrices. The experimental results showed that InceptionNeXt-Tiny achieved the highest average 

accuracy of 90.70 ± 0.76% and F1-score of 90.66 ± 0.76%. RegNetX-200MF and FasterNet-T0 achieved average 

accuracies of 87.50% and 86.20%, respectively. Confusion matrix analysis showed that classification errors varied 

across material classes, particularly between glass and metal and between ceramic and stone. The results 

demonstrate the potential of CNN architectures for automated material classification of archaeological artifacts. 

 

Keywords: Archaeological artifacts, Material classification, Convolutional neural networks, Deep learning, 

Image classification. 

 

 

Introduction 
 

Archaeological artifacts provide important information about past civilisations, including details of their cultural, 

technological and artistic developments. They are commonly examined according to their material, shape, 

production technique and historical period (Kowalski et al., 1972; Rouse, 1960). Ceramics, metals, stones, and 

glasses are among the materials frequently encountered in archaeological collections. Classifying these objects is 

important for archaeological research, museum documentation and organising digital collections (Mikhailova et 

al., 2019). The growing accessibility of digitised museum collections has given rise to opportunities for the 

application of image processing and machine learning techniques (Bertacchini & Morando, 2013; Li et al., 2012). 

Traditional classification approaches typically necessitate manual examination and expert knowledge. However, 

the sheer quantity of objects in museum collections means manual classification is extremely time-consuming. 

Automated image classification methods can support the identification and organisation of archaeological artifacts 

based on their visual characteristics (Mnasri & D'Andrea, 2025). 

 

Deep learning methods, particularly convolutional neural networks (CNNs), have been widely used in image 

classification tasks. CNN architectures can automatically extract visual features such as edges, textures, shapes, 

and spatial patterns from images (Nani et al., 2025). Different CNN architectures have been developed to improve 

classification performance while reducing model parameters and computational requirements. Lightweight 

architectures provide different approaches for image classification tasks (Chen et al., 2024; Zhou et al., 2020). 

 

In this study, five CNN architectures, including SqueezeNet1.1, MNASNet0.5, RegNetX-200MF, FasterNet-T0, 

and InceptionNeXt-Tiny, were employed for material-based classification of archaeological artifacts. A dataset 

containing 1,000 images was prepared from the publicly available iMet Open Access dataset. The artifacts were 

http://www.isres.org/
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divided into four classes, including ceramic, metal, stone, and glass, with 250 images in each class. Stratified five-

fold cross-validation was used to evaluate the models. Classification performance was compared using Accuracy, 

Precision, Recall, and F1-score. 

 

 

Related Works  
 

Artificial intelligence and deep learning have been used in archaeology to identify, classify, and digitally 

document artifacts. Gattiglia (2025) reviewed the applications of artificial intelligence in archaeology and 

discussed the problems associated with archaeological data. The main issues included data quality, classification 

methods, and the limitations of AI-based approaches. 

 

Gualandi et al. (2021) developed an open system for identifying archaeological pottery using neural network 

algorithms. Their work focused on the shape and decoration of pottery and included two approaches for identifying 

archaeological ceramics. Cintas et al. (2020) used deep convolutional networks for feature extraction and 

classification of Iberian ceramics. Their experiments were based on profile images of wheel-made pottery vessels. 

 

Resler et al. (2021) combined an ImageNet-pretrained EfficientNetB3 model with metric learning to classify 

archaeological artifacts and identify archaeological communities. Artifacts from different archaeological sites and 

historical periods were included in their analysis. For rock art identification, Jalandoni et al. (2022) investigated 

machine learning methods and developed an approach for identifying photographs containing painted rock art. 

Tsigkas et al. (2020) addressed a related task involving the automatic detection of ancient rock carvings using 

image-based recognition methods. 

 

Grove and Blinkhorn (2020) investigated the differences between Middle and Later Stone Age lithic assemblages 

in eastern Africa. They used artificial neural networks for classification. Their classification was based on the 

presence or absence of 16 technological characteristics, and more than 94% of the assemblages were correctly 

classified. Mnasri and D’Andrea (2025) investigated the use of object detection and deep learning for the 

automatic inventory of archaeological artifacts. Their work included object identification and material-based 

classification. They also compared their approach with transfer learning models such as SqueezeNet and 

GoogLeNet. 

 

Previous studies have investigated different applications of deep learning in archaeology, including pottery 

classification, rock art detection, and artifact identification. In this study, we classified archaeological artifacts 

into four groups based on their materials: ceramic, metal, stone, and glass. Five CNN models with different 

convolutional structures were evaluated using the same dataset and experimental procedure. We compared their 

classification results using accuracy, precision, recall, F1-score, and confusion matrices. 

 

 

Method 

 

This section describes the dataset, CNN architectures, experimental setup, and performance evaluation methods 

used in this study. 

 

 

Dataset 

 

The dataset used in this study was obtained from the publicly available iMet Open Access dataset, which is based 

on The Metropolitan Museum of Art's Open Access collection. The dataset is related to the iMet Collection 2019 

Challenge Dataset described by Zhang et al. (2019). Archaeological artifacts were selected from the Ancient West 

Asian Art, Egyptian Art, and Greek and Roman Art departments. The first seven training files were examined, 

containing 4,477 records from these departments. Objects with missing end dates or end dates later than 1500 CE 

were excluded. 

 

The artifacts were put into four groups based on the material they were made of, including ceramic, metal, stone, 

and glass, using the material information provided in the metadata. The Ceramic class included things made of 

terracotta, pottery, ceramic and faience. The Metal class included bronze, gold, silver, copper, iron, and lead 

objects. The Stone class included limestone, marble, granite, sandstone, and alabaster objects. The Glass class 

included objects made of glass.  
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After filtering, 3,293 artifacts remained, including 2,273 ceramic, 468 metal, 277 stone, and 275 glass objects. 

From these records, 250 artifacts were randomly selected for each class using a random seed of 42. The final 

dataset consisted of 1,000 images, with 250 images in each class.  

 

Table 1. Distribution of archaeological artifacts by material 

Class Eligible artifacts Selected artifacts 

Ceramic 2,273 250 

Metal 468 250 

Stone 277 250 

Glass 275 250 

Total 3,293 1,000 

 

The distribution of the selected artifacts is presented in Table 1. Representative images from each material class 

are shown in Figure 1. 

 

 
Figure 1. Sample images of archaeological artifacts from the four material classes. 

 

 

CNN Architectures  

 

Five CNN architectures were used to classify archaeological artifacts. These were SqueezeNet1.1, MNASNet0.5, 

RegNetX-200MF, FasterNet-T0, and InceptionNeXt-Tiny. The models have different convolutional structures, 

and their classification results were compared under the same experimental conditions. SqueezeNet1.1 uses Fire 

modules to extract image features with fewer parameters. Each Fire module contains a squeeze layer with 1 × 1 

convolutions and an expand layer with both 1 × 1 and 3 × 3 convolutions (Iandola et al., 2016). 

 

MNASNet0.5 was developed using neural architecture search. The model uses mobile inverted bottleneck blocks 

and depthwise separable convolutions. Compared with the standard MNASNet architecture, the 0.5 width 

multiplier reduces the number of channels (Tan et al., 2019). RegNetX-200MF uses grouped convolutions and a 

regular network structure in which channel widths increase across stages. Its network configuration is determined 
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using a parameterized design. The 200MF version was developed for a computational budget of approximately 

200 million floating-point operations (Radosavovic et al., 2020). 

 

FasterNet-T0 applies partial convolutions to only some of the input channels. The other channels are not processed 

by spatial convolutions and are later combined with the processed channels. This design aims to reduce 

unnecessary computations during feature extraction (Chen et al., 2023). 

InceptionNeXt-Tiny uses depthwise convolutions together with an Inception-based structure. Different 

convolutional kernels are applied in separate branches to extract spatial information. This structure is designed to 

reduce computational complexity (Yu et al., 2024). 

 

All models were initialized with ImageNet-pretrained weights. The original classification layers were replaced to 

classify the four material classes. The same dataset partitions, training settings, and evaluation procedure were 

used for all models. 

 

 

Experimental Setup 

 

The experiments were conducted using Python and PyTorch in Google Colab with an NVIDIA A100 GPU. 

Stratified five-fold cross-validation was used to evaluate the classification performance of the five CNN 

architectures. In each fold, 80% of the dataset was allocated to training and validation, while the remaining 20% 

was used for testing. The training and validation data were further divided into 80% training and 20% validation 

sets. Accordingly, each fold contained 640 training, 160 validation, and 200 test images. The same data partitions 

were used for all models. All images were resized to 224 × 224 pixels and normalized using ImageNet mean and 

standard deviation values. Random horizontal flipping, rotation, and color jittering were applied to the training 

images. No data augmentation was applied to the validation and test images. 

 

All models were trained using the AdamW optimizer with an initial learning rate of 0.0001, weight decay of 

0.0001, and batch size of 32. The maximum number of training epochs was set to 20. A cosine annealing learning 

rate scheduler was used during training. Early stopping was applied with a patience of five epochs based on 

validation Macro F1-score. The model weights corresponding to the highest validation Macro F1-score were 

selected for testing. A fixed random seed of 42 was used for data partitioning. 

 

 

Performance Evaluation 

 

The classification performance of the models was evaluated using Accuracy, Precision, Recall, and F1-score. 

Macro averaging was applied to Precision, Recall, and F1-score to give equal importance to the four material 

classes. The evaluation metrics were calculated separately for each test fold, and the results were reported as mean 

and standard deviation across five folds. Confusion matrices were generated using the combined test predictions 

from all five folds to examine the classification performance of individual material classes.  

 

 

Results and Discussion 
 

The classification performance of five CNN architectures was evaluated using stratified five-fold cross-validation. 

The experiments were conducted on a balanced dataset containing 1,000 archaeological artifact images from four 

material classes. Model performance was evaluated using accuracy, precision, recall, and F1-score. The results 

are presented as mean ± standard deviation across five folds. In addition, confusion matrices were generated to 

examine class-specific classification performance and misclassification patterns. 

 

Table 2. Classification performance of five CNN architectures 

Model Accuracy Precision Recall F1-score 

SqueezeNet1.1 82.50 ± 4.02 83.13 ± 3.95 82.50 ± 4.02 82.45 ± 4.05 

MNASNet0.5 73.00 ± 3.18 75.20 ± 3.52 73.00 ± 3.18 72.94 ± 3.16 

RegNetX-200MF 87.50 ± 2.81 87.94 ± 2.64 87.50 ± 2.81 87.46 ± 2.81 

FasterNet-T0 86.20 ± 1.92 86.52 ± 1.71 86.20 ± 1.92 86.19 ± 1.88 

InceptionNeXt-Tiny 90.70 ± 0.76 91.08 ± 0.76 90.70 ± 0.76 90.66 ± 0.76 

 

Table 2 presents the classification results of the five CNN architectures. InceptionNeXt-Tiny achieved the highest 

average accuracy of 90.70 ± 0.76% and F1-score of 90.66 ± 0.76%. RegNetX-200MF achieved the second-highest 
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accuracy of 87.50 ± 2.81%, followed by FasterNet-T0 with 86.20 ± 1.92%. SqueezeNet1.1 achieved an average 

accuracy of 82.50 ± 4.02%, while MNASNet0.5 showed the lowest accuracy of 73.00 ± 3.18%. InceptionNeXt-

Tiny also achieved the highest precision and recall values. The lower standard deviation of this model indicates 

more consistent classification performance across the five folds. 

 

Figure 2 shows the confusion matrices for the five CNN architectures. Each material class is comprised of 250 

images, resulting in 1,000 predictions for each model. The confusion matrices provide a detailed comparison of 

classification performance across the Ceramic, Glass, Metal, and Stone classes. SqueezeNet1.1 correctly classified 

197 ceramic, 207 glass, 210 metal and 211 stone images. The highest level of confusion occurred between the 

glass and metal classes, with 34 glass images being misclassified as metal and 26 metal images being misclassified 

as glass. MNASNet0.5 performed relatively poorly in terms of classification, particularly for glass and metal. The 

model correctly classified 169 images of glass and 161 images of metal. The highest misclassification rate was 

observed between metal and stone, with 58 metal images being misclassified as stone. Additionally, 46 glass 

images were misclassified as metal. 

 

The RegNetX-200MF model correctly classified 207 ceramic images, 221 glass images, 221 metal images and 

226 stone images. The model demonstrated relatively consistent performance across all four categories. The 

highest misclassification rate was observed between the ceramic and stone classes, with 23 ceramic images being 

misclassified as stone. The FasterNet-T0 model correctly classified 212 ceramic, 213 glass, 217 metal and 220 

stone images. The model performed similarly across the material classes, although 25 glass images were 

misclassified as metal. 

 

 
Figure 2. Confusion matrices of five CNN architectures 

 

InceptionNeXt-Tiny achieved the highest number of correct predictions overall, correctly classifying 212 ceramic, 

230 glass, 233 metal and 232 stone images. The model achieved the highest number of correct classifications for 

glass, metal and stone, while equalling FasterNet-T0's performance for ceramic. The highest misclassification rate 
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was between ceramic and stone, with 21 ceramic images being misclassified as stone. Compared with the other 

models, InceptionNeXt-Tiny produced fewer misclassifications, particularly for glass and metal. 

 

Overall, InceptionNeXt-Tiny achieved the highest classification performance among the evaluated architectures. 

RegNetX-200MF and FasterNet-T0 also provided competitive results, while SqueezeNet1.1 and MNASNet0.5 

showed lower performance. The confusion matrices revealed that classification errors were mainly observed 

between glass and metal and between ceramic and stone, although the error patterns differed across models. These 

results indicate that the evaluated CNN architectures can classify archaeological artifacts according to their 

material types, with differences in classification accuracy and consistency. 

 

 

Conclusion  
 

In this study, five CNN architectures were evaluated for the classification of archaeological artifacts into four 

material classes, namely Ceramic, Glass, Metal, and Stone. A balanced dataset containing 1,000 images was used, 

and the models were evaluated using stratified five-fold cross-validation. Classification performance was 

compared using accuracy, precision, recall, F1-score, and confusion matrices. 

 

The experimental results showed that InceptionNeXt-Tiny achieved the highest classification performance, with 

an average accuracy of 90.70 ± 0.76% and F1-score of 90.66 ± 0.76%. RegNetX-200MF and FasterNet-T0 also 

achieved competitive results, with average accuracies of 87.50% and 86.20%, respectively. SqueezeNet1.1 and 

MNASNet0.5 showed lower classification performance. Confusion matrix analysis revealed that classification 

errors were mainly observed between Glass and Metal and between Ceramic and Stone, although the 

misclassification patterns varied across the models. 

 

In summary, the results suggest that CNN architectures can be employed for the automated classification of 

materials in archaeological artifacts. However, the study was limited to a balanced dataset containing four material 

classes, so the generalisation performance on independent archaeological image collections remains to be 

evaluated. 

 

 

Recommendations 

 

Future studies may investigate transformer-based architectures for classifying archaeological artifacts. 

Additionally, lightweight CNN architectures could be optimised for deployment on mobile devices, enabling 

automated material classification in field applications.  

 

Real-time image analysis could also be investigated to support archaeological documentation and material 

identification. Further experiments using larger datasets, additional material classes and independent image 

collections could provide a more comprehensive evaluation of classification performance and model 

generalisation. 
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Abstract: In 2026, R. Radha, R. Princy, and Arokia Pratheesha S. V. introduced Tetra Neutrosophic Sets and 

investigated their fundamental properties. In 2024, S. Pooja, M. Vignashwaren, and L. Vidyarani introduced the 

concept of closed -g
* #  sets in topological spaces. In the same year, they further investigated 

continuous -g
* # and irresolute maps. Motivated by these developments, we introduce the concept of Tetra 

Neutrosophic closed -g
* #  sets in Tetra Neutrosophic topological spaces and investigate their fundamental 

properties. Based on this new class of generalized closed sets, we introduce Tetra Neutrosophic 

continuous, -g
* # irresolute, -g

* #  open, -g
* # and closed -g

* #  mappings. Their basic properties 

and characterizations are established. Furthermore, Tetra Neutrosophic homeomorphisms -g
* # are introduced, 

and some of their fundamental properties are investigated. The obtained results extend the theory of generalized 

mappings to the Tetra Neutrosophic topological setting and provide a systematic framework for studying 

generalized transformations between Top Spaces.TN- -  
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Introduction 
 

Topology is one of the fundamental branches of mathematics that provides a general framework for studying 

continuity, convergence, connectedness, compactness, and various types of mappings. In recent years, generalized 

closed sets and generalized open sets have received considerable attention because they provide broader and more 

flexible approaches to classical topological concepts. These generalized classes have also led to the development 

of several types of generalized continuous, irresolute, open, closed, and homeomorphic mappings. 

 

Neutrosophic Set Theory, introduced by Smarandache, provides an effective mathematical framework for dealing 

with indeterminate, incomplete, and inconsistent information. Since its introduction, neutrosophic sets and their 

extensions have been extensively investigated in different areas of mathematics and applied sciences. In particular, 

neutrosophic topological structures have been developed to extend classical topological concepts to environments 

involving uncertainty and indeterminacy. 

 

Radha et al. (2026) introduced Tetra Neutrosophic Sets and investigated their fundamental properties. Tetra 

Neutrosophic Sets provide a generalized framework for representing information through multiple truth, 

indeterminacy, and falsity membership components. This development provides a suitable setting for extending 

various generalized topological concepts to a richer neutrosophic environment. 

 

Pooja et al. (2024) introduced the concept of closed -g
* #  sets in topological spaces and investigated their 

fundamental properties. In the same year, they further studied ontinuous -g
* #  and irresolute maps associated 

http://www.isres.org/


 

International Conference on Basic Sciences, Engineering and Technology (ICBASET), September 17-18, 2026, Istanbul/Türkiye 

238 

 

with these generalized closed sets. These developments motivated us to investigate the corresponding concepts in 

the framework of Top Spaces.TN- -  

 

Motivated by the above developments, in this paper we introduce and study the concept of closed gTN -
* # sets 

in Top Spaces.TN- - . We investigate their fundamental properties and establish several relationships with other 

generalized closed sets. We also introduce the corresponding notion of open TN -g
* # sets and study their basic 

properties. 

 

Furthermore, based on the newly introduced class of closed gTN -
* # sets, we introduce continuous TN -g

* #

mappings and irresolute TN -g
* #  mappings. We investigate their fundamental properties, characterize these 

mappings under suitable conditions, and establish relationships between the different classes of generalized 

mappings. In addition, we introduce  open TN -g
* #  mappings and closed gTN -

* #  mappings and study their 

basic properties. 

 

Finally, we introduce the concept of a homeomorphism TN -g
* # and investigate some of its fundamental 

properties. The results obtained in this paper extend the existing theory of generalized closed sets and generalized 

mappings to the Tetra Neutrosophic topological setting. Thus, the present work provides a systematic 

mathematical framework for studying generalized transformations between Tetra Neutrosophic topological spaces 

and contributes to the continuing development of generalized neutrosophic topology. 

 

 

-2. Tetra Neutrosophic Closed and Open Sets  

 

Definition 2.1. Let R  be a universe. A  Neutrosophic  set  M  on R  can be defined as follows: 

( ) ( ) ( ) = M M MM r,T r ,I r ,F r : r R  where  0 1→M M MT ,I ,F :U .  and ( ) ( ) ( )0 3 + + M M MT r I r F r .  

Here, ( )MT r is the degree of membership, ( )MI r  is the degree of indeterminancy and ( )MF r is the degree of 

non-membership. Here, ( )MT r  and ( )MF r  are dependent neutrosophic components and ( )MI r  is an 

independent component.  

 

Definition 2.2. Let R  be a universe. A  Neutrosophic Pythagorean set ( )briefly setNP- M  with T  and F as 

dependent Neutrosophic Pythagorean components and U as an independent component for M  on R  is an object 

of the form   ( ) ( ) ( ) = M M MM r,T r ,U r ,F r : r R  where ( ) ( ) 1+ M MT r F r , ( )( ) ( )( )
2 2

1+ M MT r F r ,  and 

( )( ) ( )( ) ( )( )
2 2 2

0 2 + + M M MT r U r F r ,  for all  r R.  We note that ( )MT r  is the truth membership, ( )MU r  

is indeterminancy  membership, and ( )MF r  is the false membership.    

 

Definition 2.3. Let R be a non-empty set (universe). A Tetra Neutrosophic set ( )briefly T setN-  M  on R  is an 

object of the form: ( ) ( ) ( ) = M M MM r,T r ,I r ,F r : r R  where ( ) ( ) ( )  0 1M M MT r ,I r ,F r , ,  

( )( ) ( )( ) ( )( )
4 4 4

0 1 + + M M MT r I r F r ,  for all  r R.  ( )MT r  is the truth membership, ( )MI r  is an 

indeterminancy membership and ( )MF r  is the false membership. 

 

( )RTN  presents the family of all setsTN- on R.  

 

Definition 2.4.  The complement of a setTN-  ( ) ( ) ( ) = M M MM r,T r ,I r ,F r : r R  is defined and denoted 

by ( ) ( ) ( ) C

M M MM r,F r ,1 I r ,T r : r R= –  
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Definition 2.5.  Let ( ) ( ) ( ) = M M MM r,T r ,I r ,F r : r R  and ( ) ( ) ( ) = Q Q QQ r,T r ,I r ,F r : r R  be two 

setsTN- on the universe R. Then the union, the intersection and the difference of two setsTN-  can be defined 

by ( ) ( )( ) ( ) ( )( ) ( )( ) ( ) =  M Q M Q M QM Q r,max T r ,T r ,min I r ,I r ,min F r ,F r : r R

( ) ( )( ) ( ) ( )( ) ( )( ) ( ) =  M Q M Q M QM Q r,min T r ,T r ,max I r ,I r ,max F r ,F r : r R  

( ) ( )( ) ( ) ( )( ) ( )( ) ( ) 1= M Q M Q M QM Q r,min T r ,F r ,min I r , I r ,max F r ,T r : r R−–  

 

Definition 2.6. Let ( ) ( ) ( ) = M M MM r,T r ,I r ,F r : r R  and ( ) ( ) ( ) = Q Q QQ r,T r ,I r ,F r : r R  be two 

setsTN- on the universe R.  Then M is contained in Q  (i.e) M Q if M QT T , M QI I  and M QF F .  

 

Definition 2.7.  Let R be a non-empty set. The emptyTN-  set on R, denoted by 0 ,
TN

 is defined by 

 0 0 1 1= 
TN

r , , , : r R . The universalTN-  set on R, denoted by 1 ,
TN

 is defined by  1 1 0 0= 
TN

r , , , : r R .  

 

Theorem 2.8.  Let M ,  P  and Q  be any setsTN-  on the universe R.  Then   

( )1 0 0=
TN TN

M      0 0 1 1= , , : r R
FN

 ( )2 1 1=
TN TN

M  1 1 0 0= 
TN

, , : r R  

( )3 =M P P M   ( )4 =M P P M    ( )5 ( ) ( )=M P Q M M Q   

( )6 ( ) ( )=M P Q M M Q     ( )7 ( ) =
C

CM M   ( )8 ( ) =M M Q M     ( )9 ( ) =M M Q M  

( )10 ( ) ( ) ( )=M P Q M P M Q  ( )11 ( ) ( ) ( )=M P Q M P M Q  

( )12 ( ) =
C C CM Q M Q   ( )13 ( ) =

C C CM Q M Q  ( )14 ( )
C

0 1=
TN TN

  ( )15 ( )
C

1 0=
TN TN

 ( )16

0 =
TN

M M  ( )17 1 1=
TN TN

M  ( )18 0 0=
TN TN

M    ( )19 1 =
TN

M M ( )20   =M Q M Q M

( )21   =M Q M Q Q.  

 

Definition 2.10.  A Tetra Neutrosophic topology ( )TopologyTN-  on a nonempty set R is a ( )T R 
TN

N  is a 

family 
TN

 of  setsTN-  on  R  satisfying the following axioms 

0 
TN TN TN

(1) ,1  

K L
TN

(2)  for  any K,L
TN

 

M
 TN

(3)  for any  M :   
TN

 

The pair ( )R,
TN

 is called a Top Space.TN- -   

 

Definition 2.11.  Let ( )R,
TN

 be a Top Space.TN- -  and M .
TN

 Then M is called a openTN- set in R.  The 

complement of a openTN- set M is called a closedTN- set in R and it is denoted by CM .  

 

Definition 2.12. Let ( )R,
TN

be a Top SpaceTN- -  and ( ) ( ) ( ) = M M MM r,T r ,I r ,F r : r R   be a setTN-  

in R.  Then the interiorTN-  and the closureTN- of M  are denoted by ( )Int MTN- and ( )Cl MTN- respectively 

and are defined as follows. 

( )  Int M K : K is a T open set and M K= TN N- -  and 

( )  Cl M K : K is a T closed set and K M= TN N- -  

 

Theorem 2.13. Let ( )R,
TN

be a Top SpaceTN- -  and let M  and K  be setTN- subset of R.  

Then the following statements hold.  

( )i ( )Int MTN-  is a openTN- set in R.  

( )ii ( )Int 0 0=
TN TN

TN-  and ( )Int 1 1 .=
TN TN

TN-  

( )iii ( )Cl MTN-  is a closedTN- set in R.  
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( )iv ( )Cl 0 0=
TN TN

TN-  and ( )Cl 1 1 .=
TN TN

TN-  

( )v M is openTN- set if and only if ( )M T Int M= N-  

( )vi M is closedTN- set if and only if ( )M T Cl M= N-  

( )vii ( ) ( )Int Int M T Int M=  TN TN N- - -  

( )viii ( ) ( )Cl Cl M Cl M  TN TN =TN- - -  

( )ix  M K  implies that ( ) ( )Int M T Int KTN N- -  

( )x  M K  implies that ( ) ( )Cl M T Cl KTN N- -  

( )xi  ( ) ( ) ( )Int M K Int M Int K=       TN TN TN- - -  

( )xii  ( ) ( ) ( )Cl M K Cl M Cl K       TN TN TN- - -  

( )xiii ( ) ( ) ( )Int M Int K T Int M K      TN TN N- - -  

 

Definition 2.14. Let ( )R,
TN

 be a Top SpaceTN- -  and M  be a set.TN-  M  is said to be a Tetra Neutrosophic

Pre open-  ( )briefly T openNP-  set if ( )( )T Int Cl M .M N TN- - The family of all openTNP- sets in ( )R,
TN

is 

denoted by ( )O R, .
TN

TNP-  The complement of a openTNP- set is called a Tetra Neutrosophic  Pre closed-

( )briefly closedTNP-  set in R.  M  is said to be a Fermatean Neutrosophic Pre closed-  ( )briefly T closedNP-  

set if ( )( )Cl Int M TN TN M.- -  

 

Definition 2.15. Let ( )R,
TN

 be a Top SpaceTN- -  and M  be a set.TN-  M  is said to be a Tetra Neutrosophic  

Semi open-  ( )briefly T openNS-  set if ( )( )T Cl Int M .M N TN- - The family of all openTNS- sets in ( )R,
TN

is denoted by ( )O R, .
TN

TNS-  The complement of a openTNS-  set is called a Tetra Neutrosophic  Semi closed-

( )briefly T closedNS- set in R. M  is said to be a Tera Neutrosophic  Semi closed-  ( )briefly T closedNS-  set if 

( )( )Int Cl M TN TN M.- -  

 

Definition 2.16. Let ( )R,
TN

 be a Top SpaceTN- -  and M  be a set.TN-  M  is said to be a Tetra Neutrosophic 

open-  ( )briefly T openN -  set if ( )( )( )T Int Cl Int M .M N TN TN- - - The family of all openTN - sets in 

( )R,
TN

 is denoted by ( )O R, . 
TN

TN -  The complement of a openTN -  set is called a Tetra Neutrosophic 

closed- ( )briefly T closedN - set in R. M  is said to be a Tetra Neutrosophic closed-  ( )briefly T closedN -  

set if ( )( )( )Cl Int Cl M TN TN TN M.- - -  

 

Proposition 2.17.  A openTN-  subset M  of a Top SpaceTN- -  ( )R,
TN

 is a openTN - set in R  if and only 

if M  is a openTNS- set and openTNP- set. 

 

Definition 2.18.  Let ( )R,
TN

 be a Top SpaceTN- -  and ( ) ( ) ( ) = M M MM r,T r ,I r ,F r : r R   be a setTN-  

in R.  Then the interiorTN -  and the closureTN - of M  are denoted by ( )Int MTN - and ( )Cl M ,TN - and 

are defined as follows. 

( )  Int M K : K is a T open set and K M =  TN N- -  and 

( )  Cl M L : L is a T closed set and M L =  TN N- -  

 

Theorem 2.19. Let ( )R,
TN

 be a Top SpaceTN- -  and M  be a set in X.TN- Then  M  is a openTN - set in 

R if and only if there exists a openTN-  set K  in R  such that ( )( )K M T Int Cl K .  N TN- -  
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Proof .  Let M  be a open set in R.TN -  Then ( )( )T Int Cl Int M .   M N TN TN- - -  Then this implies that 

( ) ( )( )Int M T Int Cl Int M .    TN M N TN TN- - - -  Let ( )K T Int M .= N-  Then there exists a openTN- set K  

such that ( )K T Int Cl K .    M N TN- -  

Conversely, suppose that there is a openTN- set K  such that ( )K T Int Cl K .    M N TN- -  Then 

( ) ( )K T Int K T Int M .= N N- -  Therefore ( ) ( )( )Cl K T Cl Int M ,TN N TN- - -  then we obtain 

( )( ) ( )( )Int Cl K T Int Cl Int M .   TN TN N TN TN- - - - -  But by hypothesis, we have 

( )K T Int Cl K .    M N TN- -  Then ( )( )M T Int Cl Int M .   N TN TN- - -  Therefore, M  is a openTN - set in 

R.  

 

Theorem 2.20.  The union of any family of openTN - sets in a Top SpaceTN- - ( )R,
TN

is a openTN -  set in 

R.  

 

Proof . Let  jM : j J be a family of openTN - sets in R. Then ( )( )( )j jM T Int Cl Int M , N TN TN- - - for each 

j J.  Since ( ) ( )j jj J j J
Int M T Int M

 
 TN N- -  and ( ) ( )i ii I i I

Cl M T Cl M .
 

 TN N- -   We have  

( )( )( ) ( )( )( )j j jj J j J j J
M Int Cl Int M Int Cl Int M

  
  TN TN TN TN TN TN- - - - - -  

( )( )( ) ( )( )( )j jj J j J
T Int Cl Int M T Int Cl Int M .

 
 N TN TN N TN TN- - - - - - Hence, we conclude that jj J

M


is a openTN - set in R.  

 

Theorem 2.21. Let ( )R,
TN

be a Top Space.TN- - Then the following statements hold. 

( )i Every openTN- ( )resp. T closedN-  set is a openTN - ( )resp. T closedN - set. 

( )ii Every openTN - ( )resp. T closedNP -  set is a openTNS- ( )resp. T closedNS- set. 

( )iii Every openTN - ( )resp. T closedN -  set is a openTNP- ( )resp. T closedNP-  set. 

 

Lemma 2.22. Let ( )R,
TN

be a Top SpaceTN- -  and let M  be a setTN- in R.  

( )i  If M  is a openTN-  set, then ( ) ( )( )=TNS TN TN- - -Cl M Int Cl M .

( ) ( )( ) ( )( )( )TNS TN =TN TN TN- - - - -ii Int Cl M Cl Int Cl M .  

 

Definition 2.23. Let ( )R,
TN

be a Top SpaceTN- -  and let M be a setTN- in R.Then M  is called a 

( )i Tetra  Neutrosophic Regular closed-  ( )briefly T Regular closedN- -  if ( )( )M T Cl Int M .= N TN- -  

( )ii Tetra Neutrosophic Regular open-  ( )briefly T Regular openN- -  if ( )( )M T Int Cl M .= N TN- -  

( )iii Tetra Neutrosophic closed-  ( )briefly T closedN -  if ( )( )( )Int Cl Int M M.TN TN TN- - -  

( )iv Tetra Neutrosophic open-  ( )briefly T openN -  if ( )( )( )M T Cl Int Cl M . N TN TN- - -  

( )v Tetra Neutrosophic closedb-  ( )briefly T closedNb-  if

( )( ) ( )( )Cl Int M Int Cl M M.       TN TN TN TN- - - -  

( )vi  Tetra Neutrosophic openb-  ( )briefly T openNb-  if

( )( ) ( )( )M Int Cl M Cl Int M       TN TN TN TN- - - -  

( )vii Tetra Neutrosophic closed-  ( )briefly T closedN - set if M  is the union of closedTNR- sets. 

( )viii  Tetra Neutrosophic open-  ( )briefly T openN -  if M  is the union of openTNR- sets. 
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( )ix Tetra Neutrosophic Generalized closed ( )briefly T closedN -g set if ( ) TN-Cl M H  whenever M H  

and H  is openTN-  set in R.  

( )x Tetra Neutrosophic Generalized semi-closed ( )briefly T closedN -gs set if ( ) TNS-Cl M H  whenever 

M H  and H  is openTN-  set in R. 

( )xi Tetra Neutrosophic   Generalized closed ( )briefly T closedN -g set if ( ) TN -Cl M H  whenever 

M H  and H  is openTN-  set in R. 

( )xii  Tetra Neutrosophic generalized pre-closed set ( )briefly T closedN -gp if ( ) TNP-Cl M H whenever 

M H  and H  is openTN- set in R.  

( )xiii  Tetra Neutrosophic generalized  closed set ( )briefly T closedN -g if ( ) TN -Cl M H whenever 

M H  and H  is openTN - set in R.  

( )xiv  Tetra Neutrosophic *generalized  closed set ( )*briefly T closedN -g if ( ) TN-Cl M H whenever 

M H  and H  is T openN -g set in R.  

( )xv  Tetra Neutrosophic semi generalized closed set ( )briefly T closedN -sg if ( ) TNs-Cl M H whenever 

M H  and H  is T openNS- set in R.  

( )xvi  Tetra Neutrosophic generalized semi pre closed set ( )briefly T closedN -gsp if ( ) TNSP-Cl M H

whenever M H  and H  is T openN- set in R.  

( )xvii  Tetra Neutrosophic generalized* semi pre closed set ( )briefly T closedN -g*sp if ( ) TNSP-Cl M H

whenever M H  and H  is T openN -g set in R.  

( )xviii  Tetra Neutrosophic generalized pre regular closed set ( )briefly T closedN -gpr if ( ) TNp-Cl M H

whenever M H  and H  is T regularN-  open set in R.  

( )xix Tetra Neutrosophic ψ closed ( )briefly T closedN - set if ( ) TNS-Cl M H  whenever M H  and H  

is T openNs -g  set in R.  

( )xx Tetra Neutrosophic ψ generalized closed ( )briefly T closedN -g set if ( ) TN -Cl M H  whenever 

M H  and H  is T openN-  set in R. 

( )xxi Tetra Neutrosophic closed-g
# closed ( )briefly T closedN -g

#
set if ( ) TN -Cl M H  whenever 

M H  and H  is T openN -  set in R. 

( )xxii Tetra Neutrosophic T closedN -g
#  set ( )briefly T closedN -g

#
set if ( ) TN -Cl M H  whenever 

M H  and H  is T openN -  set in R. 

( )xxiii Tetra Neutrosophic T closed N -g
#  set ( )briefly T closed N -g

#
set if ( ) TN -Cl M H  whenever 

M H  and H  is T openN -g
#  set in R. 

 

 

-3. Tetra Neutrosophic * Closed and Open Sets g#  

We introduce closed TN -g
* # and open TN -g

* # sets and explore some of their properties.  

 

Definition 3.1.  A setTN- M  in a Top SpaceTN- - ( )R,
TN

 is said to be a Tetra Neutrosophic closed -g
* #

 

( )briefly closed TN -g
* #

set if ( ) TN -Cl M H  whenever M H  and H  is T open N -g
#

set in ( )R, .
TN

The family of all closed TN -g
* #

 in ( )R,
FQN

is denoted by ( )C R, .  
TN

TN -g
* #  

 

Definition 3.2.  Let ( )R,
TN

 be a Top SpaceTN- - and M  be a setTN-  in ( )R, .
TN

 Then M  is said to be a 

open TN -g
* #

 set in ( )R,
TN

 if its complement 
CM 1 M=

TN
– is a closed TN -g

* #
 set in ( )R, .

TN
 The 

family of all open TN -g
* #

 sets in ( )R,
TN

 is denoted by ( )O R, .  
TN

TN -g
* #  
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 Definition 3.3.  Let ( )R,
TN

 be a Top Space.TN- -  and M  be a setTN-  in ( )R, .
TN

 Then the Tetra 

Neutrosophic interior -g
* #  of M  ( )( )briefly, Int M TN -g

* #  is defined as the union of all 

open TN -g
* #  sets contained in M  

( ) ( ) i.e., Int M G : G is a open set in R, & G M .  =    
TN

TN TN- -g g
* *# #

 

 

Theorem 3.4.  Let ( )R,
TN

 be a  Top Space.TN- -  If M and K  are setsTN-  in R.  Then the 

following results hold: 

( )i ( )Int 0 0 .  =
TN TN

TN -g
* #  

( )ii ( )Int 1 1 .  =
TN TN

TN -g
* #  

( )iii ( )Int M M.  TN -g
* #  

( )iv ( ) ( )M K Int M Int K .      TN TN- -g g
* *# #  

( )v ( )( ) ( )Int Int M Int M .    =  TN TN TN- - -g g g
* * *# # #  

( )vi ( ) ( )Int M Int M .  TN TN- -g
* #  

( )vii ( ) ( ) ( )Int M Int K Int M K .            TN TN TN- - -g g g
* * *# # #  

( )viii ( ) ( ) ( )Int M K Int M Int K .            TN TN TN- - -g g g
* * *# # #  

 

 Definition 3.5.  Let ( )R,
TN

 be a Top SpaceTN- -  and M  be a setTN-  in ( )R, .
TN

 Then the Tetra 

Neutrosophic closure -g
* #  of M  ( )( )briefly, Cl M TN -g

* #  is defined as the intersection of 

all closed TN -g
* #  sets in ( )R,

TN
  containing M  

( ) ( ) i.e., Cl M H : H is a closed set in R, & M H .  =    
TN

TN TN- -g g
* *# #  

 

Theorem 3.6.   Let ( )R,
TN

 be a  Top Space.TN- - Let M  and K  be setsTN-  in R.  Then the 

following results hold: 

( )i ( )Cl 0 0 .  =
TN TN

TN -g
* #  

( )ii ( )Cl 1 1 .  =
TN TN

TN -g
* #  

( )iii ( )M Cl M .  TN -g
* #  

( )iv ( ) ( )M K Cl M Cl K .      TN TN- -g g
* *# #  

( )v ( )( ) ( )Cl Cl M Cl M .    =  TN TN TN- - -g g g
* * *# # #  

( )vi ( ) ( )M Cl M Cl M .   TN TN- -g
* #  

( )vii ( ) ( ) ( )Cl M Cl K Cl M K .            TN TN TN- - -g g g
* * *# # #  

( )viii ( ) ( ) ( )Cl M K Cl M Cl K .            TN TN TN- - -g g g
* * *# # #

 

 

Theorem 3.7. Every closedTN-  ( )resp. openTN- set in a Top SpaceTN- - ( )R,
TN

is a closed TN -g
* #

 

( )resp. open TN -g
* #

set in ( )R, .
TN

  

 

Proof . Consider a closedTN-  set M  in a Top SpaceTN- - ( )R, .
TN

 Assume that M H  and H be a 

open TN -g
#

set in ( )
TN

R, .  Since M  is a closedTN- set in ( )
TN

R, , ( )Cl M M.=TN-  But 

( ) ( ) ( )Cl M Cl M Cl M H.    TN TN TN- - -  Therefore, M  is a closed TN -g
* #  set in ( )R, .

TN
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 Theorem 3.8. Every closedTN -  ( )resp. openTN - set in a Top SpaceTN- - ( )R,
TN

is a closed TN -g
* #  

( )resp. open TN -g
* #

set in ( )R, .
TN

 

 

Proof . Consider a closedTN -  set M  in a Top SpaceTN- - ( )R, .
TN

 Assume that M H  and H be a 

open TN -g
# set in ( )

TN
R, .  Since M  is a closedTN - set in ( )

TN
R, , ( )Cl M M. =TN -  Therefore 

( )Cl M H. TN -  Hence, M  is a closed TN -g
* #  set in ( )

TN
R, .  

 

Theorem 3.9.  Every closed TN -g
* # ( )resp. open TN -g

* #
set in a Top SpaceTN- - ( )R,

TN
is a 

closedTN -gs  ( )resp. openTN -gs set in ( )R, .
TN

  

 

Proof . Consider a closed TN -g
* #  set M  in a Top SpaceTN- - ( )R, .

TN
 Assume that M H  and H be a 

openTN- set in ( )
TN

R, .  As every openTN- set is open TN -g
# set, H  is open TN -g

# set. Here M  is a 

closed TN -g
* # set in ( )

TN
R, ,  so ( )Cl M H. TN -  But ( ) ( )Cl M Cl M , TNS TN- -  then 

( )Cl M H.TNS- Therefore, M  is a closedTN -gs  set in ( )
TN

R, .  

 

Theorem 3.10. Every closed TN -g
* #  ( )resp. open TN -g

* #
set in a Top Space.TN- - ( )R,

TN
is a 

closedTNs -g  ( )resp. openTNs -g set in ( )R, .
TN

  

 

Proof . Consider a closed TN -g
* #  set M  in a Top SpaceTN- - ( )R, .

TN
 Assume that M H  and H be a 

openTN- set in ( )
TN

R, .  As every openTN- set is open TN -g
# set, H  is open TN -g

# set. Here M  is a 

closed TN -g
* #  set in ( )

TN
R, ,  so ( )Cl M H. TN -  Also, ( ) ( )Cl M Cl M , TNS TN- -  then 

( )Cl M H.TNS- Therefore, M  is a closedTNs -g  set in ( )
TN

R, .  

 

Theorem 3.11. Every closed TN -g
* #

 ( )resp. open TN -g
* #

set in a Top SpaceTN- - ( )R,
TN

is a 

closedTN -g  ( )resp. openTNa -g set in ( )R, .
TN

  

 

Proof . Consider a closed TN -g
* #  set M  in a Top SpaceTN- - ( )R, .

TN
 Assume that M H  and H be a 

openTN- set in ( )
TN

R, .  As  every openTN- set is open TN -g
# set, H  is open TN -g

# set. Here M  is a 

closed TN -g
* # set in ( )

TN
R, ,  so ( )Cl M H. TN -  Therefore, M  is a closedTN -g  set in ( )

TN
R, .  

 

Theorem 3.12.  Every closed TN -g
* #

 ( )resp. open TN -g
* #

set in a Top Space.TN- - ( )R,
TN

is a 

closedTN -gsp  ( )resp. openTN -gsp set in ( )R, .
TN

  

 

Proof . Consider a closed TN -g
* #

 set M  in a Top SpaceTN- - ( )R, .
TN

 Assume that M H  and H be a 

openTN- set in ( )
TN

R, .  As every openTN- set is open TN -g
# set, H  is open TN -g

# set. Here M  is 

a closed TN -g
* #

set in ( )
TN

R, ,  so ( )Cl M H. TN -  Also,  ( ) ( )Cl M Cl M . TNSP TN- -  This implies 

( )Cl M H.TNSP- Therefore, M  is a closedTN -gsp  set in ( )
TN

R, .  

 

Theorem 3.13. Every closed TN -g
* #  ( )resp. open TN -g

* # set in a Top SpaceTN- - ( )R,
TN

is a 

* closedTN sp-g  ( )resp. * openTN sp-g set in ( )R, .
TN

  

 

Proof . Consider a closed TN -g
* #

 set M  in a Top SpaceTN- - ( )R, .
TN

 Assume that M H  and H be a 

openTN -g set in ( )
TN

R, .  As every openTN -g set is open TN -g
# set, H  is open TN -g

# set. Here M  
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is a closed TN -g
* # set in ( )

TN
R, ,  so ( )Cl M H. TN -  Also,  ( ) ( )Cl M Cl M . TNSP TN- -  This implies 

( )Cl M H.TNSP- Therefore, M  is a * closedTN sp-g  set in ( )
TN

R, .  

 

Theorem 3.14. Every closed TN -g
* #  ( )resp. open TN -g

* # set in a Top SpaceTN- - ( )R,
TN

is a 

closedTN -gpr  ( )resp. openTN -gpr set in ( )R, .
TN

  

 

Proof . Consider a closed TN -g
* #  set M  in a Top SpaceTN- - ( )R, .

TN
 Assume that M H  and H be a 

regularTN- open set in ( )
TN

R, .  As every regularTN-  open set is open TN -g
# set, H  is open TN -g

#

set. Here M  is a closed TN -g
* # set in ( )

TN
R, ,  so ( )Cl M H. TN -  Also,  ( ) ( )Cl M Cl M . TNP TN- -  

This implies ( )Cl M H.TNP- Therefore, M  is a closedTN pr-g  set in ( )
TN

R, .  

 

Theorem 3.15. Every closed TN -g
* #  ( )resp. open TN -g

* # set in a Top Space.TN- - ( )R,
TN

is a 

closedTN -g  ( )resp. openTN -g set in ( )R, .
TN

  

 

Proof . Consider a closed TN -g
* #  set M  in a Top SpaceTN- - ( )R, .

TN
 Assume that M H  and H be a 

openTN-  set in ( )
TN

R, .  As every openTN-  open set is open TN -g
# set, H  is open TN -g

# set. Here 

M  is a closed TN -g
* # set in ( )

TN
R, ,  so ( )Cl M H. TN -  Also,  ( ) ( )Cl M Cl M .  TN TN- -  This 

implies ( )Cl M H. TN - Therefore, M  is a closedTN -g  set in ( )
TN

R, .  

 

Theorem 3.16. Every closedTN -g
#  ( )resp. openTN -g

# set in a Top SpaceTN- - ( )R,
TN

is a 

closed TN -g
* #  ( )resp. open TN -g

* # set in ( )R, .
TN

  

 

Proof . Consider a closedTN -g
#  set M  in a Top SpaceTN- - ( )R, .

TN
 Assume that M H  and H be a 

open TN -g
#  set in ( )

TN
R, .  As M  is closedTN -g

#  set, then  ( )Cl M H.TN-   But 

( ) ( )Cl M Cl M . TN TN- - This implies ( )Cl M H. TN -  Therefore, M  is a closed TN -g
* #  set in 

( )
TN

R, .  

 

Theorem 3.17. Every closed TN -g
* #  ( )resp. open TN -g

* # set in a Top SpaceTN- - ( )R,
TN

is a 

closedTN -g
#  ( )resp. openTN -g

# set in ( )R, .
TN

  

 

Proof . Consider a closed TN -g
* #  set M  in a Top SpaceTN- - ( )R, .

TN
 Assume that M H  and H be a 

openTN -  set in ( )
TN

R, .  As every openTN - set is open TN -g
#  set, H  is open TN -g

# set. Since 

M  is closed TN -g
* #  set, ( )Cl M H. TN -  But ( ) ( )Cl M Cl M .  TN TN- -  This implies 

( )Cl M H. TN -  Therefore, M  is a closedTN -g
#

 set in ( )
TN

R, .  

 

Theorem 3.18. Every closed TN -g
#  ( )resp. open TN -g

# set in a Top SpaceTN- - ( )R,
TN

is a 

closed TN -g
* #  ( )resp. open TN -g

* # set in ( )R, .
TN

  

 

Proof . Consider a closed TN -g
#

 set M  in a Top SpaceTN- - ( )R, .
TN

 Assume that M H  and H be a 

open TN -g
#  set in ( )

TN
R, .  As every open TN -g

# set is openTN -g
#  set, H  is openTN -g

# set. 

Since M is closed TN -g
#  set, ( )Cl M H. TN -  Therefore, M  is a closed TN -g

* #
 set in ( )

TN
R, .  
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Theorem 3.19.  The intersection (resp. union) of two closed TN -g
* #  ( )resp. open TN -g

* # sets in a 

Top SpaceTN- - ( )R,
TN

is a closed TN -g
* #  ( )resp. open TN -g

* # set in ( )R, .
TN

 

 

Proof . Let M  and K be closed TN -g
* # sets and M K H where H is open TN -g

# set. Then M H

and K H.  As M  and K are closed TN -g
* # sets,  ( )Cl M H TN -  and ( )Cl K H. TN -  Also  

( ) ( ) ( ) ( )Cl M K Cl M Cl K H Cl M K H. =      TN TN TN TN- - - -  Thus it follows thats that  

M K is closed TN -g
* # set. Hence, the union of two closed TN -g

* # sets is closed TN -g
* # set.  

 

Theorem 3.20. Let M be a openTN- set and K be a open TN -g
* # set in a Top Space.TN- - ( )R, .

TN
 Then 

M K is open TN -g
* # set.  

 

Proof .  Let M be a openTN- set and K be a open TN -g
* # set in a Top SpaceTN- - ( )R, .

TN
 As every  

openTN- set is open TN -g
* #  set, M  is open TN -g

* #  set. Since the intersection of two  

open TN -g
* # sets is open TN -g

* # set. Hence M K is open TN -g
* # set.  

 

Example 3.21.  Let  =R a,b,c .  Let G,H and M be TN-sets given by 

 0 7 0 10 0 10 0 0 1 0 0 1=G a, . , . , . , b, , , , c, , , ,  1 0 0 0 60 0 20 0 20 0 0 1=H a, , , , b, . , . , . , c, , , ,

 0 0 1 0 60 0 20 0 20 0 0 1=M a, , , , b, . , . , . , c, , , .  Clearly ( ) ( ) ( )
4 4 4

0 70 0 10 0 10 0 2403 1+ + = . . . . , and 

( ) ( ) ( )
4 4 4

0 60 0 20 0 20 0 1328 1+ + = . . . . . Thus, all the above triples satisfy the condition 

4 4 4 1+ + T I F .Consider the tetra neutrosophic Topology 

 0 1=
TN TN TN

T ,G,H, .Since M is different from the corresponding closedTN- sets: 

0 1
TN TN

C C,,G ,H , .Hence M  is not closed.TN- Now, ( )Int M 0 .=
TN

TN- Threefore,

( )( ) ( )Cl Int M Cl 0 0 ,= =
TN TN

TN TN TN- - - and hence 

( )( )( )In Cl Int M 0 .=
TN

TN TN TN- - - Furthermore, the complementTN- of M is open.TN - Hence M is 

closedTN - and consequently ( )Cl M M. =TN -   

Let H be any open TN -g
# set such that M H.  Since ( )Cl M M. =TN -  We immediately obtain 

( )Cl M M H. = TN - Therefore, by the definition of a closed TN -g
# set, M  is closed. TN -g

# Thus, 

by Theorem 3.18, M  is  * closed TN -g
#  which is not closed.TN-  Hence, closed TN -

* closed, TN -g
# but the converse implication does not hold. 

 

 

-4. Tetra Neutrosophic Continuous Mappings g
* #

 

 

In this section, we introduce the concepts of Tetra Neutrosophic continuous -g
* #

( )briefly, continuousgTN - * #
 mappings in Top Spaces.TN- - Also, we study some of the main results 

depending on open gTN -
* #  and closed gTN -

* # sets. 

 

Definition 4.1.  Let ( ) ( ): , , → R Z
TN TN

  be a mapping. Then   is called a continuous gTN -
* #  

mapping if ( )1− H  is a open gTN -
* #  set in R  for every openTN- set H in .Z  

 

Theorem 4.2.  Every continuousTN-  mapping is a continuous gTN -
* #

 mapping. 
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Proof . Let ( ) ( ): , , → R Z
TN TN

  be continuousTN- mapping.  Let  H  be   a openTN-  set in ( ), .
TN

Z   Then 

( )1− H  is openTN-  set in ( )R, .
TN

 Since every openTN-  set is open, gTN -
* #  ( )1− H  is  open gTN -

* #

set in ( )R, .
TN

  Hence   is  a continuous gTN -
* #

 mapping. 

 

Theorem 4.3.  Let ( ) ( ): , , → R Z
TN TN

  be a continuous gTN -
* #

 map and ( ) ( ): , , → Z W
TN TN

  be a 

continuousTN-  mappings. Then prove that ( ) ( ): , , → R W
TN TN

  is a continuous gTN -
* #

 mapping. 

 

Proof .  Let H   be a openTN- set in .W  Since ( ) ( ): , , → 
TN TN

Z W  is continuous,TN-  ( )1− H   is  

openTN-  set  in  .Z  Since   is a continuous gTN -
* #

 mapping, ( )1 1− −  H   is  a  open gTN -
* # set in 

.R   But   ( ) ( ) ( )
11 1 .

−− −  = H H    Then ( ) ( )
1−

H  is a open gTN -
* #  set in .R  Therefore,   is 

a  continuous gTN -
* #

 mapping. 

 

Theorem 4.4.   Prove that ( ) ( ): , , → R Z
TN TN

  is a continuous gTN -
* #

 mapping if and only if  ( )1− H  is  

closed gTN -
* #

 set in R  for every closedTN- set H in .R  

 

Proof .  Let H  be a closedTN- set in .Z   Then CH  is openTN-  set in .Z  Since   is  continuous. gTN -
* #  

Therefore ( )1− CH  is a  open gTN -
* #  set in .R  Since ( ) ( )1 1 ,− − =  

C
CH H   ( )1− H  is  a 

closed gTN -
* #

 set in .R   

 

Conversely, Let H  be a openTN- set in .Z  Then CH is closedTN- set in .Z  By assumption ( )1− CH  is 

closed gTN -
* #

  set in  .R   Since ( ) ( )1 1 ,− − =  
C

CH H   ( )1− H  is  open gTN -
* #  set in .R  Therefore, 

  is a continuous gTN -
* #

 mapping. 

The following example shows that a  continuous gTN -
* #

 function may not be a continuousTN-  function.  

 

Example 4.5.  Let  1 2, 3, ,=R p p p  where ( )1 0.80,0.20,0.20 ,=p ( )2 0.60,0.40,0.20 ,=p  

( )3 0.40,0.30,0.30 .=p  Let the Tetra Neutrosophic topology on R  be   10 , ,1 . =
TN TN TN

p  Consider the set 

 1 2, .=A p p Then ( )  1=Int A p ,TN- ( )( ) 1=
TN

TN TN- -Cl Int A ,  and ( )( )( ) 1 =
TN

TN TN TN- - -A Int Cl Int A .  

This shows that A  is a openTN -  set. Since every openTN -  set is a open gTN -
* # set. Thus, A  is a

open gTN -
* #  set. But ,A

TN
 therefor, A  is not open.TN-  Let  1 2,, ,=Z q q  where ( )1 0.70,0.20,0.20 ,=q

( )2 0.40,0.40,0.30 ,=q  and let   10 , ,1 = q
TN TN TN  be the Tetra Neutrosophic topology on .Z  Define the 

mapping ( ) ( ): , , → R Z
TN TN

  by ( )1 1,=p q ( )2 1,=p q ( )3 2.=p q  Then  ( )  1

1 1 2, ,− = =q p p A  and 

( )1 1 .− =
TN

Z  Therefore,   is continuous gTN -
* #  but not continuous.TN-  

 

Theorem 4.6.  A mapping ( ) ( ): , , → R Z
TN TN

    is a  continuous gTN -
* #  mapping if and only if 

( )( ) ( )( )g Cl E Cl ETN TN- -
*   #

 for every setTN- E  in .R  

 

Proof . Let E  be a setTN-  in R  and   be a  continuous gTN -
* #  mapping. We note that evidently 

( ) ( )   gE Cl E .TN -
*   #  Then we obtain ( )1=   E E  ( )( )1−      g Cl ETN -

* #  and 

( ) ( )( )( )1−         
 

g g gCl E Cl E .TN TN TN- - -
* * *# # #

 Since   is a continuous gTN -
* #  mapping 
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and ( )    g Cl ETN -
* #  is a closed gTN -

* #  set. Therefore, ( )( )( )1−       =
 

g gCl Cl ETN TN- -
* *# #

 

( )( )1−      g Cl E .TN -
* #  Hence, we have ( ) ( )        g Cl E Cl E .TN TN- -

* #   

Conversely, let ( ) ( )        g Cl E T Cl E ,TN N- -
* #  for each setTN-  E  in .R   Let H  be a closedTN-  

set in .Z  Then ( )( ) ( )1−        =
 

g gCl H Cl H H .TN TN- -
* *# #   By assumption, by taking ( )1 ,−=E H    

we obtain ( )( ) ( )( )1 1Cl H T Cl H H− −          
   

gTN N- -
* #   and hence ( ) ( )1 1− −      g Cl H H .TN -

* #
  

Since ( ) ( )1 1− −      gH Cl H .TN -
* #

 Thus ( ) ( )1 1− −    =  g Cl H H .TN -
* #  This implies that ( )1− H  is a 

closed gTN -
* #  set in .R  Therefore, by Theorem 4.4,     is a continuous gTN -

* #  mapping.  

 

Theorem 4.7.   Let ( ) ( ): , , → 
TN TN

R Z  be a mapping. Then   is a continuous gTN -
* #  mapping if and 

only if ( ) ( )1 1Cl H Cl H− −         gTN TN- -
* #  for each setTN- H  in .Z  

 

Proof .  Suppose that  ( ) ( ): , , → R Z
TN TN

  is a continuous gTN -
* #  mapping. Take H  be any setTN-  

in .Z  Clearly ( )H Cl HTN-  implies ( ) ( )1 1− −       gH Cl H .TN -
* #

 Then 

( ) ( )( )1 1− −           g gCl H Cl Cl H .TN TN TN- - -
* *# #  Since ( )Cl HTN-  is closedTN-  set in .Z  So by 

Theorem 4.4, ( )1−   Cl HTN-  is a  closed gTN -
* #  set in .R  Therefore, ( )( )1Cl Cl H−    = gTN TN- -

* #  

( )1−   Cl H .TN-  Hence, we obtain ( ) ( )1 1− −         g Cl H Cl H .TN TN- -
* #  

Conversely, let ( ) ( )1 1Cl H Cl H− −         gTN TN- -
* #  for every setTN-  H  in .Z  Let K  be a closedTN-  

set in .Z  Since every closedTN-  set is closed gTN -
* #  set, 

( ) ( ) ( )1 1 1Cl K Cl K K .− − −        =   gTN TN- -
* #

 This implies that ( )1− K  is a closed gTN -
* #  set in 

.R  Thus, by Theorem 4.4,   is a continuous gTN -
* #  mapping. 

 

Theorem 4.8.  A mapping ( ) ( ): , , → R Z
TN TN

  is a continuous gTN -
* #  mapping if and only if 

( ) ( )1 1Int H Int H− −         gTN TN- -
* #  for every setTN- H  in .Z  

 

Proof .  Let H  be any setTN- in Z  and   be a continuous gTN -
* #  mapping. Then ( )Int H HTN-   implies 

( ) ( )1 1Int H H .− −    TN-  Therefore then this implies that ( )( )1Int Int H−    gTN TN- -
* #

 

( )1Int H .−     gTN -
* #  Since  ( )Int HTN-  is openTN-   set in Z  and    is  continuous gTN -

* #  

Therefore, ( )1 Int H−   TN-  is  open gTN -
* #  set in .R  Hence, we get ( )( )1Int Int H−    = gTN TN- -

* #  

( ) ( )1 1Int H Int H .− −         gTN TN- -
* #

  

Conversely, let ( ) ( )1 1Int H Int H− −         gTN TN- -
* #  for every setTN-  H  in .Z  Let G  be any 

openTN-  set in Z  and hence ( )Int G G.=TN-  By hypothesis, we have 

( ) ( )1 1Int G Int G .− −         gTN TN- -
* #

 Therefore. we obtain ( )1 G−  ( )1Int G .−    TN -g
* #

 Also 

( ) ( )1 1Int G G .− −          gTN -
* #

 Consequently, ( ) ( )1 1Int G G .− −      =    gTN -
* #

  This implies that  

( )1 G −
 is  open gTN -

* #
 set in .R   Hence we conclude that   is a  continuous gTN -

* #  mapping. 

 

Definition 4.9.  Let ( )t,i,f
p be a pointTN-  of a Top SpaceTN- - ( ), .R

TN
 A setTN- M  of R  is called 

neighbourhoodTN-  of ( )t,i,f
p  if there exists a openTN-  set G  such that ( ) . 

t,i,f
p G M  

 

Theorem 4.10.  Let ( ) ( ): , , → R Z
TN TN

  be a mapping. Then the following assertions are equivalent. 
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( )i     is  continuous. gTN -
* #  

( )ii  For each pointTN- ( )
p

t,i,f
 in  R  and  every neighbourhoodTN- pM  of 

( )( ) ,
t,i,f

p  there exists a  

open gTN -
* #  set pG  in R  such that ( ) ( )1 .− 

t,i,f p pp G M   

( )iii  For each pointTN- ( )
p

t,i,f
 in R  and every neighbourhoodTN- H  of 

( )( ) ,
t,i,f

p  there exists a 

open gTN -
* #  set G  in R such that ( ) 

t,i,f
p G  and ( ) .G H  

 

Proof .  ( ) ( )i ii :  Let ( )
p

t,i,f
 be a pointTN-  in R  and let H  be a neighbourhoodTN-  of openTN-  set G  

in Z  such that 
( )( ) . p G H
t,i,f

 Since   is  continuous. gTN -
* # we know that ( )1− G  is a open gTN -

* #

set in R  and 
( ) ( ) ( )1 1 .− − 
t,i,f

p G H   This implies ( )ii is true. 

( ) ( )ii iii :  Let ( )t,i,f
p  be a pointTN-  in R and let H  be a neighbourhoodTN-  of 

( )( ).
t,i,f

p  The condition 

( )ii implies that there exists  a  open gTN -
* #  set G  in R  such that ( ) ( )1 .− 

t,i,f
p G H  Thus ( ) 

t,i,f
p G  

and ( ) ( )1 .−   G H H    Hence ( )iii is true. 

( ) ( )iii i :  Let H  be a openTN-  set in Z  and let ( ) ( )1 .−
t,i,f

p H  Since H  is openTN-  set, 

( )( ) ,
t,i,f

p H  and so H  is neighbourhoodTN- of 
( )( ).
t,i,f

p  It follows from ( )iii  that there exists a  

open gTN -
* #  set G  in R  such that ( ) 

t,i,f
p G  and ( ) G H  so that ( ) ( ) ( )1 1 .− −    t,i,f

p G G H    

This implies by definition that ( )1− H  is a  open gTN -
* # set in .R  Therefore,   is a continuous gTN -

* #  

mapping. 

 

Proof .   Let 
( )

p
t,i,f

 be a pointTN-  in R  and let H  be a neighbourhoodTN-  of ( )( ).
t,i,f

p  Then there exists a 

openTN-  set E  in Z  such that ( )( ) . 
t,i,f

p E H  Since   is  continuous, gTN -
* # we know that 

( )1−=G E  is a open gTN -
* #

 set in R  and 
( ) ( ) ( )1 1 .− − = 
t,i,f

p G E H   

 

 

-5. Tetra Neutrosophic Irresolute Mappings g
* #

 

 

In this section, we introduce the concept of Tetra Neutrosophic  irresolute g -
* #

( )briefly, irresolute gTN -
* #

 mappings in Top Spaces.TN- -  Also, we study some of the main results 

depending on open gTN -
* #  and closed gTN -

* # sets in Top Spaces.TN- -   

 

Definition 5.1.  Let   a mapping ( ) ( ): , , → R Z
TN TN

  is called irresolute gTN -
* #

 if the inverse image of 

every open gTN -
* #  set in Z is open gTN -

* #  in .R   

 

Theorem 5.2.   A mapping ( ) ( ): , , → R Z
TN TN

  is irresolute gTN -
* #

 if and only if the inverse image of 

every closed gTN -
* #

 set in ( ),Z
TN

 is  closed gTN -
* #

 set in ( ), .R
TN

  

 

Proof .  Let H  be any closed gTN -
* #

 set in .Z  Then CH  is  open gTN -
* #  set in .Z  Since   is  

irresolute, gTN -
* #  ( )1− CH  is open gTN -

* #  set in R  and ( ) ( )1 1− − =  
C

CH H   which implies that 

( )1− H  is  closed gTN -
* #

set in .R   
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Conversely, Let G  be any open gTN -
* #  set in .Z  Then 

CG  is  closed gTN -
* #

 set in .Z  Thus ( )1− CG  

is  closed gTN -
* #

 set in R  and ( ) ( )1 1− − =  
C

CG G  which implies that ( )1− G  is  open gTN -
* #  set 

in .R  Hence : → U W  is  irresolute. gTN -
* #

 

 

Theorem 5.3.  Every irresolute gTN -
* #

 mapping ( ) ( ): , , → 
TN TN

R Z is  continuous. gTN -
* #

 

 

Proof .  Let H  be a openTN- set in .Z  Since every openTN-  set is open, gTN -
* #  H  is open. gTN -

* #  

Since   is  irresolute, gTN -
* #

  ( )1− H  is open gTN -
* #  in .R  Therefore   is continuous. gTN -

* #
 

 

Theorem 5.4.  A mapping ( ) ( ): , , → R Z
TN TN

  is a  irresolute gTN -
* #

 mapping if and only if 

( )( ) g Cl MTN -
*  # ( )( )g Cl MTN -

*  #
 for every setTN- M  in ( ), .R

TN
 

 

Proof . Let M  be a setTN-  in R  and   be a  iresolute gTN -
* #

 mapping. Then evidently 

( ) ( ) .   gM Cl MTN -
*   #  Then we have ( )1=   M M  ( )( )1−  

 g Cl MTN -
*   #  and hence 

( ) ( )( )( )1 .− 
 

g g gCl M Cl Cl MTN TN TN- - -
* * *       # # #

 Since   is a irresolute gTN -
* #

 mapping and 

( )  g Cl MTN -
*  #  is a closed gTN -

* #
 set. Therefore ( )( )( )1−  =

 
g gCl Cl MTN TN- -

* *     # #  

( )( )1 .−  
 g Cl MTN -

*   #  So ( )   g Cl MTN -
*  # ( ) .  g Cl MTN -

*  #   

 

Conversely assume that ( ) ( ) ,      g gCl M Cl MTN TN- -
* *     # #  for each setTN-  M  in .R  Let G  be 

a closed gTN -
* #  set in .Z  Therefore ( ) .=g Cl G GTN -

* #  By assumption, ( )( )1−  
 

g Cl GTN -
*   #

( )( )1−  
 

g Cl GTN -
*   # ( ) =g Cl G GTN -

* #  and then this implies that  

( ) ( )1 1 .− −   g Cl G GTN -
*   #  Since we also have ( ) ( )1 1 .− −   gG Cl GTN -

*   #  Thus we conclude 

that ( ) ( )1 1 .− −  = g Cl G GTN -
*   #  This shows that ( )1− G  is a closed gTN -

* #
 set in .R  Thus, by 

Theorem 5.3,   is a irresolute gTN -
* #

 mapping.  

 

Theorem 5.5.  A mapping ( ) ( ): , , → 
TN TN

R Z  is a irresolute gTN -
* #

 mapping if and only if 

( ) ( )1 1− −      g gCl G Cl GTN TN- -
* *     # #   for each setTN- G  in .Z  

 

Proof .  Let  : →R Z  be a irresolute gTN -
* #

 mapping. Let G  be any setTN-  set in .Z  Since  

( ) gG Cl GTN -
* #  and therefore we get ( ) ( ) ( )1 1 1.− − −       g gG Cl G So Cl GTN TN- -

* *      # #    

( )( )1 .− 
 

g gCl Cl GTN TN- -
* *    # #  Since ( )g Cl GTN -

* #  is closed gTN -
* #

 set in Z  and   is a 

irresolute gTN -
* #

 mapping. Hence, by Theorem 5.3, ( )1−   g Cl GTN -
*  #  is a  closed gTN -

* #
 set in 

.R  Therefore ( )( )1−  =
 

g gCl Cl GTN TN- -
* *    # # ( )1 .−   g Cl GTN -

*  #  Hence, we have 

( ) ( )1 1 .− −      g gCl G Cl GTN TN- -
* *     # #  

Conversely, assume ( ) ( )( )1 1− −   TN TN- -Cl G Cl G     g g
* *# # for all sets gTN -

* # G  in .Z  Let K  

be a closed gTN -
* #

 set in .Z  By assumption, ( )1−   g Cl KTN -
*  # ( )1−   g Cl KTN -

*  # ( )1 .−= K  

This implies that ( )1− K  is a closed gTN -
* #

 set in .R  Thus by Theorem 5.3,   is a irresolute gTN -
* #

 

mapping. 
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Theorem 5.6.  Let ( ) ( ): , , → R Z
TN TN

  be a bijective mapping. Then   is irresolute gTN -
* #

 if and only 

if ( )   g Int MTN -
*  # ( )  g Int MTN -

*  #  for every setTN- M  in .R  

 

Proof .  Let M  be any setTN-  in R  and   be a bijective and  irresolute gTN -
* #

 mapping. Let ( ) .=M K  

Since ( ) g Int K KTN -
* #  and hence we obtain ( )1−    g Int KTN -

*  # ( )1 .− K  Since   is an injective 

mapping, so ( )1 .− =K M  Thus ( )1 .−    g Int K MTN -
*  #  Then this implies that 

( )( ) ( )1 .−  
 

g g gInt Int K Int KTN TN TN- - -
* * *      # # #  Since   is irresolute, gTN -

* #
 

( )1−   g Int KTN -
*  #  is open gTN -

* #  set in R  and thus ( ) ( )1 .−    g gInt K Int MTN TN- -
* *    # #  

Hence ( )( )1− 
 

g Int KTN -
*   # ( ) .   g Int MTN -

*  #  Thus ( )   g Int MTN -
*  #

( ) .  g Int MTN -
*  #  

Conversely, suppose that ( )   g Int MTN -
*  # ( )  g Int MTN -

*  #  for every setTN- M  in .R   Let K  

be a open gTN -
* # set in .Z  Since   is surjective and therefore, by hypothesis, ( )= gK Int KTN -

* #  

( )( ) ( )( )1 1 .− −   
   

g gInt K Int K=TN TN- -
* *       # #  It follows that ( )1− K

( )1 .−  g Int KTN -
*  #  Therefore ( )1− K  is open gTN -

* #  set in .R  Hence   is a irresolute gTN -
* #  

mapping. 

 

Theorem 5.7.  A mapping ( ) ( ): , , → R Z
TN TN

  is a irresolute gTN -
* #

 mapping if and only if 

( )1−    g Int HTN -
*  # ( )1−  g Int HTN -

*  #
 for every setTN- H  in .Z  

 

Proof .  Let H  be any setTN-  in Z  and   be a irresolute gTN -
* #

 mapping. Then ( ) g Int H HTN -
* #   

implies that ( ) ( )1 1 .− −   g Int H HTN -
*   #  Thus ( )( )1−  

 
g gInt Int HTN TN- -

* *    # #

( )1 .−  g Int HTN -
*  #  Since  ( )g Int HTN -

* #  is  open gTN -
* #  set in Z  and   is 

irresolute, gTN -
* # ( )1−   g Int HTN -

*  #  is  open gTN -
* #  set in .R  Thus 

( )( )1−  =
 

g gInt Int HTN TN- -
* *    # # ( )1 .−   g Int HTN -

*  #  Then we obtain 

( )1−    g Int HTN -
*  # ( )1 .−  g Int HTN -

*  #
 

Conversely,  assume that  ( )1−    TN -Int H  g* # ( )1−  TN -Int H  g
* # for every setTN-  H  in .R  Let 

M  be any open TN -g
* #

 set in .Z  Then by assumption, ( ) ( )1 1− −  =  TN -M Int M   g* #  

( )1−  TN -Int M  g
* #  and therefore ( ) ( )1 1 .− −   TN -M Int M   g

* #  This implies that ( )1− M  is  

open TN -g
* # set in .R  Hence   is a  irresolute TN -g

* #
 mapping. 

 

Theorem 5.8.  Let ( ) ( ): , , → 
TN TN

R Z  be a bijective mapping and  irresolute TN -g
* #

 mapping. Then  

( ) ( )      TN TN- -Fr M Fr M     g g
* *# #  for every setTN- M  in .R  

 

Proof .  Let   be a bijective and  irresolute TN -g
* #

 mapping.  Let M  be a setTN-  in .R  By definition,  

( ) ( ) ( ).= TN TN TN- - -
CFr M Cl M Cl M     g g g

* * *# # #
 By Theorem 5.6, ( )   TN -Int M  g

* #  

( )  TN -Int M  g* #  and from Theorem 5.4,  ( )   TN -Cl M  g* # ( ) .  TN -Cl M  g
* #  Thus 

( ) ( ) ( )

( ) ( ) ( ) .

    =      

    =       





TN TN TN

TN TN TN

- - -

- - -

C

C

Fr M Cl M Cl M

Cl M Cl M Fr M

        

        

g g g

g g g

* * *

* * *

# # #

# # #
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Theorem 5.9.  Let ( ) ( ): , , → 
TN TN

R Z  be a bijective irresolute TN -g
* #

 mapping. Then we have 

( )1−   TN -Fr M  g
* # ( )1−   TN -Fr M  g* #

 for every setTN-  M  in .Z   

 

Proof .  Let   be a bijective and  irresolute TN -g
* #

 mapping. Let M  be a setTN-  in .Z  By Theorem 5.5, 

( ) ( )1 1 .− −      TN TN- -Cl M Cl M     g g
* *# #  Now we have ( )1−   = TN -Fr M  g* #

 

( )( ) ( )1−   =
 

TN TN- -
CCl M Cl M    g g

* *# # ( ) ( )1 1− −       
TN TN- -

CCl M Cl M     g g
* *# #

( ) ( ) ( ) ( )( )1 1 1 1− − − −     =       
TN TN TN TN- - - -

C
CCl M Cl M Cl M Cl M           g g g g

* * * *# # # #
=

( )1 .−  TN -Fr M  g
* #

 Therefore, we obtain ( )1−   TN -Fr M  g
* # ( )1 .−   TN -Fr M  g* #

 

 

Theorem 5.10.  If ( ) ( ): , , → 
TN TN

R W  and ( ) ( ): , , → 
TN TN

W Z  are irresolute, TN -g
* #

 then the 

composition function ( ) ( ): , , → 
TN TN

R Z  is also irresolute. TN -g
* #

 

 

Proof .  Let M   be a  open gTN -
* #  set in .Z  Since    is  a  irresolute gTN -

* #
 mapping, ( )1− M  is  

open gTN -
* #  in .W   Since    is a irresolute gTN -

* #
 mapping, ( ) ( ) ( )

11 1 −− −  = M M    is 

open gTN -
* #  in .R  Therefore   is irresolute. gTN -

* #
 

 

Theorem 5.11.  If ( ) ( ): , , → 
TN TN

R W  and is irresolute gTN -
* #

 and ( ) ( ): , , → 
TN TN

W Z  is  

continuous, gTN -
* #

 then the composition function ( ) ( ): , , → 
TN TN

R Z  is also a continuous gTN -
* #

 

function. 

 

Proof .  Let M  be a openTN-  set in .Z  Since    is  a   continuous gTN -
* #  mapping, ( )1− M  is  

open gTN -
* #  set in .W   Since   is a  irresolute gTN -

* #  function, ( ) ( ) ( )
11 1 −− −  = M M    is 

open gTN -
* #  in .R  Therefore   is conrinuous. gTN -

* #  

 

 

-6. Tetra Neutrosophic Closed and OpenMappings g
* #

 

 

In this section, we introduce Tetra Neutrosophic closed g -
* # ( )briefly closed gTN -

* #  functions and 

Tera Neutrosophic open g -
* #  ( )briefly open gTN -

* #  mappings  in Top SpacesTN- -  and investigate 

certain characterizations and properties of these classes of mappings. 
 

Definition 6.1.  A mapping ( ) ( ): , , → 
TN TN

R Z  is said to be  closed TN -g
* #

 if the image of each 

closedTN- set in R  is  closed TN -g
* #

 in .Z    

 

Definition 6.2.   A function ( ) ( ): , , → 
TN TN

R Z  is said to be  open gTN -
* #

 if the image of each 

openTN-  set in R  is open gTN -
* #

in .Z   

 

Theorem 6.3.  A function ( ) ( ): , , → R Z
TN TN

  is closed gTN -
* #

 if and only if 

( ) ( )      g Cl A Cl ATN TN- -
*   #  for every setTN- M  of .R   

 

Proof .  Suppose   ( ) ( ): , , → 
TN TN

R W  is a  closed TN -g
* #

 function and M  is any setTN-  in .R  Then 

( )Cl MTN-  is a closedTN- set in .R  Since   is closed, gTN -
* #

 ( )  TN-Cl M  is a  closed gTN -
* #
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set in .Z  So we have ( )( )  = g Cl Cl MTN TN- -
*  # ( ) .  Cl MTN-  Therefore, ( )   g Cl MTN -

*  #

( )( )  = g Cl Cl MTN TN- -
*  # ( )( ).Cl MTN- Thus we obtain ( ) ( )( ).  g Cl M Cl MTN TN- -

*   #   

Conversely, let M  be a closedTN-  set in .R  Then   ( ) =Cl M MTN-  and so ( ) ( ) .=   TN-M Cl M   By 

our assumption ( ) ( ).  g Cl M MTN -
*   #  But ( ) ( ) .   gM Cl MTN -

*   #  Thus we conclude 

that ( ) ( )=  g Cl M MTN -
*   #   and hence  ( )M  is closed gTN -

* #  set in .Z  Therefore eventually 

  is a closed gTN -
* #  mapping. 

 

Theorem 6.4.  A mapping ( ) ( ): , , → 
TN TN

R Z  is  closed gTN -
* #

 if and only if for each setTN-  H  of 

Z  and for each  openTN- set G  of R containing ( )1 H −   there exists a open gTN -
* #

 set V of Z such that 

H V  and ( )1 .V G −   

 

Proof . Let   be a closed gTN -
* #

 mapping and let H  be any setTN-  in Z  and G  be a  openTN- set of 

R  such that ( )1 .H G −   Then ( ) =
 

C
CV G  is open gTN -

* #
 in Z such that ( )1 .V G −   

Conversely, let H  be a closedTN-  of .R  Then ( )( )1−   
 

C CH H   and CH  is openTN-  in .R  By 

assumption, there exists a  open gTN -
* #

set V  of Z  such that ( )   
C

H V  and  ( )1−  CV H  and  this 

implies that ( )1 .−   
C

H V  Hence we obtain ( ) ( )( )1 ,−   
  

C
C CV H V V    which implies ( ) .= CH V  

Since CV  is closed, gTN -
* #

 ( )H  is closed gTN -
* #

 and   is  closed gTN -
* #

 mapping. 

 

Theorem 6.5.  Let ( ) ( ): , , → R W
TN TN

  be a closedTN-  mapping and ( ) ( ): , , → W Z
TN TN

  be a  

closed gTN -
* #

 mapping. Then their composition ( ) ( ): , , → R Z
TN TN

  is a closed gTN -
* #

mapping. 

 

Proof .  Let M be a closedTN-  set in .R  Since   is closed,TN-  ( )M  is closedTN-  in .W  Since   is 

closed, gTN -
* #

 ( ) ( )( )=  M M    is closed gTN -
* #

 in .Z  Hence   is a closed gTN -
* #

mapping. 

 

Theorem 6.6.  Let ( ) ( ): , , → 
TN TN

R W  and  ( ) ( ): , , → 
TN TN

W Z  be two mappings such that their 

composition ( ) ( ): , , → 
TN TN

R Z  is  closed. TN -g
* #

 Then the following statements are true. 

( )i   If   is continuousTN- and surjective, then   is closed. gTN -
* #

 

( )ii  If   is  irresolute gTN -
* #

 and injective, then   is closed. gTN -
* #

 

 

Proof . ( )i Let M  be a closedTN-  set of  .W  Since    is continuous,TN-  ( )1− M   is closedTN-  in .R  Since 

  is  closed, gTN -
* #

 ( ) ( )( )1− M   is closed gTN -
* #

 in .Z  Since   is surjective, 

( ) ( )( ) ( )1− =M M     is  closed gTN -
* #  in .Z  Hence   is  closed. gTN -

* #
 

( )ii  Let M  be any closedTN-  set of .R  Since   is  closed, gTN -
* #

 ( )( )M  is closed gTN -
* #

 in 

.Z  Since   is irresolute, gTN -
* #

 ( )( )1− M   is  closed gTN -
* #

 in .W  Since   is injective, 

( )( ) ( )( )( ) ( )1 1− −= =M M M       is closed gTN -
* #

 in .W  Hence    is closed. gTN -
* #

 

 

Theorem 6.7.  A function ( ) ( ): , , → R Z
TN TN

  is  open gTN -
* #

 if and only if 

( ) ( ) ,      gInt M Int MTN TN- -
*   #  for every setTN- M  of .R  
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Proof .  Suppose ( ) ( ): , , → R Z
TN TN

  is a  open gTN -
* #

 function and M  is any setTN-  in .R  Then 

( )Int MTN-  is a openTN-  set in .R  Since   is open, gTN -
* #

 ( )  TN-Int M  is a open gTN -
* #

 set. 

Since ( )( )   g Int Int MTN TN- -
*  #

 ( ) ,  g Int MTN -
*  #

 ( )   Int MTN- ( ) .  g Int MTN -
*  #  

Conversely, ( ) ( )      gInt M Int MTN TN- -
*   #  for every setTN- M  in .R  Let E  be a openTN-  set in 

.R  Then ( ) =Int E ETN-  and by hypothesis, ( ) ( ) .   gE Int ETN -
*   #  But 

( ) ( ).  g Int E ETN -
*   #  Therefore, ( ) ( ) .=   gE Int ETN -

*   #  Then ( )E  is  open. gTN -
* #

 

Hence   is a open gTN -
* #

 mapping. 

 

Theorem 6.8.  Let ( ) ( ): , , → R Z
TN TN

  be a  open gTN -
* #

 function. If for each 
( ) ( )
t,i,f

p RTN  and for 

each neighbourhoodTN-  M  of ( )t,i,f
p  in ,R  there exists a neighbourhood gTN -

* #
 G  of ( )( )t,i,f

p  in Z

such that ( ).G M  

 

Proof .  Let  ( ) ( ): , , → R Z
TN TN

  be a open gTN -
* #

 function. Let 
( ) ( )
t,i,f

p RTN  and M  be any arbitrary 

neighbourhoodTN-  of  
( ), ,t i f

p  in  .R  Then there exists a openTN-  set G  such that ( ) . 
t,i,f

p G M  By 

Theorem 6.7, ( ) ( )=   G Int GTN-  ( ) .  g Int GTN -
*  #  But, ( )   g Int GTN -

*  # ( ).G  

Therefore, ( ) ( )=  g Int G GTN -
*   #   and hence ( )G  is  open gTN -

* #
 in .Z  Since ( ) , 

t,i,f
p G M  

( )( ) ( ) ( ) 
t,i,f

p G M    and so the result follows by taking ( ).=H G  

 

Theorem 6.9.  For any bijective mapping ( ) ( ): , , → R Z
TN TN

  the following statements are equivalent: 

( )i  ( ) ( )1 : , ,−  → Z R
TN TN

  is continuous. gTN -
* #

 

( )ii    is  open. gTN -
* #

 

( )iii    is closed. gTN -
* #

 

 

Proof . ( ) ( )i ii :  Let M  be a openTN-  set in .R  By assumption, ( ) ( ) ( )
1

1
−

− =M M   is  open gTN -
* #

 

in W and hence  is a open gTN -
* #

function. 

( ) ( )ii iii : Let M be a closedTN-  set of .R  Then CM is a openTN- set in .R  By assumption ( )CM  is  

open gTN -
* #

 in .Z  But ( ) ( ) .=   
CCM M   Therefore ( )M is closed gTN -

* #
set in .Z  Hence,   is 

closed. gTN -
* #

 

( ) ( )iii i :  Let M  be a closedTN-  set of .R  By assumption, ( )M  is  closed gTN -
* #

 set in .Z  But 

( ) ( ) ( )
1

1
−

−=M M   and therefore by Theorem 4.4, 
1 :− →Z R  is  continuous. gTN -

* #
 

 

 

7. Tetra Neutrosophic HomeomorphismsgTN - * #
 

 

In this section, we define and study the concept of Tetra Neutrosophic homeomorphism -g
* #

( )briefly, homeomorphism TN -g
* #  in Top SpaceTN- -  ( ),R

TN
 and obtain some of its properties and 

characterizations.  

 

Definition 7.1.  A mapping ( ) ( ): , , → 
TN TN

R Z  is said to be homeomorphismTN-  if     is one-to-one & 

onto, openTN-  and continuous.TN-  
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Definition 7.2.   A mapping ( ) ( ): , , → R Z
TN TN

  is said to be homeomorphism TN -g
* #  if     is one-to-

one and onto, open gTN -
* #  and continuous. gTN -

* #  

 

Theorem7.3.  Let ( ) ( ): , , → 
TN TN

R Z  be a one-to-one onto mapping. Then   is 

homeomorphism gTN -
* #

 if and only if   is closed gTN -
* #  and continuous. gTN -

* #  

 

Proof .  Let ( ) ( ): , , → R Z
TN TN

  be a homeomorphism. gTN -
* #  Then   is continuous. gTN -

* #  Let 

M  be an arbitrary closedTN-  set in ( ), .R
TN

 Then 1 M–
TN

 is open.TN-  Since   is open, gTN -
* #  

( )1 M–
TN

  is open gTN -
* #  in ( ), .Z

TN
 That is, ( )1 M–

TN
  is open gTN -

* #  in ( ),Z
TN

 for every 

closedTN-  set M  in ( ),R
TN

 implies that ( )M  is closed gTN -
* #

 in ( ), .Z
TN

 Hence 

( ) ( ): , , → R Z
TN TN

  is closed. gTN -
* #    

Conversely, let   be a closed gTN -
* #  and continuous gTN -

* #  function. Let M  be a openTN-  set in 

( ), .R
TN

 Then 1 M–
TN

 is closedTN-  in ( ), .R
TN

 Since   is closed, gTN -
* #  ( )1 M–

TN
   is 

closed gTN -
* #

 in ( ), .Z
TN

 That is, ( ) ( )1 1=M M– –
TN TN

   is closed gTN -
* #  in ( ), .Z

TN
 Hence 

( )M  is open gTN -
* #  in ( ),Z

TN
 for every openTN-  set M  in ( ), .Z

TN
 Thus,   is open gTN -

* #  and  

hence ( ) ( ): , , → R Z
TN TN

  is homeomorphism. gTN -
* #  

 

Theorem 7.4. : Let ( ) ( ): , , → R Z
TN TN

  be a bijective and continuous gTN -
* #  mapping. Then the 

following statements are equivalent. 

( )i   is a open gTN -
* #  mapping.  

( )ii   is a homeomorphism. gTN -
* #  

( )iii   is a closed gTN -
* #  mapping.  

 

Proof .  ( ) ( )i ii .  By the given hypothesis, the mapping ( ) ( ): , , → R Z
TN TN

  is bijective 

continuous gTN -
* #  and open. gTN -

* #  Hence ( ) ( ): , , → R Z
TN TN

  is homeomorphism. gTN -
* #       

( ) ( )ii iii . Let M  be a closedTN-  set in ( ),R
TN

 Then CM  is open-FQN  in ( ), .
TN

R  By assumption, 

( )CM  is open gTN -
* #  in ( ), .Z

TN
 That is ( ) ( )( ) ( )= =

CCM M Z M  –  is open gTN -
* #  in 

( ),
TN

Z  and hence ( )M  is closed gTN -
* #  in ( ),

TN
Z  for every closedTN-  set M  in ( ), .R

TN
 Hence 

the function ( ) ( ): , , → 
TN TN

R Z  is closed gTN -
* #  mapping.  

( ) ( )iii i . Let M  be a openTN-  set in ( ), .
TN

R  Then CM  is closedTN-  set in ( ), .R
TN

 By the given 

hypothesis, ( )CM  is closed gTN -
* #  in ( ), .

TN
Z   But ( ) ( )( ) ( )1= =

TN

CCM M M  –    is 

closed. gTN -
* #  Therefore ( )M  is open gTN -

* #  in ( ),
TN

Z  for every openTN-  set M  in ( ), .R
TN

 

Hence ( ) ( ): , , → 
TN TN

R Z  is open gTN -
* # mapping.  

 

Theorem 7.5.  Every homeomorphismTN-  is  homeomorphism. gTN -
* #   

 

Proof .  If ( ) ( ): , , → R Z
TN TN

  is homeomorphism,TN-  by definition 7.1,   is bijective, continuousTN-  

and open.TN-  Then ( ) ( ): , , → R Z
TN TN

    is continuous gTN -
* #  and open. gTN -

* #  Hence the function 

( ) ( ): , , → 
TN TN

R Z  is homeomorphism. gTN -
* #  Every continuousTN-  function is 

continuous gTN -
* #  and every openTN-  map is open. gTN -

* #  Then   is bijective,   

continuous gTN -
* #  and open. gTN -

* #  Therefore   is homeomorphism. gTN -
* #  
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Theorem 7.6. Let  ( ) ( ): , , → R Z
TN TN

  be a homeomorphism.TN -  Then prove that   is 

homeomorphism. gTN -
* #  

 

Proof .  Let ( ) ( ): , , → R Z
TN TN

  be a homeomorphism.TN -  Then   is bijective, continuousTN -  and 

open.TN -  Let H  be a openTN-  set in ( ), .Z
TN

  Since   is continuous,TN - ( )1 H –  is openTN -  set 

in ( ), .R
TN

 Since every openTN -  set is open gTN -
* #  set,  ( )1 H –  is open gTN -

* #  in ( ),
TN

R  which 

implies that   is continuous. gTN -
* #  Let M  be a openTN-  set in ( ), .

TN
R  Since   is open,TN -  ( )M  

is openTN -  set in ( ), .
TN

Z  Since every openTN -  set is open gTN -
* #  set, ( )M  is open gTN -

* #  set 

in ( ),
TN

Z  which implies   is open gTN -
* #  mapping. Therefore, consequently    is 

homeomorphism. gTN -
* #  

 

Theorem 7.7.  Let ( ) ( ): , , → 
TN TN

R Z  be a bijective and irresolute gTN -
* #  mapping. Then the 

following statements are equivalent. 

( )i   is a open gTN -
* #  mapping.  

( )ii   is a homeomorphism. gTN -
* #  

( )iii   is a closed gTN -
* #  mapping.  

 

Proof .  Identical to the proof of Theorem 7.4.  

 

Theorem 7.8.  Let ( ) ( ): , , → R Z
TN TN

  be a bijective function. Then prove that   is 

homeomorphism gTN -
* #  if and only if ( ) ( )( )  = g Cl M Cl MTN TN- -

*   #
 for every subset M  of 

( ), .R
TN

 

 

Proof .  If ( ) ( ): , , → R Z
TN TN

  is homeomorphisms, gTN -
* #  then   is continuous gTN -

* #  and 

closed. gTN -
* #  If M R. Then ( )   g Cl MTN -

*  # ( )( )TN-Cl M  since    is 

continuous. gTN -
* #  Since ( )C Ag lTN -

* #  is closedTN-  in ( ),R
TN

 and   is closed gTN -
* #  

mapping, ( )  g Cl MTN -
*  #  is closed gTN -

* #  in ( ), .Z
TN

 Also 

( )( )  =
 

g gCl Cl MTN TN- -
* *    # # ( )( ).g Cl MTN -

*  #  Since ( ), gM Cl MTN -
* #

( ) ( )   gM Cl MTN -
*   #  and therefore we obtain ( )( ) ( )( )  =

 
gCl M Cl Cl MTN TN TN- - -

*   #  

( )( )g Cl MTN -
*  #  Thus  ( )( ) Cl MTN-  ( )( ).g Cl MTN -

*  #  Hence, ( )  g Cl MTN -
*  #

( )( )= Cl MTN-   if    is homeomorphism. gTN -
* #  

Conversely, if ( )  = g Cl MTN -
*  # ( )( )Cl MTN-   for every subset M  of ( ), ,R

TN
 then   is 

continuous. gTN -
* #  If  M  is closedTN-  in ( ), ,R

TN
 then M  is closed gTN -

* #  in ( ), .R
TN

 Then 

( ) =g Cl M MTN -
* #  which implies ( ) ( ).  = g Cl M MTN -

*   #
 Hence, by the given hypothesis, it 

follows that ( )( ) ( ).=Cl M MTN-    Thus ( )M  is closedTN-  in Z  and hence closed gTN -
* #  in Z  for 

every closedTN-  set M  in R. That is,   is a closed gTN -
* #  mapping. Therefore ( ) ( ): , , → R Z

TN TN
  is 

homeomorphism. gTN -
* #  

 

 

Conclusion  
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We introduced and systematically investigated the concept of Tetra Neutrosophic α* generalized closed-g
#  

sets in Tetra Neutrosophic topological spaces. The fundamental properties of closed gTN -
* #  sets were 

established through a collection of results concerning their relationships with the relevant generalized closed and 

open sets and their associated closure properties. These results provide a systematic theoretical foundation for the 

subsequent development of generalized mappings in Tetra Neutrosophic topological spaces. 

 

Based on the proposed closed gTN -
* # sets, we introduced and investigated continuous, TN -g

* #

irresolute, TN -g
* # open TN -g

* # and closed gTN -
* # mappings. Their basic properties, relationships, 

and characterizations were established within the Tetra Neutrosophic topological framework. Furthermore, the 

concept of homeomorphism TN -g
* # was introduced, and fundamental properties of this homeomorphism were 

investigated, thereby providing a suitable notion of topological equivalence based on the proposed generalized 

structure. 

 

Overall, the results obtained in this paper extend the theory of generalized closed -* # sets and their associated 

mappings from classical topological spaces to the Tetra Neutrosophic setting. The study consequently establishes 

a coherent framework connecting closed gTN -
* # sets with generalized continuity, irresoluteness, openness, 

closedness, and homeomorphisms. Thus, the present work contributes to the development of generalized mapping 

theory in the newly developing field of Tetra Neutrosophic topology and provides a foundation for the further 

study of generalized topological structures in this setting. 

 

 

Recommendations 

 

It is recommended to investigate the relationships of mappings TN -g
* # with other generalized mappings and 

generalized closed and open sets in Tetra Neutrosophic topology. Further research may examine separation 

axioms, compactness, connectedness, countability properties, and various forms of generalized compactness 

associated with mappings. TN -g
* #  

 

Another promising direction is to study the preservation of these properties under composition and inverse 

mappings and to characterize homeomophisms TN -g
* #  through suitable invariants of Tetra Neutrosophic 

topological spaces. The proposed framework may also be extended to other neutrosophic structures and, where 

appropriate, investigated for applications involving uncertain, inconsistent, and indeterminate information in 

intelligent systems, decision-making, and information processing. 

 

These directions may provide further theoretical development of Tetra Neutrosophic topology and contribute to 

the establishment of a broader framework for generalized mappings in uncertainty-aware mathematical models. 
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