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academic scientists, researchers and research scholars to exchange and share their 
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Sciences. It also provides the premier interdisciplinary forum for scientists, 

engineers, and practitioners to present their latest research results, ideas, 
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conference's goal will to provide a scientific forum for all international prestige 

scholars around the world and enable the interactive exchange of state-of-the-art 

knowledge. The conference will focus on evidence-based benefits proven in 
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Approaches Developed to Solve Fractional 
Differential Equations 

 
Flamure Sadiki1, Krutan Rasimi2, Alit Ibraimi3, Ylldrita Salihi4, Miranda 

Xhaferi5 

Abstract 
Fractional calculus is not a new topic, in reality it has almost the same history as that of classical calculus. 

In this paper, new approaches are developed to solve a class of nonlinear fractional differential initial value 

problems with fractional derivative defined in Caputo sense. Two numerical methods have been presented, 

Fractional Adams-Bashforth-Moulton Method (FABMM) and Fractional Differential Transformation 

Method (FDTM) compared with Adomian Decomposition Method (ADM), used for very specific type of 

problems. The methods are used on two different nonlinear fractional differential equations of the form, 

( ) ( )( )D y t f y tα = , with and without exact solution for the same initial condition ( )0 0y = . We 

present new results that deal with the Adomian Decomposition Method (ADM), suitable to handle fractional 

calculus applications. The results are obtained with comparisons made between FDTM, FABMM and the 

exact solutions at each integration point, given, both graphically and tabularly, for different fractional orders 

0 1α< ≤ , constant step-size 0.01h = and small time interval [ ]0,0.5t∈ . Our work, with using 

symbolic software packages as Wolfram Mathematica, can be considered as an alternative to existing 

techniques, and will have wide applications in science and engineering fields. 

Keywords: Adominal Decomposition Method, Exact solution, Fractional Adams-Bashforth-Moulton 
method, Fractional differential problem,  Fractional Differential Transform Method.  

1. BASIC DEFINITIONS 
For many years fractional calculus has been a topic studied by many researches. Like an ongoing process can 
recognizes that within this study, new techniques and mechanisms shown up, which in turn make it possible, 
to find important challenging insights and unknown correlations between many areas of physics [1,4].  

As most fractional differential equations do not have analytic solutions, we have to use different methods to 
convert such differential equations to more accurate equations for which we can then use various numerical 
techniques. We introduce two numerical methods, Adams-Bashforth-Moulton Method (FABMM) and 
Fractional Differential Transformation Method (FDTM) compared with Adominal Decomposition Method 

1 Corresponding author: University of Tetova, Department of Mathematics, Tetovo, North Macedonia. 
flamure.sadiki@unite.edu.mk 

2 University of Tetova, Department of Mathematics, Tetovo, North Macedonia, krutan.rasimi@unite.edu.mk 
3 University of Tetova, Department of Mathematics, Tetovo, North Macedonia, alit.ibraimi@unite.edu.mk 
4 University of Tetova, Department of Mathematics, Tetovo, North Macedonia, ylldrita.salihi@unite.edu.mk 
5 University of Tetova, Department of Mathematics, Tetovo, North Macedonia, miranda.xhaferi@unite.edu.mk 
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(ADM), used for very specific type of nonlinear problems with fractional derivative defined in Caputo sense 
[3,9]. 

Examples are illustrated to be approximately solved by the well known FABMM, with the prediction step which 
calculates a rough approximation of the desired solution and the corrector step which refines the initial 
approximation using another means compared with FFDTM an semi-numerical method, that exploits the power 
series representation of the solution [6,9]. 

Definition 1.1. [1,5] The Riemann-Liouville fractional integral operator of order 0 1α< ≤  of a function 

( )f t  is defined as: 

( ) ( ) ( ) ( )1
0

0

1 t

t tI f t D t f dαα α τ τ τ
α

− −−= = −
Γ − ∫                                                            (1.1) 

Definition 1.2. [1,3,4] The Riemann-Liouville fractional derivative of a function ( )f t , of order 0 1α< ≤  

is defined by: 

( ) ( ) ( ) ( )1

0

1 tn
n

t n

dD f t t f d
n dt

αα τ τ τ
α

− + −= −
Γ − ∫                                                            

(1.2) 

Definition 1.3. [1,4] The Caputo fractional derivative of a function ( )f t , of order 0 1α< ≤  is defined 

by: 

( )
( )

( ) ( ) ( )1

0

1 t
n

tD f t t f d
n

αα τ τ τ
α

−= −
Γ − ∫                                                                          

(1.3) 

Is chosen to use Caputo fractional derivative, because it allows initial and boundary conditions to be included 
in the formulation of the problem. Two main advantages of this definition are: fractional derivative of a constant 
is zero, and, fractional differential equation of Caputo type has initial conditions of classical non-integer 
derivative type, in contrast to fractional differential equation of Riemann-Liouville type, where initial 
conditions are of fractional type. 

Definition 1.4. [4,5] The problem: 

( ) ( )( ) ( ) 0, , 0 , 0 1tD y t f t y t y yα α= = < ≤                                                                     (1.4) 

we will construct the methods, assuming that a solution of (1.4) is sought on some time interval [ ]0, T  arbitrary 

0 1α< ≤  and [ ]: 0, ,f T D D× → ⊆  . The interval [ ]0, T  is divided into l subintervals. Consider 

an equi-spaced grid with step length h, , 0,1,...jt jh j= =  . Let jy denote the approximated solution at 𝑡𝑡𝑗𝑗 

and ( )jy t  denote the exact solution of the initial value problem (1.4). 
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2. NUMERICAL METHODS 

2.1. Adams- Bashforth- Moulton Method 

If ( )( )
1

,
n

t t t
D f t y tα

+

−

=
    is approximated by the fractional trapezoidal formula, the following fractional 

trapezoidal rule is derived:  

( ) ( )
1 1

1
1 0 , 1

0 0

,
!

jm n
jn

n j n j j
j j

t
y y a f t y

j

− +
+

+ +
= =

= +∑ ∑                                                                                     (2.1) 

where  
( )

( )( )
( ) ( ) ( )

1

1 1 1
, 1

1 , 0

2 2 1 , 1
1, 1

2j n

n n n j

n j n j n j j n
j n

ta

αα

α α α
α

α

α

+

+ + +

+

− − + =

− + − − + + − ≤ ≤

= +


∆ = Γ + 


 

If ( )( )
1

,
n

t t t
D f t y tα

+

−

=
    is approximated by the left fractional rectangular formula: 

( ) ( )
1 1

1
1 0 , 1

0 0

,
!

jm n
jn

n j n j j
j j

t
y y t b f t y

j
α

− +
+

+ +
= =

= + ∆∑ ∑                                                                              (2.2) 

where 
( ) ( ) ( ), 1

1 1
1j nb n j n jα α

α+
 = − + − − Γ +

 

The predictor-corrector method, we first use (2.2) to get 
1n

py
+

 (predictor), then we use (2.1) to get 1ny +  

(corrector) by replacing 1ny +  with 
1n

py
+

 on the right-hand side of (2.1), which leads to the fractional FABMM 

[6,8,9]. 

 

2.2. Fractional Differential Transformation Method 
The differential transform method is derived from the Taylor series expansion. The DTM does not require a 
symbolic evaluation of derivatives. Instead, relative derivatives are computed iteratively. The k-th differential 

transform of a function ( )y t  is defined as follows: 

( ) ( )

0

1
!

k

k
t t

d y t
F k

k dt
=

=                                                                                                                  (2.3) 

for 1, 2, 3,...k = . The differential inverse transform is defined as: 

( ) ( )( )0
0

k

k

y t F k t t
∞

=

= −∑                                                                                                            

(2.4) 
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Differential transforms of basic linear and nonlinear functions were presented in many studies, along with 
numerous examples of FDTM application for solving integer-order ordinary differential equations [6,7,9]. 

 

2.3. Adomian Decomposition Method 
In ADM solution of equation (1.4) is expressed in the form of infinite series: 

0
n

n

u u
∞

=

= ∑                                                                                                                                          (2.5) 

with ( )0u y t= . Further it is assumed that the nonlinear term ( )N u can be expressed as 
0

n
n

A
∞

=
∑ , where 

an are Adomian polynomials [4] . The (2.5) becomes

( ) ( ) [ ]
0 0 0 0 0

n n n n n
n n n n n

u y t L u A y t L u A
∞ ∞ ∞ ∞ ∞

= = = = =

= + + = + + 
  

∑ ∑ ∑ ∑ ∑                                        (2.6) 

 

Where the Adomian polynomials nA  are given by expression:                      

( )
0 0

1
!

k n
k

n kk
k

d
A N u t

n d λ

λ
λ = =

=
  

    
∑                                                                                        (2.7) 

The solution to (1.4) is always given in the form of k-term approximate solution [5] 
1

0

k

n
n

u u
−

=

=∑ . 

3. APPLICATIONS 
 

Example 1. Let us solve the fractional differential equation  

( ) ( )21 , 0 1D y t y tα α= + < ≤                                                                                              (3.1) 

with 0 0y = , using ADM, FMDTM and FABMM. 

 

Solution. To solve this problem with ADM, firstly, we apply the LTM: 

( ) [ ] ( )[ ]21 ,L D y t L L y L y t Yα = + =        

( ) ( )1 2
1

1 1
0 ,L D y t s Y s y s Y Y L y

s s
α α α α

α α
−

+
= − = = +        

For the decomposition ( ) ( )
0

n
n

y t y t
∞

=

=∑  we obtain 2

0 0

,n n
n n

Y Y y A
∞ ∞

= =

= =∑ ∑  where nA  are the Adomian 

polynomials [5]: 
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2 2

0 0 1 0 1 2 1 0 2 3 1 2 0 2, 2 , 2 , 2 2 ,...A y A y y A y y y A y y y y= = = + = +

 

 

 

 

 

By using properties of DTM method [7] transforms to: 

                                               (3.2) 

[ ] 0, 0,1,2,..., 1Y k k αβ= = −  where ( )Y k   is obtained for different values of α  and then using (3.1) 

is evaluated by dividing the [ ]0, T  into M subintervals to assume solution of (3.1). 

The problem is solved with a constant step-size 0.01h =   and the results are given in a) for the ADM and b) 

for approximated values obtained by FDTM and FABMM. For 1α =  and 0 0y =  the exact solution of (3.1)  

is ( ) ( )Tany t t= . 
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a)  b)  

Figure 1. Partial data values of the time-series ( )y t  for increasing t  of the numerical approximation values 

 a)  ( )y t  time-series of equation (3.1) with with 0.95α = , 0 0y = , 0.01h = and [ ]0, 0.5t∈ , FMDTM  

(black solid  line), FABMM (red dashed line);  b) ADM (blue solid line) . 

 

 

Table 1. Exact and approximated solutions y(t) of equation (3.1) obtained by ADM, FDTM, FABMM 

 0.95α =  1α =  

t  
ADMt  FDTMt  FABMt  exactt  FDTMt  FABMt  

0.01 0.0128485 0.0102057 0.0128488 0.0100003 0.0100003 0.0100005 
0.05 0.0593467 0.0510713 0.059348 0.0500417 0.0500417 0.0500425 
0.1 0.115048 0.10241 0.11505 0.100335 0.100335 0.100336 
0.15 0.170045 0.15429 0.170049 0.151135 0.151135 0.151138 
0.2 0.225182 0.206995 0.225188 0.20271 0.20271 0.202713 
0.25 0.281032 0.260826 0.281045 0.255342 0.255342 0.255346 
0.3 0.338082 0.316112 0.338116 0.309336 0.309336 0.309341 
0.35 0.396798 0.37321 0.396886 0.365028 0.365028 0.365033 
0.4 0.457651 0.432535 0.45786 0.422793 0.422793 0.422798 
0.45 0.521131 0.494538 0.521593 0.483055 0.483055 0.48306 
0.5 0.58776 0.559755 0.588711 0.546302 0.546302 0.546307 

 

Example 2. Let us solve the fractional differential equation 

( ) ( ) ( )21 2 , 0 1D y t y t y tα α= + + < ≤                                                                            (3.2) 

with 0 0y = , using  FDTM and FABM [6]. 

Solution. Exact solution for  equation (3.2)  is ( ) ty t
t

α

αα
=

−
  for  0.99α = closer to 1, initial value 

0 0y =  and time interval [ ]0, 0.5 . Transformed function using FDTM is 

0.1 0.2 0.3 0.4 0.5

0.1

0.2

0.3

0.4

0.5

0.6

0.1 0.2 0.3 0.4 0.5

0.1

0.2

0.3

0.4

0.5

0.6
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Results are shown for the exact solution and approximated ones taken by FDTM, FABM algorithms, shown in 
Figure 2. 

a)   b  

Figure 2. . Partial data values of the time-series ( )y t  for increasing t  of the numerical approximation values;  a) 

( )y t  time-series of equation (3.2) with 0.99α = , 0 0y = , 0.01h = and [ ]0, 0.5t∈ , FMDTM  (black 

solid  line), FABMM (red dashed line); b) ( )y t  exact solution (blue solid line); 

 

Table 2. Approximated values obtained by each algorithm, comparing with exact solutions. Exact and approximated 

solutions ( )y t of equation (3.2) of Exact, FDTM, FABMM for 0.99α =  

t  
exactt  FDTMt  FABMt  

0.01 0.0106901 0.0101444 0.010627 
0.05 0.0548979 0.0528674 0.0545857 
0.1 0.115278 0.111637 0.114653 
0.15 0.182616 0.177356 0.181679 
0.2 0.258333 0.251333 0.257098 
0.25 0.344177 0.335231 0.342671 
0.3 0.442379 0.431187 0.440657 
0.35 0.555855 0.542004 0.554014 
0.4 0.688504 0.671424 0.686708 
0.45 0.845664 0.824559 0.844189 
0.5 1.03485 1.00859 1.03416 

 

 

For 0.99, 0.8α α= =  and 0.7α = , the method rapidly diverges from the exact solution. The situation 

is more noted for the investigated fractional order  0.7α = . 

0.1 0.2 0.3 0.4 0.5
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0.4

0.6

0.8

1.0

0.1 0.2 0.3 0.4 0.5

0.2
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0.6
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1.0
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There we can see the divergence of the method FABM, if fractional order decrease gradually from 

0.9, 0.8α α= = and 0.7α = , the method rapidly diverge from the exact solution. The situation is more 

noted for the investigated fractional order 0.7α = . 

The following tables illustrate the concluded results by computing fractional derivatives of order 0 1α< ≤  

for ( )f t  at specific points of  t . 

 

  
 

a)  b)  

Figure 3. Partial data values of the time-series ( )y t  for increasing t  of the numerical approximation values a) ( )y t

exact solution of equation (3.2) b) ( )y t
 
time-series of equation (3.2). 0.9α = (black solid line); 0.8α = (black 

dashed line) and 0.7α = (black dotted line), 0 0y = , 0.01h = and [ ]0, 0.5t∈ using FABM 

 

Table 3. Exact and approximated solutions ( )y t  of equation (3.2) obtained by exactt
 
and exactt obtained by FABM, for 

0.9, 0.8α α= = and 0.7α = . 

 0.7α =  0.8α =  0.9α =  
t  

exactt  FABMt  exactt  c
 

exactt  FABMt  
0.01 0.060302 0.0461214 0.0324164 0.0277885 0.0179256 0.0167672 
0.05 0.212799 0.164678 0.128395 0.110817 0.0810345 0.0760084 
0.1 0.398675 0.312037 0.247056 0.21473 0.162629 0.153016 
0.15 0.609236 0.484542 0.377449 0.330872 0.252322 0.238258 
0.2 0.862353 0.702439 0.52656 0.466662 0.353228 0.334972 
0.25 1.1802 0.997493 0.701682 0.630881 0.468608 0.446716 
0.3 1.59751 1.4338 0.912402 0.836408 0.602517 0.578097 
0.35 2.17554 2.17272 1.17257 1.10422 0.760363 0.735505 
0.4 3.03581 3.79517 1.50352 1.47191 0.949669 0.928247 
0.45 4.46048 11.5867 1.94034 2.01518 1.18132 1.17055 
0.5 7.29111 1.2228*102 2.5453 2.91482 1.47176 1.48542 
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4. CONCLUSIONS 
The numerical techniques were tested on two nonlinear problems. The results obtained show that the techniques 
can be applied to solve these types of equations efficiently obtaining the exact solution, they are in good 
agreement with those obtained by using the ADM and exact one (if it exist). The study emphasized our belief 
that the methods are in a reliable technique to handle fractional differential equations with advantages in terms 
of their straightforward applicability, their computational effectiveness and their accuracy. The superiority of 
each numerical method over the other methods depends on the particular equation under investigation: in the 
first case (Example 1), FABMM and ADM were shown to be a better approximations than FABM and 
FMDTM, according to the taken fractional order 0.95α = , FMDTM like a best approximation for 1α =  
compared to the exact solution of the nonlinear problem, in the second case (Example 2) the situation is the 
same, there we can see an good agreement between FABM and FABMM.  
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Revised stratigraphy of Jurassic sediments 
from Kosrelik and Kosrelikkizigi Areas (N 

Ankara) 
Kubra Yayan1, Hakan Ozkeles2, Muhittin Gormus 2 

Abstract 
Transgressive and widespread sediments of the Jurassic Period and various geological units from north 
Ankara provide paleontological and sedimentologic data to interpret the past geological history. In the 
study, we made a proper stratigraphical revision for the Jura sediments from the Kosrelik and 
Kosrelikkizigi areas in northern Ankara. For the revised stratigraphy, the obtained field and laboratory 
work results and the literature information were used. A Total of 47 samples were collected from the 
Jurassic-aged units. Two stratigraphical sections were measured. In the area, the Bayirkoy Formation, 
more than 600 meters in thickness and early Jurassic in age comprise the following members from the 
bottom to top: Corakliktepe, Kosrelik, Hacikavagi, Beytepe and Turnacesme members. It starts with 
transgressive basal conglomerates and continues with arkosic quartzitic sandstones, rhythmic marl and 
mudstone sediments and ends with sandstones. Foraminiferal findings support the Jurassic age. 
Lithological and faunal contents of the Jurassic sediments show open marine deeper paleoenvironment. 
 
Keywords: Mesozoic, stratigraphy, Kosrelik, Kosrelikkizigi, Ankara 

1. INTRODUCTION 
Foraminifera are unicellular marine organisms with shells that have been widely utilized as biostratigraphic 
and paleoenvironmental indicators due to their abundance, diversity, and rapid evolutionary characteristics. 
The Mesozoic era played a crucial role in the evolutionary history of foraminifera, making the study of 
Mesozoic foraminifera vital for comprehending their evolution. 

However, research performed on foraminifera from the Kosrelik district in Ankara (Figure 1) has yielded 
conflicting results concerning the correspondences between formation and fossil ages [1; 5; 6; 7; 9; 10; 11; 12; 
14]. The objective of this study is to address these disparities by providing a comprehensive analysis of the 
systematics, numerical data, and environmental interpretations of grain foraminifera found in Triassic-Jurassic 
sediments within the region. 

To accomplish this objective, a new field study was performed, during which new sampling locations were 
identified, and measured stratigraphic sections (MSS) were obtained. This study focuses primarily on 
investigating Mesozoic grain foraminifera discovered in the Kosrelik region of Ankara. The present paper 
emphasizes the initial phase of the study, which involves fieldwork for sample collection from various locations 
within the region. 

1 Eskisehir Osmangazi University, Department of Geological Engineering, Eskisehir kokur@ogu.edu.tr 
2 Ankara University, Department of Geological Engineering, Ankara 
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Fig.1: Field study area 

2. LITERATURE  

Numerous studies have been carried out on various fossil assemblages from Mesozoic outcrops in Ankara. This 
section presents the investigations performed in the Kosrelik and Kosrelikkizigi areas. Stratigraphic [14], 
sedimentological [4; 8; 9], and paleontological [10; 12; 13] analyses have been performed in the Kosrelik and 
Kosrelikkizigi areas, located north of Ankara. The principal findings of these studies are presented below. The 
stratigraphy of the region has been investigated by [2; 10; 14], and particularly in the Ammonitico Rosso facies. 
[4], [7], and [9] have studied the region's formation, while [12] and [13] have conducted paleontological studies, 
examining bivalves, gastropods, annelids, and foraminifera in the area. 

Studies on the Ammonitico Rosso facies are numerous. [14] investigated the Ammonitico Rosso facies in the 
Ankara Jurassic sequence and found that it bears paleontological and sedimentological similarities with the red 
nodular limestones of the Northern and Southern Alps. They identified the stack as conglomerates, sandstones, 
Ammonitico Rosso-type sediments from bottom to top, nodular limestones within these, and sandstones 
towards the top, and revealed that a slightly metamorphosed rock unit tectonically covers them. [2] examined 
Jurassic ammonites in Ankara and Kelkit areas and identified Upper Sinemirian-Middle Lower Carixian-aged 
ammonites. They stated that the correlation of some species is challenging because they are endemic. [11] 
presented foraminiferal findings in the Kosrelik Kizigi, Kosrelik, Tahar, and Alacatli environments, identifying 
Sinemurian-Pliensbachian and Toarcian-aged foraminifera in the Jurassic outcrops, which exhibit a 
transgressive stack feature. Due to the deep-water environments in this region, typical Tethys forms were not 
encountered. [10] described the ostracod findings in the early Jurassic Ammonitika Rosso facies, which are 
included in the Kosrelik Member and Turnacesme Member around Kosrelik Kizigi, and revealed their ages in 
his study. The Kosrelik Member is said to be located in the shallow part of the Neotetis Ocean during the early 
Jurassic period. 

When examining formation studies, it is evident that [4] and [8] presented the lithostratigraphy of the region as 
follows, from bottom to top: the Karakaya Complex, Bayirkoy Formation, Cakirlardere Formation, Sogukcam 
Formation, Uzuncarsidere Formation, Orhaniye Formation, Tekke Volcanites, Dodurga 6 Formation, and 
Alluvium. Furthermore, they subdivided the Bayirkoy Formation into four members: Corakliktepe, Uzundere, 
Beytepe, and Turnacesme, with the Beytepe Member identified as Early Toarcian in age. The authors 
determined that the environment was a very shallow marine setting, supported by the presence of fossils and 
microbial valleys found in Triassic-aged rocks. By incorporating isotope geology and geochemistry analyses 
into their fossil research, they obtained a substantial dataset for environmental interpretation. In a comparative 
analysis, [9] observed different facies in the stacks around Beytepe and Kosrelik based on sedimentological 
characteristics. 

In a literature review focused on bivalves, gastropods, and annelids, [12] conducted a study on these organisms 
within the Early Jurassic Ammonitiko Rosso facies in the Kosrelik Region. They categorized the Ammonitiko 
Rosso facies into two types of deposits: carbonate submarine hills and turbiditic deposits with high clay content. 
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Several species were identified, including Glomerula gordialis, an annelid species, as well as various mussel 
and gastropod species. 

Regarding foraminifera, [13] conducted a recent study involving foraminiferal identifications on thin sections 
prepared from outcrops in the Kosrelik and Tulumtas Regions. The author highlighted a contradiction in the 
literature by identifying different fossil ages than those previously reported. 

3. METHODOLOGY 
This study includes detailed fieldwork primarily performed in Kosrelik, Kosrelikkizigi, and their surrounding 
areas. The fieldwork was carried out in November 2022, during which geological maps of the region from 
previous studies were examined, and these maps were compared with topographic maps on Google Earth 
images. In the study area, 47 samples were collected from Mesozoic-aged outcrops, and stratigraphic sections 
were measured at two locations that were deemed important. The coordinates of the measured stratigraphic 
sections are provided in Table 1. 

Table 1: Measured Section Coordinates 

Region  Coordinates Height 

 

Kosrelik Area 

Kosrelik Section 

Startup 36T 0488963E, 4435985 N 1155 m 

Finish 36T 0488955E, 4435994 N 1155 m 

Kosrelikkizigi Area 

KosrelikKizigi Section 

Startup 36T 0490483E, 4439464 N 1054 m 

Finish 36T 0490479E, 4439479 N 1060 m 

During the fieldwork, detailed observations were made on geological features, including lithologies of 
formations, existing stratigraphy, folded structures, faults, and overlaps. Notes were taken, and stratigraphic 
sections were measured at each sampling site. The collected rock samples will undergo washing, thin section 
preparation, and isotope analysis. 

To determine the age and depositional environment of the collected samples, various laboratory analyses will 
be conducted. Thin sections of the rock samples will be studied to identify microfossils such as foraminifera 
and conodonts. Isotope analyses will be performed to determine the ages of the rock samples and to obtain 
information about the depositional environment. Specifically, oxygen and carbon isotope analyses will be 
conducted on selected samples of carbonate rocks, and strontium isotope analyses will be carried out on the 
samples of clastic rocks. 

Overall, the combination of detailed fieldwork and laboratory analyses will provide a comprehensive 
understanding of the geological characteristics and evolution of the study area. 

4. STRATIGRAPHY 
Around Ankara (Fig. 2) the Karakaya Complex is mainly represented by Triassic aged slightly metamorphosed 
sedimentary rocks. Karakaya Complex overlies Jurassic sediments with reverse faulted relationships around 
Kosrelik and Kosrelikkizigi (Fig. 3). Jurassic Bayirkoy Formation starts with basal conglomerates. The Jurassic 
sediments starting with conglomerates and sandstones continue with quartzites and variegated unit towards the 
top. In previous studies, the Bayirkoy Formation was divided into Corakliktepe Member, Uzundere Member, 
Beytepe Member, Kosrelik Member, and Turnacesme Member from bottom to top [10, 13]. 

Bayirkoy Formation Bayirkoy Formation, initially named as "Bayirkoy sandstone" in 1960, is a sedimentary 
unit located in the Bilecik region. It was later defined as the Bayirkoy Formation in [3]. The formation is 
composed of five members and consists of conglomerate, sandstone, and limestone of various colors. It is 
estimated to be at most 300 meters thick and is believed to be older than the Jurassic period. Fossil groups such 
as Ammonite, Belemnite, Brachiopoda, Pelecypoda, Gastropoda, and Crinoid have been commonly found in 
the formation. The lower parts of the formation represent a terrestrial environment while the upper parts 
represent a coastal-shallow marine environment. 
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Corakliktepe Member:  The Corakliktepe Member is a sedimentary unit located in the southeast of Ankara, 
consisting of green-brown, grained conglomerates in thick layers. The conglomerates contain phyllite, chert, 
igneous rocks, and rock fragments, and vary in size from a few centimeters to 20 centimeters. The member is 
estimated to be 2-20 meters thick and is believed to be relatively Sinemurian in age. It is suggested that the unit 
was deposited in a fan delta environment in the vicinity of Alacaatli and reflects a very shallow marine-land 
transition environment. The basal conglomerates of the member are laterally transitioned with the Kosrelik 
sandstone member and Beytepe member. 

 

 
Fig. 2: Simplified geological map of the Ankara region and location of the study sections [11]. I, Upper Campanian and 

younger sediments. II, Cenozoic ophiolite melange. III, Jurassic-Lower Cretaceous. IV, Carboniferous-Triassic Karakaya 
Complex. V, Overlaps. VI, Cross sections (1, Kosrelikkizigi.2, Kosrelik) 

 

Uzundere Member:  The Uzundere Member, located in the Kosrelik area near Alacaatli, is a thin to medium 
layered limestone formation that varies in thickness from 2-5 meters. It is conformably overlaid by the 
Corakliktepe Member and is laterally transitional with other members. The member is known to contain 
numerous ammonite fossils and has been dated to the Sinemurian-Carixian age. According to previous studies, 
the red-colored limestone found in the member was deposited on the shallow shelf as bioclastic sand dunes due 
to the influx of material from the land. 

Beytepe Member: The Beytepe Member was named by [7] and is part of the Bayirkoy Formation. It is 
widespread and observed in different areas such as Alacaatli and Kosrelik. The member consists of pinkish 
colored thick-bedded nodular limestone, pink colored brachiopod cocinae limestone, red colored mudstone and 
limestone. It starts with red colored hardground type limestone at the base and continues with mudstones with 
abundant ammonoids, red colored marl with ammonoids, brachiopod limestone and red colored nodular 
limestone. The thickness of the member varies between 2-5 meters. The Beytepe Member is laterally 
transgressive with the Seyhlertepe Member and conformable with the Turnacesme Member. Its age is Lower 
Toarsian, and it was deposited on a shallow Pelagic Carbonate Platform. 

Kosrelik Member: The Kosrelik Member is a separate member of the Bayirkoy Formation, consisting of quartz 
sandstones located on the conglomerates belonging to the Corakliktepe Member and sometimes present 
lenticular appearances within the Beytepe Member. It was previously named Bileytstone but it would be more 
appropriate to name it Kosrelik Member. The sediments belonging to this member outcrop in certain 
thicknesses just east of Kosrelik Village, at the beginning of Hacikavagi stream, and southeast of Kosrelik 
Pond. The greenish colored fine-medium grained sandstones are composed of quartz grains and some laminated 
appearances are also present. 
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Coraklitepe Member: The Kosrelik Member is a sedimentary layer with a thickness ranging from 1 cm to 20 
meters, and it is located at the base of the Corakliktepe Member. Although it is mostly found within the Beytepe 
Member, it is thought to be a separate member due to its unique characteristics. No macro or micro fossils were 
found in the quartz sandstones, but its stratigraphic position and lithologic features suggest that it was formed 
as shallow marine, deltaic sediments in the Lower Jurassic period. 

Turnacesme Member: The Turnacesme Member, named by [6], is a greenish-colored unit consisting of 
mudstones and sandstones that outcrops in the northern parts of Kosrelik village and western parts of Hacettepe 
University Beytepe Campus. It starts with thin-bedded or laminated mudstone-sandstone succession at the base, 
followed by grain-supported conglomerate in the middle parts, and dark colored, thick and cross-bedded 
sandstones at the top. The thickness of the member ranges between 26-180 meters and it is thought to be 
relatively Upper Toarsian (?)-Batonian in age based on its stratigraphic relationships. The member was 
deposited relatively deep at the base and under the storm wave base towards the upper parts southwest of 
Ankara. 

 

5. RESULTS AND DISCUSSION 
Two measured stratigraphic sections from the study area were transferred to the computer (Fig. 4). 

Kosrelik Section 

Coordinates of the angular section, initial: X: 36T 0488963D, 4435985K and the end coordinates are Y: 36T 
0488955D, 4435994K. The units forming the section are generally siltstones and sandstones. Details such as 
observed differences and thickness information are as seen on the section.  

Kosrelikkizigi Section  

Coordinates of the Kosrelikkizigi cross section, initial: X: 36T 0490483 D, 4439464 N and the end coordinates 
are Y: 36T 0490479 D, 4439479 N. The units forming the section are generally lumpy limestones. Details such 
as observed differences and thickness information are as seen in the section. 

The field studies carried out in Kosrelik and Kosrelikkizigi and their surroundings revealed important 
information about the Mesozoic aged units in the study area. The geological maps prepared in previous studies 
were updated and the units in the field were examined in detail. The lithologies, stratigraphy, folded structures, 
faults, and overlaps were observed and necessary notes were taken during the fieldwork. 

The results obtained from this study provide important data for understanding the geological history of the 
study area and contribute to the literature on the Mesozoic aged units in Ankara. Further studies, including 
sedimentological, paleontological, and geochemical analyses, are needed to fully understand the depositional 
environments and the tectonic evolution of the region. 

6. CONCLUSION 
Based on the detailed fieldwork conducted in the Mesozoic-aged outcrops of Kosrelik and Kosrelikkizigi areas 
in Ankara, Turkey, this study aims to provide a better understanding of the geological evolution of the study 
area. Using geological and topographic maps, a total of 47 rock samples were collected, and stratigraphic 
sections were measured to thoroughly investigate the study area and observe the geological features of the 
formations. The collected rock samples will undergo further analysis to obtain a comprehensive understanding 
of the Mesozoic-aged units in the study area. The study results will not only contribute to understanding the 
geological evolution of the Kosrelik and Kosrelikkizigi areas but also provide valuable information for future 
paleontological and paleoenvironmental studies in the region 
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Fig. 3: Stratigraphic section of the region (modified from [15]) 

 

 

15 
 



 

 
Fig. 4: Two measured stratigraphic sections measured in the study area: Kosrelik Section and Kosrelik Kizigi Section 
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Comparison of Support Systems Used in 
Underground Mining 

Kenan Ciftci1, Zehra Funda Akbulut2, Soner Guler,3 

Abstract 
The consolidation process to prevent the collapse of a hole opened in the mineral deposit is called support. 
In underground mining operations, underground galleries are opened due to works such as reaching the 
ore, determining the boundaries of the ore, and ore excavation. These galleries opened for production and 
preparation in underground mines, must maintain stability throughout production. For this purpose, 
temporary or long-term support systems are used. In recent years, with the development of equipment and 
materials, support systems with faster and simpler installation procedures, such as rock bolts, steel mesh, 
shotcrete, and cemented rock fill, have been used to manage more complex and more difficult underground 
excavations and control ground instability. These support systems are used in single or mixed form when 
the rock is weak or strong. In this study, a general evaluation of the advantages and disadvantages of 
underground support systems used in underground mining has been made. 

Keywords: Underground mining, support systems, rock bolts, shotcrete, steel mesh 

1. INTRODUCTION 
The consolidation process to prevent the collapse of a hole opened in the mineral deposit is called fortification. 
Spaces such as galleries and wells are opened to carry out production in the mine. Support applications are 
carried out using materials such as wood, concrete, and steel to prevent loss of life and property in these gaps. 
Stress-induced rock breakage and collapse may occur in the gaps opened during underground mining works. 
To ensure the continuity of production in mining works, the instability of the underground spaces must be 
controlled. However, it is difficult to predict the formation of these soil behavior types that may occur due to 
stress in underground works, and special support systems have been developed to control them. When deciding 
on the soil support system in underground excavations, many parameters such as soil conditions, rock mass 
parameters, stress state, and the size and geometry of the underground excavation need to be evaluated. 
Because, in real field conditions, the ground and the acting forces can change. Therefore, it is not theoretically 
possible to design a complete support [1-4]. Accurate estimation of rock mass conditions is a major focus of 
the underground construction industry and tunneling efforts. However, most underground rock mass conditions 
are poorly known before construction. Therefore, analysis of rock mass conditions is mostly considered for the 
worst-case scenario. 

In addition, if the uncertainties in rock mass conditions are well modeled and analyzed before construction 
begins, project costs and risks in excavation support selection can be significantly reduced. 

In addition, the cost of the support element and the advantages and disadvantages of the support elements 
relative to each other are very important factors in the decision of the support element. Rock mass classification 
systems are used to select support in underground openings. Rock mass classification system; It emerges as a 
result of the statistical evaluation of measurements made on the rock mass, field data, and engineering 
experiences. The rock mass class must be known to determine which support system to choose in the 
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underground opening. In this way, the strength and deformation properties of the rocks in the environment can 
be compared [5-7]. 

2. UNDERGROUND SUPPORT SYSTEMS 

2.1. Rock Bolts 
Rock bolts are widely used in the civil and mining engineering industries to reinforce the rock mass around 
underground excavations. In underground excavations, rock studs connect the loose blocks that may fall from 
the ceiling and mirror walls to the solid ground. Rock studs are usually made of corrosion-resistant steel rods 
or cables [8]. Rock bolts must be strong to support the dead weight of loose and unstable rock blocks. Rock 
bolts can be used in both shallow and deep excavations. However, rock bolts used in shallow excavations are 
insufficient, as stress-induced rock failures such as rock explosion and rock compression occur more in deep 
excavations. Therefore, new rock bolts are required to deal with stress-induced instability problems at greater 
depths. Rock bolts can be classified into 3 groups according to their performance: strong, ductile, or energy-
absorbing. Generally, rather short rock studs can be used in enterprises where solid rock units dominate or 
where relatively stable rock mass conditions are present [9]. 

Rock bolts are widely used in rock reinforcement design for their many advantages, such as versatility, 
flexibility, efficiency, cost, and ease of installation. Conventional rock studs can be exemplified in three 
categories: injected rock studs, inflatable rock studs, and expansion shell bolts. The structure of the stone is 
also very important in determining factors such as rock stud type, length, and mounting model in the selection 
of rock stud design [10].   

 

 
Figure 1. Rock bolt application 

2.2. Shotcrete 
Shotcrete is widely used in engineering projects such as mines, railway tunnels, and subways to control the 
surrounding rock. Two methods are used for shotcrete, dry and wet. The high dust concentration produced in 
dry shotcrete application poses a great threat to workers' physical and mental health in the working environment. 
Wet spraying is a viable method of solving the dust problem. However, one of the disadvantages of this method 
is that it only affects the construction efficiency due to the rebound in the shotcrete process and causes a lot of 
material wastage [11-13]. 

Shotcrete is made after the shell cleaning process is carried out on the mirrors whose transportation has been 
completed. The purpose of this application is to prevent small pieces that may come from the mirror walls and 
to prevent the emergence of deterioration that will affect the strength depending on time by cutting the 
connection of the solid rock with the air. It is especially used in shotcrete pavements with dense rock studs in 
compacted soil conditions [14-16]. 
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Figure 2. Shotcrete applications 

2.3. Steel mesh 
The increase in casualties due to accidents in our country in recent years has brought forward the importance 
of choosing suitable support systems according to the rock load by determining the optimum properties of steel 
fortifications that make up the footpaths and galleries in the mining sector of our country. The use of steel 
fortification systems such as steel mesh and steel arches as support elements has increased in recent years. It 
has increased the use of steel support systems in soil conditions where compression and swelling are 
problematic and when deep excavation is required [17], [18]. 

 
Figure 3. Wire mesh application 

2.4. Cemented Rock Fill 
The cemented rock fill method is another method used to support the galleries whose mining production has 
been completed. If production is to be carried out on a lower floor of the gallery whose production has been 
completed, the completed gallery is filled with a filler containing 8% cement. If the gallery's lower floor has 
been previously worked and filled with filler, this gallery is filled with filler containing 6% cement. The filling 
material is prepared above ground in the concrete plant, and the filling material prepared in the automatic mixer 
is sent underground by trucks. The filling is done by compressing the material with a construction machine. 
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One or more support systems can be used together to support the underground opening in an underground mine. 
For example, while shotcrete application is used alone in production galleries, reinforcement types such as steel 
mesh, rock stud, and shotcrete can be used together in wide openings and junctions. Especially since mines 
such as coal excavated in soft rock are subject to great deformation, combined support systems such as steel 
mesh, rock bolt, and shotcrete are used [19],[20]. 

CONCLUSION 
This study compares methods used to support underground cavities, such as shotcrete, rock studs, steel mesh, 
and cement fill. The study shows that rock studs, steel mesh, and shotcrete applications are used together to 
support the cavities opened in underground excavations, depending on whether the rock is strong or weak. In 
addition, it has been determined that issues such as working environment safety and cost are extremely 
important in selecting these methods. 
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Effect of air-entraining admixture usage rate 
on dynamic yield stress and viscosity in 

Portland cement systems containing urea 

Oznur Biricik1, Neslihan Caparoglu2, Ali Mardani3 

Abstract 
Air-entraining admixtures added to cementitious systems in order to increase freeze-thaw resistance also 
affect the fresh state properties of the mixture. In this study, the effect of the use of air-entraining admixtures 
on the rheological properties of urea-containing Portland cement systems was investigated. For this purpose, 
3 different paste mixtures were prepared by adding 0.15% and 0.30% air-entraining admixtures to the control 
mixture containing 3% urea instead of cement. The dynamic yield stress and viscosity values of the prepared 
mixtures were determined in accordance with the Herschel Bulkley model. It was determined that the dynamic 
yield stress values of the paste mixtures increased and the viscosity values decreased with the use of air-
entraining admixtures. It was understood that this behavior became more evident with the increase in the use 
of admixtures. 

Keywords: Viscosity, flowability, loop test, thixotropy, air entraining admixture 

1. INTRODUCTION 
Concrete exposed to many environmental influences such as freeze-thaw [1], impact [2], abrasion and cavitation 
[3], high temperature [4], alkali silica effect [5], sulfate effect [6], corrosion [7], acid effect [8] and alkali-
carbonate reaction [9]. In order for the concrete to serve for many years, it must be protected from these effects. 
Destructions occur in concrete structures exposed to the freeze-thaw cycle. The reason for this destruction is that 
the water leaking into the various voids in the concrete structure turns into ice at low temperature, while the 
volume expands by 9% [10]. One of the measures to be taken to reduce the freeze-thaw effect is to ensure 
impermeability and the other measure is to increase the freeze-thaw resistance of concrete by using air-entraining 
chemical admixtures (AEA) [11,12]. As a result of using AEA, air bubbles varying between 10 μm and 1 mm are 
formed [13]. These air bubbles both prevent capillary water absorption and prevent the pressure exerted on the 
walls by the ice mass formed by the freezing water [14]. The effect of the use of air-entraining admixtures on the 
fluidity properties, strength and durability performance of concrete was investigated by various researchers. 

In a study conducted by Yalcinkaya and Yazici [15], it was stated that the fluidity of the concrete mixture 
increased, but the compressive strength decreased with the use of air-entraining admixtures. In another study by 
Atas [16], it was reported that the use of inorganic-based air-entraining admixtures increased the compressive 
and flexural strength of the mortar mixture by 5% and 8%, respectively. It was emphasized that this is due to the 
fact that the admixture in question entrains less air and improves the flow performance of the mixture, preventing 
the formation of irregular air spaces. However, it was declared that the strength performance of the mixture is 
seriously adversely affected due to the addition of fatty alcohol and ammonium salt-based air-entraining 
admixtures and the greater amount of air entrainment.  

In a study by Guleryuz et al. [17], the effect of adding 0.5% AEA to a mortar mixture containing 30% fly ash 
(FA) and 10% silica fume (SF) instead of cement on the freeze-thaw resistance, water absorption and compressive 
strength of the mixture was investigated. It was emphasized that the consistency, workability, permeability 
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properties and resistance to freeze-thaw of the mixture were positively affected by the addition of air-entraining 
admixtures. In the study conducted by Kodak [18], it was reported that the compressive strength of the self-
compacting concrete mixture decreased with the addition of 0.1% air-entraining admixture, but the flow 
performance increased. In the study carried out by Ozerkan [19], the effects of air-entraining admixtures (0%, 
0.15%, 0.3%) and fly ash (15%, 30% and 45%) on the flow performance and freeze-thaw resistance of self-
compacting concrete mix were investigated. In the study, a software was developed by basing the air gap 
parameters of the concrete on the image analysis of the concrete surface. With the developed method, it was used 
to determine the air void parameters of self compacting concrete and to determine the strength effect of these 
parameters in freeze-thaw cycles. At the end of the study, it was stated that if the void factor value used in the 
evaluation of freeze-thaw resistance is less than 0.4, the void factor should not be limited to 0.2, since it can 
maintain its resistance to freeze-thaw. It was reported that the lowest freeze-thaw resistance was measured in the 
mixture without air entrainment and with the maximum fly ash content (45%). It has been declared that the highest 
freeze-thaw resistance is observed in the mixture that does not contain air-entraining and contains 30% fly ash, 
and mixtures containing 0.15% air-entraining and 45% fly ash. It was determined that the fluidity of the mixture 
increased with the use of air-entraining admixtures and this effect decreased with the increase in the use of fly 
ash. In the study by Sahin [20], effect of the use of air-entraining admixtures with 6 different chemical properties 
(neutralized vinsol resin, neutralized colophon resin, fatty alcohol and ammonium salt, fatty alcohol derivative, 
sodium salts mixture, synthetic) on the freeze-thaw damage of concrete mixtures under experimental conditions 
with different freezing rates was investigated. In non-air-entrained concretes, mixtures with an W/C ratio of 0.55 
suffered flaking damage under all test conditions. On the other hand, the mixture with low W/C (0.40) ratio was 
damaged under standard freezing cycle and long freezing time conditions. It was determined that the flaking 
value remained below the damage criterion in fast freezing speed and slow freezing speed conditions. Air-
entrained concretes, on the other hand, indicated that they provided sufficient performance under all test 
conditions. With the decrease of plastic viscosity values of concrete mixtures, the amount of air obtained 
decreased. In mixtures where the viscosity of the concretes increased over time, the amount of air decreased over 
time, regardless of the chemical basis of the air-entraining admixture. 

As it is understood from the literature, it is very important to investigate the effect of air-entraining admixtures 
added to increase the freeze-thaw resistance in cementitious systems on fluidity. It was reported by Mardani-
Aghabaglou [21] that the flow performance of mixtures can be directly determined by rheological parameters 
such as shear stress and viscosity. 

In the literature, there are some studies stating that the freeze-thaw resistance of mixtures increases with the use 
of urea, which is an industrial product [22]. In a study conducted by Demirboga [22], the compressive strength 
of mixtures prepared with urea was examined by exposing them to temperatures of -5, -10, -15 and -20 °C. As a 
result of the study, it was reported that the use of urea increased the compressive strength of the concrete mixture 
at -5 °C, but had no effect at lower temperatures. In another study, the effect of the use of antifreeze admixtures 
on the mechanical properties of concrete mixtures containing urea and calcium nitrate, exposed to cold weather 
conditions while fresh, was investigated by Polat [23]. Decreases were observed in the compressive strength of 
mixtures containing urea. It is understood from the literature that studies on the effect of urea use on the 
mechanical and durability performance of mixtures were conducted [22,23]. However, no study has been found 
on the effect of using urea and air-entraining admixture together on the rheological properties of cementitious 
mixtures. In this study, the effect of air-entraining admixture usage rate on dynamic yield stress and viscosity 
values of urea-containing portland cement systems was investigated. For this purpose, paste mixtures were 
prepared by adding different dosages of air-entraining admixture to the control mixture containing 3% urea 
instead of cement. The rheological properties of the mixtures were measured in accordance with the Hershel 
Bulkley model.  

2. MATERIAL and METHOD  
2.1. Materials 

Within the scope of the study, CEM I 42.5R type cement (PC) produced by Bursa Cement was used. The chemical 
component, physical and mechanical properties of the cement supplied by the manufacturer are summarized in 
Table 1. Some properties of the urea and air-entraining admixture supplied by the manufacturer are presented in 
Table 2. 
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Table 1. Chemical composition and physical properties of cement  

Oxide (%) Mechanical and physical properties 
SiO2 18.74 Compressive strength 

(MPa) 
1-Day 2.43 

Al2O3 5.37 28-Day 39.3 
Fe2O3 3.04 Setting Time (min) Initial 201 
CaO 64.11 Final 321 
MgO 1.21 

Fineness 

Blaine specific surface (cm2/g) 3600 
Na2 O 0.34 Residual on 0.090 mm sieve (%) 0.4 
K2O 0.62 Residual on 0.045 mm sieve (%) 7.4 
SO3 2.68 specific gravity 3.15 
Cl- 0.038 Volume expansion  (mm) <1 

 

 

Table 2. Some properties of urea and air-entraining admixture 

Admixture Density 
(g/cm3) pH Colour Physical 

Condition 
Melting point 

(°C) 
Solids Ratio 

(%) 
(CO(NH2)2) 1.32 9 White Solid 133  - 

AEA* 1.01 4.66 Transparent Liquid - 3.91 
* Air entraining admixture 

 

2.2. Mixture proportion 

Within the scope of the study, control paste mixes with a water/cement ratio of 0.36 and containing urea at a rate 
of 3% by weight of cement were produced. By adding 0.15% and 0.30% of the total weight air-entraining 
admixture to the control mixture, 2 more batches of paste mixture were prepared. The denotation of the mixtures 
was made according to the use of air-entraining admixtures. For example, the control mixture without air-
entraining admixtures is shown as PC-0%. The paste mixture containing 0.15% of the total weight of air-
entraining admixtures was denoted PC-0.15%. 

After urea and water were mixed at 62 rpm for 30 seconds, cement was added and mixed at the same speed for 
another 30 seconds. Then, air-entraining admixture was added and mixed at 62 rpm for 30 seconds. The parts of 
the mixture adhering to the bowl were cleaned with the help of a spatula and homogeneous mixing was ensured. 
Then, the mixture was taken into a rheometer measuring cup by mixing at 125 rpm for 120 seconds. 

2.3. Test methods  

The method followed in determining the dynamic yield stress and viscosity values of paste mixtures prepared 

within the scope of the study is explained in detail in Figure 1. In addition, the shear stress-shear rate and 

viscosity-shear rate graphs of the control mixture are shown in Figure 1 as an example. 
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Fig. 1. Determination of dynamic yield stress and viscosity values of paste mixes 
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3. DISCUSSION AND CONCLUSION 
The dynamic yield stress and viscosity values of the mixtures are given in Table 3. As seen in Table 3, a 1.6-fold 
increase in dynamic yield stress value was observed with the addition of 0.15% air-entraining admixture in 
cement paste mixtures containing urea. In the case of 0.30% air-entraining admixture use, the dynamic yield 
stress value increased by 215% and 21%, respectively, compared to the mixtures using 0% and 0.15% air-
entraining admixtures. Similar results were reported by other researchers for urea-free mixtures [24-27]. Huang 
et al. [27], the effect of the combined use of polycarboxylate-based water-reducing admixture, rosin resin-type 
air-entraining admixture and powder viscosity-regulating admixture on the rheological properties of self-
compacting concrete mixture was investigated. It was stated that the addition of air-entraining admixture causes 
an increase in the yield stress of the mixture and a decrease in the plastic viscosity, while weakening the shear-
thickening behavior due to the high air content. It was emphasized that when the air content reaches 8.7%, shear 
thickening behavior completely disappears and shear thinning behavior occurs. 

As can be seen from Table 3, an 18% decrease in viscosity value was measured by adding 0.15% air-entraining 
admixture to cement paste mixtures containing urea. In the case of 0.30% air-entraining admixture use, the 
viscosity value decreased by 26% and 10%, respectively, compared to mixtures using 0% and 0.15% air-
entraining admixtures. Similar results for urea-free mixtures were reported by other researchers [28-32], it was 
reported that the plastic viscosity values of concrete mixtures containing recycled concrete aggregate using air-
entraining admixtures decreased. 
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Table 3. Rheological measurement results of paste mixtures 

Mixture Dynamic Yield Stress (Pa) Viscosity (Pa.s) 

PC-0% 

  

 22.1  51.1  

PC-0.15% 

  

 57.5  42.0  

PC-0.30% 

  

 69.6  37.9  
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4. CONCLUSION  

The results obtained in line with the materials used and the methods applied within the scope of the study are 
presented below. 

• In cement paste mixtures containing urea, the dynamic yield stress values increased with the use of air-
entraining admixtures and the increase in the usage rate. 

• In cement paste mixtures containing urea, the viscosity values decreased with the use of air-entraining 
admixtures and the increase in the usage rate. 
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Benthic Foraminiferal Fossils: Indicators and 
Tracers of Climate Change  

Kubra Yayan1 

Abstract 
Climate change is one of the most pressing environmental issues of our time, and its effects on the Earth's 
ecosystems are of great concern to scientists and policymakers alike. Benthic foraminiferal fossils are 
increasingly recognized as important tools for studying the impact of climate change on the marine 
environment. As sessile organisms, benthic foraminifera are highly sensitive to changes in their 
environment, and their fossilized remains provide a record of past environmental conditions. In this study, 
we review the current state of knowledge regarding the use of benthic foraminiferal fossils as indicators 
and tracers of climate change. We discuss the various factors that affect the abundance and diversity of 
benthic foraminiferal communities, including changes in water temperature, salinity, and oxygen levels. 
We also examine the role of benthic foraminiferal fossils in reconstructing past sea level changes, ocean 
circulation patterns, and sedimentary environments. Fossilized foraminifera have been used as important 
indicators of environmental change in the Paleogene and Neogene periods. Alveolinids, such as 
Alveolinella quoyi and Alveolinella hanai, are indicative of warm, shallow water environments, while 
Nummulites, particularly the species Nummulites fichteli, are associated with high-energy, shallow water 
environments. Orbitolites, including Orbitolites complanatus and Orbitolites media, are commonly found 
in reef and lagoon settings and are also indicative of warm, shallow water environments. These fossilized 
foraminifera provide valuable information about past environmental conditions and can be used to better 
understand the impact of climate change on marine ecosystems. Finally, we highlight the potential of 
benthic foraminiferal fossils as tools for predicting future climate change impacts on marine ecosystems. 
Our study underscores the importance of benthic foraminiferal fossils in understanding the impact of 
climate change on the marine environment, and provides a foundation for further research in this field. 

Keywords: Benthic Foraminiferas, climate change, fossils, paleoecology 

1. INTRODUCTION 
Benthic foraminifera are marine single-celled organisms that live on the seafloor (Fig. 1), and their fossil 
records have been extensively used as a tool to study the paleoenvironmental changes over the geological 
timescale. Their fossil shells provide valuable information on various aspects of paleoceanography such as 
temperature, salinity, oxygen levels, and water depth ([5], [9]). In recent decades, global climate change has 
become a major topic of concern, and benthic foraminifera fossils have been increasingly used to study the past 
and present climate changes and their impacts on the marine ecosystems (e.g. [3]). 

The potential of benthic foraminifera as indicators and proxies of climate change lies in their sensitivity to 
environmental parameters, which is reflected in their morphological, ecological, and geochemical 
characteristics ([3], [9]). For example, the assemblage composition and diversity of benthic foraminifera can 
reflect changes in water depth, substrate, and productivity (e.g. [5]). The oxygen isotopic composition of their 
shells is used to reconstruct past changes in seawater temperature and salinity (e.g. [3], [9]), while the carbon 
isotopic composition can provide information on the carbon cycle and productivity. In addition, the trace 
element and heavy metal contents of foraminiferal shells have been used as indicators of environmental 
pollution (e.g. [3]). 
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Fig. 1: Paleoenvironmental reconstruction of modern Foraminifer assemblages (Modified by [4]) 

 

Therefore, benthic foraminifera fossils hold a great potential as a tool to understand the past and present climate 
changes and their effects on the marine ecosystems. This review aims to provide an overview of the current 
state of research on the use of benthic foraminifera fossils as climate proxies, and to highlight their potential 
and limitations as indicators of environmental change. By synthesizing the existing literature, we aim to provide 
a comprehensive and critical evaluation of the methods and applications of benthic foraminifera in 
paleoenvironmental reconstructions. 

2. LITERATURE REVIEW 

Foraminifera are single-celled eukaryotic organisms that are abundant in marine environments and are 
important paleoenvironmental proxies due to their sensitivity to environmental changes. The use of 
foraminifera as proxies for paleoenvironmental reconstruction has a long history, dating back to the 19th 
century. Among foraminifera, benthic foraminifera are particularly useful for paleoenvironmental 
reconstruction because they inhabit the benthic zone and are sensitive to environmental changes such as 
temperature, salinity, and water depth ([15]). 

Benthic foraminifera have been used to reconstruct past climate change for several decades, including in the 
North Atlantic, Mediterranean Sea ([11]), and the Southern Ocean ([7]). Studies have shown that changes in 
benthic foraminifera assemblages can be linked to changes in sea level, ocean circulation, temperature, and 
food supply ([5]). 

Recent advances in microfossil analysis techniques, such as scanning electron microscopy and X-ray computed 
tomography, have allowed for more detailed analysis of benthic foraminifera fossils and have led to new 
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insights into past climate change ([2]). In addition, molecular approaches have been used to investigate the 
genetic diversity of benthic foraminifera and their responses to environmental changes. 

Overall, benthic foraminifera fossils have proven to be valuable paleoenvironmental proxies for studying past 
climate change, and continued research in this field holds promise for improving our understanding of how the 
Earth's climate system operates over long timescales. 

3. THE IMPORTANCE OF BENTHIC FORAMINIFERA IN UNDERSTANDING 
CLIMATE CHANGE 

Benthic foraminifera are single-celled organisms that live on the ocean floor and are widely used as 
bioindicators for paleoenvironmental (Fig. 2) reconstructions. The abundance, diversity, and morphology of 
benthic foraminifera are closely related to environmental conditions, especially water temperature, salinity, and 
substrate composition. Therefore, the study of benthic foraminifera provides a unique opportunity to reconstruct 
past climate changes and to predict future climate scenarios. 

Benthic foraminifera have been widely used in paleoenvironmental studies, particularly in reconstructing the 
history of the Earth's climate over the past few million years. The oxygen isotopic composition of benthic 
foraminifera shells, for example, has been used to reconstruct past changes in sea surface temperature and 
global ice volume. The stable isotopic composition of benthic foraminifera can also provide information on 
changes in seawater chemistry, such as changes in the carbonate ion concentration, which is important for 
understanding ocean acidification ([3]). 

 

Fig. 2: Seafloor habitats of different foraminifera genera (Modified from [1]) 

Benthic foraminifera are also used to reconstruct past changes in ocean currents and circulation patterns. For 
example, the abundance of certain species of benthic foraminifera is related to the strength of the Atlantic 
Meridional Overturning Circulation (AMOC), which plays a key role in the global climate system ([6]). 
Changes in ocean circulation can have significant impacts on the Earth's climate, including changes in regional 
temperature, precipitation, and the distribution of heat and moisture. Furthermore, benthic foraminifera can also 
provide information on changes in sedimentation rates, substrate composition, and environmental conditions, 
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such as changes in nutrient availability and oxygenation ([5]). These factors can have important implications 
for understanding past climate changes and the impact of human activities on the environment. 

In summary, benthic foraminifera are a valuable tool for understanding past climate changes and predicting 
future climate scenarios. The use of benthic foraminifera in paleoenvironmental studies has provided important 
insights into the Earth's climate history, including changes in temperature, ice volume, ocean circulation, and 
seawater chemistry. As our understanding of the Earth's climate system continues to evolve, benthic 
foraminifera will remain a key tool for understanding the impacts of climate change on the environment. 

4. FUTURE PROSPECTS FOR BENTHIC FORAMINIFERA AS CLIMATE 
INDICATORS 

Benthic foraminifera are currently important indicators of climate change, but the potential for other indicators 
in the future is an exciting area of research. One promising area of investigation is the use of DNA in benthic 
foraminifera to infer past environmental conditions, as changes in DNA can be linked to changes in climate 
variables. Recent studies have shown that DNA in benthic foraminifera can be used to reconstruct past sea 
surface temperatures (SSTs) and even infer past ocean circulation patterns ([8]). Additionally, studies have 
shown that the stable isotopes of carbon and nitrogen found in benthic foraminifera can be used as proxies for 
past nutrient levels, ocean acidity, and productivity ([3]). 

Another promising approach is the use of machine learning algorithms to identify patterns in benthic 
foraminifera morphology that are associated with environmental conditions. This has the potential to greatly 
expand the range of environmental variables that can be inferred from benthic foraminifera fossils ([10]) 
Additionally, emerging technologies such as high-resolution X-ray computed tomography (CT) scanning can 
provide detailed 3D images of benthic foraminifera shells, allowing for more precise measurements of shell 
characteristics ([2]). 

In conclusion, while benthic foraminifera are currently the most widely used indicators of past climate 
conditions, the potential for other indicators is vast. DNA analysis, stable isotope analysis, machine learning, 
and emerging technologies such as high-resolution CT scanning all show great promise for expanding our 
understanding of past climate variability. 

5. RESULTS AND DISCUSSION 
The analysis of benthic foraminiferal fossils in sediment cores from various regions has revealed valuable 
information about past climate change. The assemblages of different species of foraminifera in the sediment 
cores reflect the varying environmental conditions that existed during their formation. By analyzing the ratios 
of stable isotopes of oxygen and carbon in the foraminifera, we can reconstruct past changes in temperature 
and carbon cycle dynamics. Our research confirms the utility of benthic foraminiferal fossils as sensitive 
indicators of past climate change 

Our study suggests that benthic foraminiferal fossils have the potential to be used as indicators of future climate 
change. In addition to stable isotope analysis, new techniques such as DNA sequencing and lipid biomarker 
analysis may offer further insights into the environmental conditions that affected the growth and distribution 
of foraminifera. Furthermore, the incorporation of machine learning and artificial intelligence algorithms can 
aid in identifying patterns in the vast datasets generated by these methods. By combining these techniques, we 
can develop a more comprehensive understanding of past and future climate change, and the role of benthic 
foraminifera in this process. 

6. CONCLUSION 
Benthic foraminiferal fossils have proven to be valuable indicators and tracers of past climate change. Through 
analysis of their morphology, isotopic composition, and geochemistry, we have been able to reconstruct past 
environmental conditions with high accuracy. Moreover, recent studies have shown that benthic foraminifera 
can also serve as proxies for assessing the impacts of human-induced climate change on marine ecosystems. 

While there are still some limitations to the use of benthic foraminifera as climate proxies, ongoing research 
efforts are addressing these issues and refining our understanding of their potential. Given the sensitivity of 
benthic foraminifera to environmental changes, they hold great promise for use in future climate research. 

34 
 



 
7. FUTURE WORK 

The potential of benthic foraminifera as climate proxies has yet to be fully realized. Future research should 
focus on expanding our understanding of the relationship between benthic foraminiferal assemblages and 
environmental variables, such as temperature, salinity, and dissolved oxygen. Furthermore, more research is 
needed to explore the use of benthic foraminifera as indicators of anthropogenic pollution and other human 
impacts on marine ecosystems. 

Additionally, advances in technology, such as micro-computed tomography and high-throughput DNA 
sequencing, hold promise for further improving our understanding of benthic foraminiferal ecology and their 
use as climate proxies. Finally, long-term monitoring of benthic foraminiferal populations and assemblages 
will be crucial for detecting and predicting future environmental changes and their impacts on marine 
ecosystems. 
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A General Evaluation of The Usage of Fly Ash 
in Concrete Mixtures 
Zehra Funda Akbulut1, Soner Guler2 

Abstract 
Concrete is a building material that uses cement, fine and coarse aggregates, water, and different chemical 
additives. In their mixtures, Portland cement (PC) or cement with additives is used as binding material. 
The release of a high amount of carbon dioxide (CO2) gas into the environment during cement production 
causes significant environmental problems. To reduce the damage caused by cement production to the 
environment, it is important for sustainability to replace cement with pozzolanic materials in concrete 
mixtures. The most important pozzolanic materials obtained from various industrial activities in our 
country are blast furnace slag, silica fume, and fly ash (FA). FAs are obtained from thermal power plants 
that produce electricity. FA is stored in dust catchers called electro filters or cyclones at the top of the 
chimney while burning very low-calorie coals, which are not generally used in industrial facilities, by 
grinding them into fine grain size and burning them in the thermal power plant furnace. Although it does 
not show a binding feature on its own, it provides a significant advantage in terms of cost by being used to 
replace cement. This study is to make a general evaluation of the potential of the FA in our country and its 
use in concrete mixtures. 

Keywords: Concrete, fly ash, sustainability, physical and mechanical properties 

1. INTRODUCTION 
The use of binders in the concrete industry dates back to ancient times. The ancient Egyptians used gypsum 
mortars as binding material, while the ancient Greeks and Romans used lime mortars. Recently, it has been 
observed that the use of quality binders such as water lime and Portland cement (PC) as binding materials has 
developed rapidly with the developing technology [1-3]. Apart from these, it is seen that PC and special cement 
types develop according to their usage purposes. Also, hydration products, hydration heat, compressive 
strength, setting time, hardening, volume expansion, shrinkage, and creep can be developed using FA in 
concrete mixtures. These developments have been followed using binders such as fly ash (FA), silica fume, 
blast furnace slag, and metakaolin in concrete mixes [4-10]. FA emerges as a waste by-product in coal-fired 
thermal power plants [11-13]. It can be used in FA concrete mixes by replacing the cement binder in certain 
proportions. It is a pozzolanic mineral admixture type that can be used as filler in concrete mixes [14-16]. 
According to the source they are obtained from, FA has a finer grain structure than PC [17-18]. FA is a useful 
additive for the concrete industry, potentially improving its fresh and hardened properties and economic 
advantages [19-22]. With the development of the industry, many waste materials and by-products are released 
as a result of the production in the industrial field. Very few of them are reused, and most of them are stored. 
This causes environmental pollution [23-25]. To prevent this, the use of these waste materials in the concrete 
sector should be expanded. Thus, the use of limited natural resources is reduced, and the damages that may 
occur in nature are minimized. In addition, to reduce the emission of high carbon dioxide (CO2) and greenhouse 
gases originating from PC production to the atmosphere and to prevent damage to nature, the use of pozzolanic 
materials such as FA by replacing cement in the concrete sector has become mandatory in terms of sustainability 
[26-30]. PC production worldwide was approximately 4 billion tons in 2015, while it was 75 million tons in 
Turkey. In producing one ton of Portland cement, 0.8 tons of carbon dioxide (CO2) emissions occur. During 
the production of 75 million tons of Portland cement in Turkey, an average of 60 million tons of carbon dioxide 
(CO2) gas is released into the atmosphere annually [31]. The FA are mostly used as secondary binders in mortar 
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and concrete production. FA is used as additive cement instead of a part of PC in weight percent. They affect 
the workability and water requirement of fresh concrete and its properties, such as transpiration, weathering, 
air entrainment, the heat of hydration, and plastic shrinkage. By reacting with the lime formed from cement 
hydration, they form an additional binder gel, fill the voids in the cement paste, increase the compactness, 
decrease the permeability, and provide the concrete with higher durability properties [32-34]. In addition, they 
ensure that the hardened concrete samples have better mechanical properties [35-37]. Concrete compressive 
strength, strength gain rates, high modulus of elasticity, and time-dependent deformations such as creep and 
shrinkage are affected by using mineral additives such as the FA. In addition, mineral additives also affect 
durability properties such as impermeability, resistance to acids and sulfates, alkali-aggregate reaction, 
resistance to freeze-thaw repetitions, and reinforcement corrosion. The effect of FA on these properties 
generally depends on the type of FA, characteristics of coal and burning method, amount of use, method of use, 
and physical, chemical, and pozzolanic properties [38-41]. FA is an artificial pozzolan consisting of glassy, 
spherical granular particles used as a mineral-based additive in concrete. Although they do not have binding 
properties, they form a hydration reaction with slaked lime and harden in water [42-44]. 

2. CONCLUSION 
The use of concrete, the most widely used building material in the world, in the construction sector, continues 
to increase. Its most important advantages are its high compressive strength, ease of application, easy shaping, 
easy availability, and cheapness compared to other materials. However, Portland cement is widely used as a 
binding material in concrete production today. The high amount of CO2 gas released into the air during cement 
production poses a significant environmental threat. In addition, it increases the cost of concrete as an important 
expense item of cement. In light of these developments, studies have been carried out in recent years to reduce 
the amount of cement without disturbing the concrete properties required in the standards to produce both 
environmentally friendly and less costly concrete. Today, the increasing energy need with rapid 
industrialization and the fossil fuels used to meet this need bring along important environmental problems. On 
the one hand, ensuring sustainable development, on the other hand, increasing the quality of life of people by 
reducing environmental pollution can be achieved by using such waste materials in different areas. In addition, 
due to the use of pozzolanic creams such as FA in place of cement, the emission of CO2 gas originating from 
cement production to the atmosphere will be significantly reduced. In this context, using coal-derived fly ash, 
which causes important environmental problems, in the construction industry, especially in concrete 
production, by replacing cement with pozzolan is extremely important in terms of sustainability. In addition, 
the use of this material in the production of high-performance concrete will be inevitable shortly since FA 
improves the durability properties of concrete and its durability properties. 
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Effect of Boron Waste on Mechanical and 
Durability Properties of Concrete 

Oznur Biricik1, Suleyman Ozen2, Ali Mardani3 

Abstract 
It was emphasized that 8% of the CO2 emission that causes global warming occurs during cement 
production. In addition, the consumption of natural resources used in cement production increases due to 
the increase in cement demand with the widespread use of concreting. In this context, studies on alternative 
binders continue in order to reduce cement production and consumption. Today, besides the use of mineral 
additives such as blast furnace slag, fly ash and silica fume as binders in concrete mixtures, studies on the 
disposal and sustainability of other industrial wastes are continuing. One of the wastes generated in the 
industry is formed in boron plants. It is important to evaluate boron wastes especially in Turkey, which has 
significant boron reserves in the world. Studies on the use of boron wastes in concrete mixtures have 
recently become widespread. In this study, a comprehensive literature search was conducted on the effect 
of boron waste usage on the fresh state, mechanical, durability and radiation absorption properties of 
cementitious systems. In this context, with the increase in the use of boron waste and the increase in its 
usage rate, the radiation absorption properties of cementitious systems, their resistance to high 
temperatures and freeze-thaw have improved. However, with the addition of waste, the fresh water 
requirement and setting time of the mixtures increased. In terms of compressive strength, if the boron wastes 
in the mixtures exceed 10%, their compressive strength generally decreased. 

Keywords: Boron waste, cementitious systems, sustainability, strength, durability performance 

1. INTRODUCTION 

Cement production exceeds 4 million tons per year due to the increase in the need for concrete in infrastructure 

and residential constructions [1]. Since cement production, which is responsible for 8% of the CO2 emitted in 

the world, causes important problems such as global warming and climate change, the use of sustainable binder 

materials, which are less harmful to the environment, is being investigated in many countries to reduce cement 

consumption [2]. In this direction, the use of different mineral additives such as fly ash, silica fume and blast 

furnace slag by substituting and activating them instead of cement has become widespread in concrete 

production [3,4]. In addition to these materials, the use of different types of materials in concrete, which is a 

waste of a production process and creates environmental and storage problems, continues to be investigated 

[5]. In addition to the fact that the materials to be used do not adversely affect the fresh state properties, 

mechanical properties and durability performance of the concrete, the fact that it provides benefits for its 

performance increases its preferability [6]. In addition, the increase in energy demand with the developing 
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technology and the construction of nuclear power plants for this purpose, the high strength and durability 

performance of concrete mixtures, as well as radiation absorption and nuclear waste storage expectations are 

increasing. In this context, boron ore has recently gained an increasing momentum among the materials that 

can be used for the improvement of some properties of concrete and radiation absorption. 

Boron is used in various areas of industry such as agriculture, cleaning, ceramics, glass, insulation, health and 

energy. Turkey has the largest boron deposits worldwide with a share of 72% (851 Mt) in terms of B2O3 content 

[7]. During the processing of boron in industrial areas, about 400000 tons/year of different types of solid boron-

containing wastes are generated [8]. Excessive amounts of waste cause serious environmental and costly storage 

problems [9]. The B2O3 content in these wastes usually ranges from 11% to 25% by weight, depending on the 

starting minerals and processing conditions. Turkey's commercial boron ores are colemanite, tincal and ulexite. 

After colemanite is extracted and concentrated in the concentrate plant, it is reacted with sulfuric acid to obtain 

boric acid. Concentration plant waste is called colemanite concentrator waste and boric acid plant waste is 

called borogypsum. Colemanite concentrator waste and borogypsum contain approximately 6.3% and 4.2% 

B2O3, respectively. It was declared that the amount of CO2 released during the heat treatment of boron-derived 

wastes is lower than in cement production. The loss on ignition value of boron-derived wastes below 1000°C 

obtained by XRF analysis is about 30% by weight due to the removal of both H2O and CO2, while a higher 

amount of CO2 is released (the cement content is 57.5% by weight on average) during conventional cement 

production [10] 

Kok et al. [11] stated that boron wastes provide protection against gamma rays and thermal neutrons in concrete 

mixtures. In addition to this feature, it was stated that geopolymerization accelerated and compressive strength 

increased by adding geopolymer to concrete mixtures for the immobilization of nuclear boron wastes [12]. In 

this context, recent studies on the effects of boron use on the radiation absorption, fresh state properties, 

compressive strength, freeze-thaw and high temperature resistance of concrete are presented in this study. 

Radiation absorption properties 

The photon attenuation coefficient is an important parameter for characterizing the penetration and diffusion 

of X- and gamma-rays in multi-element materials. Photon attenuation coefficients are essential in a variety of 

nuclear science, technology and medical applications. The mass attenuation coefficient, l/q, is a measure of the 

average number of interactions between the photons and the matter occurring per unit area thickness of the 

substance under investigation [13]. The fact that radiation can be harmful has led to the development of a wide 

variety of shields to protect against it [13]. A larger amount of shielding material is required for nuclear 

radiation shielding. Therefore, examining the radiation flux propagation in shielding materials is a basic 

requirement for shield design [13]. Good shielding should have a high absorption cross section for radiation 

and at the same time, the irradiation effects on its mechanical and optical properties should be small. The mass 

attenuation coefficients depend on the chemical composition of the absorbing material and the energy of the 

gamma rays. In this context, the use of materials such as waste boron in nuclear shield concrete mixtures should 

be investigated. The radiation permeability of the concrete produced by using boroplaster and colemanite 

concentrator wastes for 59.54 and 80.99 keV gamma rays was measured and it was investigated whether adding 
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these boron-containing wastes to cement as a protective material would be beneficial. It was emphasized that 

both boron waste types are effective in preventing radiation transmission. As a result, it was reported that boron 

wastes add gamma ray shielding properties to the cementitious mixture [13]. Many studies were conducted on 

the radiation shielding properties of concretes containing colemanite and ulexite as aggregate additives. In the 

study carried out by Oto and Gur [14], the mass attenuation coefficients of concrete containing ulexite and 

ulexite concentrator wastes were examined, and it was declared that both materials could be used for gamma 

ray protection at concentrations below 10%. Binici et al. [15], the linear absorption coefficient increased from 

0.07 cm-1 to 0.24 cm-1 by adding 10% waste barite to the control mixture. By adding 0.25% and 0.75% 

colemanite to the control mixture, the said value was measured as 0.08 cm-1 and 0.05 cm-1. As a result, it is 

seen that barite wastes are effective in preventing radiation transmission, the said effect is low for colemanite 

and these materials are promising materials for gamma ray shielding in mortars. It was observed that the linear 

absorption coefficient increased from 0.24 cm-1 to 0.69 cm-1 with the increase in barite usage rate from 2.5% 

to 10%. It was emphasized that high amounts of barite (90%) containing BaSO4 are effective in shielding 

gamma rays. 

Effect on fresh state properties 

The use of boron-derived materials in cementitious systems significantly affects the fresh state properties of 

the mixtures. The increase in boron waste replacement ratio from 1% to 7% in mortar mixtures containing 

boron waste adversely affected the fresh state properties of the mixtures and increased the need for water 

reducing admixtures for adequate workability [16,17]. It was stated that the use of boron waste generally causes 

an increase in rheological parameters (viscosity and shear stress). It was reported that the mixture containing 

1.0% boron waste behaves similarly to the reference mixture in terms of some rheological parameters, but with 

the said ratio increasing to 1.5, 2.0, 2.5%, the static and dynamic shear stress and plastic viscosity values 

together exceed the reference mixture values over time [18]. In addition, the increase in colemanite waste 

content in mortar mixtures negatively affected the time-dependent slump flow performance. Similar to the 

slump-spreading behavior in terms of rheological properties, an increase was observed in all three of the 

viscosity, static and dynamic shear stress values with the use of waste boron. It was declared that this increase 

has become more evident especially with the use of waste boron at high rates. Similarly, in another study, the 

slump values decreased from 220 mm to 200 mm when the water/binder ratio was 0.6, and from 40 mm to 8 

mm when the water/binder ratio was 0.5, with 15% waste boron replacement in the control mixture [19]. It was 

observed that the effect of boron on fresh state properties is greater in mixtures with low water/binder ratio. It 

was reported that this negative effect is due to the high loss on ignition of the waste boron and the clay minerals 

in it and to increase the friction between the cement grains [17]. 

Erdogmus [20] and Gencel et al. [21] suggested that the setting times increase with the increase in the amount 

of waste boron and the effect of the B2O3 component in cementitious systems. Borates such as soluble boric 

acid react with the calcium compounds of Portland cement and cause the formation of insoluble calcium borate 

compounds such as 2CaO⋅3B2O3⋅8H2O and CaO⋅B2O3⋅6H2O under high pH conditions [12]. These calcium 

borate compounds accumulate on the surface of cement particles and slow down or prevent hydration reactions 
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[16]. In this context, the setting of portland cement is delayed and its early age mechanical properties are 

weakened [22]. 

Shen et al. [23], it was reported that borax significantly delays the early hydration and setting time of calcium 

sulfoaluminate (CSA) cement containing different proportions of gypsum. It was reported that the use of an 

appropriate amount of borax as a retarder is beneficial for the development of advanced age strength of CSA 

cements. While the early strength of borax mortars decreased in mixtures containing 5% gypsum, 

improvements were observed in the mechanical properties of mixtures containing 15% and 20% gypsum. It 

was emphasized that this is due to the fact that borax prevents the hydration of ye'elimit and the depletion of 

plaster in 1 day. It was stated that the effect of borax on ettringite formation is related to the gypsum content of 

CSA cements. 

It was stated that the use of boric acid and borate is a solution to the problem of magnesium phosphate cement 

reacting too quickly. Borax is the most commonly used set retarder and its retarding effect is related to the ratio 

of boron to magnesium [24]. For example, it was stated that 5% and 10% borax magnesium phosphate cement 

pastes reach their final setting temperature in 18 minutes and 22 minutes, respectively [25]. It was found that 

boron-containing compounds can effectively control the reaction rate of magnesium phosphate cement [26]. 

Magnesium phosphate cement material has good interfacial bonding properties. With the application of borax, 

the reaction rate of magnesium phosphate cement with extremely high early strength becomes controllable. 

Thus, the possibility of emergency repair and reinforcement of magnesium phosphate cement for roads, airport 

runways, bridges and military repair materials was also investigated [27]. 

Effect on strength properties 

Boron waste materials affect the setting times of cementitious systems as well as the mechanical properties of 

early and advanced ages. Final compressive strength in cementitious systems containing waste boron is also 

relatively low (2 ± 0.3 MPa) due to the delay of setting of calcium borate compounds. Fabian et al. [28], the 

use of cementitious mixtures for the disposal of nuclear waste was investigated. As a result of the study, it was 

emphasized that the leakage of nuclear wastes is less with the increase in the compressive strength of concrete 

mixtures. In addition, it was stated that the 28-day compressive strength value decreased from 42.57 MPa to 

37.51 MPa with the increase of boron waste amount (boric acid) from 50 g/l to 250 g/l. It was declared that the 

use of geopolymer waste forms is more beneficial than cement waste forms for the immobilization of 

radioactive wastes [29]. In general, geopolymers exhibited higher compressive strength than cement, despite 

shorter curing days with the same waste load [30]. According to the Japan Atomic Energy Agency, metakaolin-

based geopolymers are superior to portland cement for immobilization of sewage sludge ash containing 137Cs 

[29]. It was determined that the amount of radioactive cesium (<0.1%) leached in geopolymers is approximately 

300 times lower than that in cement [29]. Kim et al. [12], a phosphate-based geopolymer waste storage mixture 

was investigated for the immobilization of radioactive boron waste. All geopolymers met the landfill acceptance 

criteria (3.45 MPa), despite the short setting time. It was declared that curing at high temperatures (at 60 and 

90°C) compared to room temperature increases the 7-day compressive strength of geopolymers and the 

maximum compressive strength is obtained in a geopolymer containing 40% by weight waste boron. XRD, 
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MAS NMR and SEM analysis results of the geopolymer with the highest compressive strength and the reaction 

product prepared under high temperature curing conditions showed that the crystalline phases in boron waste 

were transformed into amorphous boron phosphate phase and 4-coordinated boron was included in the 

geopolymer structure. Therefore, high temperature curing conditions lead to direct precipitation of the 

amorphous boron phosphate phase and accelerated geopolymerization, resulting in higher compressive strength 

as the boron waste content increases. These results show that phosphate-based geopolymers are promising 

waste form candidates for the immobilization of waste boron and other radioactive wastes, which are difficult 

to immobilize using conventional cement or alkali-activated materials. However, it was observed that the 7-

day compressive strength of geopolymers decreased as the amount of waste boron in the mixture increased. It 

was assumed that the consumption of an acidic activator by the boron phosphate reaction results in low 

compressive strength. 

The effect of the use of waste boron materials obtained from the concentrated borax unit (CW1) and borax 

pentahydrate unit (CW2) in mortars on the strength was investigated by Ozdemir et al. [31]. These waste borates 

were used in mortar mixtures with 1, 2.5, 5 and 10% cement substitutes. Mortar containing 1% CW1 has a 

higher 28-day compressive strength than the control mixture. However, the mechanical properties of the mortar 

were adversely affected as the use of waste boron and the rate of B2O3 in waste boron increased. Mortar mixes 

containing up to 5% CW1 (B2O3=22.48%) and 10% CW2 (B2O3=8.23%) met TS24 (1985) standard minimum 

compressive strength requirements (32.5 MPa). As a result, it was suggested that these wastes can be replaced 

by cement up to 5% and 10%, respectively. Similar results were found by Gencel et al. [21] has also been 

observed. Durgun et al. [17], the 28-day compressive strength of all samples containing 1, 3, 5 and 7% waste 

boron was lower than the control sample. While the difference between the control sample and the waste boron 

added samples was closed in the 56-day samples, the sample containing 5% waste boron had a higher 

compressive strength than the control sample. In another study, it was observed that there was a decrease in 

early strength in mortar mixtures with boron waste substituted for natural gypsum compared to the control 

sample. However, setting times were not significantly affected [32]. 

The use of boron wastes in different types of cementitious systems was studied by various researchers. In a 

study, the incorporation of boric acid and boron oxide from boron waste into raw meal for the production of 

belite cement and the effect of boron as a part of clinker on belite crystals were investigated. Three types of 

clinker were prepared by adding 1.5% by weight boric acid (BC_BA1.5) and 1.0% (BC_BW1) and 6.5% 

(BC_BW6.5) boron waste in the whole mixture. According to the development of free lime content and 

microstructure of the clinkers, firing was carried out at 1330°C, 1350°C and 1310°C for BC_BA1.5, BC_BW1 

and BC_BW6.5, respectively. In Figure 1, optical microscope images of clinkers formed at 1320°C firing 

temperature are given. Boron addition helped stabilize the upper belite polymorphs as well as lowering the 

clinkerization temperature. As a result of the study, with the addition of 1% and 1.5% boron, the 28-day 

compressive strength values were declared to be 60 MPa and 52.7 MPa, respectively. It was emphasized that 

the increased molten phase caused the deterioration of hydraulic properties due to the formation of higher 

amounts of C5BS in the clinker. The 28-day compressive strength varied depending on the type of belite crystals 

in the clinker rather than the content. The results show that although the increase in the use of boron oxide in 
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certain cements affects the strengths somewhat negatively, it may be beneficial in terms of lowering the firing 

temperature of the cement in the kiln [7]. 

   
(a) (b) (c) 

Figure 1. Optical microscope images of clinker formed at 1320°C firing temperature: a) BC_BA1.5, b) BC_BW1 c) 

BC_BW6.5 [7] 

In some studies, boron wastes were calcined at high temperature and used to improve their properties. In a 

study, ground heat-treated (1 hour 800 degrees 10°C/min) boron-derived wastes with different particle sizes 

(larger, closer and smaller median particles) than Portland cement were used instead of Portland cement at a 

rate of 25% by weight. In addition, the compositions and microstructures of the hydration products were found 

to be similar for all mortars. However, it was stated that the strength of 7- and 28-day cement mortars does not 

always increase with the reduction of particle size of ground heat-treated boron wastes. Compared to cement, 

coarser ground heat-treated boron wastes resulted in a high strength loss as expected (42.5% reduction). 

However, the smaller median particle size of ground heat-treated boron wastes reduced the strength of the 

mortars due to the waste's non-reactivity and lower packing density. Ground heat-treated boron tailings with a 

median particle size comparable to that of cement reduced the strength to only 6.3% of that of the reference 

mortar. It was associated with a higher particle size range of ground heat-treated boron wastes, which provided 

the same packing density as the reference mortar due to the filling effect. Environmentally friendly cement 

mortars can be produced using boron wastes, which cause serious environmental problems in terms of 

compressive strength and costly storage problems, by replacing 25% by weight of Portland cement with ground 

heat-treated boron wastes. In summary, not only the median particle size of cement substitutes, but also the 

particle size range plays a critical role in the filler density and therefore the strength of cement mortars. 

Therefore, the use of non-reactive fillers with a slightly wider range of particle size may be beneficial for other 

studies focused on increasing the strength of reinforced concrete mortars. Data obtained from microstructural 

analysis and compression test showed that ground heat treated boron wastes can be replaced with cement at a 

rate of 25% by weight for 1 hour at 800°C [10]. 

In addition, recently, it has become widespread to investigate the usability of boron wastes in alkali-activated 

geopolymer systems. In the study conducted by Yon and Karatas [33], self-compacting alkali-activated mortar 

samples were produced using 0-25% boron waste and granulated blast furnace slag. The samples were cured at 

60 and 100°C for 3 days. As a result, it was determined that the mechanical and durability properties of the 

samples decreased with the high use of boron waste in the mixtures. According to this study, it was suggested 
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that up to 10% boron waste can be used in self-compacting alkali-activated mortar in terms of both mechanical 

and durability performances. In particular, it showed that the addition of waste boron caused greater sensitivity 

to the curing temperature at 100°C in compressive strength compared to 60°C. It can be said that the main 

reasons for low compressive strength for waste boron samples are increased water demand for waste boron 

content, low CaO: SiO2 and SiO2: Al2O3 and slowing of binder hydration. The presence of calcium aids in 

curing by improving CSH and CASH and coexists with NASH in the geopolymer matrix [34]. Also, the increase 

in curing temperature (from 60°C to 100°C) affects the C–S–H gel, which causes the self-compacting alkaline 

active mortar to be porous with many cracks [35]. Therefore, high amount of calcium activated binder in NH-

NS showed lower strength at 100°C [33]. Similarly, in the study examining the effect of waste boron 

replacement ratio (0, 10, 20, 30, 40%) on the compressive strength of alkali-activated mortars, it was declared 

that the mixture containing 90% metakaolin and 10% waste boron showed the best performance [36]. 

Effect on freeze-thaw resistance 

The effect of boron wastes on the freeze-thaw resistance of cementitious systems was investigated. In the study 

carried out by Erdogmus [20], the effect of samples containing 6% silica fume and 2-12% colemanite on the 

dissolution resistance was investigated. While the strength loss was 14.9% in the mixture without colemanite 

waste after freeze-thaw cycles, it was reported that this ratio was 14.5-28.3%, respectively, in mixtures 

containing 2-8% colemanite. For 10% and 12% ratios, it was stated that the said ratio exceeded the 30% strength 

loss limit specified in ASTM C666 with 39.4% and 53.3%. Similar results were also observed in the study 

conducted by Topcu and Boga [37]. It was stated by the researchers that the decrease in the flexural strength of 

the mortar sample containing 3% and 10% waste colemanite after freeze-thaw was 10% and 20%, respectively.  

The effect of using boron wastes (0-25%) in granulated blast furnace slag and self-compacting alkali activated 

mortar on permeability and freeze-thaw resistance was investigated. It was reported that with the increase in 

boron waste utilization rate (5, 10, 15%), the sorptivity coefficient and porosity increased, the pores became 

more independent, and during the freeze-thaw cycles, the external liquid entered the pores of the mortar more 

easily, causing the sample to disperse [33]. Similar results were observed by Erdogmus [20]. In a study 

examining the 1-year durability performance of alkali-activated mortars containing 90% metakaolin and 10% 

boron waste, it was declared that the freeze-thaw resistance was appropriate [38]. It was stated by the 

researchers that the main reason for this is that the compact structure of the matrix is resistant to freezing and 

thawing effects and provides a good degree of adhesion. 

Effect on high temperature resistance 

The strength of concrete after exposure to high temperatures is important in terms of durability performance. It 

was declared that the high temperature resistance is not adversely affected by the use of waste boron [36]. It 

was declared that the strength preservation performance of concrete mixtures containing 1, 3 and 5% colemanite 

wastes is better after being exposed to 200-1000°C [39]. In addition, it was declared that the cement mixture 

on which the pumice aggregate in lightweight concrete mixtures is coated contains colemanite and that the high 

temperature resistance of lightweight concrete samples improves with the increase of this content [40]. With 
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the increase in temperature, the enlargement of the sample pore structure and the water evaporation in the 

matrices increase. With the loss of mass, additional voids are formed. These additional gaps are the reason for 

the decrease in ultrasonic pulse velocity results. Dehydration and moisture loss in samples produced at high 

temperatures lead to weight loss and microstructure damage. The colemanite substitution reduced the weight 

loss after high temperatures. According to the results, up to 10% substitution of colemanite resulted in an 

improvement in strength properties and ultrasonic transmission rate test results, and this amount of 

improvement decreased at higher substitution rates [41]. 

CONCLUSION 

The following results were obtained when the use of boron waste in cementitious systems and the effects on 

fresh state, mechanical properties and durability performance were examined together. 

• It was understood that boron wastes are promising materials in terms of benefiting the properties of 

cementitious systems by preventing radiation transmission and shielding gamma rays. 

• The water requirement and setting time of cementitious systems increased with the use of boron waste 

and the increase in its usage rate. 

• When the use of boron waste exceeds the order of 10%, their compressive strength generally 

decreases. In this context, it was understood that more suitable results can be obtained by using the 

waste when calcining at high temperatures. 

• It was understood that the freeze-thaw resistance decreases as a result of the increase in the porosity 

of the cementitious systems with the use of boron. 

• It was declared that boron waste improves the resistance of cementitious systems against high 

temperatures. 
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Investigation of Thermal Performance of a 
Ground Coupled Carbonated Soft Drink 

Cooling System with an Underground 
Thermal Energy Storage Tank 

Ahmed Wshyar Rasool1, Hatem Hasan Ismaeel 2, Recep Yumrutas 3 

Abstract 
This study investigates the thermal performance of a ground coupled carbonated soft drink cooling system 
with an underground thermal energy storage tank. The system is composed of three main components: a 
chiller unit, a thermal energy storage (TES) tank, and a syrup room to be cooled. An analytical model was 
developed to determine the thermal performance parameters of the system using Duhamel's superposition 
and dimensionless variables to solve the transient heat transfer problem around the TES tank. The 
analytical model includes energy expressions for the main components as well as a solution to the heat 
transfer problem surrounding the TES tank. The hourly temperature variation of water in the TES tank and 
other performance parameters, such as Coefficient of Performance (COP), are calculated. To do this, a 
simulation model was developed using MATLAB software. The study investigated the effect of various 
system parameters such as the size of the underground thermal energy storage tank, soil type, and Carnot 
factor on the thermal performance of the system. The findings reveal that granite is the most efficient type 
of soil for the cooling process and that COP increases with increasing Carnot Factor and tank size. The 
results indicate that the ground coupled carbonated soft drink cooling system with an underground thermal 
energy storage tank is a feasible and energy-efficient solution for providing cooling for carbonated soft 
drinks. The system has the potential to reduce energy consumption and greenhouse gas emissions 
associated with traditional cooling systems. 

Keywords: Duhamel's superposition; Energy; Energy storage; Ground coupled chiller; Syrup room; 
TES.
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1. INTRODUCTION 

Chillers are heat transfer devices used to extract heat from a fluid or process by a vapor-compression 
refrigeration cycle and exhaust that heat into the atmosphere or surrounding environment. There are two 
conventional types of chillers, based on their condensation processes, used in the various industrial and 
residential applications. Air-cooled chillers exchange heat with the ambience during the condensation process, 
and water-cooled chillers use cooling towers to which heat is rejected. An important application in which both 
types of chillers have been used is the cooling of Carbonated Soft Drinks (CSD). A viable potential solution to 
this problem is the application of ground coupled cooling systems. Ground coupled cooling systems can operate 
at higher COP values in summer since heat is rejected to a sufficient depth of ground where the temperature is 
lower and relatively constant. 

Nomenclature 

c specific heat of earth (kJ kg-1 K-1) 
𝐜𝐜𝐩𝐩𝐩𝐩 specific heat of air (kJ kg-1 K-1) 
cw specific heat of water (kJ kg-1 K-1) 
k thermal conductivity of earth (W m-1 K-1) 
P dimensionless, P = ρw cw

3ρ c
  

q dimensionless heat transfer to the tank 
𝐐𝐐 heat transfer to the tank (W) 
�̇�𝐐𝐋𝐋 heat gain to the syrup room (W)  
r radial distance from the tank centre (m) 
R tank radius (m) 
𝐱𝐱 dimensionless radial distance 
t time (s) 
T earth temperature (K) 
Ta ambient air temperature (K) 
To outside design air temperature (K)   
Tw water temperature in the tank (K) 
𝐓𝐓𝐜𝐜  water temperature in fan coil unit (K) 
𝐓𝐓∞ deep ground temperature (K)  
u dimensionless parameter for design condition 
(UA)H product of heat transfer coefficient and area of syrup room (W K-1) 
(UA)FC  product of heat transfer coefficient and area for fan coil (W K-1) 
V volume of the tank (m3) 
w dimensionless compressor work 
𝐖𝐖 compressor input power (W) 
 
Greek Letters 
𝛂𝛂 thermal diffusivity of the soil (m2 s-1) 
𝜷𝜷 Carnot factor 
𝛈𝛈𝐜𝐜 Carnot efficiency 
𝛟𝛟 dimensionless temperature for earth,                   𝑇𝑇−𝑇𝑇∞

𝑇𝑇∞
 

𝛟𝛟 dimensionless design inside air temperature 
𝛟𝛟𝐩𝐩 dimensionless ambient air temperature 
𝛟𝛟𝐰𝐰 dimensionless water temperature in the tank 
𝝍𝝍 dimensionless temperature 
𝛄𝛄 dimensionless parameter, 4𝜋𝜋𝜋𝜋𝜋𝜋/(𝑈𝑈𝑈𝑈)𝐻𝐻  
𝛒𝛒 density of soil (kg m-3) 
𝛒𝛒𝐰𝐰 water density (kg m-3) 
𝛕𝛕 dimensionless time,  τ = αt

R2
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Ground coupled heat pump systems use the same principle in winter to get higher COP values over air source 
systems by using higher heat sink temperatures of the ground. Accordingly, ground coupled cooling systems 
have high potential to prove to be energy efficient systems in the industry and could provide an alternative to 
conventional chiller systems, especially in the food and beverage production sectors.  

There have been several research and experimental work done to improve the COP of cooling systems in 
industries and buildings as well as investigations on ground coupled heat pump systems for the optimization of 
thermal energy storage systems. Rosen et al. [1] evaluated cold thermal storage systems in terms of energy and 
exergy analyses. Yumrutas et al. [2] determined the annual periodic performance of a space cooling system 
employing a spherical underground thermal energy storage tank and a ground coupled chiller system by 
developing a computational model. De Swardt and Meyer [3] conducted an experimental and simulation based 
comparison between the performances of a conventional air source heat pump system and a reversible ground 
coupled heat pump connected to a municipality water reticulation system for both cooling and heating 
applications. Their results indicated the validity of using ground source heat pumps to optimize the consumption 
of energy in the air conditioning sector. Kuyumcu et al. [4] developed an analytical model to obtain the long  

 

Fig.1 Schematic of the Cooling System with Underground Spherical TES Tank 

 

 

 

Fig.2 Schematic of the Energy Balance around the TES tank 

 

period performance of a swimming pool heating system by utilizing waste or surplus heat energy that is rejected 
from a chiller unit of an ice rink and subsequently stored in an underground thermal energy storage (TES) tank 
using Duhamel’s superposition and similarity techniques. They found that it takes the swimming pool heating 
system five to seven years to attain regular operation. Also, the outcomes demonstrated that the heating system's 
effectiveness is at its peak when the ice rink surface area is 475 m2 and the swimming pool area is 625 m2. 
Zogou and Stamatelos [5] discovered that warmer Mediterranean conditions are well suited for heating and 
cooling applications of heat pump systems after studying the effects of climatic conditions on their 
performance. Yumrutas and Unsal [6] developed an analytical and computational model based on hourly 
operation to determine performance parameters of a house heating system utilizing a heat pump and a spherical 
underground TES tank. Tutumlu et al. [7] developed an analytical and computational model for an ice rink 
cooling system with a spherical underground TES tank and obtained the solution of the thermal energy storage 
tank problem using a similarity transformation and Duhamel superposition techniques. Ismaeel and Yumrutas 
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[8] investigated the performance of a solar assisted heat pump wheat drying system with underground thermal 
energy storage tank by developing a mathematical model to find performance parameters on an hourly basis. 
The results indicate that the system reaches periodic operation from fifth year onward and that earth type has 
significant impact on the performance of the system. Soylu et al. [9] investigated the effects and effectiveness 
of evaporative cooling on air-cooled chiller systems; their findings illustrate that the COP of the system 
increased by reducing the inlet air temperature of the air-cooled condenser by pre cooling the air entering the 
condenser. However, it is also evident that it was more difficult to cool the air when relative humidity of the 
outside air increased, leading to a decrease in the COP of the system. Thus, evaporative cooling is most effective 
in hot and dry climates when the effectiveness of the evaporative cooler is highest to provide a useful solution 
to decrease condenser inlet air temperature. Yang et. al. [10] performed an analytical and experimental 
investigation on the application of water mist evaporative pre-cooling to air-cooled chillers to improve the 
chiller plant efficiency. Their experimental results showed that the inlet condenser air temperature with water 
mist pre-cooling could drop by up to 9.4 K from the ambient air temperature. The pre-cooled condenser air 
enabled a drop of the condensing temperature by up to 7.2 K, and the chiller coefficient of performance (COP) 
could be improved in varying degrees by up to 18.6%. 

2. Modeling of the System 
The system under study is represented schematically in Figure 1 and consists of a chiller that uses a vapor 
compression refrigeration cycle, a spherical underground thermal energy storage (TES) tank, and the syrup 
room that needs to be cooled. The refrigeration cycle uses the TES tank as a heat sink. Heat is transferred to 
water in the TES tank by the refrigerant as it absorbs heat from the cooled space in the evaporator, compresses 
in the compressor, and releases heat. It is assumed that the chiller is a water-to-water type, where water 
circulates in the fan-coil unit of the evaporator and heat is rejected to storage water in the condenser. Because 
the TES tank's water temperature is lower than the surrounding air's temperature and experiences fewer 
temperature changes than an air source system, this ground-coupled space cooling system is anticipated to have 
greater coefficient of performance (COP) values than an air source system. The system is considered to be 
installed in Erbil-Iraq. 

 

2.1 Solution of the Transient Temperature Distribution Outside the TES Tank 

It is presumed that the TES tank is spherical, water-filled, and situated underground. The water in the tank is 
considered to be fully mixed at a spatially aggregated time-varying temperature 𝑇𝑇𝑤𝑤(𝑡𝑡). At the beginning, the 
tank is at the deep ground temperature 𝑇𝑇∞. The earth is thought to have a uniform structure and stable thermal 
characteristics. The periodic transient heat transfer issue outside the spherical TES tank can be written as a one-
dimensional partial differential equation with boundary and initial conditions using the spherical coordinate 
system: 

𝜕𝜕2𝑇𝑇
𝜕𝜕𝑟𝑟2 +  

2
𝑟𝑟
𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟 =

1
𝛼𝛼
𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡                                               (1) 

𝑇𝑇(𝜋𝜋. 𝑡𝑡) =  𝑇𝑇𝑤𝑤(𝑡𝑡)                                                      (2) 

𝑇𝑇(∞. 𝑡𝑡) =  𝑇𝑇∞                                                          (3) 

𝑇𝑇(𝑟𝑟. 0) = 𝑇𝑇∞                                                            (4) 

The energy transferred to the tank is equal to the energy gain in the tank and the heat loss from the tank through 
conduction to the earth around it. The equation below can be used to express this relationship: 

𝑄𝑄 =  𝜌𝜌𝑤𝑤𝑐𝑐𝑤𝑤𝑉𝑉𝑤𝑤
𝑑𝑑𝑇𝑇𝑤𝑤
𝑑𝑑𝑡𝑡 − 𝜋𝜋𝑈𝑈

𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

(𝜋𝜋. 𝑡𝑡)                       (5) 

where 𝜌𝜌𝑤𝑤, 𝑐𝑐𝑤𝑤, and 𝑉𝑉𝑤𝑤 stand for the volume, density, and specific heat of the water in the tank, respectively, and 
k, R, and A stand for the radius, surface area, and thermal conductivity of the soil surrounding the tank, 
respectively. 

The following variables can be used to define the transient heat transport issue outlined by equations (1) through 
(5) in a dimensionless form: 

𝑥𝑥 =  𝑟𝑟
𝑅𝑅
 𝜏𝜏 = 𝛼𝛼𝛼𝛼

𝑅𝑅2
 𝑞𝑞 = 𝑄𝑄

4𝜋𝜋𝑅𝑅𝜋𝜋𝑇𝑇∞
 𝑝𝑝 = 𝜌𝜌𝑤𝑤 𝑐𝑐𝑤𝑤

3𝜌𝜌𝑐𝑐
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∅ = 𝑇𝑇−𝑇𝑇∞

𝑇𝑇∞
  ∅𝑤𝑤 = 𝑇𝑇𝑤𝑤−𝑇𝑇∞

𝑇𝑇∞
  

∅𝑎𝑎 = 𝑇𝑇𝑎𝑎−𝑇𝑇∞
𝑇𝑇∞

                                                             (6)        

the variables 𝑥𝑥, 𝜏𝜏, ∅, and 𝑞𝑞 in the equations denote the dimensionless parameters of radial distance, time 
duration, temperature, and net energy transmitted to the tank, respectively. Moreover, r and c stand for the 
density and the specific heat of the ground, correspondingly. The letters "w" and "a" stand for water and 
surrounding air, respectively. The following expressions can be generated by substituting these equations into 
the expressions given in Equs. (1) through (6), and simplified using the following transformation: 

ѱ(𝑥𝑥. 𝜏𝜏) = 𝑥𝑥∅(𝑥𝑥. 𝜏𝜏)                                                  (7) 

𝜕𝜕2ѱ
𝜕𝜕𝑥𝑥2 =

𝜕𝜕ѱ
𝜕𝜕𝜏𝜏                                                                 (8) 

ѱ(1. 𝜏𝜏) = ∅𝑤𝑤(𝜏𝜏)                                                     (9) 

ѱ(∞. 𝜏𝜏) = 0                                                           (10) 

ѱ(𝑥𝑥. 0) = 0                                                            (12) 

𝑞𝑞 = 𝑝𝑝
𝑑𝑑∅𝑤𝑤
𝑑𝑑𝜏𝜏 −  

𝜕𝜕∅
𝜕𝜕𝑥𝑥

(1. 𝜏𝜏)                                       (13) 

Using Duhamel's superposition approach, the following unsteady temperature distribution in the ground 
surrounding the TES tank is obtained: 

ѱ(𝑥𝑥. 𝜏𝜏) = ∅𝑤𝑤(0) �1 − 𝑒𝑒𝑟𝑟𝑒𝑒 �
𝑥𝑥 − 1
2√𝜏𝜏

�� + �
𝑑𝑑∅𝑤𝑤(𝜉𝜉)
𝑑𝑑𝜉𝜉

𝜏𝜏

0

�1 − 𝑒𝑒𝑟𝑟𝑒𝑒 �
𝑥𝑥 − 1
2√𝜏𝜏

�� 𝑑𝑑𝜉𝜉           (14) 

differentiating ∅ with regards to x, at x=1, and solving in dimensionless form for the temperature of water in 
the tank at the 𝑛𝑛𝑡𝑡ℎ time increment, we get: 

𝜙𝜙𝑤𝑤(𝜏𝜏𝑛𝑛) = 𝑞𝑞(𝜏𝜏𝑛𝑛) + �
𝑃𝑃
∆𝜏𝜏 +

1
√𝜋𝜋∆𝜏𝜏

�∅𝑤𝑤(𝜏𝜏𝑛𝑛−1)−�
∅𝑤𝑤(𝜏𝜏𝑖𝑖+1)− ∅𝑤𝑤(𝜏𝜏𝑖𝑖)

�𝜋𝜋∆𝜏𝜏(𝑛𝑛 − 𝑖𝑖)

𝑛𝑛−2 

𝑖𝑖=1
 / 1 +

𝑃𝑃
∆𝜏𝜏

+
1

√𝜋𝜋∆𝜏𝜏
                                                                   (15) 

To determine the hourly dimensionless water temperature, Equ. (15) is used, where q(τ) is the net dimensionless 
heat input rate to the tank. 

2.2 Modeling of the Chiller Unit  
The evaporator, compressor, condenser, and expansion device are the four parts that make up the refrigeration 
process that powers the cooling system. The condenser transfers heat to the TES tank, while the evaporator 
takes heat from the syrup room to be cooled. It is vital that the chiller must absorb all of the heat the house 
produces so the cooling load can be expressed as: 

𝑄𝑄𝐿𝐿(𝑡𝑡) =  (𝑈𝑈𝑈𝑈)𝐻𝐻(𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑖𝑖)                                  (16) 

where 𝑇𝑇𝑇𝑇 is the average of the highest summer design temperature and 𝑇𝑇𝑖𝑖 is the interior design temperature, 
and (𝑈𝑈𝑈𝑈𝐻𝐻) is the product of the total heat transfer coefficient for the storage and the heat transfer area.  

The fan-coil unit's specifications can also be used to express the cooling load as follows: 

𝑄𝑄𝐿𝐿(𝑡𝑡) =  (𝑈𝑈𝑈𝑈)𝐹𝐹𝐹𝐹(𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑐𝑐)                                 (17) 

𝑇𝑇𝑐𝑐 is the average water temperature inside the fan-coil unit, and (𝑈𝑈𝑈𝑈𝐹𝐹𝐹𝐹) is the multiplication of the cooling 
system's overall heat transfer coefficient by the heat transfer area. 

The chiller's COP is expressed by: 

𝐶𝐶𝐶𝐶𝑃𝑃 =
𝑄𝑄𝐿𝐿(𝑡𝑡)
𝑊𝑊(𝑡𝑡) =

𝑄𝑄𝐿𝐿(𝑡𝑡)
𝑄𝑄𝐻𝐻(𝑡𝑡)−𝑄𝑄𝐿𝐿(𝑡𝑡)                       (18) 
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As a function of Carnot efficiency, COP may be given as: 

𝐶𝐶𝐶𝐶𝑃𝑃 = 𝛽𝛽
𝑇𝑇𝑐𝑐

𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑐𝑐
                                                (19) 

where 𝛽𝛽 is the Carnot factor, which ranges from 0 to 1. 𝑇𝑇𝑐𝑐 can be solved for by combining Equ. (16) and Equ. 
(17). Plugging it into Equ. (19)and converting it into dimentionless form, yealds: 

𝐶𝐶𝐶𝐶𝑃𝑃 =  𝛽𝛽 �
𝑢𝑢(𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑎𝑎(𝜏𝜏)) + 𝜙𝜙𝑖𝑖 + 1

𝑢𝑢(𝜙𝜙𝑎𝑎(𝜏𝜏)−𝜙𝜙𝑖𝑖) + 𝜙𝜙𝑤𝑤(𝜏𝜏)− 𝜙𝜙𝑖𝑖
�   (20) 

The compressor’s work may be expressed as: 

𝑊𝑊(𝑡𝑡) =
𝑄𝑄𝐿𝐿(𝑡𝑡)
𝐶𝐶𝐶𝐶𝑃𝑃 =

(𝑈𝑈𝑈𝑈)𝐻𝐻(𝑇𝑇𝑎𝑎(𝑡𝑡)− 𝑇𝑇𝑖𝑖)
𝐶𝐶𝐶𝐶𝑃𝑃              (21) 

By plugging Equ. (20) into Equ. (21) and converting the temperatures into dimensionless form, we get: 

𝑤𝑤(𝑡𝑡) =
𝑊𝑊(𝑡𝑡)

(𝑈𝑈𝑈𝑈)𝐻𝐻𝑇𝑇∞
=

(𝜙𝜙𝑎𝑎(𝑡𝑡)−𝜙𝜙𝑖𝑖) .  [𝑢𝑢(𝜙𝜙𝑎𝑎(𝑡𝑡)−𝜙𝜙𝑖𝑖) + 𝜙𝜙𝑤𝑤(𝑡𝑡)− 𝜙𝜙𝑖𝑖]
𝛽𝛽�𝑢𝑢�𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑎𝑎(𝑡𝑡)�+ 𝜙𝜙𝑖𝑖 + 1�

 

                                                                                  (22) 

The parameter 𝑢𝑢 may be expressed as: 

𝑢𝑢 =
(𝑈𝑈𝑈𝑈)𝐻𝐻

(𝑈𝑈𝑈𝑈)𝐻𝐻𝐻𝐻
=
𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑐𝑐
𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑖𝑖

                                      (23) 

2.3 Modeling of the Syrup Room 
To obtain the overall heat transfer coefficient and calculate the cooling load for the syrup storage room, the 
following equations are used: 

𝑄𝑄(𝜏𝜏)̇ = 𝑈𝑈 ∗ 𝑈𝑈 ∗ (𝑇𝑇𝑜𝑜(𝑡𝑡)− 𝑇𝑇𝑖𝑖)                               (24) 

Where 𝑄𝑄(𝜏𝜏)̇ , U, A, 𝑇𝑇𝑜𝑜(𝑡𝑡), and 𝑇𝑇𝑖𝑖 are the heat gain (W/h), overall heat transfer coefficient (W/m2.℃), surface 
area of the cold storage room (m2), outside temperature of atmosphere air (℃), and inside temperature of cold 
storage air (℃), respectively. 

To find the overall heat transfer coefficient for the syrup room, the following equations and data are used:  

𝑈𝑈 =
1

𝜋𝜋𝛼𝛼𝑜𝑜𝛼𝛼𝑎𝑎𝑡𝑡
                                                             (25) 

𝜋𝜋𝛼𝛼𝑜𝑜𝛼𝛼𝑎𝑎𝑡𝑡 =
1
ℎ𝑖𝑖

+
𝑋𝑋1
𝐾𝐾𝐴𝐴𝑡𝑡

+
𝑋𝑋2

𝐾𝐾𝐹𝐹𝑜𝑜𝑎𝑎𝐹𝐹
+
𝑋𝑋3
𝐾𝐾𝐴𝐴𝑡𝑡

+
1
ℎ𝑜𝑜

         (26) 

𝜋𝜋𝛼𝛼𝑜𝑜𝛼𝛼𝑎𝑎𝑡𝑡, ℎ𝑖𝑖, 𝑋𝑋1, 𝐾𝐾𝐴𝐴𝑡𝑡, 𝑋𝑋2, 𝐾𝐾𝐹𝐹𝑜𝑜𝑎𝑎𝐹𝐹, 𝑋𝑋3, and ℎ𝑜𝑜 are over all thermal resistance, convective heat transfer coefficient 
of inside air, aluminum plate thickness, thermal conductivity of aluminum, polyisocyanurate foam thickness, 
thermal conductivity of the foam, aluminum plate thickness, and convective heat transfer coefficient of outside 
air, respectively. Transmission load is the heat that is transferred into the refrigerated space through its surface. 
The size of the syrup room is 41 m length x 9.75 m width x 12 m height. The total area of the walls and roof is 
equal to: 1617.75 m2. 

3. Input Data and Computational Procedure   
In the part before, an analytical model was established, and a MATLAB computer program was made based on 
this model for numerical computations. The program is used to compute the hourly coefficient of performance 
of the chiller as well as the temperature distribution in the earth surrounding the storage tank, and transient 
temperature of water in the storage tank. 

The starting storage temperature is considered to be 15°C, the same as the deep earth temperature at the 
beginning of the calculations, and the summer indoor design air temperature is assumed to be 25°C. With the 
Photovoltaic Geographical Information System (PVGIS) Online Tool, the average hourly outdoor air 
temperature may be determined. The average value obtained for each month represents the highest ambient air 
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temperature. The product of the overall heat transfer coefficient and the area of the syrup room (𝑈𝑈𝑈𝑈𝐻𝐻) is 
determined to be 705 W/°C, with the summer cooling load being roughly 15 kW. 

Based on design conditions, the 𝑢𝑢 value in Equs. (20) and (22) is calculated as 1.2. Zogou and Stamatelos [13] 
noted that small electric heat pumps typically have CF ratings between 0.30 and 0.50. Three CF values (0.30, 
0.40, and 0.50) were consequently used in this study. Unless otherwise stated, the study has assumed a CF value 
of 0.4 and a tank volume of 400 𝑚𝑚3 for all computations. The water in the TES tank is thought to be evenly 
mixed. The water has a specific heat of 4.18 𝜋𝜋𝑘𝑘/𝜋𝜋𝑘𝑘°𝐶𝐶 and a density of 1000 𝜋𝜋𝑘𝑘/𝑚𝑚3, respectively. The water 
temperature is considered to be 15 ℃, the temperature of the deep ground, at the beginning of the system's 
operation. Three types of soil are taken into account in the study: limestone, clay, and granite, which evaluates 
the effect of soil type on system performance. 

4. Results and Discussions  
Due to different thermophysical qualities, the performance parameters of each earth surrounding the TES tank 
change. The TES tank's water temperature variation is one of these performance criteria. As a result, the storage 
temperature affects every performance parameter. 

 
Fig.3 Effect of Soil Type on Annual Variation of Water Temperature in the TES Tank during the Tenth Year 

 

These properties have led to the observation that materials with lower thermal conductivity and diffusivity, like 
limestone, inhibit the transfer and dispersion of heat from the TES (thermal energy storage) tank to the 
surrounding ground. Figures 4 and 5 show the effects of the soil types on the TES tank storage temperature and 
the COP for the ten years of operation, respectively. It is evident from these figures that granite is the most 
efficient type of soil for the cooling system. This is mainly due to its thermos-physical properties of having 
higher thermal conductivity and thermal diffusivity, allowing faster heat rejection into the surrounding earth. It 
should be noted, however, that the soil type for the real case at the power plant location is clay, which operates 
with reasonable values and is used in most of the following figures. 

 
Fig.4 Annual Storage Temperature Variations for Different Earth Types 
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Fig.5 Effect of Soil Types on COP for Ten Years of Operation 

The annual variations in the tank's water temperature are shown in Figure 6 for years one, five, and ten. A rapid 
temperature swing occurs in the tank from the first year of operation. Although the temperature steadily rises 
until the fifth year of operation, it then stays almost constant. As a result, it may be said that the system 
transitions to an annually periodic regime in the fifth year. As it can be observed, the values of years 5 and 10 
are almost identical, meaning that the temperature does not undergo much change from the fifth year onward. 

 
Fig.6 TES Tank Temperature Variations with Operation Time for Three Years 

The progression toward an annual periodic regime is also shown in Figure 7. The temperature varies notably, 
especially in the first and second years, but after the fifth onward, when the storage temperatures are comparable 
to those of the sixth year, it stabilizes. These numbers give us crucial information about how long the transient 
period lasts until we get to the annually periodic phase. 

 
Fig.7 Storage Temperature Variations with Operating Time for Cooling Months 

The volume of the TES tank has an impact on the system's performance. Figures 8 and 9 have been supplied to 
examine how tank volume affects storage temperature. Figure 8 shows the annual oscillations in the TES tank's 
water temperature with respect to tank volume. The graph shows that the storage temperature and the amplitude 
of water temperature both decrease as tank volume grows. The highest storage temperatures are found at the 
end of the summer season in the smallest tank sizes. By the end of August, the storage temperature rises to 
about 30 ℃ when the storage capacity is 400 𝑚𝑚3. 
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Fig.8 Annual Temperature Variation of Storage Water with Tank Volume in the Fifth Year 

Larger tanks are preferable because they allow for higher heat dissipation from TES tank to surrounding earth, 
which keeps the storage temperature lower. It is obvious that the storage temperature decreases with tank size. 
While choosing the right tank size, however, economic factors should be taken into account because choosing 
a larger tank implies a higher initial cost. A TES tank with a volume of 400 𝑚𝑚3 is appropriate because less 
storage space is needed and a lower initial investment is preferred. 

The relationship between tank volume and storage temperature is shown in Figure 9, which shows the yearly 
variation in storage temperature for tanks with sizes of 200, 300, 400, and 500 𝑚𝑚3. The graph illustrates that 
the temperature is relatively lower in the first three years but increases afterward and stabilizes after the fifth 
year onward. As shown in Figure 10, the COP of the heat pump will drop as the temperature rises with 
decreasing volume. 

 
Fig.9 Variation of TES Tank Temperature during September 

5. Conclusions  
The thermal performance of a CSD cooling system that uses an underground TES tank was examined in this 
study. The system's components were expressed theoretically, and the performance characteristics of the system 
were constructed using a mathematical model. To evaluate the effect of input parameters on the system 
performance, a MATLAB program was developed. The analytical model discussed in this study is useful for 
forecasting the long-term performance of a refrigeration system for industrial applications in CSD cooling of a 
storage, that includes an underground spherical TES tank. In order to estimate storage tank temperatures and 
COP of the heat pump, the model takes into account a variety of system factors, including Carnot factor and 
storage volume. According to the findings, this system operates at a higher thermodynamic efficiency than 
conventional air source refrigeration systems. The following is a summary of the study's main conclusions: 

Performance indicators like the water temperature in the TES tank and the COP of the heat pump for the load 
gradually rise from the beginning of the cooling operation until the fifth year, when it runs on a periodic basis. 
According to the study, it takes about five years for the system parameters taken into account in the research to 
establish an annually periodic operating regime. 

The type of earth or thermos-physical properties of the geological structure around the underground TES tank 
have a significant impact on the cooling system's performance. As a result, it is suggested that a suitable location 
is carefully picked for the installation of such cooling systems. 

When the storage size is reduced, the temperature amplitude increases. 
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With a cooling load of approximately 15 kW, a heat pump's COP ranging from 4 to 15, and a clay earth type, 
a storage tank volume of 400 𝑚𝑚3 is deemed to be an appropriate amount for chilling the syrup room for the 
climatic circumstances of Erbil's Coca-Cola Plant. 
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Land Cover And Land Use Classification Of 
Patch-Based Denoised Sar Images 

Elif Meseci1, Caner Ozcan2*, Buse Yaren Tekin3 

Abstract 
Land cover and land use information contributes to the research of important environmental issues such 
as the change of forest areas on the earth over the years, the determination of the increase and decrease 
in the amount of water, the detection of irregularities on the earth, the determination of damage after 
natural disasters. Synthetic Aperture Radar (SAR) systems, which can provide images in all weather 
conditions without being affected by changes in weather events, are preferred for obtaining images. 
Classification of SAR images is crucial to the analysis of these images. Developing technology allows the 
recording and interpretation of many high-dimensional SAR images. Since SAR images represent large 
areas, the objects in the image take up a very small area. The study includes the use of a patch-based 
approach to classifying these areas. In the proposed study, despeckling was applied to remove speckle 
noise which may occur in SAR images due to scattering. Denoised and original SAR images were 
classified with the deep learning algorithm, and comparative results of the classification performance of 
the noise filtering were obtained. Experimental results have proven that the despeckling significantly 
impacts classification performance. 

 

Keywords: synthetic aperture radar (SAR); remote sensing; deep learning; land classification; 
image processing; despeckling 

1. INTRODUCTION 
Synthetic Aperture Radar (SAR) is frequently used in applications such as geographical, biological, and 
physical surveys of the Earth and tracking changes in landforms. It is a high-resolution radar system that can 
be used on manned and unmanned aerial platforms and is preferred because it is not affected by factors such 
as weather conditions [1]. The SAR imaging system is based on the idea of using an antenna array instead of 
a large antenna to achieve high resolution [2]. In addition, this imaging system, which is not affected by the 
light factor, has advantages such as adaptability to all weather conditions. However, SAR imagery is harder 
to interpret than optical imagery [3]. The SAR system is integrated into a satellite or aircraft and is moved 
forwards in orbit at a certain speed, and during this movement, it sends signals to the Earth for a certain period 
of time. The reflected signals from the transmitted signals are collected by the radar system, recorded in the 
appropriate format, and combined. In this way, artificial aperture radar images are created. However, signals 
reflected from a large number of scatterers in the image pixels can create bright spots in the image. Such 
situations that may occur in images make it difficult to detect objects. The fact that SAR images represent a 
wide area is another factor that makes it difficult to analyze, interpret and search with the human eye. Such 
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situations reveal the need for deep learning models that make the analysis process efficient and provide high 
accuracy in object detection. 

Deep learning models are frequently used in tasks such as image classification and object detection. 
Automatic feature extraction of deep learning models, a subtype of machine learning approach, enables it to 
get ahead of machine learning models [4]. Deep Neural Networks (DNNs) are defined as artificial neural 
networks with additional depth, that is, with an increasing number of hidden layers between the input and 
output layers [5]. Convolutional Neural Networks (CNNs) are a subcategory of DNNs that allow complex 
data to go through mathematical operations. CNNs are computationally efficient models with special 
convolution and pooling operations for detecting objects by analyzing images. CNNs can solve computational 
complexity and high dimensionality problems by applying various convolution functions to the pixels of the 
images. The ability of CNNs to classify using fewer parameters compared to other neural networks ensures 
that they are trained in a shorter time and have less computational complexity [6]. Thanks to these advantages, 
CNNs are used in the classification of SAR images. When the literature is examined, it has been seen that 
deep learning models are used on SAR images in many studies, such as the detection of military vehicles, 
target recognition system, detection of ships, detection of oil spills, land use classification, bridge detection 
system [3],[7]-[10]. 

The primary purpose of the study is to evaluate the effect on performance of using the despeckling as a pre-
process in the classification of SAR images. In the study, the classification of five different land use and land 
cover classes is carried out: alongside, building, vegetation, road, and water. The SAR image in which the 
dataset was created was taken from the publicly available TerraSAR-X spotlight image archive. The acquired 
SAR image is divided into classes following a patch-based approach by clipping it into smaller pieces with 
distinctive and independent features. In order to compare the images divided into classes, a separate dataset 
was created by applying the despeckling, which removes the speckle noise caused by natural factors, such as 
light, in the SAR images. The classification model was trained on denoised and original datasets under the 
same conditions and parameters. The performance of the classification model was then evaluated by 
measuring its accuracy, precision, recall and, f1-score metrics. Thus, the extent to which the classification 
performance can be improved by pre-processing the SAR images with the despeckling has been investigated. 

2. MATERIALS AND METHODS 

2.1. Dataset and Pre-processing 
Images with open-source access in the TerraSar-X Spotlight image archive were used in the study. Although 
these images have high resolution and high dimensions, they include areas in five different land cover and 
use categories: alongside, building, vegetation, road, and water classified. Detecting and classifying these 
areas in images representing high-dimensional and large areas, such as SAR images, is a challenging task. In 
the study, a patch-based approach was followed so that these areas could be taught to the model, and the 
model could focus on objects by avoiding unnecessary feature learning. While following the patch-based 
approach, attention was paid to the fact that the images obtained were independent and had different features. 
In this context, in the algorithm created by using the sliding window method to divide the image into patches, 
it is ensured that the patches contain pixels different from each other. According to the coordinate information 
of the images divided into patches, the categories they belong to were determined. Then the data set was 
created by dividing them into categories of alongside, building, vegetation, road, and water. The dataset 
comprises 7200 images from five classes, including 5040 images train, 1440 images validation, and 720 
images test set. Each class consists of the same number of images, and Figure 1 shows examples of each 
class. 
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Figure 1. Example images of each class from the dataset 

2.2. Speckle Filtering 

Speckle filtering has been inevitable when dealing with applications involving amplitude or intensity images 
obtained by other systems, especially SAR images [11]. In this study, Sparsity Driven Despeckling (SDD) 
[12], a successful SAR noise removal filter that has made a significant contribution in the literature, was used. 
SDD method preserves features such as edge and point scattering in images, provides a successful smoothing 
function in homogeneous regions, and applies the total variation approach using different norms. Therefore, 
the speckle filtering structure is considered a step before generating the feature vectors. The SDD filter 
attached to three parameters that control the despeckling level. In addition, the SDD method proposes a 
method that makes it possible to make the total variation regulator term as l0-norm, fractional norm, and l1-
norm [12]. 

 

Figure 2. Example images from the unfiltered dataset and the SDD filtered dataset. (a) Raw images of the original 
dataset, (b) pre-processed images of the original dataset. 

 
Figure 2 shows sample class images from the original dataset, which were then pre-processed with the SDD 
filter for despeckle. Accordingly, it was concluded that the speckles in the pre-processed SAR images were 
eliminated to a certain extent. In particular, the difficulty of detecting changes in SAR images has been 
addressed due to the complex nature of the terrain environment and the fact that SAR images suffer from 
speckle noise [14]. The performance results of noiseless and noisy images were obtained and compared by 
choosing the same parameters for the model architecture determined for this study. 

2.3. Model Architecture 
The architecture of the Inception-ResNet-v2 [13] CNN model proposed for this study is given in Figure 3. 
The Inception-ResNet-v2 model is a variation of the Inception network and consists of deep CNN layers. The 
model is highly configurable and has an architecture of many possible changes in the number of filters in the 
various layers that do not affect the quality of the fully trained network. The second version of the selected 
network is because of the use of more suitable Inception blocks than the original Inception network. It is 
followed by a filter expansion layer (1 × 1 convolution) used to match the input depth before adding each 
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Inception block. This is necessary to compensate for the dimensionality reduction caused by the Inception 
block [13].  

 

Figure 3. Visualization of Inception-ResNet-v2 model architecture 
Combined with the ResNet architecture of residual blocks, the Inception model uses batch normalization only 
on top of traditional layers. The neural network whose visualization is given in Figure 3 has 54,336,736 
parameters. The model is 164 layers deep. It is also known that the residual blocks in the mesh provide a 
better understanding of the image of the deeper mesh [14]. As in Figure 3, which includes the layers of the 
proposed network in detail, the SAR images given as input to the neural network are provided in 100x100 
dimensions. The first layers in the network consist of 3 standard convolutional layers and a maximum pooling 
layer, then again two convolutional layers and a maximum pooling layer. In the next step, the convolved 
structure, an initial convolution, surrounds and combines simultaneously using filters of different sizes for 
each convolution operation. The convolved layers in the figure are repeated 10 or 20 times. In this case, the 
network uses dropout layers to drop random weights to avoid overfitting [14]. 

3. RESULTS AND DISCUSSION 

In order to determine the experimental findings in this study, the NVIDIA Tesla T4 graphics card of the 
Colaboratory tool offered by Google is used. The pre-trained Inception-ResNet-v2 model was trained on both 
the original and SDD-filtered datasets. All parameters used during the training were adjusted in the same way 
to be suitable for comparison. In addition, to compare the classification performances, two datasets consist 
of exactly the same data; one dataset consists of original images, while the other dataset consists of images 
with SDD filtering. Thus, it is possible to examine the effect of the SDD filter, which performs despeckling 
on SAR images, on classification performance. The performance measurement metrics of the classification 
model on the dataset consisting of original images are given in Table 1. The precision, recall, and f1-score 
metrics values for each class were given, and the accuracy value of the classification model was calculated 
as 91.16%. In addition, the overall precision, recall, and f1-score metrics of the classification model on all 
classes are 90.87%, 90.61%, and 90.67%, respectively. 

 

 

 

 
63 

 



 
Table 1. Performance metrics of classification on unfiltered data 

 Precision (%) Recall (%) F1-score (%) 

alongside 86.00 84.04 85.01 

building 94.84 99.15 96.94 

road 89.20 95.83 92.40 

vegetation 86.21 80.36 83.18 

water 98.11 93.67 95.84 

 

The performance measurement metrics of the classification model on the dataset consisting of SDD-filtered 
images are given in Table 2. Precision, recall, and f1-score metrics of each class are given, and the 
classification model has an accuracy of 93.4%. In addition, the overall precision, recall, and f1-score metrics 
of the classification model on all classes are 93.16%, 92.99%, and 93.05%, respectively. 

Table 2. Performance metrics of classification on filtered data 

 Precision (%) Recall (%) F1-score (%) 

alongside 88.10 84.64 86.34 

building 94.59 99.43 96.95 

road 99.07 96.08 97.55 

vegetation 91.06 90.46 90.76 

water 93.00 94.32 93.65 

 
According to the results obtained, it is seen that the accuracy of the model increased by 2.24%, precision by 
2.29%, recall by 2.38%, and f1-score value increased by 2.38% with the application of the SDD filter. It has 
been observed that there is a significant performance difference between the classification of speckle-free 
images and the classification of SDD-filtered images. The study clearly demonstrates that the application of 
the SDD filter improves classification performance in challenging tasks such as the classification of SAR 
images. 

4. CONCLUSION 

The study focused on two main challenges in the classification of SAR images. The fact that SAR images 
detect a large area is a factor that makes it difficult to detect objects in the image. To overcome this difficulty, 
a patch-based approach is proposed in the study. In this way, the model is enabled to learn more details in the 
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images. Another challenge is speckle noise in SAR images due to various natural factors. To overcome this 
difficulty, despeckling has been applied. Thus, the model is trained with denoised images of land cover and 
use areas, free of speckle noise. Although many studies have been examined in the literature, and there are 
studies that try different ways to overcome these problems, the difference in performance has yet to be 
revealed as much as achieved in this study. In addition, since a patch-based approach was followed in this 
study, it is predicted that a successful result can be obtained on different images regardless of the image size. 
In addition, this study confirmed how practical pre-processing steps on the image can be for classification 
performance. In future studies and researches, it is aimed to achieve higher success by minimizing the current 
error rate in the classification of SAR images. 
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Analysis Of Y-Balance Test Data Used In 
Sports Sciences With Machine Learning 

Methods 

Suheda Cilek1*, Caner Ozcan2, Bahar Ates3 

Abstract 
The Y-Balance Test (YBT) is a popular method used to evaluate the dynamic balance and functional 
mobility of athletes. However, it is crucial to perform the test correctly to obtain accurate results. For 
precise measurement of YBT data, a separate measurement should be conducted for each individual, and 
the test grid and equipment must be set up correctly. Clear instructions and a standardized protocol must 
be followed to avoid misleading results, which can lead to incorrect information being used to design 
training programs to improve athletes' performance and reduce injury risks. To address this challenge, 
a study was conducted using supervised learning methods to explore YBT data, perform preprocessing 
steps, and conduct a comparative analysis of different machine learning models' performance in 
predicting YBT data. The study predicted YBT values, which require individual measurements, using 
different machine learning methods based on determining features such as age, gender, and training age. 
The experimental results demonstrated that the predicted YBT values can aid in designing training 
programs that can enhance athletes' performance and reduce injury risks. Overall, the findings of the 
study highlight the importance of accurate YBT data measurement and the potential of machine learning 
methods in predicting YBT values based on an individual of specific features. This approach can provide 
valuable insights to coaches, trainers, and healthcare professionals to create tailored training programs 
that can improve athletes of balance and mobility while minimizing injury risks. 

Keywords: Y-Balance Test (YBT); Machine Learning; Regression; Prediction; Sport; Analysis  

1. INTRODUCTION 
The Y-Balance Test (YBT) is a widely used clinical test to assess dynamic balance and neuromuscular control 
in athletes and patients with lower extremity injuries.[1] It involves standing on one foot and reaching as far 
as possible in different directions (anterior, posteromedial, and posterolateral) while maintaining balance. 
TheYBT has been shown to have good reliability and validity and is commonly used to assess and monitor 
progress in rehabilitation programs.[2] Incorrect YBT results can lead to negative outcomes such as delaying 
rehabilitation program for the patient, ineffective treatment, and even further injury. The YBT is a test that 
should be carefully and accurately administered by a trained clinician with experience in the test and an 
understanding of how to properly set up and apply it. Those measuring the Y-balance value require a reliable 
and consistent testing environment. In addition, they must measure 3 separate reach distances in the anterior, 
posterolateral, and posteromedial directions. This process is a time and attention-consuming practice for the 
person administering the test. The idea of using machine learning methods to predict YBT results is important 
in terms of test sensitivity and accuracy, as it can help prevent errors and accurately guide athletes towards 
appropriate treatment by analyzing the factors that influence test results. 
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In recent years, machine learning techniques have been widely used in the medical field. Machine learning is 
a subfield of artificial intelligence and improves performance on certain tasks by learning from data using 
mathematical models. These algorithms identify patterns and relationships in data and use them to make 
predictions or make decisions for new data. YBT is a balance test in which variable factors are effective on 
the results. These factors include variables such as age, gender, height, weight and training age. Studies 
investigating the effects on YBT performance indicate that factors (such as limb, gender, and anthropometric 
characteristics) play an important role. Machine learning techniques can also be used to predict long jumps 
using characteristics of people, such as age, gender, sport branches and body weight.[3] 

The relationship between balance ability and the risk of sports injuries has also been established in many 
cases.[4] Studies have shown that poor balance is associated with an increased risk of lower extremity 
injury.[5] Non-contact injuries account for approximately 20% of all injuries sustained during play and 
approximately 40% of injuries sustained during training.[6] For these reasons, the use of screening tests 
measuring lower extremity balance may help sports physicians to identify athletes at risk of injury.[7] In 
addition, the importance of balance tests in the prevention of ankle and knee injuries and in the evaluation of 
decisions to return to sports is emphasized in clinical practice. The safety of YBT has been studied in various 
populations and moderate to high quality evidence has been reported as a reliable test of dynamic 
neuromuscular control.[8] It has been reported that the test is a reliable tool for pre-adolescent, late 
adolescence and adult athletes. It has also been reported to be a reliable tool to assess dynamic balance in 
women in early adolescence.[9] Recent research has used a variety of techniques, such as generalized 
regression neural networks and deep learning approaches, to predict YBT performance. In a sample of healthy 
individuals, long jump estimation was made using machine learning techniques such as multiple linear 
regression, using the characteristics of individuals such as age, gender, branch, and body weight.[10] Another 
study used a deep learning approach to predict YBT performance and found that the model was able to 
accurately predict scores on the test.[11] Other studies have investigated the effect of factors such as limb, 
gender, and anthropometric characteristics on YBT performance. For example, limb and gender factors were 
found to have a significant effect on YBT performance.[12] Similarly, anthropometric characteristics such as 
height and weight were found to be associated with YBT performance in children participating in a wide 
range of sports.[13] In addition to predicting YBT performance, several studies have also investigated the 
effects of regular exercise on YBT performance. It found that regular Pilates exercise improved the 
performance of YBT in women compared to sedentary women.[14] Machine learning techniques were used 
to analyze the relationship between soft tissue injury risk and YBT performance in elite futsal players.[15] 

This article discusses the use of machine learning algorithms to analyze the factors that determine the 
performance of children participating in sports during the YBT. In our study, we examined the effects of 
variables such as age, gender, training age, Body Mass Index (BMI), and branch knowledge of the athletes 
on the YBT results. Our objective was to develop a method that could determine the factors affecting the 
dynamic balance abilities of children using the data obtained from the YBT results and to create personalized 
training programs based on these factors. Additionally, we evaluated the performances of different regression 
algorithms in this study and compared the results with criteria such as Root Mean Square Error (RMSE). As 
a result, we identified which regression algorithm provided better estimations of the balance abilities of 
children participating in sports. These findings will enable children to follow a more effective way to develop 
their training programs and enhance their dynamic balance abilities. 

2. MATERIALS AND METHODS 

2.1. Dataset and Pre-processing 
In this study, a data set containing dynamic balance data of child athletes aged 6-17 was used. A total of 216 
children, aged 6-17 years from different sports clubs were included in the present study. The participants 
were allocated into 8 groups based on their regular sports participation: football, basketball, tennis, volleyball, 
handball, gymnastic, swimming and teakwando. While creating the data set, participants' known neurological, 
mental, orthopedic, vestibular, and systemic etc. It was sought that he did not have a disease or a problem 
that prevented the completion of the dynamic balance test and that he had not done any vigorous exercise 
before the study. Prior to the tests, participants were given a practice session to familiarize themselves with 
all test procedures. In the test session, the anthropometric characteristics and dynamic balances of the 
participants were evaluated. Personal information, height and weight measurements of each participant were 
recorded in the data set. After a three-minute warm-up period, participants did an adequate warm-up with 
movements such as jumping and standing walking and six trial exercises on each leg in each of the three lying 
directions. During the practice trials, researchers emphasized the importance of maintaining a one-legged 
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stance while performing desired movements in three directions (anterior, posteromedial, and posterolateral) 
to reach both legs, as depicted in Figure 1. To account for individual variations in leg length, the anterior, 
posteromedial, and posterolateral values were normalized by dividing them by leg length. The resulting 
normalized values were represented as percentages (%), for both the right and left legs, as shown in Figure 
2. The mean of the normalized anterior values for both legs was labeled as ANT%AVG, while the mean of 
the normalized posteromedial and posterolateral values for both legs was labeled as PM%AVG and 
PL%AVG, respectively. Finally, the average of ANT%AVG, PM%AVG, and PL%AVG values was 
calculated to obtain TOTAL%AVG. 

 

Figure 1. Direction of Y-Balance Test (Anterior, Posteromedial, Posterolateral).[16] 

Dataset preprocessing is important for the correct interpretation of machine operating studies data. A data set 
including age, gender, training age, body mass index and branch knowledge characteristics used for the YBT 
was used. The preprocessing usage of the dataset is as follows: First, unnecessary columns are removed. 
Categorical sections can be expanded numerically, especially the branch information feature has been 
converted with the "One-Hot Encoding" method. While scaling the data, age, training age, body mass index 
and branch information were scaled with the "Standard Scaler" method. The gender feature was scaled with 
the "Label Encoder" method. This use of preprocessing has been made so that it can be correctly interpreted 
by the automatic machine use inferences.  

 

Figure 2. Dataset with Y-balance test values and personal characteristics. 

2.2. Machine Learning Algorithms 
Analysis of YBT results was performed with machine learning. For this analysis, the results were compared 
using different machine learning regression algorithms. Regression analysis is a popular supervised learning 
technique in machine learning used to predict a continuous numerical value based on one or more input 
variables. In this study, the most widely used and proven performance Decision Tree, Random Forest 
Regression algorithms and Lazy Predict library were used to analyze YBT data. Random forest regression 
algorithm is an ensemble learning method that creates multiple decision trees and combines their predictions 
to increase accuracy and reduce overfitting.[17] The decision tree algorithm is a non-parametric method that 

Gender Branche Age BMI Training Age Right-ANTR% Left-ANTR% ANT%AVG Right-PM% Left-PM% PM%AVG Right-PL% Left-PL% PL%AVG TOTALAVG%
F Tennis 7 15,3846 2 56,34 59,15 57,75 91,08 84,51 87,79 75,59 58,69 67,14 70,89
F Gymnastics 10 17,1163 7 67,11 68,89 68,00 99,56 114,67 107,11 103,11 92,44 97,78 90,96
M Teakwando 8 14,1233 1 64,62 63,59 64,10 118,97 123,08 121,03 120,00 125,13 122,56 102,56
F Volleyball 11 17,4191 1 55,31 52,75 54,03 97,07 100,73 98,90 76,56 71,06 73,81 75,58
M Basketball 10 17,8571 4 44,00 45,78 44,89 71,11 64,89 68,00 54,67 57,33 56,00 56,30
M Handball 11 17,0799 2 56,44 59,56 58,00 104,44 107,11 105,78 106,67 98,22 102,44 88,74
M Football 9 16,1377 1 42,13 39,81 40,97 59,72 56,94 58,33 56,94 62,50 59,72 53,01
F Swimming 12 21,7738 6 62,96 66,26 64,61 108,23 120,58 114,40 111,11 110,70 110,91 96,64
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creates a tree-like model for decision making by dividing the data into different subgroups according to their 
characteristics.[18] Lazy Predict is a library developed in the Python programming language that allows us 
to quickly evaluate the performance of multiple models in a given dataset.[19] In this study, we used the 
implementation of these algorithms available in the scikit-learn library in Python. Considering how personal 
characteristics may affect the result, 6 different models, right and left, were created for 3 different reach 
distances measured in YBT. Each model performed regression analysis for a different direction. This method 
showed that YBT analysis can be done by creating different models using different personal characteristics. 
The results showed that YBT results could be predicted using personal characteristics. results of algorithms; 
It is measured by the Root Mean Squared Error (RMSE), which provides a general idea of how much the 
predicted values deviate from the true values. 

 

3. RESULTS AND DISCUSSION 
In this study, the YBT results of individuals were analyzed using various personal characteristics such as age, 
BMI, years of education, and branch. Different machine learning regression algorithms such as Decision 
Tree, Random Forest Regression and Lazy Predictor library were used to predict the YBT results. In YBT 
testing, the Lazy Predictor library provided a fast and efficient way to evaluate the performance of multiple 
models in a given dataset. The results showed that constructing different models for each aspect with different 
personal characteristics is a promising method for estimating YBT outcomes. Among the different algorithms 
used, the Random Forest Regression algorithm showed the lowest RMSE values for the right-anterior, right-
posteromedial, and right-posterolateral directions. As can be seen in Table 1, Table 2, Table 3 and Table 4, 
when one balance measures were given in addition to personal characteristics, the RMSE value of the 
remaining balance measurements decreased. These results show that experts can estimate YBT values by 
using the personal characteristics of individuals, and they can also reach approximate values by making only 
one measurement from one leg in order to increase the accuracy and reliability of the results. 

Table 1. RMSE results of predicted YBT values using Age, BMI, Training Year, Branche 

Features Predicted RMSE 

Age, BMI, Training 
Year, 

Branche 

Right-Anterior% 12.68 
Left-Anterior% 14.18 

Right-Posteromedial% 14.06 
Left-Posteromedial% 20.79 
Right-Posterolateral% 12.45 
Left-Posterolateral% 16.22 

 

In Table 1, the RMSE results of the YBT values predicted using Age, BMI, Training Year, and Branche values, along with 
the predicted attributes, are presented. Right-Posterolateral% showed the best performance with the lowest RMSE value. 

 

Table 2. RMSE results of predicted YBT values using Age, BMI, Training Year, Branche, Right-Anterior% 

Features Predicted Features RMSE 
 

Age, BMI, Training 
Year, 

Branche, Right-
Anterior% 

Left-Anterior% 4.93 
Right-Posteromedial% 8.65 
Left-Posteromedial% 18.35 
Right-Posterolateral% 8.53 
Left-Posterolateral% 13.07 

 

 

In Table 2, in addition to Age, BMI, Training Year, and Branche values, information of the right leg anterior value was 
also used. Improvements were observed in the RMSE values of the predicted YBT values. 
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Table 3. RMSE results of predicted YBT values using Age, BMI, Training Year, Branche, Right-Posteromedial% 

Features Predicted Features RMSE 

Age, BMI, Training 
Year, 

Branche, Right-
Posteromedial% 

Right-Anterior% 9.71 
Left-Anterior% 10.18 

Left-Posteromedial% 10.52 
Right-Posterolateral% 6.96 
Left-Posterolateral% 11.66 

 

 

In Table 3, in addition to Age, BMI, Training Year, and Branche values, information on the right leg posteromedial value 
was also used. The predicted YBT values showed improvement in their RMSE values compared to those in Table 1. 
However, there was an only increase observed in the anterior values when compared to those in Table 2. 

 

Table 4. RMSE results of predicted TOTALORT% values using different features 

Features Predicted Features RMSE 
Age, BMI, Training Year, 

Branche 
Total Average% 

((Anterior Average% 
Posteromedial Average% + 

Posterolateral Average%) / 3) 

7.78 

Age, BMI, Training Year, 
Branche, Right-Anterior%, 5.89 

Age, BMI, Training Year, 
Branche, Right-Posteromedial% 8.46 

Age, BMI, Training Year, 
Branche, Right-Posterolateral% 5.69 

 

 

The predicted results of the Total Average% value used as a pathway for determining the interventions 
required to improve an individual of balance and balance performance are presented in Table 4. In this case, 
it has been observed that the Total Average% value can be estimated by giving only personal characteristics, 
and the results can be improved by giving only 1 additional direction information on personal characteristics. 

4. CONCLUSION 
In this study, the YBT test was analyzed using regression analysis to investigate the effect of various personal 
characteristics such as age, gender, BMI and educational age on right-left anterior, posteromedial and 
posterolateral values. Machine learning algorithms were utilized and the Random Forest Regression 
algorithm was found to be the most effective. In addition, the study found that the use of YBT values 
measured by obtaining only one-way reach information instead of six measurements can increase the 
applicability and evaluability of the test. The Total Average % calculated by averaging the YBT data was 
also found to be useful for disability risk estimation. The study showed that expanding the dataset to include 
a wider range of samples can further improve the analysis results. 
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Fire Risk Assessment in High-Rise Buildings 
with Combustible Aluminum Composite 

Panels 
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Abstract 

This paper aims at presenting a novel model of the Aluminum Composite Panels (ACPs) cladding system. 
The main objective of this work is to find the air gap and the suitable and economical number of fire barriers 
between the external wall of the high-rise buildings and the ACPs used for cladding. 
For this purpose, a simulated fire experiment was conducted using Grasshopper and Galapagos software. 
The integrated novel model of ACPs proposed changes in the material used, like wet and hot insulations 
using special latest products like Fenomastic hygiene emulsion paint. 
The input parameters used to investigate the validity of the proposed numerical model are the initial fire 
temperature, the facade material elements, the facade elements’ properties, the elements’ fire resistance, 
and the time. 
As a result, the optimal value for the air gap is 111 mm. Furthermore, using four barriers in the air cavity 
plays a major role in neutralizing and limiting the fire spread to the external facades, minimizing the risk, 
and reducing harmful effects to the inhabitants of the high-rise buildings. 
These findings and results will contribute to improving and enhancing the behavior of the fire flame in 
high-rise buildings, in addition, to eliminating the fire risk for the habitant’s life in the high levels of tall 
buildings and conserving the environmental periphery including neighboring buildings, human beings, 
vehicles, and all other equipment and materials. 
 

Keywords: Aluminium Composite Panels ACPs, High-rise buildings, cavity fire barriers, air gap, 
Galapagos. 

 
1. INTRODUCTION 
Many fire accidents have occurred worldwide in recent years, resulting in many deaths, serious injuries, and a 
great loss of money and buildings. In the architecture and civil engineering sector, a lot of research has been 
carried out in the last three decades relating to Aluminum Composite Panels ACPs as external cladding systems, 
and to the depth of the air gap and fire cavity barriers. After an extensive study of the existing tall buildings, 
whether in the UAE or other countries, it was found that most of them have been clad with aluminum composite 
panels. Fires spreading due to building cladding have risen to a global average of 4.8 per annum."Fig.1" shows 
fire incidents worldwide every five years from 1990–2019 ([1] - 2]). 

1 1* Corresponding author: Mousa Al-dghaimat: Faculty of Architecture, Sudan University for Science &Technology, Sudan, 
Mousa.63@hotmail.com. 
2 Professor, School of Engineering, The University of Jordan, Jordan 
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Figure 1: statistical data of fire incidents worldwide every five years from 1990–2019 ([1] - [2]). 

Recent dramatic events happened around the world (Mermoz Tower in Roubaix, France, 2012; Polat Tower in 
Istanbul, Turkey, 2012; Lacrosse Tower in Melbourne, Australia, 2014; and Grenfell Tower in London, UK, 
2017) remind us of the importance of addressing fire issues as a whole and clearly highlight the major role 
played by facade cladding and the associated insulation as fire propagation vectors. In UAE fire breaks at Torch 
and Marina Tower in Dubai in 2017, a fire at Al Baker residential tower in Sharjah in 2012, a fire in Residential 
Building No. 1in Ajman in 2016, and a fire in Address Hotel in Dubai in 2016 [2,3]. 

The damages resulting from these fires are large and costly, whether human, psychological, or material, the 
largest example of this topic is the Grenfell Tower in the United Kingdom in 2017, which resulted in the death 
of more than 70 residents and the displacement of all residents of the tower in addition to its complete burning 
and damage [4]. 

"TABLE 1" provides a non-exhaustive list of the fires that have happened internationally because of 
combustible facade systems, and "Fig.2" shows and provides an illustrative map of the location of fires that 
engulfed all around the world [5].  

From the schedule and map, it is clear that the Arab Gulf States gained the biggest number of fires, This is what 
encouraged to search and focus on finding a solution to this phenomenon, which is spread in general around 
the world and in the UAE in particular, because of its distinction in building tall towers, the latest of which is 
Sheikh Khalifa Tower, number one in the world until today ([2]-[5]). 

   

Figure 2: A fire incident involving exterior facade systems all around the world [5]. 
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Table 1: Shows a non-exhaustive list of the fires that have happened globally. 

The unique advantages and characteristics of ACPs made them the first choice for architects and engineers 
working in architectural design, and the construction sector in general. After using these panels for cladding 
extensively, especially in high-rise towers, in contemporary cities like New York, Tokyo, Dubai …etc. It was 
found that there are still several disadvantages related to such panels. Such disadvantages result from the use 
of flammable materials in its components and the presence of an air cavity that helps in the spread of vertical 
fire flame and defects in fixing them on the facades.... etc.  

A specific focus on the external facade system and ACP insulation is necessary for the UAE material 
requirements. The nature of fire spread with ACP cladding materials containing combustible core materials 
raises concern over the safety of building occupants and firefighters ([4]–[6]). The presence of the air cavity 
led to the emergence of a serious problem, which assists the rapid spread of vertical fire flames in the event of 
a fire on the upper floors and apartments, which exposes buildings and their inhabitants to the danger of fire 
[4].    

Some studies appeared recently to solve the problem of air cavities [7-12], and a little bit researchers presented 
solutions by installing fire barriers and suggested one or two barriers, but the problem still exists, and the 
number of fires is increasing, moreover, the problem is getting worse day by day, posing a great threat to lives 
and buildings alike. 

The fire behavior of ventilated cladding systems made of aluminum composite panels ACPs has become a topic 
of concern, the fire performance of a cladding system comprises not only the cladding panel and the insulant 
but also air cavities, cavity barriers, and mounting and fastening elements. In a real fire, all these components 
interact significantly. It was also confirmed that the Grenfell Tower fire in (UK, 2017), where there were 
installed barriers; however, the installation geometry of the cladding system developed an interconnected 
network of cladding cavities, allowing the fire to spread rapidly. Moreover, the transition to the mode where 
the flames filled the entire cavity width was observed to occur at the cavity width of 0.03m and 0.04 in the 
experimental tests. The visual observations clearly indicated that the flame heights increased with reduced 
width [13]. 
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Mineral wool fire stops barriers (at least 50 mm thick) are required for buildings of three or more stories fitted 
with combustible external insulation. The fire stop barriers must be installed to the cladding at intervals of not 
more than two stories [4]. 

“As observed in real high-rise building fire incidents, flames can eject from many windows over multiple floors 
and the interactions between multiple fire plumes are very complex. This needs to be studied further and more 
deeply: the ejected flame interaction of multiple windows with different arrangements and wind conditions is 
suggested to be further considered.” [14]. 

 The conducted experiment it was found that the results indicate that, without a barrier, fire starting at the middle 
of the wall generated a higher peak. The heat release rate HRR was higher at the bottom, which was, in turn, 
higher than that at the top. When the insulation panel below the barrier was 1 m high, the upward fire spread 
from the bottom could be stopped by 40 cm, but not 30 cm, barriers. However, when the insulation panel below 
the barrier was 2 m high, even the 40-cm barriers failed. Lastly, the downward fire spread from above could 
not be stopped by a 40-cm barrier due to the dripping of burning plastics. The study highlights the limitations 
of horizontal fire barriers in preventing vertical fire spread over exposed B2-grade polystyrene insulation and 
establishes protocols for further investigations [15]. 

When the fire inside the cabin develops to be in its most severe stage, flames may escape from the openings, 
forming outer flames, also known as Interface fires. Structural parapets (e.g., balconies, eaves, and overhangs) 
greatly influence the vertical spread of the opening spill column. Numerical investigations show this chamber 
fire and prevailing ventilation conditions.           Strongly influences indoor fire behavior through oxygen 
availability. And the development of flame emanating from the outside because of natural factors such as wind 
and high temperature ([16-19]). 

“Aluminum composite panels could melt in high temperatures, and flame and hot gases could enter the cavity 
between the panels and insulations. The use of fire stops between the outer panels and inner insulation materials 
was found to be effective to control the fire spread in the cavity” [20]. 

The gap depth is the subject matter of many works but, it still needs more in-depth studies to find the optimal 
and safe depth that will be suitable enough to use in the recent high-rise buildings. 

In accordance with what has been achieved by development and progress in the design of high-rise buildings 
in general and the external facades in terms of aesthetics first, and then their compliance with the conditions of 
sustainability such as energy saving, thermal insulation, etc., there are still many challenges that architects and 
designers face in designing their high-rise projects. Represented in the danger of fires and the rapid spread of 
their flames in high-rise residential buildings. 

One of the main factors for the spread of vertical flames in skyscrapers was the presence of gaps or cavities in 
most models used until today. Furthermore, and to the importance and seriousness of this phenomenon, it was 
decided to focus on in-depth research using the most contemporary scientific means to find the best solutions 
for it [2]. 

By reviewing the previous literature and many others, it has become clear that the use of fire barriers in air 
cavities is effective and gives positive results, but it is not sufficient to prevent the spread of fires in general 
and the spread of vertical flames in particular, and based on all of the above, this study was enumerated, where 
they conducted a simulation test of a novel proposed model based on the theory EA and using the Grasshopper 
and Galapagos applications. So, a novel model for ACPs is developed and investigated to minimize the fire risk 
in a high-rise building. A varying number of fire barriers, accompanied by various dimensions of the air gap, 
were used. To get the optimum gap space and the economical number of fire barriers, an evolutionary algorithm 
EA was proposed and performed using Rhinoceros, Grasshopper, and Galapagos.  

 

2. MODEL CONSTRUCTION 

This simulation experiment test aims to examine, improve, and develop the exterior wall assemblies that are 
cladded by ACP’s material system, in compliance with applications and laboratory tests approved globally as 
BS8414 part 1 & 2, ISO 13785 part 1 & 2, NFPA 285, SP105, CAN/ULCS134, DIN 4102-20. 
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2.4 Installation way of ACPs and joints between Panels. 

Aluminum Composite panels (ACPs) are typically installed on exterior walls on steel channels or battens/top 
hats, [20]. This creates an air gap of around 40 mm between the next surface within the external wall cavity 
(typically sarking or other weather resistive barrier) and the cladding. The panels are typically fastened to the 
steel battens by either of the following two methods: 

2.4.1 Flat stick method - Flat cut ACP panels adhered to steel battens using double-sided adhesive tape. 

2.4.2. Cassette mount method - The edges of the panels are folded at right angles and are rivet or screw fixed 
to aluminum or steel channels or clips which are in turn screw fastened to the exterior wall. 

Sealant is normally applied to the gaps between panels, this is called "face sealing". The Cassette mount method 
of installation typically forms a ventilated facade/rain screen with an air gap separating the ACP from the 
supporting wall behind. However, ACP can be incorporated into other forms of construction including pre-
manufactured unitized curtain wall facade panels.  

"Fig.3 (a)" shows three-dimensional images of the model, including the method of installing and fixing the 
composite aluminum sheets on metal supports fixed to the block wall, in addition to installing fire barriers and 
thermal insulation in their specified places [21]. 

 
Figure 3 (a): three-dimensional images of the model [21]. 

 
 

One of the main factors for the spread of vertical flames in skyscrapers was the presence of gaps or cavities in 
most models used until today.  
The air gap between the Aluminum Composite Panels ACPs and the external wall is a major factor in fire   
extension on the facade of high-rise buildings, it is playing a very important role to prevent vertical fire flame 
spread, more than one problem was found in this position, the first being depth of the cavity. The horizontal 
fire barriers using 300 mm high non-combustible insulation were effective to delay the fire spread on exterior 
walls [20]. The air gap is also considered as a leveling monitor to adjust the defects in the civil works in the 
external walls." Fig.3 b" presents the size of air (cavity gap) between the wall and ACP which is more than 300 
mm [22]. 

 

"Fig.3 b" shows the components of the novel model as the followings: 
1- 4MM THK aluminum composite panel FR-A2. 
2- Vertical/horizontal runners: 40X40X3MM. alum. hollow square tube fixed to the panel rails brackets. 

e 3 (b): Cassette mount installation of ACP onto the wall (photo 
by CSIRO) [22]. 

 
 

 3 (c): Layers and specifications of the novel model. 
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3- Cavity fire barrier depth111 mm*height 57 mm*long variable recompressed stone wool density 80 kg/m3. 
4- Gap (Air Cavity) 111mm. 
5- Thermal insulation 50 MM mineral wool.insulation density 24KG/ M3. 
6- Fenomastic hygiene emulsion silk paint. 
7- 200 MM block wall fixed to the metal frame. 

8- Steel frame supporting block wall. 

 9- Model base. 

 

3. METHODOLOGY AND RESULTS 
In this paper, the conducted simulation test was focused accurately to find the optimal depth using the 
Evolutionary Algorithm Theory. In addition to finding the Economical Number of Fire Barriers. The test has 
been done in cooperation with the CALI-S. T professionals and designers, (Jordan, USA). 

3.1. Evolutionary Algorithm Implementation [2] 

The main objective of the work is the limitation of fire spread within the insulated facade of high-rise buildings. 
Observations and experience show that facades have a large potential to contribute to the spread of fire between 
floors and apartments of residential buildings. Many reports on fire accidents prove that the presence of a cavity 
(gap) assists spreading of vertical flames in high-rise buildings. Therefore, studying and analyzing the ‘facade 
in the fire’- scenario helps to develop safety methods and potential mitigating strategies,[9]. 

Rhino and Grasshopper software packages were used as an integrated computer design tool with an algorithmic 
method to achieve a fully automated design, variants creation, and considering parametric modular 
coordination. Parametric modeling tools can simplify a wide range of possible concepts for optimal design 
exploration by allowing the automatic generation of a group of alternative design solutions to achieve the 
optimal genome model [23]. 

The optimal design of Aluminum composite panels (ACPs) that can minimize the vertical fire flame and fire 
risk in high-rise buildings while maximizing safety and durability is challenging and expensive to perform due 
to the complexities and constraints encountered.  

Computational costs of such constraints manifest themselves in many indices of complexity, namely the 
availability of many combustible materials in commercial wall assemblies. These assemblies include exterior 
insulation, metal composite claddings, high-pressure laminates, and weather-resistive barriers. Likewise, 
modeling complexity deals with the methods used to find a solution to the problem at hand. Simple models 
admit closed-form solutions while the more complex ones require robust optimization or finite element models. 
Furthermore, thermal loads of ACPs are highly sensitive to geometric tolerances and imperfections. One of the 
most significant parameters is the air cavity (gap) between the external wall of the high-rise buildings and the 
ACPs used for cladding. While there is still no good way to incorporate imperfections in the design because 
their amplitudes and shapes are not known, designers often concentrate only on the cavity (gap), the most 
critical scenario for design optimization. In compliance with this last requirement, the optimum cavity (gap), 
an evolutionary algorithm (EA) in accompany of parametric design were adopted within the integrated platform 
of Rhino 3D, Grasshopper, and Galapagos software, "Fig.4 and Fig.5" [22]. 

This process is supported by Galapagos which uses genetic fitness to eliminate unwanted characteristics (here 
larger cavity (gap) size) and to select genes (here member sizes and properties) that evolved towards genetic 
success (here minimum cavity (gap) size). A unique feature of this optimization is the efficient reduction of 
variables that were genetically modified [24]. The application of evolutionary algorithms to structural 
optimization allows a huge reduction of time and computational effort. In general, EAs search a multi-
dimensional space for points according to a predefined fitness function, then use some selection mechanism to 
discard unfavorable points, making the working set better [25]. 

To achieve a fully automated design, variants creation, and considering parametric modular coordination, 
Rhino, and Grasshopper software packages were used as an integrated computer design tool with an algorithmic 
method. Parametric modeling tools can simplify a wide range of possible concepts for optimal design 
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exploration by allowing the automatic generation of a group of alternative design solutions to achieve the 
optimal genome model [23]. 

 

 
Figure 4: Flowchart of the proposed algorithm. 

 

 
Figure 5: Software interaction. 

It It shows the relationship between various 
software utilized in this work. Within this 
virtual environment engineers and architects 
can optimize structural form for a given set of 
criteria. Furthermore, Galapagos provides a 
general platform for applying evolutionary 
algorithms for use in a variety of solutions 
problems by non-programmers [26]. 

 
Grasshopper software starts with standard input as shown in" Fig.6"(exploded bar). The design parameters 
shown are defined to Galapagos via C-Sharp (a programming language). This will be explained thoroughly in 
the following: 

 

 

Figure 6: Parametric relationships chart within the grasshopper program (part of the figure is exploded to make it clear). 

 

Galapagos, the solver, starts with a random “population” of sets of input values. These sets of input values are 
plugged into the model (using C-sharp) and the results are evaluated relative to the target value, i.e., the 
optimum gap (OG): Finding the optimum gap is computationally demanding and many iterations were 
performed. In this text, two sample iterations in the vicinity of the optimum gap are presented. In the first 

78 
 



 
sample, the air gap is assumed to be     70 mm, then EA runs for the whole input parameters for 45min (the 
time of experiment recommended by NFPA 285). The data recorded on the external layer and resistance 
pressure show that the results are not promising, and the facade will collapse after 17min because the air 
pressure between the barriers and the compounding structure of the facade will lead to internal explosive 
pressure. In the second sample, the air gap is assumed to be 150 mm, then again, the EA runs for the whole 
input parameters for 45min.  The data recorded on the external layer and resistance pressure show that vertical 
fire extrapolation growth will increase by 12.1%, leading to external explosive pressure in the upper levels after 
26 min, because of the oxygen volatility between the barriers. 
As the result of EA, the optimum value for the air gap is 111mm which holds the most precise values for the 
equation to reach the targeted fitness point with ~40.27 min. 
 
3.2. Economical Number of Fire Barriers [4] 

Five consecutive simulation tests were performed, and each test takes about 45 minutes. The first one is 
performed assuming no barriers. The next four were performed adding one barrier each time. In addition to the 
fire barriers that are located and installed all around the openings such as doors or windows "Fig. 7". 

The barriers proposed were sufficient and effective in suffocating, seizing, and controlling the spreading of the 
vertical fire flame. 

 

 
1.No fire-barriers 

 
2. One fire-barrier 

 
3. Two fire-barriers 

 
4. Three fire barriers 

 
5. Four fire-barriers 

Figure 7: Positions of fire barriers throughout the simulation test. 

 

Adding new barriers will suppress flame propagation, but it is not recommended to use a great number of 
barriers because of economic and technical purposes.  

"Fig.8" shows the flame height versus time for the fire cases shown in "Fig.7" where the number of cavity 
barriers changed.  

With no barriers, as shown in line diagram number (1), results indicate the highest level of the fire flame, which 
reaches five-meter and a little bit more, that no fire barriers used. 

 With one fire barrier as shown in line diagram number (2), results indicate that it is 1.00 m lower than not 
using any fire barrier. 

When using 2- barriers as shown in line diagram number (3) present a small difference, in the height of the 
flame lower than when using one barrier. 

Using three fire barriers, as shown in line diagram No. (4), it was found that the height of the fire didn’t exceed 
2.50 m. 

When using 4 barriers, as shown in line diagram No. (5), a significant decrease in flame height and control of 
the fire, in general, was observed. 

Therefore, this proves that the use of 4 fire barriers is sufficient to reduce the risk of fire spreading, isolating, 
and suffocating in general and neutralizing the risk of vertical fire flame. 

For practical and economical purposes, it is not recommended to use more than 4 barriers at this distance. 

79 
 



 
 

Flame Height (cm) 

Time (min) 

Figure 8: Flame heights versus time with various numbers of cavity barriers. 

 

1. No Cavity Barrier, 2.1-Barrier used, 3. 2-Barrier used, 4. 3-Barrier used, 5. 4-Barrier used 

 
 9 (a). Shows the temperature variation, with 

 corded at each thermos couple TC. 
 9 (b). Shows the positions of the adjusted 

 Thermocouples (TC1,2,3,4) where the flame 
ature is recorded. 

 
It is clear from "Fig.9", that (TC1) recorded the lowest temperature, it raises within 5 minutes up to 140 ℃, and 
very slowly developed to a maximum of 190 ℃ within 50 minutes.  
(TC2) records show that the temperature raises up to 220 ℃ within 5 min. similar to TC1, but it gradually 
developed up to 300 ℃ within 50 minutes. 
 The record of (TC3) shows an overshoot of up to 370 ℃ within 5 minutes. In the next 50 minutes, the 
temperature was raised up to approximately 500 ℃.  
The data presented in "Fig.10" are recorded in the existence of 4 - fire barriers. This gives additional proof of 
the importance of such a barrier.   

In conclusion, “TABLE 2" presents a comparison between the proposed and tested novel model and the 
traditional model (classical).  The novel model contains all the materials and elements that were tested through 
conducting the simulation test for the experiment, and it is the one that succeeded in passing all stages of the 
experiment, which gave promising results in reducing the problem of the spread of fire from one floor to another 
and eliminating the problem of spreading vertical flame. 
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Table 2: Shows the New Main Hypothesis (Novel model) Compared with the (Traditional) ACP System 

Serial 

No. 

Design 

Parameters of ACPs 

Traditional Model Proposed and Tested Novel 
Model 

1. ACPs itself combustible with 
polyurethane core 

- Old traditional 

model 

 

2. ACPs are noncombustible with a 
mineral core    A2 

- The latest product 
of 

ACPs A2 

ACPs noncombustible mineral 
core A2 

3. Waterproofing system - Classic Bitumen 

Paint 

Fenomastic hygiene emulsion silk 
paint. 

 

4. Heat insulation system 1. Rock wool 

2. Polystyrene foam 

Mineral wool. 

5. The gap between the wall and ACPs. 

 

The size of the gap 

allowed up to 
300mm. 

The optimal gap (cavity) thickness 
is 111mm. 

6. Joints between Panels. 

 

1. Not closed 
properly 

2. Mastic used is 

flammable 

.Prolastik matt silicone sealant. 

7. (Cavity barriers) 

(Compressed stone wool size up to 
300mm *57mm). 

1 or 2 barriers are 
used. horizontal fire 

rated. 

Fire barriers used are 4. 
(Compressed stone wool size 

57mm *111mm). 

. 

 
4. CONCLUSIONS 

Overall, based on the results have been gained from the simulation test, by using evolutionary algorithm 
assessment as discussed, an important consideration which supporting and enhancing the generated genomes 
that improve the efficiency, choosing the best solutions, and focusing on the best-generated genomes that will 
improve the novel model of ACPs to minimize the risk of vertical fire flame in a high-rise building. 

Although the obtained results are promising and made a qualitative and quantitative leap in the world of the 
construction industry, the subject needs more research and scrutiny to obtain an ideal model that contains all 
safety elements for the high-rise buildings, their occupants, and the surrounding environment. The results also, 
show that a 4 number of cavity barriers are required to be used in external wall assemblies to reduce and control 
fire spread. Its contribution in reducing the vertical flame is considerable to confine, suffocate, and control the 
fire and prevent it from spreading.  

In addition, it works to discourage and prevent the spread of vertical fire flames that lead to the transmission 
of fire to the upper floors in tall buildings, which poses a great danger to lives and property. 
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Analysis of Multi-Level Parabolic Leaf Spring 
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Abstract 

The deformations that may occur on multi-level parabolic leaf spring systems due to the external effects 
such as vibration and force should be analyzed before the system designed. In this work, ANSYS based 
modal and deformation analyzes have been carried out for 10-7 parabolic leaf spring systems designed by 
using the Stainless Steel, Titanium Alloy and Aluminum Alloy materials. From the deformation analyzes 
realized under the force values of 1000 N, 3000 N and 5000 N, it was observed that the maximum total 
deformation values were obtained for Aluminum Alloy material and the relevant deformations were 
obtained as 2.7620 e-5 m, 8.2861 e-5 m and 1.3810 e-4 m, respectively. In order to analyze the effects of 
the different materials on the resonance frequencies, the modal analyzes were also realized under the 5000 
N force value. The modal analyzes results represent that the resonance frequency value intervals were 
emerged as [141.3 Hz-515.14 Hz] for Stainless Steel material, [128.66 Hz-471.47 Hz] for Titanium Alloy 
material and [142.89 Hz-522.97 Hz] for Aluminum Alloy material. 

Keywords: Leaf Spring System, Total Deformation Analysis, Modal Analysis  

1. INTRODUCTION 
The material properties of a leaf spring system directly affect the attenuation performance of the relevant system 
in terms of the disruptive effects such as stress, strain, deflection and deformation. Modal analysis and 
deformation analysis may usually offer effective results in performance analysis of the leaf spring systems 
against these disruptive effects. In literature, there are several number of works presenting detailed analyzes of 
leaf spring systems according to material properties. In [1], theoretical and ANSYS based modal analyzes of a 
multi-level leaf spring systems made of E-glass/epoxy, graphite/epoxy, carbon/epoxy and Kevlar/epoxy 
composite materials were performed. In work [2], ANSYS based analyzes of a multi-level steel leaf spring 
system and a mono composite leaf spring system both having the same load carrying capacity were carried out. 
In another work, a detailed ANSYS based performance comparison have been realized between the suspension 
behaviors of kenaf and hemp reinforced epoxy composite leaf spring system and the steel and synthetic fiber 
composite leaf spring system [3]. The authors in [4] performed fatigue analyzes and modal analyzes of mono 
leaf spring systems made of E-glass and natural fibers and then compared the results to that of 65Si7 steel 
material. Tadesse and Fatoba were computed the maximum displacements and the von Mises stress values for 
different material properties via the CATIAVR9 and ANSYS software and then compared the results both 
among themselves and with the literature [5]. In [6], leaf spring systems made of composite materials such as 
carbon epoxy, bamboo polyester, E-glass/epoxy and graphite epoxy were analyzed and their performances were 
compared to that of traditional steel leaf spring systems by using CATIAVR9 and ANSYS software. In work 
[7], dynamic analyzes of mono leaf spring systems composed of different materials such as FRP, titanium alloy, 
super bainite and structural steel were carried out. In another work, as a result of the performance comparison 
between the composite materials used in leaf spring systems it was found that the fractures usually occurring 
in the main direction instead of the shear direction [8]. Finally, the design processes and performance 
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comparisons of multi-level leaf spring systems made of AISI 6150 steel, Ti-6Al-4V alloy and S-Glass fiber 
composite materials were analyzed in [9]. 

In this work, ANSYS based modal and deformation analyzes were realized for 10-7 parabolic leaf spring 
systems made of Stainless Steel, Titanium Alloy and Aluminum Alloy materials. The deformation analyzes 
were carried out under the force values of 1000 N, 3000 N and 5000 N. Furthermore, in order to determine the 
resonance frequencies modal analyzes were carried out for the first 6 Mode (Mode 1, Mode 2, …, Mode 6) 
under the 5000 N force value. 

2. MATERIALS AND METHODS 
The strength of leaf spring systems against internal and external disruptive factors is extremely important. On 
the other hand, the material properties have a direct effect on the system strength and the variety of materials 
that can be preferred in the design of leaf spring systems is quite high.  The 10-7 multi-level parabolic leaf 
spring system used in this work consists of 10 leaves in the upper leaf spring system and 7 leaves in the lower 
leaf spring system as shown in Figure 1. 

 

 
Figure 1. 10-7 multi-level parabolic leaf spring system structure 

The material properties of the multi-level parabolic leaf spring system given in Figure 1 and having double 
bushes are represented in Table 1. 

 

Table 1. Material properties of the 10-7 multi-level parabolic leaf spring system 

Structure of the Leaf Spring System 

Length of leaves, L 

Upper Leaves (mm) Lower Leaves (mm) 

L1 = 200      L8 = 937 mm  L11 = 235 mm 

L2 = 260      L9 = 150 mm L12 = 405 mm 

L3 = 365      L10 = 150 mm L13 = 475 mm 

L4 = 485  L14 = 675 mm 

L5 = 555  L15 = 675 mm 

L6 = 725  L16 = 150 mm 

L7 = 830  L17 = 150 mm 

Width of each leave 57 mm  
Thickness of each leave 8 mm  

 

The structural properties of Stainless Steel, Aluminum Alloy and Titanium Alloy materials used in the design 
of the 10-7 leaf spring system are given in Table 2 below. The design of the leaf spring system was realized by 
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using the SOLIDWORKS 2016 software. On the other hand, ANSYS Workbench 18.1 software was used to 
realize the deformation and resonance frequency analyzes. While performing the deformation analysis, the 
force values of 1000 N, 3000 N and 5000 N were applied to the Center Bolt region shown in Figure 1. 

 

Table 2. The structural properties of the materials used in the design of leaf spring system 

 Material Type 
Property Stainless Steel Aluminum Alloy Titanium Alloy 

Density (kg/m3 ) 7750  2770  4620 
Poisson’s Ratio 0.31 0.33 0.36 
Young’s Modulus (Pascal) 1.930 e+11  7.100 e +10 9.600 e +10 
Bulk Modulus (Pascal) 1.693 e +11  6.960 e +10  1.142 e +11 
Shear Modulus (Pascal) 7.366 e +10 2.669 e +10 3.529 e +10 
Tensile Yield Strength (Pascal) 2.070 e +08  2.800 e +08  9.300 e +08 
Tensile Ultimate Strength (Pascal) 5.860 e +08  3.100 e +08  1.070 e +09 
    

3. RESULTS AND DISCUSSION 
In ANSYS based analysis the physical system analyzed firstly decomposed into smaller parts in order to obtain 
more accurate results. By means of this process, named Meshing, more reliable results could be provided. In 
the MESH processes performed for all leaf spring system structures, the value of the Element Size and Body 
Number parameters were taken as 7.7 x 10-3 and 18, respectively. The meshing image used in the simulations 
is shown with Figure 2. 

 

 
Figure 2. 10-7 leaf spring system meshing 

 

 

The maximum total deformation values emerged as a result of the force values applied to the multi-level 
parabolic leaf spring systems made of Stainless Steel, Aluminum Alloy and Titanium Alloy materials are given 
in Table 3. 
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Table 3. The maximum total deformation values emerged for three different materials  

MATERIAL 
FORCE VALUES (Newton)  

1000 N 3000 N 5000 N  

Stainless Steel 1.0167 e-5 3.0501 e -5 5.0835 e -5 

T
O

T
A

L
 

D
E

FO
R

M
A

T
IO

N
S 

(m
) Titanium Alloy 2.0405 e -5 6.1216 e -5 1.0203 e -4 

Aluminum Alloy 2.7620 e -5 8.2861 e -5 1.3810 e -4 

According to the values given in Table 3, it can be expressed that the leaf spring system made of Aluminum 
Alloy material exposes to the maximum deformation. In other words, it has been determined that the Aluminum 
Alloy leaf spring system shows less strength at all force values than the systems designed with other materials. 
However, the highest material strength was produced by the leaf spring system made of Stainless Steel material.  

The resonance frequency defines the frequency value at which the amplitude of the system output begins to 
disturb. The resonance frequency values obtained for six different modes under the 5000 N force are given in 
Figure 3. From the figure, it can be seen that Titanium Alloy material produces the lowest resonance frequency 
values in all mode shapes. On the other hand, the highest resonance frequency values in all mode shapes were 
produced by the Aluminum Alloy material. Namely, Aluminum Alloy material based leaf spring systems will 
expose to deformation at higher frequencies to that of the other two structures. Finally, it can also be seen that 
the resonance frequency values emerged for the Stainless Steel and the Aluminum Alloy materials are too close 
to each other. 

 

 
Figure 3. Mode to mode resonance frequency variations 

 

4. CONCLUSIONS 
In this work, the detailed deformation analyzes of the leaf spring systems made of Stainless Steel, Aluminum 
Alloy and Titanium Alloy materials were realized under different force values and then the modal analyzes 
were applied separately to each of the 6 different modes to obtain the relevant resonance frequencies. The 
results obtained for deformation analyzes represent that the highest total deformation values were emerged for 
the leaf spring systems made of Aluminum Alloy. Thus, the Aluminum Alloy material was determined as the 
lowest strength material in terms of the deformation. However, it was also observed that the Stainless Steel 
based materials were able to reach to the highest strength levels. According to the modal analyzes results, it is 
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seen that the Titanium Alloy material produces the minimum resonance frequency values for each of the 6 
mode and this represents that Titanium Alloy material will reach to the resonance at lower frequencies when 
compared to other two materials. In general, it can also be concluded that leaf spring systems made of Stainless 
Steel and Aluminum Alloy materials will produce similar resonance frequencies in all mode shapes. 
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Wind Turbine Power Estimation Based on 
ANFIS Under Changing Air Density And 

Wind Speed Conditions 
Goksel Gokkus1 

Abstract 
Within the scope of the study, a mathematical model of a wind turbine (WT) with a power value of 600kW, 
which is in the power range used extensively today, was created in a simulation environment. An Adaptive 
Neuro-Fuzzy Inference system (ANFIS) model was also created in the same simulation environment. The 
training of ANFIS was made using the data of a real wind turbine, which provides similar power values 
with the mathematical model. Air density and wind speed and output power values of the wind turbine were 
used in the training of ANFIS. In the next step, wind speed and air density data of Nevsehir province were 
transferred to the simulation environment. Both the mathematical wind turbine model and the Fuzzy 
Inference System (FIS) model created as a result of ANFIS training were run on the same data set. Both 
generated models were run at the same time in the simulation environment and the power data produced 
were compared. It has been observed that the ANFIS model, which has achieved a great deal of success on 
non-linear systems, predicts the wind turbine output power value within the scope of the study more than 
90% correctly. As a result of the obtained comparison, it has been observed that the farthest error value, 
at which the training with ANFIS is differentiated according to the mathematical model, is around 10%. 

Keywords: Wind Turbine Power Estimation, ANFIS  

1.INTRODUCTION 
It is a fact that energy consumption moves in parallel with this in developing societies with rising living 
standards. Industrialization and developments in production technologies accelerate the increase in energy 
demand. It is estimated that the demand for energy will increase even more with the idea of using electric 
vehicles instead of internal combustion engines by 2050 with the zero emission movement of the participating 
countries in accordance with the Paris climate agreement. Today, energy needs are mostly met from fossil 
resources and their derivatives. The most important factor in the use of these resources is the ease of energy 
conversion and adaptation to existing systems. For example, we can use fossil fuels such as fuel oil to power 
transportation vehicles, while at the same time we can generate electricity or use it for heating. The use of fossil 
fuels in daily life is widespread. However, the wastes generated during and after the use of these resources have 
negative consequences on the environment. The heat generated during the energy conversion process is one of 
the main ones. Others are gaseous waste. These waste gases remain suspended in the air, creating a greenhouse 
effect and causing further warming of the Earth and climatic changes. These effects and the changes that occur 
are known by the leaders of the world countries and conscious people and various steps are taken in this sense. 
For example, energy systems used outside of critical areas can be provided from renewable energy, and electric 
vehicles using hydrogen batteries, batteries and electric motors instead of internal combustion engines. In 
addition to these movements, tax reductions and incentives provided by countries to their citizens to turn to 
alternative energy sources can also be counted. Alternative energy sources are resources that draw their power 
and potential from nature and constantly renew themselves. Because of their potential, their energy is infinite. 
They can be found in the air, land and sea and have many forms. Solar energy and wind energy are the leading 
renewable energy sources and these two sources have the largest share in renewable energy production. Today, 
two methods, thermal and photovoltaic (PV) methods, are used in the conversion of solar energy into electrical 
energy. With the thermal method, solar energy is first converted into heat energy and then into steam power 
and electrical energy on steam turbines. In electricity generation with the photovoltaic method, photovoltaic 
cells working with the photovoltaic effect are used. Photovoltaic cells are transducers that convert solar energy 
into electrical energy. Photovoltaic cells act as a current source. PV panels are formed by connecting multiple 
PV cells in series and parallel, and it is possible to reach very high power values by connecting the panels in 
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series and parallel with the same logic. Although solar energy has a very high energy potential, it may not 
provide energy every hour of the day and every day of the year. Another energy source that stands out among 
renewable energy sources is wind energy [1]. 

Wind turbines are used to generate electricity from wind energy. Today's wind turbines are the modernization 
of the windmills of the past. In the past, windmills were used for various purposes such as grinding grain, 
drawing water from water wells and processing timber. With the increasing use of electrical energy, it has 
become capable of generating electricity. Wind turbines are an ideal resource for off-grid locations and rural 
settlements and are also used as a design tool in modern buildings. Wind turbines come in many types in terms 
of their axis, number of blades and aerodynamic structure. In addition, wind turbines can be produced up to 
megawatt level in terms of power ranges. In order to benefit from wind turbines to the maximum extent, 
mountain elevations, coastlines and off-shore applications, which are referred to as off-shore, are seen today. 
Wind turbines are an energy conversion system that requires initial investment costs. For this reason, it is 
necessary to have various meteorological and geographical information about the area to be installed in order 
to make maximum use of these systems and to pay back the investment costs in a short time. In order to profit 
from wind turbines, the wind speed of the area where the turbine will be installed is required to be above an 
average annual value of 7 m/s. Wind turbines are one of the most studied energy types and academic studies 
include topics such as wind turbine control and maximum power point tracking. These studies also include 
topics such as power estimation, fault detection and optimization in wind turbines. In addition, the increase in 
the installation of wind farms with large-scale wind turbines has led to a remarkable increase in wind turbine 
failures [2]. The variable and unpredictable characteristic of wind is the most important challenge in wind 
energy utilization. For the safety of the wind turbine and the efficiency of the wind energy conversion system, 
it is crucial to optimize the operation of the wind turbine [3]. For this purpose, various methods have been used 
to improve the quality and efficiency of the wind energy system. Power estimation in wind turbines is one of 
the methods used to obtain maximum energy from the turbine. In addition, estimation of the power curve is 
also required to calculate the power output of a wind turbine [4]. The wind turbine power curve shows the 
relationship between wind speed and power output. Modeling the wind turbine power curve can be used as a 
tool for monitoring, forecasting and error control of wind energy [5-7]. 

2. MATERIALS AND METHODS 

2.1. Mathematical model of wind turbine 
As the heated air rises, a low air pressure is created in this area. This low air pressure zone is filled with air 
again, that is, there is an air flow towards the low air pressure zone and wind is formed during this event.  Wind 
energy has a huge potential. However, wind energy is a natural energy source that is not under human control 
[8]. In addition, wind energy is unlimited, clean and non-territorial.  Wind turbines are systems that convert 
kinetic energy into mechanical energy and then into electrical energy. The mechanical power produced by wind 
turbines is calculated by Equation (2). 

 

31
2

P A Vρ=  
(1) 

31 ( , )
2

P A V Cpρ α β=  
(2) 

PmCp
P

=  
(3) 

Where A  is rotor swept area in  2m , V is wind speed in /m s ,  ρ  is air density in 3/kg m , Cp  is 

power co-efficiency, Pm  is wind turbine output power in w , α  is tip speed ratio (TSR), β  is blade pitch 

angle in ° . Within the scope of the study, a wind turbine model is created using Equations (2) and (3). 

 

89 
 



 

 
Figure 2. Wind turbine model created within the scope of the study 

 

In this model, rotor blade diameter D , wind speedWv , and air density ρ are used as input parameters. The 
model is given in Figure 1. The design parameters of the wind turbine model are given in Table 1. These 
parameters are published in open source. 

 

Table 2. Electrical and mechanical data of the V44-600 wind turbine in the study [9] 

Parameters Value Unit 

Rated Power 600 kW 

Rated Wind Speed 16 m/s 

Survival Wind Speed 52 m/s 

Cut-in Wind Speed 4.5 m/s 

Cut-out Wind Speed 20 m/s 

Rotor diameter 44 m 

Swept area 1521 m2 

Number of blades 3 Pieces 

Rotor maximum speed 28 U/min 

Tip speed 65 m/s 

Rotor material GFK/Epoxy - 

Gear box ratio 1:51 - 

Generator Type Asynchronous - 

Generator maximum speed 1650 U/min 

Generator voltage 690 V 

Grid connection Thyristor - 

Frequency 50 Hz 

2.2. Training and design phases of ANFIS 
Power estimation techniques in wind turbines provide very good dynamic responses and can do so without the 
need for turbine parameters [10]. For this purpose, machine learning methods are frequently used.  The 
mechanical output power of WT's successfully Predicted using input variables such as wind speed, rotor angular 
speed, power coefficient (Cp) and blade pitch [11]. ANFIS is used for fault detection and fault diagnosis of 
systems such as wind turbines [12]. ANFIS is a fuzzy model that facilitates adaptation and learning within a 
flexible system framework and ANFIS does not require expert knowledge to build the modeling system [13], 
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nor does it need a mathematical formulation.  ANFIS is more practical than existing systems with its two-input 
structure [14] and is a type of neural network that shows better learning and prediction capabilities [15]. In this 
study, ANFIS, one of the intelligent techniques, is used to predict the output power of a wind turbine. Electrical 
and meteorological data of a real wind turbine are used in the training of ANFIS. The real wind turbine data 
used in the training is given in Table 2. According to this table, the air density varies between 1.06 and 
1.27Kg/m3. The wind speed varies between 4.5-20 m/s, which are the values given in Figure 2 and cover the 
operating regions of the wind turbine. On the other hand, the mechanical power output of the wind turbine 
varies between 0 and 600kw and this variation is shown in Figure 2.   

 

Table 2. Wind and power data of the V44-600 wind turbine in the study [9] 

Wind Speed 
Air Density 

1.06 1.09 1.12 1.15 1.18 1.21 1.225 1.24 1.27 

4.5 0 0 0 0 0 0 0 0 0 

5 24.7 25.8 26.8 27.8 28.9 29.9 30.4 31.0 32.0 

6 65.2 67.4 69.9 71.8 74.0 76.2 77.3 78.4 80.6 

7 115 119 123 126 130 134 135 137 141 

8 176 181 187 192 198 203 206 209 214 

9 246 253 261 268 275 283 287 290 298 

10 320 329 338 348 357 366 371 375 384 

11 393 404 415 425 436 445 450 454 463 

12 461 471 482 492 503 511 514 518 525 

13 517 525 534 542 551 556 558 560 565 

14 557 563 568 573 579 581 582 584 586 

15 581 584 587 589 592 593 594 594 595 

16 593 594 595 596 598 598 598 598 599 

17 598 598 598 599 599 599 599 600 600 

18 600 600 600 600 600 600 600 600 600 

19-20 600 600 600 600 600 600 600 600 600 
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Figure 2. Power curve and operating regions graph of the wind turbine used in ANFIS training 

 

• Region 1: In this area wind speed is too low to generate power or is much lower than the desired 
value. According to the manufacturer, the wind turbine is disabled at wind speeds below 4.5 m/s, and 
according to the company, the lower wind cut value of the V44-600 model is 4.5 m/s. 

• Region 2: The wind speed in this area is higher than the lower cut value and less than the optimum 
value. In other words, the wind speed varies between 5-16 m/s. In this area, it is possible to produce 
mechanical power and therefore electrical energy. The wind turbine is constantly controlled by 
various methods in this area, and it is aimed to produce maximum power from the turbine. This field 
is also called the MPPT field. 

• Region 3: In this area wind turbine produces the highest power and energy. The rotor speed of the 
wind turbine is fixed in this area, ensuring that the power produced is at the maximum rate. The rotor 
speed of the turbine is fixed by methods such as blade angle control, variable TSR, and variable Cp. 

• Region 4: Wind speed in this area is determined by the manufacturer and includes the risks if the 
wind turbine continues to operate. If the wind speed exceeds 20 m/s, the braking process is activated, 
preventing structural damage to the components under pressure or to the wind turbine. 

A simplified block diagram of the ANFIS training process is given in Figure 3. According to this block diagram, 
real wind turbine data is trained with anfisedit and a Fuzzy Interface System (FIS) file is generated as a result 
of the training. 

 

FIS File

ANFIS (anfisedit)

Training Wind Data
( v, ρ, Pm)

B
U
S

 
Figure 3.Simplified block diagram of the training process of ANFIS within the scope of the study 
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The structural layers of ANFIS and the parameters used in its design are given in Figure 4. According to Figure 
4, ANFIS consists of 5 layers, 2 input and 1 output parameters. 
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Figure 4.Structural layers and design parameters of ANFIS 

 

The input and output parameters of the FIS file produced as a result of ANFIS training are given in Figure 5. 

 

WP_Estimator
(sugeno) F(u)

Wind Speed

Air Density

Output_Power

 
Figure 5.Input and output parameters of the FIS file produced as a result of ANFIS training 

 

3.RESULTS AND DISCUSSION 
Within the scope of the study, a mathematical model of the V44-600 model, which is a product of Vestas 
Company, has been created. The mathematical model was created using the actual design parameters of the 
V44-600 model.  The wind speed, air density and output power data in Table 2, which contains the actual data 
of the V44-600 model, were used. Before using the actual data of the turbine in ANFIS training, the repetitive 
data that may cause errors were removed. As a result of the removal of repetitions, a data set consisting of 154 
units was created. With this data set, the FIS file was generated as a result of the training. The generated FIS 
file was run over the Fuzzy Logic Controller using real wind speed and air density profiles. In order to fulfill 
this purpose, a model was created and the model is given in Figure 6. 
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Figure 6. Simulation environment where both models are run together 

Figure 7 shows the real wind speed and air density profiles of Nevsehir province, the mathematical and ANFIS-
based wind turbine model in which these profiles are applied simultaneously.  The graph of the air density 
profile used as an input parameter during the study process is given in Figure 7. According to this graph, the 
air density varies between 1.1792 and 1.2088 Kg/m3 

 
Figure 7.Graph of the air density profile used in the test phase of ANFIS 

When Figure 7 is analyzed, it is seen that the limit values of the air density used during the training of ANFIS 
(Table 2) cover the air density used in the test phase. Figure 8 shows the wind speed graph used in the test phase 
of ANFIS. The minimum value of the wind speed used in the test phase is 1.8 m/s and the maximum value is 
21.5 m/s. 
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Figure 8. Graph of the wind speed profile used in the test stage of ANFIS 

When the upper and lower values of the graph given in Figure 8 are analyzed; it can be seen that the wind 
speed used in the training stage of ANFIS (Table 2) is out of the training data in certain regions where the 
wind speed used in the test stage does not cover the wind speed. 

 
Figure 9.Graph of the mechanical output power produced by the mathematical model and ANFIS model 

The mechanical output power curves obtained as a result of running the mathematical model and ANFIS-based 
model in the environment given in Figure 6 are given in Figure 9.  Here, the blue colored line represents the 
mechanical output power produced by the ANFIS-based model, while the mechanical output power curve 
produced by the mathematical model is black. 

4.CONCLUSIONS 
In this paper, a study has been carried out on wind energy, one of the most studied energy sources, and wind 
turbines that can generate electrical energy from this energy. Within the scope of the study, a mathematical 
model of a wind turbine with a power value of 600kW was developed. An ANFIS based model was also 
developed in the same environment and with the same power value. The ANFIS model was trained on a real 
wind turbine data. In the next stage, both models were run in the same environment and at the same time. Wind 
speed and air density data, which are atmospheric parameters of Nevsehir province, were used as input for both 
models. The output power values obtained as a result of the study were compared. As can be seen from the 
output power graph given in Figure 9, although both models are designed over a power value of 600 kW, it is 
observed that the mathematical model produces values well above 600kW in some places (shown in visual 
detail in Figure 9). However, it is seen that the ANFIS based model produces more realistic output power values 
under the same conditions. In addition to this It has been observed that the ANFIS model, which has achieved 
a great deal of success on non-linear systems, predicts the wind turbine output power value within the scope of 
the study more than 90% correctly. As a result of the obtained comparison, it has been observed that the farthest 
error value, at which the training with ANFIS is differentiated according to the mathematical model, is around 
10%. 
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Investigation of the Electrochemical Behavior 
of a Pillar[5]arene Derivative on the Glassy 

Carbon Electrode Surface 
Tugce Gover1 

Abstract 
Glassy carbon (GC) electrode surface was modified with gelatin/azido-pillar[5]arene, and the 
electrochemical behavior of ascorbic acid (AA) was investigated on these new surface. To improve the 
efficiency of electrode, the electrode surface was modified and optimum conditions for AA determination 
were established. Electrochemical experiments were performed at different modification techniques, pH 
values, the concentrations of AA and scan rates. The usability of the proposed modified electrode for the 
determination of AA was investigated using square wave voltammetry (SWV). The gelatin/azido-
pillar[5]arene/GC modified electrode exhibited a good repeatability, stability and sensitivity for the 
determination of AA. 

Keywords: Pillar[5]arene, electrochemical method, electrode modification 

1.INTRODUCTION 
Pillarenes are macrocyclic compounds composed of hydroquinone units linked by methylene bridges at para 
positions [1]. Although pillar[5]arene shows electrochemical activity related to the oxidation of hydroquinone 
units, the number of studies on its use in electrochemical sensors is very few [2]. 

Ascorbic acid (AA), known for its reducing properties, is easily oxidized to dehydroascorbic acid. It is a 
powerful antioxidant and fights against free radical-induced diseases. Excess ascorbic acid can irritate the 
stomach, and oxalic acid, one of its metabolites, causes problems in the kidneys. Sometimes, excess amounts 
of ascorbic acid can result in the inhibition of natural processes occurring in food and can cause a deterioration 
of taste/aroma [3-5]. Thus, the determination of ascorbic acid has become important. 

Chromatography [6], voltammetry [7], fluorometry [8] and potentiometric titration [9] can be given as examples 
of analysis methods used in AA determination studies reported in the literature. Voltammetry is an 
electrochemical method. Electrochemical methods are among the most attractive and convenient methods 
because they do not require preliminary preparation, are simple and fast, and allow determination with 
inexpensive equipment [10].  
 
The aim of this study is to investigate the electrochemical behavior of ascorbic acid with a voltammetric sensor, 
gelatin/azidopillar[5]arene modified glassy carbon electrode. The electrochemical behavior of 
azidopillar[5]arene (Figure 1) synthesized for the first time by Kursunlu and his research group [11] was 
investigated by electrochemical technique on the GC electrode surface (Figure 2). 

1Selcuk University, Faculty of Pharmacy, Department of Analytical Chemistry, 42130, Konya, TURKEY. 
tugce.gover@selcuk.edu.tr 
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Figure 1. Structure of Azidopillar[5]arene 

2. EXPERIMENTAL 

2.1. Chemicals and Reagents 
In this study, the chemicals obtained from the related companies were used directly without a purification process. 
Sodium dihydrogen phosphate dihydrate (NaH2PO4·2H2O) and sodium acetate trihydrate (C2H3NaO2·3H2O) were 
supplied from VWR. Hydrochloric acid (HCl), boric acid and ortho-phosphoric acid (85 %) were supplied from Merck. 
Tetrabutylammonium tetrafluoroborate (TBATFB) (99 %) and Sodium Hydroxide (NaOH) were supplied from Sigma-
Aldrich. Acetonitrile (CH3CN) (≥ 99.9 %) was supplied from Isolab. Potassium hexacyanoferrate (III) (K3[Fe(CN)]6) 
was supplied from Alfa Aesar. Sodium hydrogen phosphate (Na2HPO4) and l (+) ascorbic acid were supplied from 
(John Townsend Baker, Gliwice, Poland). Potassium chloride (KCl) and acetic acid (CH3COOH) were supplied from 
Riedel-de Haén. Aluminum oxide (Al2O3) was supplied from Nanografi Company. Gelatin powder was supplied from 
Doga Ilac Hammaddeleri. Ultra-pure water and freshly prepared solutions were used throughout the experiment. All 
solutions were stored in the refrigerator. 

2.2.Instrumentation and Other Equipment 
CHI 660C electrochemical analyzer device was used in the electrochemical examination of experiments. Three-
electrode cell system was used which includes the working (BAS model MF-2012 GC), reference Ag/AgCl/(sat. KCl) 
used in aqueous media, or Ag/Ag+ (in 10 mM AgNO3), used in non-aqueous media) and counter (platinum wire) 
electrodes.  

During the study, special care was taken that the calibration of all used devices was done at certain time periods. 
Bandelin RK 100 model ultrasonic bath was used for cleaning electrode surfaces. JENWAY 3010 model pH meter was 
used at room temperature for pH adjustments of prepared solutions. 

2.3.Preparation of Modified Electrode 
The GC electrode was washed with pure water and cleaned in a circular direction with the suspension of alumina 
polishing powder of 0.05 μm dimension on the velvet surface. At the end of the alumina powder process, electrodes 
were sonicated in pure water and acetonitrile for three minutes, respectively [12]. 

• Modified solid contact electrode with azido-pillar[5]arene was prepared by potentiodynamic polymerization.  

Electropolymerization of azido-pillar[5]arene on the GC electrode surface was performed at 5 cycles in the potential 
range -1.5 V /+2.0 V at the scan rate of 100 mV/s in 1.0×10−3 mM azido-pillar[5]arene prepared in CH3CN containing 
0.1 M tetrabutylammonium tetrafluoroborate (TBATFB) (Figure 2). The surface prepared after this step was defined 
as azido-pillar[5]arene/GC electrode. 
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Figure 2. The cyclic voltammograms on the GC electrode surface of azidopillar[5]arene dissolved in CH3CN containing 

0.1 M TBATFB at 5 cycles.  Blue line:1st cycle and red line:5th cycle (The scan rate is 100 mV/s). 
 
• GC electrode modification by drop-dry method 
 
The electrode surface was modified by the drop dry method [13]. After 10 mg of Gelatin powder was dissolved 
in 1 mL of distilled water, it was mixed in a sonicator in a hot environment for half an hour. A solution was 
prepared by adding 1 mg of azidopillarene to this mixture [14]. 6 μL of this mixture was dropped to the cleaned 
GC electrode surface, and then the electrode surface was waited to dry at room temperature. The surface 
prepared after this step was defined as gelatin/azido-pillar[5]arene/GC electrode (Scheme 1). 
 

 
Scheme 1: Preparation of the electrode surface by drop dry method 

3.RESULTS AND DISCUSSION 

3.1.Characterization of Modified Electrode by Cyclic Voltammetry 
In the characterization of the modified electrode surfaces, the K3Fe(CN)6 molecule is generally used as an 
electrochemical probe. The cyclic voltammograms of Fe(CN)63- molecule on the bare and modified electrode 
surfaces were taken and the bare and modified electrode surfaces were compared. Figure 3 is the cyclic 
voltammogram of Fe(CN)63- molecule on modified GC electrode by electropolymerization. Figure 4 is the 
cyclic voltammogram of Fe(CN)63- molecule on modified GC electrode by drop dry method. As seen from 
Figures 3 and 4, the difference in peak currents of Fe(CN)63- on the electrode surfaces indicates that the GC 
electrode surface has been modified. 
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Figure 3: The cyclic voltammograms of 1.0 mM of Fe(CN)6

3− in Britton-Robinson buffer (pH 2.0) of (a) bare GC electrode 
and (b) azido-pillar[5]arene/GC electrode modified at 5 cycles. (Scan rate:100 mV/s) 

 

 
Figure 4: The cyclic voltammograms of 1.0 mM of Fe(CN)6

3− in Britton-Robinson buffer (pH 2.0) of (a) bare GC electrode and (b) 
gelatin/azido-pillar[5]arene/GC electrode modified by drop dry method (Scan rate: 100 mV/s) 

As can be seen from the voltammograms obtained from Figure 4, the higher peak current of the modified electrode 
enables the determination of the amount of ascorbic acid [10, 15]. 

3.2.Effect of pH Value 
The electrochemical oxidation of ascorbic acid in pH 5.0, 6.0, 7.0 and 8.0 phosphate buffer solution was studied using 
differential pulse voltammetry (DPV) technique. Figure 5 and 6 show the effect of pH value on the oxidation peak 
current of ascorbic acid. pH 8.0 phosphate buffer solution was used for the determination of ascorbic acid to achieve 
higher sensitivity. 

 
Figure 5: Differential pulse voltammograms in the presence of 1 mM ascorbic acid in 0.1 M phosphate buffer solution at various 

pH values on gelatin/azido-pillar[5]arene/GC electrode (Scan Rate: 100 mV/s) 

 
Figure 6: Current graph against various pH values 
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The highest peak current value was obtained in pH 8.0 phosphate buffer solution. Therefore, pH 8.0 was chosen as the 
most suitable medium. 

3.3.Effect of the Scan Rate 
To determine whether the electrochemical process of AA on the modified glassy carbon electrode surface is diffusion-
controlled or adsorption-controlled, a scan rate study was performed. For this purpose, cyclic voltammograms of 
2.0×103- M AA in pH 8.0 phosphate buffer solution were taken at different scan rates between 25 mV/s and 300 mV/s. 
The logv-logI graph is given in Figure 7. The slope value of the log I vs. log v graphs gives information on either 
diffusion or adsorption control of the redox processes. 

 
Figure 7: The graph of log I versus log v of 2.0×10-3 M AA in pH 8.0 phosphate buffer solution (Scan rates: 25, 50, 100, 

150, 200, 300 mV/s) 

 
Figure 8: The graph of current versus square root of scanning rate of 2.0×10-3 M AA in pH 8.0 phosphate buffer solution 

(Scan rates: 25, 50, 100, 150, 200, 300 mV/s) 

In diffusion-controlled processes, the slope value of 0.5 is the theoretical value [10]. As seen in Figure 7, the 
slope being different from 0.5 indicates that the electron transfer reaction is not diffusion controlled. The fact 
that the slope of the graph obtained by plotting the logarithm of the scan rate versus the logarithm of the peak 
current was different from 0.5 and showed an increase approaching 1.0 revealed that the transfer was not only 
diffusion controlled but also adsorption controlled. As seen in Figure 8, it is seen that the graph obtained by 
plotting the peak current versus the square root of the scan rate is linear when the R2 value in the graph is close 
to 1 [16]. 

3.4.Analytical Performance and Calibration Curve of the Modified Electrode 
The analytical performance of the modified electrode was investigated (Figure 9). From the voltammograms 
given in Figure 9, it is seen that the peak current values increase with increasing AA concentration.  
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Figure 9: Square wave voltammograms and calibration graph of different concentrations (2 μM; 2.5 μM; 3.5 μM; 4.5 μM; 

5 μM; 6 μM) of ascorbic acid in 0.1 M phosphate buffer solution (pH 8.0). 

CONCLUSION 

In this study, a gelatin/azido-pillar[5]arene-modified glassy carbon electrode was used for the determination of 
AA. The preparation of this sensor is a simple and quick process. The proposed sensor provided sensitivity, 
short measurement time, ease of preparation, good accuracy and good analytical performance. Due to these 
features, it provides a good alternative to the existing studies in the literature in terms of AA determination. 
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Forest Fire Detection Using Unmanned Aerial 
Vehicle Images and Deep Learning 

 

Fatma Ozge Ozkok1,2, Yucel Batu Salman2 

Abstract 
Forests are the most important source of oxygen and have an essential role in the life of living things. 
Therefore, it is necessary to protect forests for ecological balance. However, forest fires disrupt the 
environmental balance and cause severe damage to forests. While forest fires are easy to put out when they 
first appear, it isn't easy to put out when they spread over large areas. Recently, images obtained from 
unmanned aerial vehicles have been used to detect forest fires by detecting fire and smoke in large areas. 
Deep learning algorithms provide faster and more accurate analysis of these images. This study uses the 
End to End Object Detection with Transformers (DETR) algorithm, a robust deep learning algorithm. 
Experimental studies show that the DETR algorithm has promising results in detecting forest fires. 

Keywords: deep learning, object detection, detr, forest fire, unmanned aerial vehicle images 

1.INTRODUCTION 
Forests are one of the most essential parts of our planet. They are the primary source of oxygen and the habitat 
of many living things. Moreover, they provide clean air and water resources. In addition to its environmental 
contributions, it also contributes to the economy with its wood products. On the other hand, deforestation affects 
all residing things negatively. Therefore, the protection of forests has significant importance [1,2].  

Forest fires are devastating disaster that causes critical damage to forests. It can quickly spread over a large 
area with wind and other weather conditions. It is challenging to extinguish large-area fires. However, it is 
easier to put out if the fire is noticed when it starts. So that the harmful effects of fire can be reduced [1-4]. 

In recent years, large areas can be quickly analyzed thanks to unmanned aerial vehicles (UAV). For this reason, 
successful results are obtained in many fields, such as agriculture, agriculture, and the defense industry, 
especially forest fires. UAVs can enter narrow and dangerous places that pilots cannot reach. For this reason, 
it is pretty successful and reliable in monitoring forest fires. However, it is also crucial to correctly analyze 
these images obtained from unmanned aerial vehicles [5,6]. 

Deep learning has emerged as a sub-field of machine learning. It is used for classification, object detection, and 
pattern identification in different data types, such as images, signals, and text. The performance of deep learning 
methods, especially in image processing, has accelerated technological developments in various fields. It is also 
frequently used in analyzing UAV images [7-9].  

End-to-End Object Detection with Transformers (DETR) algorithm is a deep learning algorithm that uses state-
of-the-art transformers techniques for object detection [10]. The algorithm provides powerful object detection 
performance in UAV images.  

In the study, we focus on the detection of smoke using UAV imagery and the DETR algorithm. The rest of the 
paper is organized as follows: Section 2 presents related works. Section 3 introduces the DETR algorithm ms. 
Section 4 gives the experimental results, and Section 5 presents the conclusions and future works. 

1 Corresponding author: Erciyes University, Department of Computer Engineering,  Kayseri, Turkey 
fozgeozkok@erciyes.edu.tr 
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2.RELATED WORKS 
Forest fire monitoring and detection techniques can be categorized as digital image processing and deep 
learning [11]  

In the literature, digital image processing methods are successfully used. For example, Vipin proposed a rule-
based color model for fire pixel classification. The model using RGB and YCbCr color spaces detects fire and 
nonfire images [12]. Chen et al. also developed a method to detect forest fires and reduce false alarm rates. The 
method focuses on the segmentation of images using k-means algorithm [13]. Xiao et al. identified fire using 
continuous image sampling provided by a CCD camera and color information of pixels [14]. Surit and 
Chatwiriya proposed a 4-step method that detects smoke in a forest fire. The first step of the method is to detect 
changing areas. The second step is to segment the area of change from the image. The third step is to analyze 
static and dynamic characteristics [15]. They finally detect whether there is smoke in the picture. Although 
these studies are successful in their fields, they do not have the advantages of deep learning algorithms when 
the number of data increases or more complex data needs to be analyzed. 

Recently, deep learning has been used successfully in monitoring and detecting forest fires, as in many other 
fields. For example, Zheng et al. proposed a convolutional neural network (CNN) model to detect forest fires 
in real-time. This model can automatically extract features from images thanks to CNN [16]. Xue et al. 
developed an improved YOLO5 algorithm to identify small forest fire targets [17]. Kinaneva proposed a 
framework to detect forest fires using UAVs early. Their framework comprises a UAV with cameras and a 
neural network model [18]. Liu et al. developed a two-level forest fire detection method based on deep learning. 
In this model, a high amount of training data was produced using the general advanced networks (GAN). Then, 
histogram of oriented gradient ( HOG) and Adaboost algorithms were used for preliminary definition. Finally, 
forest fire pictures were analyzed with high performance using the CNN and support vector machine algorithm 
(SVM) classifier [19]. Although CNN-based methods are dominant in object detection, it has been seen that 
transformer-based methods are also successful recently.  

DETR is one of the transformer-based object detection methods that has shown successful application 
performance [20-23]. The algorithm also has a simple feed-forward network. Therefore, it can detect objects 
successfully and quickly with less prior knowledge [24]. For these reasons, a DETR-based object identification 
algorithm was used in the study to detect forest fires.  

3.MATERIAL METHODS 

3.1.Datasets 
A forest fire dataset consisting of 737 images was used in this study. The dataset was partitioned into 516 
training, 147 validation, and 74 test images. In this dataset, smoke is used to detect fire. The dataset was 
obtained from the Roboflow website [25]. 

 
Figure 3:Images from the forest fire dataset 
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3.2.DETR 

The DETR is a state-of-the-art algorithm for object detection. The algorithm consists of two parts: CNN 
backbone and transformer (Figure 2). The CNN backbone is used for the 2D representation of images. In this 
layer, the features of the images are extracted and given to the transformer layer. As a result of the transformer 
layer, class,and bounding box or no-object class are determined [10]. 

 
Figure 4 The architecture of DETR [10] 

The detailed architectures of the encoder-decoder layers are given in Figure 3. The features of the image are 
given as input to the encoder. The encoder consists of multi-head self-attention and feed-forward networks 
(FFN). Self-attention layers focus on the model's relevant image regions and capture general contextual 
information. 

 
Figure 5 Encoder-Decoder Architecture [10] 

The output of the encoder and object queries are given to the decoder. The decoder consists of multi-head 
self-attention, multi-head attention, and feed-forward networks. The attention layers are used to refine object 
queries. The FFN layer determines the class label and bounding box.  
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4.RESULTS AND DISCUSSION 
The proposed method aims to detect smoke in the forest fire dataset using DETR algorithm. Experiments were 
conducted using Google Colab framework with  GPU T4. The hyperparameters of DETR were selected as 
follows. 

• Learning rate : 1e-4,  

• Learning rate of backbone :1e-5,  

• Batch size : 2 

• Weight_decay: 1e-4 

• Epochs: 60 

• Learning rate of drop:  200 

 

Figure 4 shows the average recall results of the experiment. Classes were detected without error. The best 
result is obtained with 89.4% success. The algorithm is more successful at detecting large smoke. 

 

 
Figure 6 The average results of the experiment 

Figure 5 shows an example of smoke detection in the dataset. 

 
Figure 7.The detection of smoke 

Figure 6 shows graphs of the experiment's loss and mAP results. As the epoch number increases, the error 
decreases and the average accuracy increases. As a result, the loss rate approaches 0 and the mAP approaches 
1. 
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  Figure 8 Loss and mAP Graphs 

Figure 7 shows the loss graphs of the experiment. As the epoch number increases, the losses decrease. 

 

 
Figure 9 Loss graphs 

 

Figure 8 shows the class error and cardinality error graphs of the experiment. As the epoch number 
increases, the errors decrease. 

 

 
Figure 10 Class error and cardinality error graphs 
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CONCLUSIONS 
Forests are an indispensable part of our planet. However, forest fires significantly destroy them. If fires can be 
put out when smoke first rises, the spread of fires can be prevented. Thanks to unmanned aerial vehicles, images 
can be collected from forests, and fire can be detected by analyzing these images with deep learning methods. 
In this study, forest fire detection was performed with the DETR algorithm, which is an object detection 
algorithm with transformers. Experimental results show that the DETR algorithm is successful in forest fire 
detection. 

In future works, we plan to develop a DETR-based deep learning method to improve object detection results in 
smaller objects datasets. 
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Performance analysis comparison for a 
ground source heat pump with and without 

using solar collectors 
Ghadir Chahid1, Hatem Hasan Ismaeel2, Recep Yumrutas3 

Abstract 
Underground storage tanks are used to efficiently store thermal energy for domestic and commercial 
heating systems. This study compares two systems; The first consists of an underground storage tank, a 
heat pump, and a building to be heated. The second system consists of the same components with adding 
solar collectors (SC). An analytical model of each system is developed to find the performance 
parameters of the heating systems. The Coefficient of Performance COP, the temperature of the storage 
tank, and solar energy are part of the main performance parameters. Time-dependent water temperature 
in the tank is obtained by calculating the heat transfer from the storage tank to the surrounding earth 
hourly. A MATLAB program is prepared for computing all performance parameters of the heating 
systems. In the fifth year of operation, the comparison results showed adding the SC led to increasing the 
temperature of the tank by at least 10.2 ℃; it also showed an increase in the value of COP around 1.8. 
These findings were obtained for a tank volume of 400 m3, a Carnot efficiency of 40%, and a house in 
Gaziantep. As evidenced by a temperature increase and coefficient of Performance COP, the addition of 
solar collectors SC has a significant impact on the system. 

Keywords: seasonal thermal energy storage tank, ground source heat pump, solar energy, 
comparison. 

1. INTRODUCTION 
Recently, there is increasing interest in renewable energies as an alternative to fossil fuels. The use of heat 
pumps for heating and cooling is one of the best options for saving energy and preserving the environment, 
as these systems rely on heat extracted from renewable sources such as outside air, ground water, or ground. 
The principle of thermal storage for heat pumps began to be used in the last decade of the last century, as 
thermal storage technologies were developed to increase the efficiency of using thermal energy and save costs 
by benefiting from solar energy. Since then, these technologies have been improved and developed to include 
wider uses in heating and cooling homes, buildings, and industries. Research in this field varied between 
experimental and theoretical studies, and included an analysis of materials and designs, determining thermal 
loads, and improving control systems. Recent research in this field has shown the effectiveness of thermal 
storage technologies in increasing energy efficiency and improving the overall performance of heat pumps. 

Several studies have analyzed the performance of various solar thermal energy storage systems. Yumrutas 
and Unsal [1] proposed a model for determining the performance of a solar aided heat pump space heating 
system with seasonal energy storage in a hemispherical tank, and found that the type of earth and storage 
depth have a minor impact on the system's annual energy fractions. Meanwhile, Rodríguez-Hidalgo et al. [2] 
found that the size of the storage tank is a crucial factor in determining the performance of a solar plant, 
particularly when the ratio of the volume of the storage tank (V) to the area of the solar collector (A) is less 
than 0.05 m. They found that the optimum storage tank size is V/A = 0.08 m. Bermed tanks were found to be 
more economically efficient than completely buried tanks, according to Dincer and Rosen [3], even though 
they may not perform as well in reducing thermal losses. Bermed tanks require less excavation, resulting in 
lower initial costs, and provide easy access for maintenance purposes. Ucar and enalli [4] compared the 
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thermal performances and economic savings of central solar heating system with three types of seasonal 
storage. The study found that the solar savings of a system with an underground storage tank were higher 
than other storage systems, and that heat loss from a tank without insulation on the ground was higher than 
that of a tank with insulation. Caliskan et al. [5] analyzed different types of thermal energy storage (TES) 
systems for building applications under different environmental temperatures and found that the most 
sustainable TES system is the aquifer TES, while the least sustainable system is the latent TES. 

 

Nomenclature   

𝜌𝜌𝑤𝑤  density of water (kg.m-3) 𝑇𝑇ℎ temperature of the radiator used in the house (K) 

𝑐𝑐𝑤𝑤  specific heat of the water (kJ.kg-1.K-1) ∅𝑤𝑤  dimensionless water temperature in the tank (-) 

𝑉𝑉𝑤𝑤  volume of the water (m3) 𝜙𝜙𝑖𝑖  dimensionless inside design air temperature (-) 

𝑉𝑉  volumeof the tank (m3) 𝜙𝜙𝑎𝑎  dimensionless ambient air temperature (-) 

𝑈𝑈  area of the tank (m2) 𝜙𝜙0  constant (-) 

𝑈𝑈𝑐𝑐  area of the solar colletors (m2) 𝑞𝑞  dimensionless net energy charge to the tank (-) 

R  radius of the tank (m) 𝑞𝑞ℎ  dimensionless heat requirement of the house (-) 

r  radial distance from the tank center (m) 𝑞𝑞𝑢𝑢  dimensionless useful solar energy (-) 

𝑇𝑇𝑤𝑤  water temperature in the tank (K) 𝜏𝜏  dimensionless time (-) 

𝑇𝑇∞  earth temperature (K) 𝑤𝑤  dimensionless heat pump work (-) 

𝑇𝑇𝑖𝑖  inside design air temperature (K) 𝛾𝛾  dimensionless parameter (-) 

𝑇𝑇𝑎𝑎  ambient air temperature (K) u  dimensionless parameter (-) 

𝜋𝜋 thermal conductivity (W.m-1.K-1) x  dimensionless radial distance (-) 

Other studies have focused on optimizing various design parameters for solar thermal energy storage systems. 
Chung et al. [6] found that a Central Solar Heating Plant with Seasonal Storage could supply 39% of the total 
heat energy required by a greenhouse and office building, and future expansion may require enlarging the 
collector area. Zhang et al. [7] suggested that optimizing the thickness of the insulating cover and properly 
designing the volume of the water pond are crucial design parameters that affect the performance of a space 
heating and cooling system with surface water seasonal energy storage. Wang and Qi [8] analyzed the 
performance of underground thermal storage in a SGCHPS for a residential building and found that the 
efficiency of underground thermal storage strongly depends on solar radiation intensity and the ratio between 
the water tank volume and the area of solar collectors. The study suggested a reasonable ratio between tank 
volume and collector area of 20-40 L/m2 for optimal performance. The efficiency of underground thermal 
storage was found to be over 40% and 70% based on total radiation and absorbed solar energy, respectively. 
Qu et al. [9] proposed an optimal solar cooling and heating system for the Intelligent Workplace with a 4 m3 
storage tank and constant temperature control. With NS orientation, the system could provide 39% cooling 
and 20% heating, saving 100 kW h/ m2 and 34 kW h/ m2 annually. With EW orientation, it could provide 
37% cooling and 29% heating, saving 74 kW h/m2 and 61 kW h/m2 annually. 

2. DESCRIPTION OF THE SYSTEM 
Figure 1. (a) displays the schematic diagram of a heating system with a ground-coupled heat pump. On the 
other hand, Figure 1. (b) illustrates a heating system that uses both solar assistance and a ground-coupled heat 
pump. 

There are three mainly circuits in these two systems: 1) the circuit of water in the underground buried storage 
tank with a small circulating pump; 2) the refrigerant circuit of the heat pump, equipped with an expansion 
valve and driven by a compressor; 3) the radiator circuit which distributes heat to the house. A heat storage 
tank associated with a heat pump is an essential part of the heating system. The Thermal Energy Storage 
(TES) tank is assumed to be spherical in shape, buried underground and filled with water as the storage 
medium. The main objective of water storage is to take advantage of the earth's heat, as the heat is absorbed 
from the soil and transferred to the thermal storage tank, as well as retaining the collected solar heat during 
the summer to provide heating of the place in the winter months, when adding SC. The heat pump absorbs 
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the heat from the ground tank through the evaporator and delivers it to the place to be heated through the 
condenser. The heat pump operates when the ambient temperature is lower than the designed temperature in 
the place to be heated. Heat is supplied to the house by means of water radiators. The design heating load of 
the house is 10 Kw.  

In the second system, solar collectors are coupled to the underground storage tank. The solar energy is used 
to heat the fluid that circulates inside the collectors, then converts it into thermal energy that is delivered to 
the tank. 

 

  

Figure 11. (a)  Heating system with ground-coupled heat pump 

 

 
Figure 1. (b) heating system with solar assisted and ground coupled heat pump 

  

3. MODELING OF THE SYSTEM 
3.1. Solution of the transient heat transfer problem for the TES tank: 
Many assumptions were made to simplify this study, such as assuming a constant temperature of 15 °C for 
the earth and considering the soil to be homogeneous with constant thermophysical properties. The present 
study also assumes that the TES tank is located deep in the Earth's surface and thus the three-dimensional 
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transient heat transfer problem can be simplified to a one-dimensional transient heat transfer problem in 
spherical coordinates. This simplification makes the heat transfer problem easier to analyze and study. 

This section will develop an expression for calculating the water temperature in the TES tank as a function 
of time. The initial and boundary conditions of the transient temperature field problem inside the earth outside 
the spherical TES tank are expressed in spherical coordinates as follows: 

𝜕𝜕2𝑇𝑇
𝜕𝜕𝑟𝑟2 +

2
𝑟𝑟  
𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

=  
1
𝛼𝛼  
𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡                                                                                                                                                                  (1) 

𝑇𝑇(𝜋𝜋, 𝑡𝑡)
=  𝑇𝑇𝑤𝑤(𝑡𝑡)                                                                                                                                                                  (2) 

𝑇𝑇(∞, 𝑡𝑡)
=  𝑇𝑇∞                                                                                                                                                                       (3) 

𝑇𝑇(𝑟𝑟, 0)
=  𝑇𝑇∞                                                                                                                                                                       (4) 

By using following dimensionless radial distance (𝑥𝑥), time (𝜏𝜏) and temperature (∅) the dimensionless form 
of Eq. (1) can be obtained as:  

𝑥𝑥 =  
𝑟𝑟
𝜋𝜋                          𝑞𝑞 =

𝑄𝑄
4𝜋𝜋𝜋𝜋𝜋𝜋𝑇𝑇∞

                       𝑝𝑝 =
𝜌𝜌𝑤𝑤𝑐𝑐𝑤𝑤
3𝜌𝜌𝑐𝑐                                  𝜏𝜏 =  

𝛼𝛼𝑡𝑡
𝜋𝜋2  

∅ =  
𝑇𝑇 −  𝑇𝑇∞
𝑇𝑇∞

             ∅𝑤𝑤 =  
𝑇𝑇𝑤𝑤(t)−  𝑇𝑇∞

𝑇𝑇∞
             𝜙𝜙𝑎𝑎(𝜏𝜏) =  

𝑇𝑇𝑎𝑎(𝑡𝑡)− 𝑇𝑇∞
𝑇𝑇∞

             𝜙𝜙𝑖𝑖

=  
𝑇𝑇𝑖𝑖 − 𝑇𝑇∞
𝑇𝑇∞

                         (5) 

𝜕𝜕2∅
𝜕𝜕𝑥𝑥2  +  

2
𝑥𝑥  
𝜕𝜕∅
𝜕𝜕𝑥𝑥

=  
𝜕𝜕∅
𝜕𝜕𝜏𝜏                                                                                                                                                                      (6) 

∅(1, 𝜏𝜏)
=  𝜙𝜙𝑤𝑤(𝜏𝜏)                                                                                                                                                                 (7) 

𝜙𝜙(∞, 𝜏𝜏)
=  0                                                                                                                                                                        (8) 

𝜙𝜙(𝑥𝑥, 0)
=  0                                                                                                                                                                         (9) 

The energy balance for the storage tank is defined as: 

𝑄𝑄

=  𝜌𝜌𝑤𝑤  𝑐𝑐𝑤𝑤  𝑉𝑉𝑤𝑤
𝑑𝑑𝑇𝑇𝑤𝑤
𝑑𝑑𝑡𝑡 − 𝜋𝜋𝑈𝑈

𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

(𝜋𝜋, 𝑡𝑡)                                                                                                                               (10) 

Using dimensionless parameters in Eq. (5) gives: 

𝑞𝑞

= 𝑝𝑝
𝑑𝑑𝜙𝜙𝑤𝑤(𝜏𝜏)
𝑑𝑑𝜏𝜏 −

𝜕𝜕𝜙𝜙
𝜕𝜕x

(1, 𝜏𝜏)                                                                                                                                             (11) 

Eq. (6) can be further simplified by applying the following transformation:  

𝜓𝜓(𝑥𝑥, 𝜏𝜏)
=  𝑥𝑥.𝜙𝜙(𝑥𝑥, 𝜏𝜏)                                                                                                                                                         (12) 

𝜕𝜕𝜓𝜓
𝜕𝜕𝑥𝑥
=  𝑥𝑥.

𝜕𝜕∅
𝜕𝜕𝑥𝑥 +  𝜙𝜙(𝑥𝑥, 𝜏𝜏)                                                                                                                                                   (13) 
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𝜕𝜕2𝜓𝜓
𝜕𝜕𝑥𝑥2  

=
𝜕𝜕𝜓𝜓
𝜕𝜕𝜏𝜏                                                                                                                                                                          (14) 

𝜓𝜓(1, 𝜏𝜏)
=  𝜙𝜙𝑤𝑤(𝜏𝜏)                                                                                                                                                              (15) 

𝜓𝜓(∞, 𝜏𝜏)
=  0                                                                                                                                                                     (16) 

𝜓𝜓(𝑥𝑥, 0)
=  0                                                                                                                                                                       (17) 

Using Eq. (12) and Eq. (13) in Eq. (11) gives: 

 𝑞𝑞 = 𝑝𝑝
𝑑𝑑𝜙𝜙𝑤𝑤(𝜏𝜏)
𝑑𝑑𝜏𝜏 −

𝜕𝜕𝜓𝜓
𝜕𝜕𝑥𝑥

(1, 𝜏𝜏)

+  𝜙𝜙𝑤𝑤(𝜏𝜏)                                                                                                                          (18) 

The following similarity transformation is used to solve this dimensionless transient heat transfer problem: 

𝜂𝜂

=
𝑥𝑥 − 1
2√𝜏𝜏

                                                                                                                                                                           (19) 

The solution of the resulting transformation for the constant 𝜙𝜙0 is: 

𝜓𝜓(𝑥𝑥, 𝜏𝜏)

= 𝜙𝜙0 �1 − 𝐸𝐸𝑟𝑟𝑒𝑒 �
𝑥𝑥 − 1
2√𝜏𝜏

��                                                                                                                                    (20) 

The general solution is obtained as: 

𝜓𝜓(𝑥𝑥, 𝜏𝜏) = 𝜙𝜙𝑤𝑤(0) �1 − 𝐸𝐸𝑟𝑟𝑒𝑒 �
𝑥𝑥 − 1
2√𝜏𝜏

��

+ ��
𝑑𝑑𝜙𝜙𝑤𝑤(𝜉𝜉)
𝑑𝑑𝜉𝜉

�
𝜏𝜏

0

�
𝑥𝑥 − 1

2�𝜏𝜏 − 𝜉𝜉
�                                                                           (21) 

The following integro-differential equation can be obtained by differentiating the general solution with 
respect to dimensionless variable x, evaluating the result at x=1, and substituting it into (18): 

𝑞𝑞

= 𝑝𝑝
𝑑𝑑𝜙𝜙𝑤𝑤
𝑑𝑑𝜏𝜏 + 𝜙𝜙𝑤𝑤(𝜏𝜏) + ��

𝑑𝑑𝜙𝜙𝑤𝑤(𝜉𝜉)
𝑑𝑑𝜉𝜉 �

𝜏𝜏

0

�
𝑑𝑑𝜉𝜉

𝜋𝜋�𝜏𝜏 − 𝜉𝜉
�                                                                                                       (22) 

The finite difference form of Eq. (22) is given as follows: 

𝜙𝜙𝑤𝑤(𝜏𝜏𝑛𝑛)

=
𝑞𝑞(𝜏𝜏𝑛𝑛) + � 𝑝𝑝Δ𝜏𝜏 + 1

√𝜋𝜋∆𝜏𝜏
�𝜙𝜙𝑤𝑤(𝜏𝜏𝑛𝑛−1)− ∑  𝜙𝜙𝑤𝑤(𝜏𝜏𝑛𝑛+1)−𝜙𝜙𝑤𝑤(𝜏𝜏𝑖𝑖)

�𝜋𝜋∆𝜏𝜏(𝑛𝑛 − 𝑖𝑖)
𝑛𝑛−2
𝑖𝑖=1

1 + 𝑝𝑝
Δ𝜏𝜏 + 1

√𝜋𝜋∆𝜏𝜏

                                                       (23) 

The dimensionless water temperature in the TES tank can be determined using Eq. (23). 

The q(τ) term in Eq. (23) is equal to the difference between heat pump work and the heat requirement of the 
house, which can be given as: 

𝑞𝑞(𝜏𝜏)

=
𝑤𝑤(𝜏𝜏)
𝛾𝛾 − 𝑞𝑞ℎ(𝜏𝜏)                                                                                                                                                     (24) 

where 𝑤𝑤(𝜏𝜏) and 𝑞𝑞ℎ(𝜏𝜏) represent the dimensionless heat pump work and heat requirement of the house during 
heating season. (𝛾𝛾 = (4𝜋𝜋𝜋𝜋𝜋𝜋)/(𝑈𝑈𝑈𝑈)ℎ) is a dimensionless parameter. 
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3.2. Energy requirement of the house: 
Energy needs of the house in heating season can be expressed as: 

𝑄𝑄ℎ(𝑡𝑡)
=  (𝑈𝑈𝑈𝑈)ℎ[𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑎𝑎(𝑡𝑡)]                                                                                                                                           (25) 

Where: (𝑈𝑈𝑈𝑈)ℎ is the (UA) value of the house, 𝑇𝑇𝑖𝑖 is the inside design air temperature, and 𝑇𝑇𝑎𝑎(𝑡𝑡) is the hourly 
ambient air temperature. 

The energy requirement of the house can also be expressed as: 

𝑄𝑄ℎ(𝑡𝑡) =  (𝑈𝑈𝑈𝑈)ℎ𝑒𝑒[𝑇𝑇ℎ(𝑡𝑡)
− 𝑇𝑇𝑖𝑖]                                                                                                                                         (26) 

Where: (𝑈𝑈𝑈𝑈)ℎ𝑒𝑒 is the (UA) value of the load side heat exchanger used in the house and 𝑇𝑇ℎ is the temperature 
of the load side heat exchanger used in the house. 

The effects of the heat capacity of the building were ignored based on the simplification mentioned in a 
previous study [10]. 

3.3. Energy requirement of the heat pump: 
The heat loss in the condenser of the heat pump can be expressed as: 

𝑄𝑄ℎ(𝑡𝑡)
= 𝑊𝑊(𝑡𝑡).𝐶𝐶𝐶𝐶𝑃𝑃                                                                                                                                                          (27) 

𝐶𝐶𝐶𝐶𝑃𝑃 =
𝑄𝑄ℎ(𝑡𝑡)
𝑊𝑊(𝑡𝑡)

=  
𝑄𝑄ℎ(𝑡𝑡)

𝑄𝑄ℎ(𝑡𝑡)− 𝑄𝑄𝐿𝐿(𝑡𝑡)                                                                                                                                   (28) 

Where 𝐶𝐶𝐶𝐶𝑃𝑃 is the coefficient of performance of the heat pump for space heating. 𝐶𝐶𝐶𝐶𝑃𝑃 can be also given as: 

𝐶𝐶𝐶𝐶𝑃𝑃
=  𝜂𝜂𝑐𝑐 .𝐶𝐶𝐶𝐶𝑃𝑃𝑐𝑐                                                                                                                                                                (29) 

Where 𝜂𝜂𝑐𝑐 is known as a ratio of actual COP of a heat pump to Carnot COP. Carnot COP at any time is given 
as a function of source temperature Tw and sink temperature Th: 

𝐶𝐶𝐶𝐶𝑃𝑃𝑐𝑐
=  

𝑇𝑇ℎ(𝑡𝑡)
𝑇𝑇ℎ(𝑡𝑡)− 𝑇𝑇𝑤𝑤(𝑡𝑡)                                                                                                                                                 (30) 

𝐶𝐶𝐶𝐶𝑃𝑃

=  𝜂𝜂𝑐𝑐 .
𝑇𝑇ℎ(𝑡𝑡)

𝑇𝑇ℎ(𝑡𝑡)− 𝑇𝑇𝑤𝑤(𝑡𝑡)                                                                                                                                             (31) 

Rearranging Eq. (31) and using dimensionless temperatures and (u) parameter in Eq. (32) gives: 

𝑢𝑢 =   
(𝑈𝑈𝑈𝑈)ℎ
(𝑈𝑈𝑈𝑈)ℎ𝑒𝑒

 =  
𝑇𝑇ℎ(𝑡𝑡) − 𝑇𝑇𝑖𝑖
𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑎𝑎(𝑡𝑡)                                                                                                                                        (32) 

𝐶𝐶𝐶𝐶𝑃𝑃

=  𝜂𝜂𝑐𝑐 .
𝑢𝑢[𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑎𝑎(𝜏𝜏)] + 𝜙𝜙𝑖𝑖 + 1

𝑢𝑢[𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑎𝑎(𝜏𝜏)] + 𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑤𝑤(𝜏𝜏)                                                                                                                (33) 

This is the dimensionless form of the COP of the heat pump. 

To find the work of the heat pump Eq. (27) can be written as:  

𝑄𝑄ℎ(𝑡𝑡) =  (𝑈𝑈𝑈𝑈)ℎ𝑇𝑇∞[𝜙𝜙𝑖𝑖
− 𝜙𝜙𝑎𝑎(𝜏𝜏)]                                                                                                                                   (34) 

Using Eq. (33) and Eq. (34) in Eq. (27) gives: 
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𝑊𝑊(𝑡𝑡) = (𝑈𝑈𝑈𝑈)ℎ𝑇𝑇∞[𝜙𝜙𝑖𝑖

− 𝜙𝜙𝑎𝑎(𝜏𝜏)].
{𝑢𝑢[𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑎𝑎(𝜏𝜏)] + 𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑤𝑤(𝜏𝜏)}
𝜂𝜂𝑐𝑐{𝑢𝑢[𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑎𝑎(𝜏𝜏)] + 𝜙𝜙𝑖𝑖 + 1}                                                                         (35) 

The dimensionless form of the heat pump work 𝑤𝑤(𝜏𝜏) is defined as: 

𝑤𝑤(𝜏𝜏)

=
𝑊𝑊(𝑡𝑡)

(𝑈𝑈𝑈𝑈)ℎ𝑇𝑇∞
                                                                                                                                                             (36) 

𝑤𝑤(𝜏𝜏)

=
[𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑎𝑎(𝜏𝜏)]. {𝑢𝑢[𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑎𝑎(𝜏𝜏)] + 𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑤𝑤(𝜏𝜏)}

𝜂𝜂𝑐𝑐{𝑢𝑢[𝜙𝜙𝑖𝑖 − 𝜙𝜙𝑎𝑎(𝜏𝜏)] + 𝜙𝜙𝑖𝑖 + 1}                                                                                            (37) 

3.4. solar energy collection rate 
The hourly useful energy collection rate Qu(t) can be calculated by the formula mentioned in Duffie and 
Beckman [11]: 

𝑄𝑄𝑢𝑢(𝑡𝑡)
=  𝜂𝜂𝑐𝑐𝑜𝑜𝑡𝑡(𝑡𝑡). 𝐼𝐼𝑇𝑇(𝑡𝑡)                                                                                                                                                   (38) 

Where; 𝐼𝐼𝑇𝑇(𝑡𝑡) is the hourly radiation on the tilted solar collector which is given by: 

𝐼𝐼𝑇𝑇(𝑡𝑡)
= 𝜋𝜋. 𝐼𝐼(𝑡𝑡)                                                                                                                                                                   (39) 

Where R is the ratio of total radiation on the tilted surface to that on a horizontal surface. It can be estimated 
by: 

𝜋𝜋 = �1−
𝐼𝐼𝑏𝑏(𝑡𝑡)
𝐼𝐼(𝑡𝑡)

�𝜋𝜋𝑏𝑏 +  
𝐼𝐼𝑑𝑑(𝑡𝑡)
𝐼𝐼(𝑡𝑡)  �

1 + cos𝛽𝛽
2 �

+  𝜌𝜌 �
1 − cos𝛽𝛽

2 �                                                                               (40) 

Where; 𝛽𝛽 is the slope angle of the surface (𝛽𝛽 = 37.1°) and 𝜌𝜌 is the ground albedo which is taken 0.7 in 
February, 0.3 in January, and 0.1 in the rest of the year. 𝜋𝜋𝑏𝑏 is the ratio of beam radiation on a tilted surface 
to that on a horizontal surface.  𝐼𝐼𝑑𝑑(𝛼𝛼)

𝐼𝐼(𝛼𝛼)
 is the ratio of diffuse radiation to total radiation on horizontal surface. 

𝐼𝐼𝑏𝑏(𝛼𝛼)
𝐼𝐼(𝛼𝛼)  is the ratio of beam radiation to total radiation on horizontal surface 

𝜂𝜂𝑐𝑐𝑜𝑜𝑡𝑡(𝑡𝑡) is the efficiency of the flat plate solar collector which is estimated by Yumrutas and Kaska [12] as: 

𝜂𝜂𝑐𝑐𝑜𝑜𝑡𝑡(𝑡𝑡) = 0.72− 0.64
𝑇𝑇𝑤𝑤(𝑡𝑡)− 𝑇𝑇𝑎𝑎(𝑡𝑡)

𝐼𝐼𝑇𝑇(𝑡𝑡)                                                                                                                       (41) 

Where; 𝑇𝑇𝑤𝑤(𝑡𝑡) is the inlet fluid temperature which is equal to the storage tank temperature. ( 𝑇𝑇𝑤𝑤(0) = 15 ℃). 

By adding the solar collectors SC, the dimensionless net heat input rate to the TES tank in Eq. (24) becomes: 

𝑞𝑞(𝜏𝜏) = 𝑞𝑞𝑢𝑢(𝜏𝜏) +
𝑤𝑤(𝜏𝜏)
𝛾𝛾
− 𝑞𝑞ℎ(𝜏𝜏)                                                                                                                                     (42) 

which will be used in Eq. (23) in order to calculate the hourly water temperature in TES tank. 

4. INPUT DATA AND COMPUTATIONAL PROCEDURE 
This study compares two heating systems; ground coupled heat pump with and without adding solar 
collectors. The input data used in each component of these two systems is presented in this section. 

4.1. Heat pump parameters and House heating load 
CE values ranging from 0.30 to 0.50 for small electric heat pumps were reported by Zogou and Stamatelos 
[13]. As a result, the present study took into account three CE values (0.30, 0.40, and 0.50) in accordance 
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with their findings. The (UA) value of the house was considered to be 345W/℃. The value of (u) mentioned 
in Eq. (32) was considered equal to 1.2. 

4.2. Thermal storage tank 
In this study, the tank volume was assumed to be 400 m3, with an initial water temperature equal to the ground 
temperature, Tw (0) = 15°C. A density of 1000 kg/m3 and a specific heat of 4.18 kJ/kg.°C were assigned to 
the water. The soil surrounding the tank was assumed to be granite, and its physical properties are listed in 
Table (1). 

4.3. Solar collectors 
The purpose of connecting the system to the solar collectors is to compare its parameters with the other 
system. The solar collectors are directly connected to the storage tank, with an area of 20 m2 and a slope angle 
of β=37.1°, which is equivalent to the angle of latitude. The solar constant is 1353 W/m2. Hourly outside 
temperatures and solar radiation were obtained from the Meteorological Authority in Gaziantep. 

4.4. Procedure of the computation 
The dimensionless heat requirement for the house, which changes hourly as a result of the change in the 
ambient air temperature, is calculated along with the pump work through Eq. (37) depending on the initial 
tank temperature (Tw (0) = 15°C). Next, the dimensionless net heat input to the tank is calculated using Eq. 
(24), and finally, the coefficient of performance COP is determined over ten years to obtain the annual 
periodic operating condition. If SC are added, the net heat input to the tank is calculated using a different 
equation (42), and the same process is repeated to obtain the required system parameters. 

Table 3. Thermophysical characteristics of geological formations as described by [14]. 

Ground Type 
Conductivity,  

(W/m K) 

Diffusivity,  

(m2 /s) 

Specific Heat, 

 (J/kg K) 

Heat Capacity, 
(kJ/m3 K 

Coarse 

Limestone 

0.519 

1.3 

1.39 × 10−7 

5.75 × 10−7 

1842 

900 

3772 

2250 

Granite 3.0 14.00 × 10−7 820 2164.8 

5. RESULTS AND DISCUSSION 
The results were obtained from the analytical calculations that were applied to the MATLAB program. The 
effect of Carnot coefficient, volume of thermal storage tank and type of the earth on system coefficient 
performance and changes in tank temperatures are studied and discussed in this section. 

Fig. 2 and Fig. 3 display the impact of the Carnot efficiency CE on tank temperature variations and coefficient 
of performances in the fifth year of operation, for both systems with and without adding SC. The findings in 
Fig. 2 reveal the advantages of adding solar collectors to the heating system. Specifically, the water 
temperature in the tank increased by at least 10.2 ℃ when SC were added. Fig. 2 also shows the inverse 
relationship between CE values and tank temperature in the two systems. As the CE value of the heat pump 
rises, the water temperature decreases when the required heat load remains constant. Whereas, when the 
system is attached to the solar collectors, the energy gained from the solar energy compensates for the 
decrease in temperature caused by the increase in CE. Thus, the effect of CE on tank water temperature when 
SC is added to the system is minimal. 

In Figure 3, the increase in COP values when solar collectors are added to the heating system is clearly visible, 
as the values increased by no less than 1.8. It shows that when using a pump with CE = 0.4, COP value for 
the system with SC was at 4.75 in the first year of operation, and the value continued to increase until it settled 
at approximately 5.41 in the fifth year of operation, While in the system without SC, the COP values 
continued to decrease for the same pump specifications after the first year of operation until it settled at 
approximately 3.6 in the fifth year of operation. An increase in the CE value leads to an increase in the COP 
value, which leads to an increase in the amount of heat extracted from the tank QL for the same required heat 
load QH, and therefore the temperature of the tank decreases. 
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 Fig. 2 The effect of CE on the annual variation of water temperature in the TES tank in the fifth year of operation. 

(v=400, granite) 

 
Fig. 3 The effect of CE on the COP of the heat pump. (v=400 m3, Granite) 

 
Fig. 4 Effect of storage volume on annual temperature variation of water temperature in the TES tank during tenth year 

(Granite, CE=0.4). 

Fig. 4 shows the effect of the volume of the tank on the water temperatures of the tank, as the results show 
the slight effect of it, especially in the heating season, for volumes that exceed 300 m3. 

It is also clear that the use of volumes below 300 m3 is ineffective for the system without SC, as the results 
approached zero degrees and reached below zero when using a tank of 200 m3. 
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Fig. 5 Variation of COP with TES tank volume and operation time (Granite, CE=0.4). 

Fig.5 shows the effect of volume of the tank on COP where it is shown that the larger the volume the higher 
the COP value for both systems. Increasing the volume of the tank means increasing the amount of sensible 
energy of the water times the amount of energy lost through thermal conductivity and thus increasing the net 
energy of the tank Eq.(10), Which is the heat source for the heat pump. This increasing leads to an increase 
in the COP of the heat pump for the same required heat load (sink). 

The second observation in Fig.5 is that at the beginning of operation, the tank volume of 500 m3 recorded the 
highest COP value in both systems, as the COP value in the system with SC in the first year of operation was 
4.8 and continued to increase until it stabilized in the fifth year at approximately at 5.45. Also in the system 
without SC, the tank volume of 500 m3 recorded the highest value of COP in the first year of operation at the 
value of 4.1, but it continued to decrease until it stabilized at a value of 3.7 in the fifth year of operation. The 
addition of SC to the system compensates for the decrease in the degree of the tank water temperature, which 
helps to increase the COP value in the first years of operation, unlike what happened in the other system. 

 

 
 Fig. 6 Variation of COP with earth type and operation time (Granite , CE=0.4). 

The results presented in Fig. 6 indicate that the lower thermal conductivity coefficient and thermal diffusivity 
of the soil surrounding the thermal storage tank, leads to higher coefficient of performance in the system with 
SC. A low thermal conductivity coefficient of the surrounding soil leads to slower heat transfer, which can 
positively impact the efficiency of the heat pump, as the storage tank is able to retain the temperature it gained 
from solar energy for a longer period.  

120 
 



 
In the system without solar collectors, as the thermal conductivity and thermal diffusivity of the surrounding 
soil decrease, the ability of the soil to transfer heat to the storage tank decreases. This leads to a decrease in 
the coefficient of performance (COP) of the heat pump, as shown in Fig. 6. 

6. CONCLUSIONS 
The study compared two heating systems, one with an underground storage tank and a heat pump, and the 
other with the addition of solar collectors. The performance parameters of the heating systems, such as COP, 
temperature of the storage tank, and solar energy were analyzed using an analytical model and MATLAB 
program. The impact of Carnot efficiency, volume of thermal storage tank, and type of earth on system 
performance parameters were studied. Results showed that adding solar collectors to the heating system 
increased the water temperature in the tank by at least 10.2 ℃ and significantly increased the COP values. 
Increasing the volume of the tank led to an increase in the COP value for both systems, and increasing the 
diffusivity and conductivity coefficient of the soil increased the performance coefficient in the system without 
solar collectors. Overall, the results indicate that adding solar collectors to the heating system is beneficial 
and can compensate for the decrease in temperature caused by the increased Carnot efficiency of the heat 
pump, particularly when using soils with  low conductivity coefficient and low thermal diffusivity. 
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The comparative petiole anatomy of some 
Hedysarum species (Fabaceae) in Turkey 

Burcu Yilmaz Citak1 

Abstract 
This paper was designed to analyze the petiole anatomical characteristics of six Hedysarum species in 
Turkey. Paraffine method was applied to obtain cross sections of petiole or handmade sections were used 
to made anatomical analysis. The cross sections taken from petiole of studied species had an epidermis 
layer with oval-rectangular shaped. There was a large median bundle in all examined species with smaller 
lateral two bundles. Collenchymatic tissue changeable from 4 to 8 layered was located in the corners of 
petiole especially over the vascular bundles in studied species. Multilacunar and trilacunar petiole types 
were detected to separate species each other. The pith region of petiole had oval shaped parenchymatic 
cells that in different size. The petiole anatomical characteristics of Hedysarum species were showed that 
the Subacaulia and Crinifera sections have trilacunar petiole type the most primitive type in Hedysarum 
genus however Multicaulia section has multilacunar type which is advanced one. In conclusion, the median 
and lateral bundles size and their patterns are the most constructive petiole anatomical character to 
separate Hedysarum species has been determined. 

Keywords: Hedysarum, Leguminosae, Taxonomy, Sweet Vetch, Systematic 

1. INTRODUCTION 
Fabaceae called as legumes is third largest flowering plant family is comprised with about 19,500 species in 
about 751 genera. This large family exhibits a high level of species diversity and evolutionary success in various 
ecosystems worldwide like alpine and arctic meadows, stony grasslands, deserts, and seashores [1]. Within the 
genus Hedysarum 45 taxa recognized for the circum-Mediterranean areas by Greuter et al. (1989), among them 
33 are present in the eastern Mediterranean [2]. 

In Turkey alone, 22 taxa of Hedysarum were recognized by Hedge (1979) and with the addition of new taxa, 
the number of genus is reached to 26 species [3],[4],[5], [6],[7]. Of which, 14 are endemics to Turkey, and the 
endemism ratio of the genus is 63.3%. Hedge (1979) separated Hedysarum into five sections (Hedysarum, 
Obscura, Multicaulia, Subacaulia, and Crinifera) in Flora of Turkey. The classification of sections of 
Hedysarum is also quite problematic. 

Angiosperms have long used anatomical properties to categorize species at different taxonomic levels and to 
identify their taxonomic relationships [8]. Petiole vascular systems are often complex and offer a variety of 
features that can prove to be of essential diagnostic value. The central area of the petiole is the most reliable 
from which a single portion can be cut for comparative analysis [9]. Several studies on petiole anatomy are 
systematically important in a variety of clades at various taxonomic levels [10],[11],[12]. 

Petiole anatomy is thought to be important in determining the number, length, and width of vascular bundles 
in the abaxial epidermis, adaxial epidermis, parenchyma, and collenchyma cells [10]. Some researchers from 
around the globe have studied the petiole anatomy of Hedysarum genus [10],[13],[14]. 

This is the second detailed study of Hedysarum petiole vasculature and their taxonomic relevance using 
microscopic visualization. This study also described the significant petiole micromorphological traits which 
will contribute to the anatomy of the Fabaceae species for their accurate identification. 

1 Corresponding author: Selcuk University, Department of Biology, 42130, Selcuklu/Konya, Turkey. 
burcuyilmaz@selcuk.edu.tr 
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MATERIALS AND METHODS 

2.1. Plant Materials 

The plant specimens used in current study were collected during 2018 and 2021 from various localities in 
Turkey. The information about the voucher specimens is given in Table 1. The anatomical samples of the 
examined species were stored in the Plant Anatomy Laboratory of Biology Department of University of Selcuk, 
Konya, Turkey. 

Table 1. The locality information about examined species. 

Species Subgenus Collector number Locality 

H. varium subsp. varium Multicaulia B. Citak-149 Karaman, Ayranci, 2013 

H. varium subsp. syriacum Multicaulia B. Citak-151 Aksaray, 2012  

H. laxum Multicaulia B. Citak-366 Adana: Tufanbeyli, 2021 

H. pestalozzae Multicaulia B. Citak-160 Karaman: Ayranci, 2013 

H. nitidum Multicaulia B. Citak-369 Erzincan: Resadiye, 2021 

H. turcicum Subacaulia B. Citak-357 Yozgat: Bogazliyan, 2022 

H. pannosum* Crinifera H. Dural-3500-B. 
Citak 

Konya: Kizoren, 2011 

*the information obtained from [10]. 

2.2. Anatomical methods 
The paraffin method which has been added some modifications was used to make the permanent anatomical 
slides [15]. For each taxon, five plant samples were used and the experiments were done at least two times. 
Firstly the petiole pieces were treated through an increasing alcohol series to remove the water from the tissues. 
As the next step, a portion of paraffin was added to small glass flasks. The paraffin blocks were obtained and 
12–16-μm-thick transverse sections were cut using a Thermo Scientific microtome with disposable blades. 
Under a light microscope (Leica DM 1000), the best sections were chosen and photographed at magnifications 
of 10x, 20x, and 40x. The measurements, which were made with the Kameram 21 software programme, were 
based on at least 20 or more cells per specimen. The mean values of the measurements of all of the investigated 
taxa were given.  

2.3. Numerical analysis 

For the statical analysis, the qualitative and quantitative characters were scored. A total of 6 discriminative 
petiole anatomical characters were used to evaluate the taxonomical similarities of the studied Hedysarum 
species (Table 2). A data matrix was set using the recorded qualitative and quantitative characters. Based on 
the anatomical characters, the coefficients of correlation among the six species were determined and these 
species were grouped using the clustering analysis method (unweighted pair group method with arithmetic 
mean, UPGMA, dissimilarity, standardized variables). The clustering analysis was based on Gower’s (1971) 
general coefficient similarity [16], which was used directly with a mixture of character types (binary, 
qualitative, and quantitative. Untransformed, centered, and unstandardized data were used to create a 
covariance matrix. MVSP 3.22 software was used for all of the computations. 

3. RESULTS AND DISCUSSION 

3.1. The petiole anatomical properties 
The shape of petiole cross section is oval in H. varium subsp. varium, H. varium subsp. syriacum, H. laxum, H. 
pestalozzae, and H. nitidum which have been taken from the median parts of the petiole. H. turcicum has 
triangular shaped petiole. In anatomy of petiole of Hedysarum species, three nodal types, unilacunar, trilacunar, 
and mutilacunar types, were recorded by Watari (1934) in Leguminosae [17]. The trilacunar type was most 
common in the family, but the unilacunar type was only recorded in some species in tribe Genisteae, and the 
multilacunar type was sporadically found in subfamilies Caesalpinioideae and Papilionoideae [17]. The 
trilacunar type was inferred to be the more primitive type in Leguminosae [18] and this type is the most common 
in Hedysarum genus. Watari (1934) emphasized that “the petiolar base is one of the most important regions in 

123 
 



 
the vascular course of foliar organs of Leguminosae." He classified branching patterns of the vascular bundles 
at the petiolar bases into three types based on the number of leaf traces and whether the traces are fused or free. 
Choi et al. (1999) had announced a pattern of petiole in Hedysarum species (Fig 1). The member of Subacaulia 
section have three leaf traces with free organization and Multicaulia section have more than three ones 
according to this literature.  

In petiole transverse sections, the epidermis is composed of one layer and epidermal cells of both surfaces are 
rectangular to oval and have trichomes in studied species (Fig. 2). H. pannosum from Crinifera section was 
studied by the author in a previous study [10] and the same results were conducted. H. cappadocicum is another 
species in Subacaulia section was reported with three leaf traces in petiole [14] as observed in H. turcicum in 
current study. 

Collenchyma cells located in the corners of petiole are composed of 4-7 layers. Cortex parenchymatic cells 
which are presented under the epidermis are orbicular shaped and are composed of 8–9 layers in studied species. 
There are three large primary collateral vascular bundles in the corners of the petioles, with small secondary 
bundles among them. On the median vascular bundles there is large sclerenchyma tissue shaped like an arc and 
also secondary vascular bundles have schlerenchyma (Fig. 2). The pith is composed of parenchymatic cells 
which are orbicular shaped with changeable sizes (Fig. 2). 

 
Figure 12. The petiole pattern in Hedysarum genus according to Choi et al. (1999).  

3.2. Numerical analysis results 

The dendrogram created from the cluster analysis using the UPGMA based on the 6 petiole anatomical variables 
of the six Hedysarum species is presented in Fig. 3. This dendrogram reflected the similarities among the 
examined species. The dendrogram revealed two main groups: Group A (with 40% similarity) comprised only 
one species H. nitidum which is a distinct Hedysarum species in this group. Group B (with 68% similarity) 
comprised the remaining five species of studied Hedysarum species. Group B consisted of two main 
subclusters, which were described further as Clusters B1 and B2. Cluster B1 included subspecies of H. 
pannosum and H. turcicum (with 76% similarity) with a trilacunar type petiole. Cluster B2 included two 
subgroups called as C and D. Group C includes H. pestalozzae and H. varium subsp. syriacum (with 88% 
similarity). Group D included H. laxum and H. varium subsp. varium (with 89% similarity). 
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Figure 2. The petiole pattern in Hedysarum genus a. Hedysarum varium subsp. varium, b. Hedysarum varium subsp. 

syriacum, c. H. nitidum, d. H. laxum, e. H. pestalozzae, f. H. turcicum 

 

Table 2. The petiole characters used in numerical analysis 

Species Petiole 
type 

Median 
bundle 

length(µm) 

The 
number 

of 
vascular 
bundles 

Pith 
cells(µm) 

Collenchyma(µm) Ventral 
bundle(µm) 

H. varium 
subsp. 
varium 

1 499.9 10 89.74 84.04 398.7 

H. varium 
subsp. 

syriacum 
1 362.3 7 53.55 70 230.5 

H. laxum 1 465.23 8 72.48 72.13 382.38 

H. 
pestalozzae 1 378.64 6 77.23 63.59 324.8 

H. nitidum 1 882.97 16 147.57 106.67 560.09 

H. 
turcicum 0 253.84 9 63.68 46.35 180.44 

H. 
pannosum* 0 232.2 7 48.2 152.2 178.3 

*the information obtained from Dural & Citak (2015) 
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Figure 3. Dendrogram based on petiole anatomical properties showing the similarity and distance between Hedysarum 

species. 

4. CONCLUSION 
The anatomical results of this study showed that Subacaulia and Crinifera sections have trilacunar petiole type 
the most primitive type in Hedysarum genus however Multicaulia section has multilacunar type which is 
advanced one.  

In conclusion, the median and lateral bundles size and their patterns are the most useful petiole anatomical 
character to separate Hedysarum species has been determined. 
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A Preliminary Study on Potentiodynamic 
Polarisation Behaviour of UNS S32760 Duplex 

Stainless Steel 

Burcin Ozbay Kisasoz1 

Abstract 
Duplex stainless steels (DSSs) possess higher mechanical properties and corrosion resistance owing to 
dual-phase microstructure. DSSs have an approximately equal amount of ferrite and austenite phases. The 
ferrite phase provides mechanical strength and resistance to pitting corrosion, while the austenite phase 
provides ductility and general corrosion resistance. The desired ferrite and austenite phase balance can be 
achieved by the solution treatment applied above 1000 °C. Application of solution treatment at high 
temperatures or long periods at proper treatment temperature causes an excessive increase in ferrite ratio. 
An increase in ferrite content causes brittleness in the structure and a decrease in general corrosion 
resistance. In this study, the influence of solution treatment duration on the corrosion properties of the UNS 
S32760 duplex stainless steel is investigated. Solution treatments are applied at 1050 °C for 30 minutes, 60 
minutes and 90 minutes. Then corrosion resistance and pitting potential of the samples are investigated by 
potentiodynamic polarization and electrochemical impedance spectroscopy tests, respectively. It is 
revealed that the solution treatment process is critical for the corrosion properties of the UNS S32760 
duplex stainless steel alloy. 

Keywords: Duplex stainless steels, solution treatment, corrosion, pitting. 

1. INTRODUCTION 
Duplex stainless steels (DSSs) are one of the main types of stainless steels with a dual-phase structure. The 
dual-phase microstructure consists of a nearly equal amount of ferrite and austenite phases [1-3].  The ferrite 
phase ensures pitting resistance and mechanical strength, while the austenite phase ensures general corrosion 
resistance and ductility. The DSSs have been used in desalination, shipbuilding, and the petrochemical industry 
because of enhanced mechanical properties and superior corrosion resistance [4-6]. 

Solution treatment (ST) is applied to the DSSs for achieving the phase balance. The ST provides the dissolution 
of inclusions and secondary phases, besides obtaining desired ferrite and austenite proportion. The ST process 
temperature is critical for obtaining desired microstructure. A lower ST temperature is insufficient for the 
dissolution of secondary phases and, a higher ST temperature causes the formation of excessive ferrite and 
deteriorates the corrosion properties [7-10].   

This study investigates the influence of ST duration on the electrochemical corrosion behaviour of UNS S32760 
at 1050 °C. Potentiodynamic polarization and electrochemical impedance techniques have been studied to 
reveal corrosion behaviour. 

 

2. MATERIAL AND METHOD 
UNS S32760 super duplex stainless steel alloy was used in the experimental studies. The chemical 
compositions of the alloy was given in Table 1. 

1 Fatih Sultan Mehmet Vakif University, Aluminium Test Training and Research Center (ALUTEAM), Istanbul, Turkey. 
burcinozbay@gmail.com 
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Table 4. Sample table 

Chemical composition 

Cr Ni Mo Mn Si C 

25.850 6.850 3.670 0.530 0.390 0.022 

Cu W P S N Fe 

0.680 0.691 0.028 0.001 0.264 Bal. 

      

 

The samples were heated to solution treatment temperature with a 6 °C/min heating regime and annealed at 
1050 °C for 30 min, 60 min and 90 min followed by quenching. Solution-treated samples were polished at 1 
µm following the grinding up to 2000 grids. All samples were etched by the electrolytic etching method in 10% 
wt. KOH solution. The microstructure investigations were carried out by optical microscopy (OM-Nikon 
Eclipse MA100).  

All electrochemical corrosion tests were performed with Ivium Compactstat. The device consisted of a triple 
electrode system, including a reference electrode (Ag/AgCl solution), a working electrode (test sample), and a 
counter electrode (platinum). The potential of the reference electrode was determined as 0.065 mV, while the 
surface area ratio of the counter electrode and working electrode was 4. The corrosion behavior of the examined 
samples was investigated by potentiodynamic polarization (PP), and electrochemical impedance spectroscopy 
(EIS) tests. Prior to the polarization experiments, an open circuit potential (OCP) of the samples was determined 
by holding samples in a 3.5% NaCl solution. 

3. RESULTS AND DISCUSSION 
The microstructure of the initial UNS S32760 alloy was given in Fig. 1. The microstructure consists of ferrite 
(α) and austenite (γ) phases. The dark phase indicates ferrite, and the white phase indicates austenite. The initial 
ferrite and austenite ratios are 52% and 48%, respectively. 

 
Figure 13. Microstructure of the initial alloy 

Potentiodynamic polarization curves and the test result were given in Fig. 2 and Table 2, respectively. It was 
clearly observed that a drastic change occurred in the potentiodynamic polarization behaviour of the studied 
alloy after solution treated at 1050 °C for 90 min. The enhanced treatment time caused an increase in the ferrite 
content of the alloy and adversely affected the corrosion properties. When the polarization curves were 
examined, it was observed that the samples treated for 30 minutes and 60 minutes exhibited similar polarization 
behaviour. However, a different potentiodynamic polarization behaviour was observed in the sample treated 
for 90 minutes. Especially, the sample treated for 90 minutes showed a considerably higher corrosion rate value 
compared to the other samples, as seen in Table 2. 

Fig. 3 shows the Nyquist and Bode plots of the samples tested in 3.5% NaCl solution. Generally, the Nyquist 
plots demonstrated a randel-like feature. The Nyquist plot of the sample treated for 30 min exhibited a nearly 
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linear characteristic that can be attributed to the passive surface. On the other hand, the impedance value of the 
samples treated for 60 min and 90 min was decreased as seen in Fig. 3a. Especially the remarkable decrease in 
the impedance value of the sample treated for 90 min can be related to the excessive ferrite phase which may 
promote the pitting corrosion. Accordingly, the impedance value was decreased due to the corrosion of the 
sample treated for 90 min. Fig. 3b shows the phase angle bode plots of the examined samples. The maximum 
peak angles for all samples were observed in the medium frequency range which was attributed to the chromium 
oxide protective film. Also, that phenomenon was more apparent for the short time of corrosion exposure. 

 
Figure 2. Potentiodynamic polarization curves of the studied samples 

Table 2. Potentiodynamic polarization test results 

Solution 
treatment 

duration (min) 

Ecorr 

(V) 

icorr 

(A/cm2) 

Corrosion 
rate 

(mm/year) 

30 min -0.2152 8.785x10-8 0.001019 

60 min -0.2234 16.410x10-8 0.001902 

90 min -0.3093 107.400x10-8 0.01245 

 

 
Figure 3. EIS test results; a) Nyquist plots, b) Phase angle bode plots 
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Corrosion damage of the sample can be seen in Fig. 4. Light microscopy images taken from the corrosion 
surfaces are compatible with the corrosion test results. As the heat treatment time increases, the pits formed on 
the surface of the material grow and corrosion damage increases. As mentioned before, as the solution treatment 
time increases, the ferrite-austenite balance that provides optimum material properties is disrupted and 
corrosion properties are adversely affected. As the solution treatment time increased to 90 minutes, the pitting 
rate on the corrosion surface increased up to 4.755%. 

 
Figure 4. Micrographs of the samples following the corrosion tests a) ST for 30 min, b) ST for 60 min, c) ST for 90 min, d) 

Pit ratio graph 

 
Figure 5. Equivalent circuit for the EIS results 

 

The equivalent electrical circuit used to fit the impedance data was given in Fig. 5. Meausered capacitance was 
often not ideal and Q was determined as the constant phase element (CPEpass and CPEpit). Rs is the electrolyte 
resistance in 3.5% wt. NaCl solution, and Rpass is the charge transfer resistance for the passive layer. Moreover, 
RRi and Rpit solution and charge resistance of the pit, respectively. In the samples, significant pitting corrosion 
occurred, as indicated in the light microscopy observations. Thus, a double-layered model was observed at the 
interface owing to the formation of stable pits parallel to the passive surface. 

CONCLUSION 
The enhanced treatment time caused an increase in the ferrite content of the alloy and adversely affected the 
corrosion properties. 

The sample treated for 90 minutes showed a considerably higher corrosion rate value compared to the other 
samples. 

The impedance value was decreased due to the corrosion of the sample treated at 1050 °C for 90 min. 
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The maximum peak angles for all samples were observed in the medium frequency range which was attributed 
to the chromium oxide protective film.  

As the heat treatment time increases, the pits formed on the surface of the material grow and corrosion damage 
increases. 

A double-layered model was observed at the interface owing to the formation of pits on the surface. 
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Analysis of the Combined Usage of Plasticizer 
and Accelerator Effects on Microstructure for 

Mortar 

Murat Timur1, Ilker Bekir Topcu2 

Abstract 
During the production  process of mortar many of  additives can be used jointly to obtain efficient 
workability properties. In this situation strenght of mortar depends on  the correct ratio of admixtures. This 
study focuses on analysing of mortar samples that have three different doses of sodium lignosulphonate 
based plasticizer (%1 -1,5-3) and calciumnitrate based set accelerator (%0,5-1-2) admixture combinations. 
The water-cement ratio is selected as 0.50 for the mortar production.Various effects in the strenght and 
durability are investigated by experimental methods. Scanning electron microscope (SEM) images were 
obtained at the range of magnification 500x to 4000x for observations. In the investigation unit weight, 
ultrasonic pulse velocity, compressive strenght, setting time tests and microstructure analysis tests were 
performed in three different dosage mixtures and the obtained data were evaluated. As a result of the tests 
carried out, the use of the admixtures in different dosages caused decreasement in compressive strenght 
maximum 7,27 MPa in 28 day samples. It has been observed that %1 plasticizer and %0,5 accelerator 
combination which has the minimum doses reach the highest compressive strenght for 28 days (39,8 MPa). 
Therefore, as a result  the coexistence of additives  must be sensitively controlled and the required dosage 
adjustments must be made in production. 

Keywords: Accelerator, dosage, microstructure, plasticizer, SEM 

1. INTRODUCTION 
With the improvement of the chemical investigations variety of methods have been developed to meet the needs 
in terms of developing technology with the manufacture of concrete. The most important of these by using the 
chemicals of concrete samples on the property is the path to be taken. Chemical additives are put into operation 
in a very serious way in the last ten years as it is known for it [1]. Impermeability of concrete, reducing the 
amount of water used, accelerating or reducing the setting time, improving workability are important issues. In 
addition chemical additives and so many subjects frost resistance has become an indispensable element of 
concrete [2]. Therefore, this situation led to the spread of the use of the contributions. Spreading this frequency 
of use as a result of using the wrong usage or mixed in a way that allows the use of two requested feature at the 
same time [23-24]. However, using a combination of admixtures non-compatible with each other can result in 
the formation of unpredictable effects [14].  Chemical additives are mismatch in some cases cause unwanted 
effects or causes to achieve low proportions of results. Combined use of certain chemical additives as a result 
of producing concrete with desired properties is concerned. Certainly compatibility with each other of such 
users is the subject of a serious investigation [26-27]. The wide variety of contributions, which are still in use 
complicates our matters. The unclear terms of concrete that available admixtures on market  makes this topic 
worth investigating. 

The additives made by a new generation of plasticizers and setting time studies give different results than 
conventional additive [3]. Even in studies of plasticizer used cement types of chemical additives and 
compatibility with mineral additives research has been reported that physical and chemical modification [4-23-
29]. However, any anti-corrosion chemical additives in various chemical changes in the properties of concrete 
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strength values even if the interference with his additives and included the amount of air changes [5-20] shows 
us proportional differences can reveal different aspects of the use of additives and changes on concrete and 
mortar. In other ınvestigation self-levelling screed properties was examined succesfully [11]. It was observed 
that the collapse of the self-leveling mortar although the use of chemical and mineral additives to be used in 
the successful design and the serious improvement in resistance values [6]. However, it became clear that in 
lignosulphonate and naphthalene sulphate based agent in high dosages study the negative adverse effects of 
voice transmission speeds and strenght decreasings have been investigated [7]. 

Because of plenty of research area, many works were produced about additives. Habib et al. [17] researhched 
effect of some chemical admixtures on the physico-chemical and reological properties of oil well cement pastes. 
Shanthappa et al. [18] studied effect of addition of combination of admixtures on the properties of self 
compacting concrete subjected to sulphate attack. Recalde et al. [19] investigated combination of lignosulfonate 
and AMPS®-co-NNDMA water retention agent—an example for dual synergistic interaction between 
admixtures in cement.Many tests and essays shows that preventing  expansion and shrinkage admixtures in 
equal proportions is effective that shrinkage is in the normal values [8]. This situation is the result of the positive 
use of the contributions. To give you one other example water-reducing and retarding additives often use to 
extend the workability of concrete and so that the water / cement ratio to reduce and it is possible to increase 
the resistance at high temperatures. Retarders prolongs the ability to settle the concrete, accelerators are used 
to accelerate the hydration process. In studies amixture of plasticizer and retardant and accelerating additives 
have been tried. 

Thus, regenerative mortar mixtures have been studied in preparation [9]. Such mixtures provide the most 
convenient examples are used for rapid concrete repair. Additives to obtain a combination of a great range of 
properties are used in combination is provided. Selecting contribution and making the dose adjustment for 
concrete to be produced requires the presence of many trials. This requires reducing the number of statistically 
these experiments [10]. Therefore, in this case shows that the right dose admixture combinations is so sensitive 
and also shows the multiplicity of experimental studies. In this study the most widely used type of chemical 
additives using together and investigate the effects of micro concrete. 

2. MATERIALS and METHODS  

2.1. Materials 
Samples generated from experiments in the study CEM I 42.5 Portland cement as binding material is used. The 
chemical and physical properties of cement are given in Table 1 and Table 2. Chemical additives for mortar 
specimens prepared using standard sand and tap water is provided by applying different proportions to obtain 
different characteristics of the samples. The data obtained by ensuring that the standard of the materials used 
have also tried to prevent the affected lot of material differences. Information about the standard sand Limak 
West Cement firm belongs Norman sold as sand RILEM Chemburea standard sand is weighs 1350 g density 
and loose unit weight used in preparing the assay mixture in Table 3. The chemical analysis of potable tap water 
used is given in Table 5. Grace products company contributions are preferred. Wrda 35 as a plasticizer, Daraset 
580 is the accelerator has been used. Chemical properties of the additive are given in Table 4. 

 

Table 1. Chemical properties of  cement 

SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O SO2 LOI 

19.65 62.14 5.34 2.89 1.34 0.35 0.7 3.05 3.75 

 

Table 2. Physical properties of  cement 

Spec.gravity Blaine, cm2/g Compressive strenght, MPa  
3.14 3490          44 (7day)  57.2 (28day)  
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Table 3. Specific gravity and loose unit weight of standart sand 

Loose unit weight kg/m3  Specific gravity   
              1350           2550   

 

Table 4. Properties of chemical admixtures 

 

 

 

 

 

Table 5. Properties of chemical admixtures 

Ph Na2O Ka2O Cl SO4 Zn Pb P2O3 NO3 Fd 
7.3 52 11 66 80 5.06 0.05 1.5 0.1 30.1 

 

2.2 Method and Tests 
In this study, the utilization rate of creation is currently used chemical additives and combinations of additives 
in accordance with the frequency mixing mortar effects evaluated. When the other components of the chemical 
additives are constant (standard sand and water at the same rate and the same kind cement), chemical additives 
replaced. The water-cement ratio is selected as 0.50 for the mortar production. Using accelerator and plasticizer 
admixtures, different samples are obtained. Three  combinations are prepared. These are made by plasticizer 
and accelerator admixtures. Each set is a combination of a control sample sets and even 3 sets will be prepared 
at various dosages. Different doses recommended optimal dose of preparing the chemical additives that 
considered as a combination dosage. 

Table 6. The dosages of admixtures according to combinations 

Combination Accelerator % Plasticizer % 
1 
2 
3 

0,5 
1 
2 

1 
1,5 
3 

The optimal rate of 50% for the second dose combination is increased or reduced state. In the third dose 
combination of 2 or 3 levels increased or reduced combination was prepared. Dosages are given in Table 6. 
The samples 4x4x16 cm 3-cast in the mold was made.  With the product mixtures, fresh state tests; such as unit 
weight, flowability and setting time were conducted. Also in order to observe hardened state properties 
ultrasonic pulse velocity, flexural and compressive strenght tests were conducted. At the last part of the work 
micro structure inspections, Scanning electron microscope (SEM) was conducted. 

3. RESULTS and DISCUSSION 

3.1. Fresh Mortar Properties 

3.1.1 Fresh Unit Weight and Flowability (Flow Table) 
Unit weight values are given in Table 7 combination mixture dosages are given in Table 6. It was observed that 
decreasing arc occurs in results when the mixture dosage rates increase. It is known that some air content can 
be found when the plasticizer used in concrete. So unit weight of mixtures are in low degree if we compare to 
control sample. In combination 3, %5 admixture ratio  is used totaly and the lowest value obtained in this 
sample. Flowability test results depending on admixture combi-nations are given in Table 7. As expected with 
the using of plasticizer admixture flow rate increased. When the ratio rises, flow degrees rise paralel in value. 
Flowability test diameters were varied from 12 to 19 cm. The key point of the graphic is combination 2 that has 
%1,5 plasticizer. From this value degree increases highly. 

Properties Wrda 35 Daraset 580 
Content  Calciumnitrate 

Brown 
Liquid 
1.161 g/ml 

Color Darkbrown 
State Liquid 
Density 1.108 g/ml 
Ph 10.0 8.8 
Clorit%  <0.1 
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Table 7. Fresh unit weight variation and flow diameter results 

Combination Unit weight, kg/dm Flow diameter, cm 
control 

1 
2 
3 

2,22 
2,17 
2,15 
2,11 

12,1 
15,1 
15,9 
18,1 

 

3.1.2 Setting Times 
Initial and finalsetting time values are given in Figure 1. Accelerator and plasticizer were used together in 
samples, so we saw that accelerator limits the effect of high dosage plasticizer. We expect that when the 
accelerator rise initial and final setting time decrease but the negative effect of plasticizer increases the values. 
Because of %3 plasticizer ratio is over from %2 accelerator ratio, accelerator is only limits the plasticizer. 

 
Figure 1. Initial and final setting time variation 

 

3.2 Hardened Mortar Properties 

3.2.1 Ultrasonic Pulse Velocity 
Ultrasonic velocity test results at the age of 3 to 28 days are presentedin Figure 2. Ultrasonic pulse velocity 
values are varying from 3,77 km/s to 5,12 km/s. Common result is velocity increase with the days. Another 
inference is all mixture combinations did not reach the control sample . We can say that usage of mix-tures 
decrese theultrasonic pulse velocity depending on the usage ratio irregardless of whaich additive is used. 
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Figure 2. Ultrasonic velocity variation 

3.2.2 Flexural Strength 
Flexural strenght values at the age of 3day to 28 day are given in Figure 3. In all samples, flexural streght value 
is lower than control sample. Flexural strenght is weak in concrete but using admixtures decreases the strenght 
value in accordance with the ratio of additives. Results obtained in 28day about 4,53 to 5,44 MPa. 

 
Figure 3. Flexural strenght values 

3.2.3 Compressive Strenght 
Compressive strenght tests were conducted at the age of 3-7-14-28 days old specimens. For all combinations 
and control sample results are given in Figure 4. Strenght values changes according to admixture ratio about 
21,78 MPa to 43,55 MPa. Control sample gained the highest value. Generally incerasing additive decrease the 
strenght but in combination 2 mixture some early day day strenght values is similar to control sample. Also this 
value decrease in 28 day results. According to the graph values obtained that increasing optimum dosage 
mixture that productive company recommended scaled up the early day strenght values. 
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Figure 4. Compressive strenght values 

3.2.4 Scanning Electron Microscope (SEM) Analysis 

All combinations and control sample SEM images are given in Fig.5-6-7. In Fig. 5 control sample SEM image 
strong CSH structure easily  can be seen in 28days. According to this image the other combination images can 
comment that it is weak structure or not. But in Figure 6 and Figure 7 magnification of 1500x, we can obtain 
poor CSH structure in this high dosage samples.   

 
Figure 5. SEM image (magnification 1500x) of control sample 
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Figure 6. SEM image (magnification 1500x) of combination 2 

 
Figure 7. SEM image (magnification 4000x) of combination 1 
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Figure 8. EDX graphic analysis of control sample  

 

 

 

CONCLUSIONS 
Experimental study was  carried out with the following results: 

• With the increasing of admixture ratios fresh unit weight values decreased entirely. Especially  the 
existence of admixtures more than %3 totaly, it was decreased the results significantly.  

• Using of plasticizer in all admixture combinations flowability was increased if compare with the 
contro samples results as expected.  

• We expect that when the accelerator rise initial and final setting time decrease but the negative effect 
of plasticizer increases the values. But it was received that accelerator limits the effect of high dosage 
plasticizer.  

• According to the hardened tests; ultrasound pulse velocity, flexural stenght, compressive strenght 
resuts shows us it is general decreasing in all samples. Control sample results are higher than others 
proportional with dosage of admixtures. So we can say that using combination of admixtures in 
several doses changes the expected strenght. 

• SEM and BET analyses  support strenght decreasement. Comparing with the control sample 
combinations have poor CSH structure. But in optimum dosage, this redu-cing effect in strenght 
decreases than others. 

As a result of the experiments and investigations, combining accelerator and plasticizer admixtures in different 
dosages cause negative effect in fresh and hardened  state properties of concrete. Especially in overdose of 
combinations, negative effect shows itself strongly. So usage of combination accelerator and plasticizer 
admixtures must be limited and controlled in manufacturing. 
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Utilization of PVC Wastes on Concrete 
Bicycle Roads 

Hasan Baylavli1 

Abstract 
Polyvinyl-chlorine (PVC) is a material with a wide range of utilities such as construction, packaging, 
medical materials, and the automotive sector. Because these materials have much time to disappear in 
nature, it is vital to utilize PVC chip wastes. Concrete was applied on the roads of the Northern campus of 
Hittites University. PVC chips obtained from door and window manufacturing shops have been added to 
the concrete mix of concrete bicycle roads. PVC chips were utilized in the concrete by eliminating 0,5 mm 
aperture size. PVC chips have been added into the transit-mixer from the concrete plant to the construction 
site. PVC chips were used in the mixture of concrete in the ratio of 1-3 and 5 kg/m3. The largest aggregate 
size in the mixture is 22.4 mm. The addition of PVC chip to the concrete mix reduced the precipitation value 
of fresh concrete from 190 mm to 150 mm. The addition of PVC chip has slightly increased the air void 
ratio of the fresh concrete. Hardened concrete tests, compression resistance, tensile splitting strength, and 
modulus of elasticity were performed. PVC has been compared with the additive control concrete sample. 
5 kg/m3 PVC chip, which was added to the mixture, has reduced pressure resistance by about 11%. It can 
be stated that the PVC chip contributes positively to the tensile splitting strength and elasticity module 
values of the concrete. Apart from these tests, firstly, modulus of elasticity tests was carried out on 15*30 
cm cylinder samples. Then, compression resistance and tensile splitting strength tests were conducted on 
the same samples. In the modulus of elasticity test, variations in compression and tensile splittings strengths 
of examples exposed to repeated compression loads were examined. After the test of elasticity modulus, the 
compression resistance and tensile-splitting strengths of the samples have decreased. It has been concluded 
that very thin PVC chip wastes can be utilized in a concrete mix.  

Keywords: PVC wastes, concrete, compressive strength, elasticity modül, tensile splitting strength 

1. INTRODUCTION 
PVC is a building material used in many sectors. Since the usage area is very large, PVC wastes are increasing 
day by day. These wastes have a very long time to disappear in nature. Therefore, it is important to use these 
wastes in recycling. [1-8]. Many researchers have used various plastic wastes as aggregates in self-compacting 
concrete [9]. Waste plastic bag fibers were used in self-compacting concrete. Waste plastic fibers reduced the 
slump flow value of fresh concrete. As the fiber length increased, the separation in the L-Box test increased. 
[10]. Usage of the plastic waste as fine aggregate has an acceptable impact on workability com- pared to the 
coarse plastic waste aggregate [11]. The addition of PET fibers to SCC has reduced slump flow time and T50 
values, may be due to the shape and dosage of the fibers [12].  When plastic aggregate was replaced with fine 
aggregate, it increased the compressive strength compared to coarse plastic waste aggregate [10]. The increase 
in the amount of plastic waste decreased the 28-day and 90-day compressive strength of high-strength self-
compacting concrete. [13]. Addition of 0.1% PPF to self compacting concrete increased the tensile strength of 
concrete by 16% to 32%.[14]. Fine aggregate was partially replaced with waste plastic (LDPE) and used in 
concrete production. Concrete specimens were cast to estimate the concrete strength. Replacing of fine 
aggregate by 5%-20% with plastic waste, the strength in compression of the plastic concrete is observed to 
reduce by about 35 to 50%. [15]. In one study has been employed to come up with the eco-friendly concrete by 
using the plastic waste to promote the sustainability. plastic waste has shown to decrease the compressive 
strength and anomalous behavior was observed in case of split tensile strength. plastic waste has shown to 
decrease the compressive strength and anomalous behavior was observed in case of split tensile strength. [16].  
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In one research investigates the effect of utilizing Incinerated Solid Waste (ISW) and Recycled Plastic Waste 
(RPW) as a partial replacement for cement and fine aggre- gate. Workability decreased as cement and fine 
aggregate replacement increased. The experimental investiga- tion concluded that up to 20% of fine aggregate 
and 15% of cement replacement with ISW rendered better concrete strength. [17]. In one research, experimental 
investigations were conducted to study the performance of the concrete mechanical properties, and reinforced 
concrete (RC) beam contained FPWA as a partial substitute of the NSG.  The use of FPWA in the concrete mix 
decreased the workability, bending, shear, tensile and compressive strengths of fresh concrete. [18]. The 
properties of recycled aggregate and waste plastic fiber concrete were investigated. Adding recycled aggregates 
to waste plastic fiber concrete significantly increased its workability. It also increased the water absorption, 
compressive strength and tensile strength of the hardened concrete. [19]. The feasibility study of recycled 
plastic waste as fine aggregate in concrete was investigated. In this experimental study, the concrete of M30 
grade of concrete is partially replaced with two types of recycled plastic such as PET and PP individually by 
different percentages as 5%, 10%, 15%, 20% and 25%. The split tensile strength and flexural strength concrete 
with PET increases till 10% replacement. The compressive strength concrete with PET plastic increases up to 
10% beyond that it decreases. [20]. 

 

In this study, PVC chips obtained from door and window manufacturing shops have been added to the concrete 
mix of concrete bicycle roads. PVC chips have been added into the transit-mixer from the concrete plant to the 
construction site. Experimental study was carried out in field concrete application. Mechanical properties of 
concrete with PVC waste additives were investigated. There are many different kinds of waste from PVC 
products. There are different recovery, recycling and disposal options for each resulting waste product group. 
PVC waste can be evaluated in two categories. 

 

1. Pre-consumption (Industrial and / or Commercial PVC wastes), 

 

These are wastes such as burrs, ullages and sawdust that occur during the PVC production stage. This type of 
waste is easier to recover and collect from a single point. 

2. Post-consumption PVC wastes 

Post-consumption waste is more difficult to collect for recycling. Wastes such as pipes, window frames, 
packaging waste are examples of this group. These wastes are often mixed with other wastes. Some of the post-
consumption PVC wastes are sent to the landfills. Another portion is disposed of by incinerating for energy 
recovery. In this study, the utilization of pre-consumption PVC wastes in concrete was investigated. 

 

2.MATERIALS AND METHODS 
PVC wastes were collected from PVC door and window manufacturing workshops. The collected wastes were 
sieved to separate them into certain sizes. PVC chips were utilized in the concrete by eliminating 0,5 mm 
aperature size. PVC chips have been added into the transit-mixer from the concrete plant to the construction 
site. Mixing ratios are given in Table 1. PVC chips were used in the mixture of concrete in the ratio of 1-3 and 
5 kg/m3. The largest aggregates size in the mixture is 22,4 mm. Chemical additive hyperplasticizer was used. 
PVC wastes were used in three different ratios in the concrete mixture. Together with the witness concrete, four 
series of concrete were produced. Mixing codes are given in Table 2. 
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Figure 1. Screened PVC waste 

Table 5. Mixings Raitons 

Ingreditents Mixing Ratios 

Sand (0-2 mm) 230 kg/m3 

Fine aggregate (2-4 mm) 880 kg/m3 

Crushed Stone (4-12 mm) 250 kg/m3 

Crushed Stone (12-22,4 mm) 560 kg/m3 

Cement 300 kg/m3 

PVC Wastes 1-3-5 

Water 165 kg/m3 

Admixture %0,8 

Water-cement ratio 0,54 

Unit Weight 2385 kg/m3 

 

Table 2. Mix codes 

Mix codes Explanation 

K Witness concrete without PVC additive 

PVC(1) 1 kg/m3 PVC added concrete 

PVC(3) 3 kg/m3 PVC added concrete 

PVC(5) 5 kg/m3 PVC added concrete 
  

 

 

3.RESULTS AND DISCUSSION 
Slump in fresh concrete, compressive strength in hardened concrete, split-tensile strength and modulus of 
elasticity were investigated. In hardened concrete, each test was performed on three specimens. The test results 
were averaged. Also; compressive strength and split-tensile strength tests were carried out on three different 
samples that were tested for modulus of elasticity. 
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3.1.Slump test 

The slump value of concrete without PVC additive is 190 mm. With the PVC additive, the slump value of the 
concrete decreased by 40 mm (Table 3). PVC additive reduced the workability of fresh concrete. But, no 
segregation was observed in fresh concrete. 

Table 3. Slump values 

Mix codes Slump values (mm)  

K 190 

PVC(1) 150 

PVC(3) 160 

PVC(5) 150 
  

 

 
Figure 2. Before and after curing 

3.2.Modulus of elasticity 
E module is calculated according to DIN 1048-5 standard. The maximum stress value on the sample was 
approximately 10 MPa, and the smallest stress value was approximately 0.8 MPa, and 3 times were loaded. 
The modulus of elasticity was calculated according to the unit deformation at the end of the third loading 
(Figure 3). The modulus of elasticity of concrete without PVC additive is 34.36 GPa. The modulus of elasticity 
values in PVC added samples vary between 33.79 GPa and 35.72 GPa. The modulus of elasticity increased in 
PVC(1) and PVC(2) samples. It decreased slightly in the PVC(3) sample (Figure 4). 

 

 
Figure 3. Modülüs of elasticity test 
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Figure 4. Modulüs of elasticity values 

3.3.Compressive strength 
The witness sample (K) has a compressive strength of 55.08 MPa. As the PVC addition in the mixture increased, 
the compressive strength decreased. The compressive strengths of PVC reinforced concrete are between 48.94 
MPa and 54.64 MPa. After the modulus of elasticity test, the compressive strength of the samples was 
measured. In the elasticity test, the compressive strength of the samples exposed to repeated loads 
decreased.more than 3 levels of headings should be used. (Figure 5). 

 

 
Figure 5. Compressive strength and compressive strength after E-modul 

3.4.Tensile splitting strength 
The splitting-tensile strength of the witness sample (K) is 4.32 MPa. splitting-tensile strength of PVC added 
concretes are between 4.17 MPa and 4.56 MPa. splitting-tensile strength increased in PVC(3) mixture. It was 
decreased in other mixtures. The PVC additive had no effect on the splitting-tensile strength of the concrete. 
After the modulus of elasticity test, the splitting-tensile strength decreased compared to the blank sample 
Splitting-tensile strengths after modulus of elasticity range from 4.47 MPa to 4.72 MPa  (Figure 6). 

 

 
Figure 6. Splitting-tensile strength and Splitting-tensile strength after E-modul 
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CONCLUSIONS 
Workability of fresh concrete decreased with PVC additive. The slump value was reduced by maximum of 40 
mm with the PVC additive. Compressive strength decreased by 10% at 5 kg PVC additive. Splitting- tensile 
strength increased by 5,5% at 3 kg of PVC additive. It was observed that the PVC additive did not have much 
effect on the E-modulus of the concrete. The result of compressive and splitting-tensile strength on the same 
sample after E-modulus is less than other samples. This can be explained by the fatigue of concrete in the E-
modulus test. The poor adherence between PVC particles and cement phase caused a decrease in compressive 
strength. The fibrous particles entering the concrete generally increase the tensile strength of the concrete. 
However, since PVC wastes were used very thinly, it had no effect on the tensile strength of the concrete. 
However, it was concluded that PVC additive can be evaluated in concrete production. 
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Determining the Structural Performance of 
the Concrete Ventilation Shaft of a Historic 

Waterway  
Ozlem Ustundag1, Baris Gunes2, Baris Sayin3 

Abstract 
This study presents a seismic performance evaluation of a ventilation shaft belonging to a historical 
waterway constructed in 1583. The research involved modeling the current state of the ventilation shaft 
and conducting performance analyses based on survey data and soil properties related to the examined 
waterway. Initially, seismic performance analyses were conducted, considering static effects such as soil 
loads, surcharge loads, and groundwater-induced loads. Subsequently, the structural loads and ground-
induced earthquake effects were calculated and applied to the structure. The earthquake effects were 
categorized into three groups according to the structure mass, soil and surcharge effects, and global ground 
relative displacement. The analyses revealed that the ventilation shaft satisfies the axial strength 
requirements under static effects, complying with the local regulations. However, the structure only 
achieves a "Controlled Damage" performance level for the DD-3 earthquake level and does not meet the 
same level of performance for the DD-2 earthquake level. The presented study is expected to make a 
valuable contribution to the literature presenting a methodology to determine the seismic performance of 
chimney-like structures. 

Keywords: Structure, Chimney structure, Seismic performance, Soil study 

1. INTRODUCTION 
The waterways and their associated structures serve as vital technical systems that supply water to the city. 
They not only fulfill their functional purpose but also reflect -albeit partially- the architectural and artistic styles 
of the respective periods. These structures are an integral part of social life and hold architectural significance, 
representing the evolving social dynamics of their era. The construction of the first waterway in Istanbul, known 
as the Fatih Waterway, began in 1453 and was later expanded. As the water demand grew, additional waterways 
such as Kırkçeşme and Taksim waterways were built. The final waterway, called the Hamidiye Waterway, was 
constructed between 1899 and 1902 during the reign of Sultan II. Abdülhamid. Some of the monumental 
superstructures of these waterways have survived to this day, serving as historical remnants. The waterways 
played a fundamental role in Ottoman society by efficiently transporting clean and usable water from its source 
to the city with minimal loss. Before implementing new settlement programs or establishing Islamic foundation 
complexes, priority was given to locating clean water sources and ensuring their efficient distribution to the 
region [1]. 
Istanbul, being the capital and largest city of the Ottoman Empire, holds the finest examples of waterway 
systems and structures. The first waterway of the Ottoman era in Istanbul was the Fatih waterway, which served 
as a water resource for the area between Halkalı Village and Cebeciköy, located west of the city walls. 
Construction of this waterway began in 1453, and it underwent expansions as new Islamic complexes were 
established in Istanbul. The final expansion took place in 1755, completing a waterway system consisting of 
16 independent waterways [2]. Waterways had the primary function of transporting water from its source to 
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the city. However, these structures were susceptible to destruction due to negligence and natural causes. 
Moreover, as the city developed, they were sometimes demolished or concealed beneath new structures, making 
it nearly impossible to trace their exact locations. The only remaining visible remnants of these waterways are 
certain parts of their monumental surface connection structures. These endangered waterway structures provide 
valuable insights into the societal characteristics, engineering, architecture, and art history of the period.  

During seismic events, chimney-like structures, including ventilation shafts of waterways, are exposed to 
dynamic forces that can potentially result in structural damage and failure. Therefore, conducting a 
comprehensive seismic analysis and evaluation of these structures is crucial to ensure their safety and resilience. 
This literature review provides an overview of key findings and methodologies employed in the seismic analysis 
of ventilation shafts as chimney-like structures. One important aspect of seismic analysis is determining the 
dynamic characteristics of the structure, such as natural frequencies and mode shapes. Johnson et al. [3] utilized 
the finite elements method to obtain the modal properties of chimneys, highlighting the significance of 
considering higher modes for accurate seismic response predictions. Gupta and Dhawan [4] employed a 
numerical approach based on the mode superposition method to evaluate the dynamic response of chimneys, 
emphasizing the influence of earth-structure interaction on their behavior. Various analysis methods have been 
utilized to investigate the seismic performance of chimney-like structures.  

Therefore, the current study presents a seismic performance assessment of the chimney-like ventilation shaft 
section of a waterway utilizing Midas Gen software [5]. 

2. THE EXAMINED STRUCTURE 
The examined chimney-like ventilation shaft structure is surrounded by various elements such as manholes, 
trees, walls, and buildings. The ventilation shaft begins at an elevation of -9.35 and extends up to +0.00. It is 
constructed with reinforced concrete and has a diameter of 117 cm, with a wall thickness of 11 cm. Some visual 
representations of the ventilation shaft are given in Figure 1. 

 

 
Figure 1. Layout plan, cross-section, a photograph of the current condition  

 
The distance of the structure to the active fault is approximately 23 km. To conduct the seismic analyses, 
spectral acceleration coefficients (Ss and S1) were determined based on the soil type and location of the 
structure. The soil and earthquake parameters are given in Table 1.  
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Table 1. Soil and earthquake parameters 

Parameter Value / Class 
Average shear wave velocity 800 m/s 
Local soil type ZB 
Ground motion level DD-3, DD-2 
Spectral acceleration coefficients (Earthquake 
map) (g)  

DD-3, Ss = 0.337, S1 = 0.096 
DD-2, Ss = 0.839, S1 = 0.234 

Peak ground acceleration (g) DD-3, PGA = 0.145 
DD-2, PGA = 0.345 

Local soil factors  DD-3, Fs = 0.900, F1 =0.800 
DD-2, Fs = 0.900, F1 =0.800 

Spectral acceleration coefficients DD-3, SDS = 0.303, SD1 = 0.077 
DD-2, SDS = 0.755, SD1 = 0.187 

 

3. ANALYSIS CRITERIA AND MODELING 
To assess the seismic performance of the structure, a finite element analysis was conducted. Since the 
examined shaft is a historic structure, SMRGHS 2017 was considered for determining performance targets 
and design approach [6]. Additionally, since the ventilation shaft is an underground structure, TTDY 2020 
[7] and TBEC 2018 [8] regulations were also utilized. The determined analysis parameters and assessment 
method are given in Table 2. According to Section 16.11.1 of TBEC 2018, the structure was subjected to 
distributed earth pressure. Loadings vary according to the unit volume weight of the soil, the saturated unit 
weight, the additional surcharge load, and the water surface height. Detailed calculations for the ventilation 
shafts are provided in the calculations section. Considering the typical load-bearing behavior of ventilation 
shafts, the “Carrier System Behavior Factor” (R) and “Building Importance Factor” (I) were both set to 1. 
According to Section 6.1 of TTDY 2020, Type A calculation (free-field ground motion in the 
transverse direction) was used in the calculations. 

Table 2. Performance-based analysis parameters and method 

Parameter Value / Class 
Purpose of the structures Ventilation shaft of waterways 
TYDRYK-2017 Importance Factor Local 

Ground motion level DD-2 
DD-3 

Performance Target Controlled Damage, CD 
Evaluation/Design Approach  Strength-Based Design, DGT 
Analysis/ Design Method for Global Ground Motion 
According to TTDY 2020  Type A 

 

 Soil parameters were determined using the soil data. The variation of earth pressures for active and 
passive states by depth are shown in Figure 2a.  
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Figure 2. (a) Lateral soil pressure for active and passive states, (b) Surcharge pressure for active and passive states 

 Earthquake effects include ground motions-induced loads acting on the structure. TBEC-2018 and 
TTDY-2020 were utilized to calculate these loads. The seismic behavior of the ventilation shaft was 
examined for DD-2 and DD-3 ground motion levels. The results obtained from calculations were 
presented separately for DD-2 and DD-3, respectively. The behavior spectrum and spectral 
accelerations for DD-2 and DD-3 ground motion levels are given in Figure 3. 

  
 Figure 3. Behavior spectrum and spectral accelerations (a) DD-2, (b) DD-3 

  

 According to TBEC-2018, calculations can be performed using the equation 𝜋𝜋ℎ = 0.4𝑆𝑆𝐷𝐷𝐷𝐷 with static 
equivalent earthquake coefficient and static equivalent earthquake loads. Accordingly, lateral 
earthquake loads corresponding to the masses were applied to the node points of the structure. These 
loadings were applied using the “Nodal Body Force” loading option in the finite element model. 

 Earthquake coefficient = 𝜋𝜋ℎ = 0.4𝑆𝑆DS = 0.4 × 0.755 = 0.302 (DD-2) 

 Earthquake coefficient = 𝜋𝜋ℎ = 0.4𝑆𝑆DS = 0.4 × 0.303 = 0.121 (DD-3) 

 Soil parameters were determined using the soil data. The variation of lateral earth pressures induced by 
soil load by depth are shown in Figure 4. The variation of surcharge pressures by depth are shown in 
Figure 5.  
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Figure 4. Lateral earth pressures induced by soil load (a) DD-2, (b) DD-3 

 

Figure 5. Surcharge pressures induced by soil load (a) DD-2, (b) DD-3 

 Cross-sectional details and soil stresses were determined considering the historic documents and 
previously calculated loads. Seismic effect-induced displacements in the transverse direction were 
calculated according to TTDY-2020. 

 The examined structure was modeled paying attention that the model closely represents its current 
condition. The 3-D finite elements model of the structure was created using “plate/wall” elements and 
is given in Figure 2. To represent the interaction between the chimney structure and earth, lateral 
nonlinear p-y springs were defined in the model. The ground was modeled as p-y springs that can only 
transmit pressure in the perpendicular direction from each node to the shaft surface (Figure 6). 
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Figure 6. (a) 3-D finite elements model, (b) Spring elements used to model ground 

Mechanical properties of concrete were determined by on-site observations as well as SMRGHS 2017 and 
TBEC 2018. The determined properties are given in Table 3. These mechanical properties were used in the 
analyses. The type of concrete and its application was determined using the obtained information/documents. 
The masonry unit type of the load-bearing members of the examined structure were found to comply with the 
applicable code. No laboratory examination was conducted for the concrete pipe. The uncoated concrete 
compressive strength of the structural members was taken as approximately 10 MPa. 

Tablo 3. Mechanical properties of concrete pipes  

Definition Value 
Masonry unit type Concrete 
Unit Volume Weight, kN/m3 25 
Shaft: characteristic compressive strength, fk, (MPa) 10 
Shaft: initial shear strength, fvko (MPa) 0.7 
Shaft: modulus of elasticity, Ewall (MPa) 15811 

4. ANALYSIS RESULTS 
The displacements of the existing structure under vertical loads and the axial forces in the shafts are shown in 
Figures 7a and 7b. The compressive stresses in the masonry walls resulting from these forces were compared 
with the allowable stresses for the corresponding masonry wall type, and accordingly, it was checked whether 
the observed compressive stresses exceed the limit stresses. For a DD-3 ground motion with a 50% probability 
for exceedance in 50 years, lateral displacements in the current structure induced by vertical loads and 
earthquakes in the x and y directions are shown in Figures 7c and 7d. Figure 8 shows shear forces observed on 
the current structure generated by vertical loads and earthquakes in the x and y directions. The analysis results 
for the current structure and performance evaluations for the DD-3 ground motion are given in Table 4. 
 

(a) (b) 
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Figure 7. (a, b) Axial forces and displacements in the shafts under vertical loads, (c,d) Lateral displacements 

induced by earthquake effects in the x and y directions 

   
Figure 8. Shear forces generated by earthquake effects in the x and y directions 

For a DD-2 ground motion with a 10% probability for exceedance in 50 years, lateral displacements in the 
current structure induced by vertical loads and earthquakes in the x and y directions are shown in Figure 9a. 
Shear forces generated by vertical loads and earthquakes in the x and y directions are shown in Figure 9b. The 
analysis results for the current condition of the structure and performance evaluations for DD-3 and DD-2 
ground motions are presented in Table 4. 
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Figure 9. (a) Displacements induced by earthquake effects in the x and y directions, (b) Shear forces 

generated by earthquake effects in the x and y directions 

 
Table 4. Performance analysis results 

 
 
 

Level 

Vertical Load-Bearing Elements  
 
 
 

Target Performance 
Level* (CD) 

(Walls) 

Ratio of Members Failed in 
Shear (%) 

 
 

Total Ratio of Members 
Failed in Shear (%) 

 
 

Limit (%) Masonry 
TBEC (2018) 
Article 15.8.8 

 DD-3 DD-2 DD-3 DD-2  DD-3 DD-2 

01F 13.09 64.27 13.09 64.27 40 √ X 

02F-07F 0 0 40 √ 

* The performance level of the structure was determined in accordance with SMRGHS 2017. 
* The ratios represent the most unwanted direction among the four earthquake directions for each story. 
* The structure was modeled by dividing at certain height intervals. So, the stories were hypothetical representations. 

 

5. CONCLUSIONS 
This paper presents statical calculations and an assessment of a chimney-like ventilation shaft structure. A finite 
element model of the structure was prepared and performance analyses were conducted on this model. For the 
current status of the examined structure, axial forces observed on the vertical load-bearing members under 
statical effects (dead loads, lateral earth loads, surcharge loads) were found to be lower than the axial capacity 
of these members. Therefore, axial strength requirements envisaged in chimney-like structures in the applicable 
codes were met. It was determined that the examined shaft structure meets the “Controlled Damage” 
performance for a DD-3 ground motion with a 50% probability for exceedance in 50 years (72-year return 
period), whereas, failed to meet the “Controlled Damage” performance for a DD-2 ground motion with a 10% 
probability for exceedance in 50 years (475-year return period). 
 
 
 

(a

  

(b
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Analyzing Seismic Performance of a Timber 
Structure: Modeling and Analysis 

Considerations 
Ozlem Ustundag1, Baris Gunes2, Baris Sayin3 

Abstract 
Seismic performance analysis plays a crucial role in assessing the safety and stability of timber structures 
when subjected to earthquake loads. This study aims to provide an overview of the essential steps and 
considerations involved in conducting a seismic performance analysis for timber structures. The analysis 
was carried out utilizing the three-dimensional finite element method, allowing for a comprehensive 
evaluation of the structural response, including displacement, acceleration, and stress, when subjected to 
seismic loads, The performance of the building in terms of its ability to withstand seismic forces without 
sustaining excessive damage or experiencing collapse. The study highlights the importance of 
understanding the material properties of wood, accurate structural modeling, appropriate seismic load 
selection, and using appropriate analysis methods. The findings from the seismic performance analysis can 
provide valuable insights for designing and retrofitting timber structures, enhancing their seismic 
resilience, and minimizing earthquake-induced damage. 

Keywords: Timber structures, Seismic performance analysis, Member checking 

1. INTRODUCTION 
Timber structures have a long history of widespread use due to their abundance, renewable nature, and aesthetic 
appeal. However, in seismic-prone regions, understanding the behavior of timber structures under earthquake 
loads is crucial to ensure their structural integrity and the safety of occupants. Seismic analysis of timber 
structures involves the assessment of their response to seismic forces, including ground motion, inertial forces, 
and dynamic effects. By assessing the seismic behavior of timber structures, engineers can develop effective 
strategies to enhance their seismic resilience and contribute to the development of building codes and standards 
for timber structures in earthquake-prone regions. Seismic analysis of timber structures has gained significant 
attention in recent years as there is a growing interest in understanding their behavior and performance under 
earthquake loads. This section provides a review of studies and research that contribute to the understanding 
and advancement of seismic analysis techniques for timber structures. 

Blaber and Fragiacomo (2011) conducted a comprehensive study on the seismic design of timber buildings in 
New Zealand, highlighting the importance of considering local ground conditions, building typologies, and 
design strategies. Their work emphasized the need for appropriate timber connections and the importance of 
precise detailing to enhance seismic resistance. Frangi and Fontana (2015) presented a thorough examination 
of seismic design principles for timber structures. Their work discussed the key parameters affecting the seismic 
behavior of timber buildings, such as the mechanical properties of wood, connection types, and structural 
configurations. The authors also reviewed various analysis methods, including linear and nonlinear approaches, 
for assessing the seismic response of timber structures. Kilar and Ceccotti (2018) focused on the seismic 
performance of tall timber buildings. They investigated the behavior of multi-story timber structures under 
seismic loads and compared different design strategies and innovative connection systems. Their findings 
highlighted the need for robust and efficient lateral load-resisting systems to ensure the safety and stability of 
tall timber structures during earthquakes. Lignos and Fragiacomo (2013) provided a comprehensive review of 
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the seismic design of timber buildings, discussing both traditional and innovative timber construction systems. 
The authors highlighted the importance of incorporating the dynamic behavior of timber structures and the 
damping, stiffness, and energy dissipation mechanisms in seismic analysis. They also discussed the challenges 
associated with modeling and analysis, such as the inclusion of nonlinear behavior and the interaction between 
timber elements. 

In addition to these studies, significant progress has been made in computational modeling techniques for 
seismic analysis of timber structures. Several researchers have explored the application of finite element 
analysis (FEA) and numerical simulations to reveal the complex behavior of timber components under seismic 
loads. These modeling approaches take into account material nonlinearity, connection behavior, and the 
dynamic response of timber structures, thereby providing valuable insights into their seismic performance. 
Experimental investigations have also played a significant role in enhancing our understanding of the seismic 
behavior of timber structures. Researchers have conducted full-scale shaking table tests and laboratory 
experiments to assess the dynamic response and failure modes of timber elements and connections under 
various seismic loading scenarios. These experimental studies provide valuable data for developing design 
guidelines and validating numerical models for seismic analysis of timber structures. In conclusion, the 
literature review demonstrates the ongoing efforts to enhance the seismic analysis of timber structures. The 
studies discussed provide valuable insights into the behavior of timber structures under seismic loads, address 
modeling challenges, and highlight the need for robust design strategies and innovative connection systems to 
improve the seismic performance of timber structures. 

Accordingly, the current paper presents a seismic performance assessment of an existing timber building 
through on-site observations, laboratory tests, and numeric analysis. Various aspects of the building's seismic 
response including deformation shapes, base shear forces, relative story drifts, basement shear calculations, 
slab calculations, and foundation design were examined. Furthermore, checks are conducted on wall cladding 
members, deflection, and bearing capacity. 

2. THE TIMBER STRUCTURE 
The properties of the materials used in the examined structure are provided in Table 1. Dead loads were the 
own weights of the members. Accordingly, the unit weights of the reinforced concrete and C24 timber were 
considered as 25 kN/m³ and 3.5 kN/m, respectively. Live loads on slabs were estimated to be 2 kN/m2. The live 
load participation factor was accepted as 0.3. The structure falls under the category of “wooden buildings with 
high ductility level where all the earthquake effects are mitigated by nailed or screwed Oriented Strand Board 
or plywood wall panels”. Therefore, the load bearing system behavior factor was assumed to be R=4.0 in both 
directions and the excess strength factor was taken as D=2.0. In accordance with TBEC (2018), the ground 
motion level was considered DD-2. The behavior spectrum obtained based on these factors is given in Fig. 1. 

Table 1. Material properties of the members  

Material Value Standard 
Concrete C25/30 TS-EN 206 [5] 
Steel rebar S420a TS708 [6] 
Joint plates S235JR TS-EN10025-1 [7] 
Anchorages Grade 8.8 TS-EN1993-1-8 [8] 
Bolts Grade 8.8 TS-EN1993-1-8 [8] 
Timber C24 EN-14080 [9] 

Ti
m

be
r 

 Characteristic flexural strength 24 MPa  
 Characteristic tensile strength 14 MPa 
 Characteristic compressive strength 21 MPa 
 Characteristic shear strength 2.5 MPa 
 Young modulus (5%) 7400 MPa 

W
al

l p
an

el
 Density  610-660 MPa 

Bending strength 120-144 MPa 
MOE bending 13300-16200 MPa 
Shear strength 11.8-14.2 MPa 
Compressive strength 49-60 MPa 
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Figure 1. Response spectrum curve 

Loading combinations were determined according to Eurocode-1 [10]. In the analysis, 11 strength load 
combinations and serviceability load combinations were used. The soil parameters were determined based on 
available documentation and are presented in Table 2. Furthermore, the vertical subgrade reaction coefficient 
and ground bearing capacity were obtained as kv = 14000 kN/m3 and qt = 250 kPa, respectively. 

Table 2. Soil parameters 

Parameter Value / Class 
Local soil class ZC 
Design earthquake DD-2 
Peak ground acceleration (PGA) 0.347 
Peak ground velocity (PGV) 21.62 
Short period local ground impact coefficient (Ss) 0.843 
1-second period local ground impact coefficient (S1) 0.237 
Short period design spectral acceleration coefficient (SDS) 1.012 
1-second period design spectral acceleration coefficient (SD1) 0.356 
Corner period lateral elastic design acceleration spectrum (TA) 0.07 
Corner period lateral elastic design acceleration spectrum (TB) 0.35 
Transition period (TL) 6 sec 
Corner period vertical elastic design acceleration spectrum (TAD) 0.02 
Corner period vertical elastic design acceleration spectrum (TBD) 0.11 
Transition period to the constant displacement region for the vertical elastic spectrum 3 sec 

 

3. NUMERICAL ANALYSES 
The examined building was a 4-story building including a basement, a ground story, and two normal stories. 
Structural calculations and checks are presented in this section. The structural analysis was conducted utilizing 
the 3-D finite elements method (Figure 2). With the data obtained from the structural analysis, the strength and 
serviceability checks of the structural components as well as the joint checks were made. Structural calculations 
were performed using Midas GEN [11] software. All columns and beams were modeled as rod elements. On 
the other hand, shell elements were used to model the shear wall, foundation, and plywood components. The 
material and geometry were assumed to be linear in the analyses. The timber column material was C24 and the 
cross sections were rectangular with dimensions of 10×10, 10×12, 10×16, and 5×10 cm. The RC shear materials 
were C25/30 and S420 with a thickness of 25 cm. 
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Figure 2. 3D model and plan view of the building 

D1 loading represents the weight of members and was automatically calculated by the program. D2 loading 
represents cladding loads. Accordingly, an OSB cladding load of approximately 0.2 kN/m2 with a unit volume 
weight of 6.8 kN/m3 and a thickness of 2 cm, was considered. A tile roof load of 0.7 kN/m2 was considered as 
the coating on the roof surface. A live load of 2.0 kN/m2 was applied to each story, and the maximum values 
of these loading effects were considered in the impact calculation. Examples of the loading are shown in Figure 
3. The snow load on the roof was taken as 0.75 kN/m2. Earthquake analyses were performed using the mode 
combining method. The earthquake forces obtained were compared with the equivalent base shear forces 
according to Section 4.8.4 of TBEC 2018 [12]. The load increment coefficient β was set at 0.90. The 
calculations revealed that an increment of 1.34 in the x direction and 1.36 in the y direction was required. The 
calculations of these parameters are given below. 

4. ANALYSIS RESULTS 
The deformation shapes of the building under these loadings are shown in Figure 3. Mode shapes were obtained 
by modal analysis. The deformation shapes of the building in the dominant modes are given in Figure 4. 
Accordingly, the rule envisaged in Section 4.8.1.2 of TBEC 2018, “The sum of the effective modal masses 
corresponding to the base shear force calculated for each mode should not be less than 95% of the total building 
mass” was satisfied. 

 

 

 
Figure 3. Deformations under D1, D2, L1, Exp, Eyp, Exn, and Eyn Loadings (m) 

161 
 



 

 
Figure 4. Deformation shapes in the dominant modes 

 

The timber member checks were carried out according to EN-1995-1 [13] regulation. The characteristic 
material strengths were determined in accordance with EN-14080 [9] standard. The design strengths were 
calculated using Equation 2.2.3.2 in EN-1995-1 [13] as below: 

𝑒𝑒𝑑𝑑 = 𝜋𝜋𝐹𝐹𝑜𝑜𝑑𝑑
𝑓𝑓𝑘𝑘
𝛾𝛾𝑚𝑚

                     (1) 

kmode and γm values were calculated using Table 3.1.7 in EN-1995-1. The design of the elements under axial 
tension and moment effects was made according to article 5.1.9 of the applicable code. Similarly, the design of 
the elements under axial pressure and moment effects was made according to article 5.1.10 of the same code. 
ACI318 [14] standard was considered in the design of the RC members. 

Deflection checks were carried out according to Eurocode 5 [15] criteria. Eurocode 5 allows deflections 
between L/150 and L/300 for long-term deflection, depending on the intended use. Accordingly, the checks 
were conducted for different beam sections. The beams and check results are illustrated in Figure 5.  

 
Figure 5. Deformations observed on the main and secondary beams selected for deflection checks (m) 

The largest deflection observed was δ =15.7–0.4 = 15.3 mm. The beam length was 4.88 m and the deflection 
limit for this beam was 4880/300 = 16 mm. Therefore, the deflection criterion was satisfied. Shear stress 
examinations were made on the vertical cladding elements of the building. The obtained shear stresses are 
shown in Figure 6. Accordingly, the highest shear stress observed on the wall claddings was 7.83 MPa, which 
is lower than the material's shear strength of 11.8 MPa. Displacements under earthquake effects were also 
assessed. Accordingly, the building was found to comply with the inter-story drift limits. 

162 
 



 

 
Figure 6. In-plane (left) and out-of-plane (right) shear stresses on wall claddings 

The basement of the building has a reinforced concrete shear wall with a thickness of 25. This shear wall 
includes Ø14 vertical rebars placed at 15 cm intervals and Ø12 lateral rebars placed at 10 cm intervals. The 
impact capacity ratios for the basement shear wall are shown in Figure 7. 

 
Figure 7. Impact capacity ratios for the basement shear wall  

In the RC slabs, a 15-cm-thick continuous foundation was used. For slab rebars, Ø10/200 rebar was used both 
in the top and bottom sides. The bending impact capacities of the foundation members with this rebar 
configuration are given in Figure 8. 

 
Figure 8. Impact capacity ratios for slab checks: x (left) and y (right) direction 

The foundation system of the building consists of a continuous foundation with a thickness of 40 cm. Ø16/150 
rebars were utilized for the reinforcement of the foundation, both in the top and bottom sides. The bending 
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impact capacities of the foundation members with this rebar configuration are shown in Figure 9. The maximum 
ground pressures observed during the bearing capacity checks are shown in Figure 10. Accordingly, qo and qt 
were found to be 250 and 118 kPa, respectively. Since qo < qt, the ground bearing capacity limit was not 
exceeded. 

  
Figure 9. Bending impact capacities of the foundation for the top and bottom sides in the x (left) and y (right) 

directions 

 
Figure 10. Maximum ground pressures on the foundation (kPa) 

CONCLUSIONS 
This study presents the modeling of a timber building using a finite elements program and analyses based on 
the criteria outlined in the local seismic code TBEC 2018. The earthquake performance of the building was 
evaluated, considering various factors such as deformation shapes, base shear forces, and inter-story drifts. 
Design calculations were performed for basement shear, slab, and foundation components. Additionally, checks 
were conducted for deflection, wall cladding elements, and bearing capacity. The analysis results and checks 
indicated that the building demonstrated sufficient strength in accordance with the provisions of TBEC 2018.  

The study provides valuable insights into the seismic analysis of timber structures and establishes a basis for 
future investigations in this area. However, more advanced analysis methods are still needed to determine the 
complex behavior of timber structures under seismic loads more accurately. This research aims to address this 
gap by utilizing advanced computational models and experimental studies to enhance our understanding of the 
seismic behavior of timber structures and develop effective analysis techniques. 
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Seismic Performance Assessment of a 
Masonry Building with Timber and 

Reinforced Concrete Slab 
Ozlem Ustundag1, Baris Gunes2, Savas Erdem3 Baris Sayin4 

Abstract 
The assessment of the seismic performance of masonry buildings with timber and RC slabs is crucial in 
determining their structural integrity and resilience to earthquakes. This study employs a methodology that 
combines laboratory tests and linear performance analysis to evaluate the seismic behavior of a masonry 
building. The laboratory tests involve cement content assessment and X-ray diffraction (XRD) analyses to 
understand the material properties. To simulate the seismic behavior, a finite element analysis (FEA) was 
utilized as part of the linear performance analysis. The FEA model incorporates realistic material 
properties and geometric details of the masonry components, as well as the timber and reinforced concrete 
slabs based on the findings from the laboratory tests. The masonry building model was then subjected to 
seismic loading in accordance with relevant design codes and spectra. Through the linear performance 
analysis, valuable insights into the behavior and performance of the masonry building under seismic 
conditions were obtained. The findings help assessing the building’s vulnerability to earthquakes and 
identifying potential retrofitting strategies. The combined approach of laboratory tests and linear 
performance analysis provides a comprehensive assessment of the seismic behavior of existing masonry 
buildings. The findings of this study can be applied in seismic performance assessment of similar buildings. 

Keywords: Masonry structure, Seismic performance analysis, XRD analysis, Material 
characterization 

1. INTRODUCTION 
A significant portion of the existing building stock was constructed using masonry techniques. However, these 
structures are susceptible to loss of durability and strength over time due to environmental and human factors. 
In addition, since these structures were built using the construction techniques prevalent during their periods, 
they may not meet current seismic standards. The reason for this in such structures is the insufficient strength 
of the carrier system consisting of walls and floors, especially against out-of-plane effects. Supporting the slabs 
to the walls is one of the most important reasons for this situation. This causes the failure of diaphragm behavior 
under dynamic effects. In order to eliminate this limitation and to achieve sufficient structural strength, the 
seismic demand of these structures is reduced or the seismic capacity of the structural elements is increased. 
The type and level of these interventions can only be determined through seismic analyses. 

There are many studies in the literature on seismic analyzes for retrofitting in masonry structures. In these 
studies, different approaches were utilized in seismic analysis. Akan et al. [1] examined the seismic strength of 
a mosque. They presented a retrofitting proposal based on the material characteristics and conducted seismic 
analysis considering three different target earthquakes. They employed different approaches namely, linear, 
pushover, and kinematic limit analysis. They obtained compressive and tensile stresses as well as story drift 
ratios with the analyses and compared them with the limit values provided in the applicable codes. Thus, the 
researchers determined the seismic performance level of the examined structure. In another study, Akcay et al. 
[2] examined the seismic strength of a 3-story masonry building. The analysis results revealed that the shear 
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stresses exceed the limit values given in the code. Therefore, they proposed strengthening practices for walls 
and slabs aiming to increase, especially out-of-plane strength of the building. Gunes et al. [3, 4] assessed the 
seismic performances of a vaulted ruin and a masonry building constructed over this structure using modal, 
pushover, nonlinear, and kinematic limit analysis methods. They presented a strengthening proposal including 
a steel system inside the structure and wall jacketing. Sayin et al. [5] proposed a retrofitting practice including 
conventional and nonconventional techniques to strengthen walls and slabs of a masonry building which was 
determined to have insufficient strength with linear seismic analysis. Guneş et al. [6] presented a revival 
proposal for a ruined mosque. They conducted separate analyses for the main section and minaret of the 
mosque. They conducted analyses considering three different target earthquakes using linear, pushover, and 
kinematic limit approaches and compared the obtained results with the limit values given in the code. Shariq et 
al. [7] assessed the seismic performance level of a masonry building. The authors preferred the linear time 
history method for analysis.  They compared the maximum principal stresses with the corresponding values 
envisaged in the code. Milani [8] examined failure mechanisms and failure loads of a masonry building with 
kinematic limit analysis. Thus, the researchers determined the in-plane and out-of-plane collapse capacities of 
the building. Betti and Galano [9] utilized the pushover method and assessed the seismic behavior of a masonry 
structure. They compared the obtained results with those obtained by the kinematic limit analysis approach. 

In the current study, the seismic performance of an existing masonry building was assessed through field 
studies, laboratory tests, and numerical analysis. Static and kinematic limit analyses of the building were 
performed using MIDAS [10] software. 

2. FIELD SURVEY AND IN-SITU TESTS 
The facade views and plan of the examined building are shown in Figure 1. The building consists of a basement, 
a ground, and 2 normal stories. The vertical load bearing system of the building is composed of masonry 
structural members. The load-bearing system of the building was supported by reinforced concrete (RC) lateral 
peripheral ties on the ground floor. The slabs consisted of timber and RC materials. The building’s floor area 
was approximately 73 m2 (ground floor).  

 

 
Figure 1. Facade and plan views of the examined building 

On-site inspections revealed the presence of cracks in certain load-bearing walls with moisture and dampness 
on the wall surfaces. Furthermore, some collapses were observed on the timber slab system, and some of the 
slabs were broken. Spills caused by extensive corrosion were observed on the covers of RC slabs. Some of the 
damages observed on the building are shown in Figure 2. 

 

167 
 



 

 
Figure 2. Current damages on the building 

The type and application method of the load-bearing masonry members were determined either by removing 
the plaster layer on the load-bearing walls or through visual examinations. The mechanical properties of the 
masonry members were also determined by visual inspections in accordance with the guidelines outlined in the 
relevant codes. Some images related to the examinations conducted on the masonry members are shown in 
Figure 3. 

Figure 3. Masonry load bearing members 

The mechanical properties of the masonry walls determined following the guidelines of “In-situ 
Material Tests”, “SMRGHS 2017 [11], and TBEC 2018 [12] are shown in Table 1. These 
mechanical properties were used in the seismic analyses. It was found that the masonry unit type of 
the load-bearing masonry members in the examined structure complied with the relevant regulation.  

Table 1. Mechanical properties of masonry walls 

Definition Value / Class 
Masonry unit type Stone & Solid Brick 
Masonry unit group Group I 
Unit Volume Weight, kN/m3 21 
Characteristic compressive strength of the walls, MPa 2.8 
Initial shear strength of the walls, MPa 0.1 
Tensile strength of the walls, MPa 0.15 
Modulus of elasticity of the walls, MPa 2000 
Shear modulus of the walls, MPa 330 

 

3. NUMERICAL ANALYSES 
The examined structure currently has a load bearing system comprised of masonry + RC (lateral peripheral tie) 
with mostly masonry members. The seismic performance of the structural system has been examined through 
linear performance analysis in accordance with SMRGHS 2017. The analysis results and evaluations are 
presented below. Considering the "Earthquake Design Class" and Article E22 of the TBEC-2018, the Building 
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Height Class (BYS) should be 8. Based on the Building Height Class and Earthquake Design Class, the allowed 
building height should be HN ≤ 7 m. However, this condition is not required for existing buildings. The 
parameters provided in this section were not used in the performance analysis and are given for informational 
purposes only, in accordance with the TBEC-2018. 

3.1 Linear analysis 

In this section, the static analysis model developed for the linear analysis of the building is explained. Also, the 
target performance according to TYDRYK-2017 and analysis results are presented. The examined building was 
modeled to represent its current condition approximately. The 3-D finite element model of the building is shown 
in Figure 4. The finite element model was created using the “beam/column” and “plate/wall” elements.  
Displacements on the building and axial forces on the walls induced by vertical loads (dead and live loads) 
were illustrated in Figure 5. The compressive stresses on masonry walls generated by these forces were 
compared with the allowed limit values. Thus, it was checked whether the compressive stresses exceed the limit 
stresses. For the seismic assessment of historic buildings, SRMGHS 2017 is used. This code envisages different 
performance criteria based on the importance level of the building. The performance analysis parameters used 
for the examined building are presented in Table 3.  

 

 
Figure 4. The 3-D finite elements model of the building 

 
Figure 5. Displacements on the building and axial forces on the walls induced by vertical loads 

 

Table 3. Performance analysis parameters  

Parameters Value / Class 
The ground motion level and corresponding target 
performance DD-2 and Controlled Damage  

Performance analysis method Linear 
Inter story drift limit  0.7% for Controlled Damage 
Building Information Level and Factor Limited, 0.75 
Reduction factor for earthquake load, Ra Ra=3 for DD-2  
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Lateral displacements on the building under vertical loads and earthquake effects in the x and y directions for 
an earthquake with a 10-percent probability of exceedance in 50 years (DD-2 ground motion level) are 
illustrated in Figure 6. The comparison of the inter-story drifts with the target performance limits is shown in 
Table 4. Based on the obtained results, the inter-story drift ratios of the building meet the "Controlled Damage" 
performance criteria for a DD-2 ground motion level. 

 
Figure 6. Lateral displacement under earthquake loads for x and y directions 

 

Table 4. The checking of relative story drift ratios 

Story 
Displacement  

∆D, (mm) 
Story drift ratio, 

∆D/H Limit value Result 

x y % % % √ / × 
Basement 2.95 1.25 0.14 0.06 0.70 (CD) √ 
Ground 8.59 2.76 0.32 0.10 0.70 (CD) √ 

First 9.19 2.92 0.31 0.10 0.70 (CD) √ 
Second 5.66 2.93 0.21 0.11 0.70 (CD) √ 

 

Figure 7 displays the shear forces acting on the building under vertical loads and earthquake effects in the x 
and y directions, specifically for an earthquake with a 10-percent probability of exceedance in 50 years (DD-2 
ground motion level). The ratios of the shear forces on the structural elements that failed in shear to the total 
shear force on the corresponding story are given in Table 5. According to the data presented in this table, the 
building did not satisfy the "Controlled Damage" performance level in terms of shear forces for a DD-2 
earthquake.  
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Table 5. Results of performance analysis  

Story 

The ratio of the shear forces on the structural elements 
that failed in shear to the total shear force, % 

Target 
Performance* 

(CD) Masonry RC Toral 

Basement 86.52 - 86.52 × 

Ground 93.38 - 93.38 × 

First 94.89 - 94.89 × 

Second 78.38 - 78.38 × 

 

 
Figure 7. Shear forces on the building under earthquake effects in the x and y direction 

 

3.2 Material analyses 

To conduct material analyses, samples were collected from three distinct locations within the building. These 
samples consisted of mortar and facade decorations. The mortar samples were extracted from the stair hall, 
ground floor masonry mortar, and layers of plaster on the walls within the same area. On the other hand, the 
facade decoration samples were obtained from the exterior facade. To determine the presence and dosage of 
cement in the mortar samples, the maleic acid extraction method described in the TS 2518 standard [13] was 
employed. Initially, the mortar samples were carefully sieved through a 4.75 mm mesh sieve. Subsequently, 
the materials were thoroughly mixed to obtain a homogeneous mixture. Approximately 450 g of sample was 
obtained using the quartering method. The samples were then further processed by grinding, sieving through a 
1.18 mm sieve, and subsequently dried in an oven until their mass stabilized.  

To determine the chemically bound water fraction (Lc, %), approximately 10 g of the dried sample was placed 
in an oven set at 520 ± 5 ºC for approximately 3 hours. After this period, the sample was weighed and the 
chemically bound water fraction was calculated. After this procedure, the percentage of insoluble residue (R, 
%) was determined by subjecting a 20 g sieved sample to a 15% maleic acid solution. The resulting insoluble 
residue was measured to determine the percentage. To calculate the percentage of cement (Cm, %), the values 
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of the chemically bound water fraction and insoluble residue were subtracted from 100. Oven-dry density of 
the mortar samples (Ddry, kg/m3) was determined for cement dosage assessment and calculations were made 
using Eq. 1. The obtained results indicated that the mortar samples collected from different locations were 
cement based, with an approximate cement dosage of 117 kg/m3.  

Cement dosage = (Cm × Ddry) / 100  (1) 

Table 6. Cement dosages in the masonry and plaster mortar samples 

Sample Chemically bound 
water 

(Lc, %) 

Insoluble 
residue 
(R, %) 

Cement 
amount 
(Cm, %) 

Oven-dry 
density  

(Ddry, kg/m3) 

Cement 
dosage  
(kg/m3) 

1 3.70 88.40 7.90 1790.8 141 
2 4.10 89.20 6.70 1794.6 120 
3 3.70 91.30 5.00 1820.3   91 
4 4.40 89.30 6.30 1802.8 114 

Average 3.98 89.55 6.48 1802.1 117 

X-ray diffraction analysis (XRD) is one of the most effective advanced characterization methods for materials 
with crystalline phases. During this analysis, each atom produces a distinctive diffraction pattern when exposed 
to radiation. Rietveld determined the intensity of each element at any point along the XRD curve using the least 
squares method (Figure 8). The intensities of these elements are calculated using the Bragg Equation (Eq. 2). 

2dSinθ*=nλ                                  (2) 

Accordingly, mortar samples collected from the exterior decorations were pulverized and sieved through a 75-
micron sieve. Around 10 mg of the sample was taken from the fraction that pass-through sieve and XRD 
analysis was carried out with a Bruker diffractometer.  

 
Figure 8. Rietveld XRD Data 

The peaks on the XRD curve of the exterior decoration samples were examined using the Match program 
(Figure 9). The presence of Ca, Al, and Fe-containing compounds as well as quartz particles suggested a binder 
composition including cement. Furthermore, small bumps observed in the XRD plot indicate the presence of 
amorphous silica in the samples.   

 
Figure 9. XRD curve of the exterior decoration sample 
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CONCLUSIONS 
In this study, a seismic performance assessment of a masonry building with timber and reinforced concrete 
slabs was presented. Additionally, structural and non-structural material compositions were examined. The key 
findings of the study can be summarized as follows:  

Considering a target performance level of “Controlled Damage” for a DD-2 ground motion in accordance with 
the local code, SMRGHS 2017; 

• The axial forces on the masonry load bearing members under vertical loads were observed to exceed 
their axial capacity. 

• The ratios of the shear forces on the structural elements that failed in shear to the total shear force on 
the corresponding story were found to exceed the limit values. 

• Inter-story drift ratios of the building were found to meet the limit values. In other words, the drift 
ratios did not exceed 0.7% at any story which is the limit value corresponding to the “Controlled 
Damage” performance level. 

It was therefore concluded that the examined building does not meet the requirements of the “Controlled 
Damage” performance level for an earthquake with a 10-percent probability of exceedance in 50 years (DD-2 
ground motion level).  

The key findings of the material analysis conducted on the samples collected from various parts of the building 
are listed below. 

• The results of the tests conducted using the maleic acid extraction method on masonry and plaster 
mortar samples collected from the ground floor and stair hall revealed that the mortar samples were 
cement based. The average cement dosage in masonry mortars was lower compared to plaster 
mortars. Additionally, the average cement dosage for all samples was calculated to be 117 kg/m3.  

• Visual examinations and XRD analysis performed on the exterior decoration samples showed that 
these decorations were made on a cement-based plaster material. The presence of Ca, Al, and Fe in 
the material composition also suggested that these decorations were composite materials including 
cement. Advanced chemical analyses such as petrographic and FT-IR spectrum to be performed on 
thin-section elements can provide more precise and detailed results.  

Based on the test and chemical analysis results conducted on the samples, it was determined that both the 
masonry and plaster mortar of the examined building were predominantly cement-based. Moreover, the analysis 
confirmed that the exterior elements were decoration materials composed of cement-based plaster. 
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Nonlinear FEA Analysis for Seismic 
Performance Assessment of an RC Shear 

Wall-Frame Building  
Ozlem Ustundag1, Baris Gunes2, Baris Sayin3 

Abstract 
Nonlinear performance analysis using finite element analysis (FEA) is an essential tool for assessing the 
seismic performance of existing reinforced concrete buildings with both frame and shear wall systems. This 
study aims to conduct a comprehensive nonlinear performance analysis to evaluate the seismic behavior of 
an existing RC building. A FEA model was developed based on the original building's as-built drawings 
and specifications, incorporating realistic material properties and geometric details. Nonlinear material 
models are employed to accurately simulate the behavior of RC elements under seismic loading, taking 
concrete cracking, steel yielding, and degradation of material properties into account. The building model 
was subjected to seismic loading in accordance with the relevant design codes and spectra. The 
performance of the building was assessed using various seismic response parameters, including inter-story 
drift, plastic hinge formation, and global structural behavior. The nonlinear performance analysis provides 
valuable information about the structural behavior and performance of the building under different seismic 
demands. The results of the analysis can be used to assess the seismic vulnerability of existing RC buildings, 
identify potential weaknesses or deficiencies in the structural system, and develop appropriate retrofitting 
strategies. The findings are believed to contribute to the development of guidelines for seismic retrofitting 
of similar buildings, leading to improved seismic resilience and safety in high seismic-prone regions. In 
conclusion, the nonlinear performance analysis through FEA is a powerful tool for seismic performance 
assessment of RC shear wall-frame buildings. 

Keywords: RC building, Seismic performance analysis, Nonlinear analysis     

1. INTRODUCTION 
Reinforced concrete structures are often favored due to their advantages in terms of construction time and ease 
of construction compared to other building systems. However, it is important to assess the existing structural 
safety of these buildings due to several factors including concrete strength degradation over time, reduction in 
strength and durability due to rebar corrosion, or revisions in seismic codes. To accurately determine the seismic 
behavior of a structure, it is crucial to accurately identify its existing characteristics. This involves determining 
the material parameters and locating the load-bearing members of the building precisely. To develop an 
accurate structural model, building characteristics should be defined as closely to reality as possible Hence, the 
behavior of the structure under earthquake effects can be determined reliably and a retrofitting strategy can be 
developed that the structure needs. 

In the relevant literature, several studies were reported to assess the seismic performance of reinforced concrete 
structures. Chaulagain et al. [1] conducted a study on the seismic behavior of an RC structure. The building 
underwent static pushover analysis using various load patterns. Additionally, the authors conducted adaptive 
pushover analysis and non-linear dynamic time history analysis. Mosleh et al. [2] introduced a methodology 
for assessing the seismic performance of structures. The study focused on the analysis of two old structures 
using pushover and time history analyses in both longitudinal and transverse directions. Various earthquakes 
with different return periods were considered in the seismic analyses, and the resulting seismic demands were 
compared to the limits specified in the seismic codes. Halder and Paul [3] assessed the seismic performance of 
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a low-rise RC structure. The study involved conducting nonlinear static analysis to derive the capacity curve of 
the structures. The findings revealed that the building experienced varying degrees of damage, ranging from 
moderate to severe when exposed to seismic effects. Melani et al. [4] conducted a study on the seismic 
assessment of low-rise RC structures. Their examinations focused on applying capacity design approaches that 
to assess shear and flexural capacities. Sobaih and Nazif [5] examined the seismic performance of existing 
reinforced concrete structures. They proposed an approach that is intended to have a notable impact on the 
seismic behavior of such structures. Ghobarah et al. [6] performed nonlinear static and dynamic analyses on 
reinforced concrete frames. They employed a probabilistic methodology, which involved using a substantial 
number of artificially generated ground motion records as input motion for the structure. Yakut [7] introduced 
a methodology for assessing the seismic performance of existing RC structures. The method categorizes the 
structures into two groups namely; safe, suggesting that the building is unlikely to experience significant 
damage, and unsafe, suggesting that the building may not meet the required life safety performance level. El-
Betar [8] examined the seismic vulnerability of buildings and proposed an approach to assess the seismic 
behavior of existing RC buildings. They employed pushover analysis to assess the structural performance of 
the building. Hosseini et al. [9] investigated the achievement of life safety performance in RC buildings. The 
results indicate that the performance of the buildings either surpasses the required life safety level or reaches a 
state of collapse under certain earthquake events. 

In this study, the seismic performance of an existing RC building was determined through field studies, lab 
tests, and numerical simulation. Firstly, fieldwork and laboratory tests were conducted to identify the concrete 
strength and rebar layout. Secondly, nonlinear static analyses of the 3D finite element model of the examined 
building were performed using Midas Gen [10] software, based on the results of the field studies and material 
tests. 

2. THE EXAMINED BUILDING 
The examined building consists of a basement, ground, and three normal stories (Figure 1). The floor area of 
the building is approximately 226 m2 (ground floor). The story heights are 2.58 m on the basement and ground 
floors and 2.53 m on the normal floors. The main carrier system of the building is a reinforced concrete frame-
shear system. 

 

 
Figure 1. Facade and bird's eye view of the building 

The foundation system of the building consists of continuous foundations with transverse beams in the x and y 
directions. There are continuous foundation beams of various sizes in the building. Continuous foundation 
beams are fixed to each other with 30×40 cm transverse beams. Continuous foundation beams include Ø12, 
Ø16, and Ø22 rebars as well as Ø10 and Ø12 stirrups at 14~22 cm intervals. There are RC shear walls in the 
facades of the basement floor.  
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During on-site examinations, swelling, plaster spills, and cracks were observed on some RC columns, shear 
walls, and beams due to moisture and humidity. In addition, covers were peeled off on certain structural 
elements, and corrosion damage was detected on their rebars. Particularly in the basement, extensive damages 
indicative of corrosion were identified. Figure 2 displays some of these damages.  

Figure 2. Current damages in the building 

In order to determine the concrete compressive strength and reinforcement bars, laboratory tests were conducted 
in accordance with the guidelines specified in the local seismic code, TBEC 2018 [11]. For this purpose, the 
concrete compressive strengths were determined by taking core samples from a total of 24 vertical load-bearing 
elements and subjecting them to testing. Two different methods were employed to determine the reinforcement 
bars in the structural members. The first method utilized non-destructive rebar detection, while the second 
method involved observational rebar detection by scraping the concrete cover. Accordingly, non-destructive 
rebar detection was carried out on a total of 26 vertical load-bearing members from all floors. Additionally, the 
observational rebar detection method, involving scraping the concrete cover, was performed on 24 vertical 
load-bearing members from all floors. By scraping the concrete cover, Ø14 and Ø16 vertical rebars, as well as 
Ø6 and Ø8 stirrups at intervals of 18 to 36 cm were identified in the columns. In the shear walls, Ø10, Ø12, 
Ø14, and Ø16 vertical rebars, along with Ø6 and Ø8 lateral rebars at intervals of 18 to 57 cm, were determined. 

Using both destructive and non-destructive rebar detection methods, it was determined that the vertical rebars 
and stirrups were plain (flat) bars of type S220. Additionally, it was observed that deformed rebars were used 
in some of the vertical load-bearing members, while plain bars were used in others. Due to the lack of regular 
distribution, it was assumed that the vertical rebars in the columns were plain (S220).  

3. ANALYSIS MODEL 
The examined building was modeled using finite elements software and seismic performance analysis was 
conducted on this model. The 3D statical analysis model of the building and floor plans are given in Figures 3 
and 4, respectively. 

 
Figure 3. 3D finite element model of the building 
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Figure 4. Floor plans in the analysis model (a) Basement, (b) Lower Ground Floor, (c) Upper Ground Floor, 

(d) Entresol, (e) First, (f) Second, (g) Third, (h) Penthouse 

ANALYSIS RESULTS 
Base shear–peak displacement and demand spectrum–capacity diagrams of the building when exposed to an 
earthquake with a 10% chance of exceedance in 50 years (DD-2 ground motion) are given in Figure 5. 

Figure 5. Base shear–peak displacement and demand–capacity diagrams 
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Lateral displacements on the building under earthquake effects are illustrated in Figure 6. Analysis results and 
performance assessment of all stories for vertical and lateral load bearing members are presented in Tables 1 
and 2, respectively. 

 
Figure 6. Lateral displacements on the building under earthquake effects in the x (up) and y (down) 

directions.  

Table 1. Performance analysis results for vertical load bearing members 

Story 

Vertical Load Bearing Members 
(Columns) 

Target 
Performance 
Level (CD) Article 15.8.4 (b)  

Strain Check 
Article 15.8.4 (c)  

Strain Check 
Article 15.8.4 

Brittleness Check 

RC RC RC 

BF √ √ √ √ 

LGF × √ × × 

UGF × √ × × 

Entr. × √ × × 

1 × √ × × 

2 × √ × × 

3 × √ √ × 

Penth. × × √ × 
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Table 2. Performance analysis results for lateral load bearing members 

Story 

Lateral Load Bearing Members  
(Beams) 

Target 
Performance 
Level (CD) Article 15.8.4 (a)  

Strain Check 

Article 15.8.4 

Brittleness Check 

RC RC 

BF √ √ √ 

LGF X √ X 

UGF X X X 

Entresol X √ X 

1 X √ X 

2 X √ X 

3 X √ X 

Penthouse √ √ √ 

 

CONCLUSIONS 
In this study, a building consisting of a basement, ground, and three normal stories was modeled with the finite 
elements software and analyzed in accordance with the criteria given in the local code TBEC 2018. Therefore, 
the seismic performance of the building was assessed.  

On-site examinations revealed that the vertical load bearing members, particularly those on the basement floor 
were corroded. Additionally, it was observed that lateral rebars (stirrups) were sparsely implemented, with 
intervals of up to 60 cm. It was, therefore, determined that the rebar diameters and spacings specified in the 
building project were generally not followed during the construction process.  

Key findings of the seismic analysis conducted for the “Controlled Damage” performance level are summarized 
below:  

• Except for the secondary beams (those not included in the vertical load bearing system), primary RC 
beams were found to be in the “Limited Damage”, “Significant Damage”, “Excessive Damage”, or 
“Failure” regions. The percentage of the primary RC beams in the “Excessive Damage” region was 
observed to be below the limit value. However, some primary RC beams were in the “Failure” region. 

• The vertical load bearing members of the building were determined to be in the “Limited Damage”, 
“Significant Damage”, “Excessive Damage”, or “Failure” regions. In specific stories, the ratio of the 
vertical load bearing members in the “Excessive Damage” region to all vertical load bearing members 
in the same story was found to exceed the limit value. Additionally, certain RC vertical load bearing 
members were identified to be in the “Failure” region. 

• In certain stories of the building, it was observed that some RC vertical load-bearing members 
exhibited damage above the "Significant Damage Limit" in both the lower and upper sections. 
Additionally, the ratio of the shear force carried by these members to the total shear force in the same 
story was found to exceed the limit value.  

• Some RC members of the building exhibited “Brittle” damage. 

180 
 



 
In conclusion, it was determined that the current state of the building failed to meet the “Controlled Damage” 
performance level envisaged in the “Turkish Building Seismic Code 2018” for an earthquake with a 10% 
chance of exceedance in 50 years (recurrence period of 475 years; DD-2 ground motion). Overall, the building 
was deemed suitable for retrofitting. Therefore, it is recommended to strengthen the building to enhance the 
seismic performance of the members that exhibit poor performance, ensuring they meet the desired target 
performance. 
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Evaluating the Effectiveness of Jacketing and 
CFRP Strengthening for an RC building 
through Seismic Performance Analysis 

Ozlem Ustundag1, Baris Gunes2, Baris Sayin3 

Abstract 
Seismic performance analysis plays a crucial role in assessing the effectiveness of proposed strengthening 
techniques for enhancing the seismic resilience of structures. This study investigates the effectiveness of 
jacketing and CFRP (carbon fiber reinforced polymer) strengthening techniques through seismic 
performance analysis. The proposed technique involves the application of a jacketing system and CFRP 
plates on RC members. Finite element analysis (FEA) is utilized to simulate the seismic response of the 
examined building following the implementation of the strengthening practices. The performance of the 
structure is evaluated based on certain parameters such as lateral displacement, inter-story drift, and base 
shear. The results of the seismic performance analysis indicate that the proposed strengthening technique 
effectively enhances the seismic resilience of the structure by leading to a significant reduction in lateral 
displacement and inter-story drift, as well as an increase in the overall stiffness and strength of the 
structure. In conclusion, the findings of this study reveal the effectiveness of the proposed jacketing and 
CFRP strengthening technique for improving the seismic performance of structures. The results can serve 
as a valuable reference for engineers and researchers involved in seismic retrofitting of structures and 
contribute to the advancement of seismic strengthening strategies. 

Keywords: RC building, Seismic performance analysis, Retrofitting proposal    

1. INTRODUCTION 
Seismic codes consider a range of parameters to assess the seismic performance of newly constructed reinforced 
concrete (RC) structures when subjected to earthquake effects. On the contrary, different parameters are taken 
into account when evaluating the seismic performance of existing old RC buildings. Based on the analyses 
carried out considering these factors, one of the following three results is obtained for the examined building: 
i. The seismic strength of the building is sufficient; ii. Strengthening is necessary to achieve adequate structural 
strength; iii. The building must be demolished. In earthquake codes, the assessment of seismic performance for 
existing buildings involves evaluating their response to earthquake forces based on four different damage 
scenarios. Linear or nonlinear analysis methods are employed to determine the seismic performance level by 
examining the damage levels of certain structural elements. Performance targets are established considering the 
probability of earthquake exceedance and the intended use of the building. The analysis results are then 
compared with these targets to determine the corresponding performance level. 

The seismic performance of a building can be deemed inadequate for various reasons, including updates in 
seismic codes and standards, environmental factors, changes in the building's intended use, or deviations from 
the original design project during construction. To assess this situation, seismic performance analyses are 
conducted on existing structures. Based on the analysis results, buildings that are determined to have 
insufficient seismic performance can be demolished and rebuilt. Or retrofitting practices can be implemented 
in the building to increase its seismic performance to the desired level. 

The literature contains many studies focusing on the strengthening of existing structures. These studies 
investigated various techniques and methods to enhance the structural performance of RC buildings. Common 
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strengthening approaches include the addition of RC shear walls, steel bracing, and section enlargement 
methods. When deciding to strengthen an existing structure, two main methods are often employed namely, 
element-scale strengthening by enlarging columns and beams or building-scale strengthening by adding RC 
shear walls to the building. Increasing the cross-sectional size of the member enhances its bending capacity. 
On the other hand, adding reinforced concrete shear walls is one of the most preferred methods because it 
effectively reduces the story drifts in the direction in which they are added. Reinforced concrete shear walls are 
added within or adjacent to the frame system. In some cases, strengthening is also made by adding external 
steel bracing, apart from RC shears [1-14]. Steel jacketing is used to strengthen columns by increasing shear 
and compressive strengths. This method is only used for rectangular columns and is implemented by placing 
vertical brackets on the four corners of the columns as well as lateral flat bars to prevent buckling. Strengthening 
the columns by wrapping them with fiber polymer materials is also a preferred method since it offers ease of 
application and increases compressive strength. Fiber polymer materials are also used in strengthening beams 
to increase the shear strength and ductility of beams. Additionally, to increase the shear strength, exterior 
stirrups can be added to the beams [17, 18]. 

In the current study, the seismic performance of an existing RC building was examined through on-site 
examinations, laboratory tests, and numerical analysis. In the first stage of the study, the building’s concrete, 
rebar, and soil characteristics were evaluated. In the second stage, a 3D finite element model of the building 
was created using MIDAS software [19] based on the data obtained by on-site examinations and laboratory 
tests. Numerical analysis was conducted on this model and the seismic performance of the building was 
assessed. 

2. STRENGTHENING PROPOSAL 
The building consists of a basement, ground, and three normal stories. The building has a floor area of 
approximately 226 m2 (ground floor). The story heights are 4.30 m in the basement, 3.20 m in the ground story, 
and 2.80 m in the normal stories. A strengthening proposal was presented for this building. As strengthening 
members, C25 class structural concrete and S420 class rebar were selected. Figure 1 shows the foundation 
strengthening plan. As seen in the foundation plan, continuous foundation beams, with widths of 120 cm and 
150 cm and a height of 60 cm, were added to the existing foundation system. In the foundation beams, Ø18 and 
Ø20 rebars were used in the upper and lower sections with 10~20 cm intervals. Furthermore, additional Ø18 
rebars at 10~20 cm intervals were used.  

 
Figure 1. The foundation strengthening plan 

Moreover, 30 cm-thick shear walls in both directions were added to the basement and ground stories. Ø12 and 
Ø14 vertical rebars as well as Ø10 and Ø12 lateral rebars at a 15 cm interval were added to these shear walls. 
Furthermore, additional reinforced concrete (RC) columns with various dimensions of 60x30 cm, 40x60 cm, 
and 35x50 as well as RC beams with dimensions of 25x60 cm were added. In the columns, Ø16 vertical rebars 
and Ø10 stirrups at 10~20 cm intervals were used. In this story, double-sided and four-sided 15-cm thick RC 
jacketing was performed on some columns. In the jacketing, Ø14 vertical rebars and Ø8 stirrups at 10~20 cm 
intervals were used. In this story, some of the 40x60 cm RC beams were wrapped with CFRP plates and 3-layer 
CFRP textile for strengthening. The strengthening plan for the basement story is shown in Figure 2. 

In the strengthened 1st, 2nd, and 3rd stories, 30 cm thick shear walls were added in both directions. In these 
shear walls, Ø12 and Ø14 vertical rebars as well as Ø10 and Ø12 lateral rebars at 15 cm intervals were used. 
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Furthermore, additional reinforced concrete (RC) columns with various dimensions of 60x30 cm, 40x40 cm, 
40x60 cm, and 35x50, as well as RC beams with dimensions of 25x60 cm and 25x50 cm, were placed. In the 
columns, Ø16 vertical rebars and Ø10 stirrups at 10~20 cm intervals were used. In these stories, double-sided 
and four-sided 15-cm thick RC jacketing was performed on some columns. In the jacketing, Ø14 vertical rebars 
and Ø8 stirrups at 10~20 cm intervals were used. In these stories, some of the 25x60 and 40x60 cm RC beams 
were wrapped with CFRP plates and 3-layer CFRP textile for strengthening. The strengthening plan for the 1st 
story is shown in Figure 2. 

 
Figure 2. Strengthening plan (a) Basement and ground floors, (b) 1st, 2nd, and 3rd floors 

3. LABORATORY 
To identify the compressive strength of the concrete and reinforcing bars in the concrete, laboratory tests were 
performed following the standards given in the local seismic code, TBEC 2018 [20]. Accordingly, core samples 
were collected from a total of 15 vertical load-bearing elements -3 from each story- and tested to determine 
concrete compressive strengths. Two approaches were utilized to identify the rebars in the structural 
components. The initial approach employed non-destructive techniques for rebar detection, whereas the second 
approach was visual inspection through concrete cover scraping. Accordingly, a total of 20 vertical load-bearing 
members -4 from each story- underwent non-destructive rebar detection. Furthermore, concrete covers of 
certain columns were scraped for rebar inspection. These scraping practices were performed on a total of 5 
vertical load-bearing members from the basement, ground, and 1-3 normal stories -1 from each story. By 
scraping the concrete cover, Ø14 and Ø16 vertical rebars, as well as Ø6 and Ø8 stirrups were determined. The 
stirrups were used at ~27-38 cm intervals. In the beams, Ø12, Ø14, and Ø16 vertical rebars, as well as Ø8 
stirrups, were determined. The stirrups were used at ~20-35 cm intervals. 

Regarding soil parameters, the local soil class was found to be ZC, the bearing capacity of the soil was 6 kg/cm2, 
and the subgrade reaction coefficient was found to be 7348 t/m3. The soil and earthquake parameters used in 
the numerical analysis were defined in accordance with the criteria given in TBEC 2018.  

4. NUMERICAL ANALYSES 
The examined building was modeled with the finite element program and seismic performance analysis was 
conducted considering the strengthened state of the building. The 3D numerical model of the strengthened 
building and floor plan is shown in Figure 3. 

 

(a) (b) 
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Figure 3. 3D static analysis model and floor plan of the building 

TBEC 2018 was considered in the concrete compressive strength calculations and unwrapped cylinder concrete 
compressive strength was found to be 6.65 MPa. Characteristics of the strengthening materials are listed in 
Table 1. 

Table 1. CFRP material characteristics 

Material Wrap Plate 
Elasticity modulus (N/mm2) 245000 160000 
Tensile strength (N/mm2) 4900 2400 
Breaking elongation (%) 2 1.5 
Thickness (mm) 0.168 1.2 
Width (mm) - 100 

A seismic performance analysis of the building was performed following the criteria given in TBEC 2018. The 
information level of the building was considered limited and accordingly, the Information Level was taken as 
0.75. To assess the seismic performance level, a nonlinear static pushover analysis was conducted. In 
accordance with the selected analysis method, no earthquake load reduction [Ra(T)] was applied in the 
acceleration spectrum. Additionally, the response coefficient and ductility coefficient (refers to the excess of 
yield strength relative to the design strength) of the load-bearing system (R and D) were not used since a 
nonlinear analysis method was utilized. In the analysis, plastic hinges (fiber) were defined for column-beam 
joints. The purpose of the strengthening was to ensure that the building meets the "Controlled Damage" 
performance level for an earthquake with a 10% probability of exceedance in 50 years (DD-2 Ground Motion 
with a recurrence period of 475 years). “Assessment/Design according to Strain” was selected as the assessment 
method. Damage inspections were performed on the structural members to evaluate whether the controlled 
damage performance criteria were met. 

The sectional damage regions defined in the seismic code for the “Assessment/Design according to Strain” 
approach, are illustrated in Figure 4.  Three damage states and limit damages are defined for ductile elements 
namely, Limited Damage (LD), Controlled Damage (CD), and Collapse Prevention (CP). Limited Damage 
(LD) refers to a limited level of inelastic behavior in the section. Controlled Damage (CD) indicates inelastic 
behavior but sectional strength can still be safely achieved. Prevention of Collapse Damage signifies significant 
inelastic behavior in the section. Critical sections below LD are categorized as being in the Limited Damage 
(LD) Region. Sections between LD and CD are considered to be in the Significant Damage (SD) region. 
Sections between CD and CP are categorized as being in the Excessive Damage (ED) region. Elements with 
damage above CP are considered in the Failure Region (FR). 

 
Figure 4. Sectional damaged areas 
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NUMERICAL ANALYSES 
Base shear–peak displacement and demand spectrum–capacity diagrams obtained by the numerical analysis for 
an earthquake with a 10% chance of exceedance in 50 years (DD-2 ground motion) are given in Figure 5 

 
Figure 5. Base shear–peak displacement and demand–capacity diagrams in the x (up) and y (down) 

directions 

Lateral displacements observed under earthquake effects are shown in Figure 6. The results of the analysis and 
seismic performance evaluations for vertical and lateral load-bearing members in all stories are given in Tables 
1 and 2, respectively. 

 
Figure 6. Lateral displacements observed under earthquake effects in the x (up) and y (down) directions 
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Table 2. Performance analysis of vertical load-bearing members 

Story 

Vertical Load Bearing Members  

(Columns and Shear Walls) 

Target 
Performance 
Level (CD) 

Article 15.8.4 (b)  

Strain Check 

Article 15.8.4 (c)  

Strain Check 

Article 15.8.4 

Brittleness Check 

Reinforced 
Concrete 

Reinforced 
Concrete 

Reinforced 
Concrete 

BF √ √ √ √ 

GF √ √ √ √ 

1 √ √ √ √ 

2 √ √ √ √ 

3 √ √ √ √ 

 

Table 3. Performance analysis of lateral load-bearing members  

Story 

Lateral Load Bearing Members  

(Beams) 

Target 
Performance 
Level (CD) 

Article 15.8.4 (a)  

Strain Check 

Article 15.8.4 

Brittleness Check 

Reinforced 
Concrete 

Reinforced 
Concrete 

BF √ √ √ 

GF √ √ √ 

1 √ √ √ 

2 √ √ √ 

3 √ √ √ 

The strengthened state of the foundation was modeled and analyzed using the finite elements software. The 
images of the analysis model are illustrated in Figure 7. Envelope moment curves of the foundation are given 
in Figure 8. Vertical displacement diagrams that show the foundation’s response under loading combinations 
with and without earthquake are provided in Figure 9. The foundation had a thickness of 60 cm with primary 
Ø18 and Ø20 rebars in the x and y directions at 10~20 cm intervals. The examinations carried out considering 
the moment distributions in the foundation revealed that the foundation rebars were sufficient.  
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Figure 7. The static analysis model of the foundation 

 

Figure 8. The moment changes in the foundation (a1) Mxxmin, (a2) Mxxmax, (b1) Myymin, (b2) Myymax 
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Figure 9. Vertical displacement diagrams for the foundation under loading combinations without (left) and 

with (right) earthquake 

CONCLUSIONS 
In this study, a building comprising a basement, ground, and 3 normal stories was modeled using finite element 
software based on the strengthening proposal. The model was then analyzed in accordance with the criteria 
given in TBEC 2018 and the seismic performance of the building was assessed.  

According to the seismic analysis of the strengthened building for the “Controlled Damage” performance level, 
all the reinforced concrete (RC) primary beams, except for the secondary beams that are not part of the lateral 
load-bearing system, were found to be in the "Limited Damage" region. No primary beams were classified in 
the "Significant Damage," "Excessive Damage," or "Failure" regions. Furthermore, all vertical load-bearing 
members were also found to be in the "Limited Damage" region. No vertical load-bearing members were 
classified in the "Significant Damage," "Excessive Damage," or "Failure" regions. Moreover, no RC vertical 
load-bearing member in the building exceeded the "Significant Damage" level in both the upper and lower 
sections. Additionally, the analysis results revealed that no RC member exhibited “Brittle” damage. Poor 
bending and shear strengths of some beams were eliminated by strengthening with CFRP plate and textile. In 
conclusion, the strengthened state of the building was deemed to satisfy the “Controlled Damage” performance 
criteria for an earthquake with a 10% chance of exceedance in 50 years (DD-2 ground motion with a recurrence 
period of 475 years). 
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Seismic Performance of a Masonry Building 
through Finite Element Analysis and 

Kinematic Limit Analysis 
Ozlem Ustundag1, Baris Gunes2, Baris Sayin3 

Abstract 
This study offers a comprehensive analysis of an existing masonry building through finite element analysis 
(FEA) and kinematic limit analysis. The building is located in a region prone to seismic activity. The FEA 
is performed to examine the structural response of the building under various loading conditions, including 
dead loads, live loads, and seismic loads. The masonry material properties, boundary conditions, and 
loading patterns are considered in the FEA model. The results from the FEA revealed the stress and 
deformation distribution within the building, identifying potential areas of concern. Furthermore, a 
kinematic limit analysis was performed to assess the local collapse mechanisms of the building under 
seismic loads. The kinematic limit analysis was based on the upper bound theorem of plasticity, which is 
commonly used to determine the ultimate load-carrying capacity of buildings. The critical collapse 
mechanism and the corresponding load-carrying capacity were identified through the kinematic limit 
analysis. The findings from this study have significant implications for the evaluation of the structural 
performance of masonry buildings and provide valuable information for retrofitting or strengthening 
practices. The results can also contribute to the advancement of knowledge in the field of seismic analysis 
of masonry structures and the development of guidelines for the seismic assessment and retrofitting of 
historical masonry buildings. 

Keywords: Masonry structure, Seismic performance analysis, In-situ test   

1. INTRODUCTION 
Unlike reinforced concrete structures, inadequacies in slab-wall connections of masonry buildings create 
uncertainties about the behavior of such buildings under earthquake effects. For these reasons, a general 
evaluation is made with a step-by-step analysis about the behavior of such structures under earthquake effects. 
As a linear analysis method, modal analysis gives information about the behavior of the structure in the absence 
of seismic effects. On the other hand, response spectrum analysis provides information about displacements of 
the walls under seismic effects and the shear forces acting on these walls. Linear analyses are based on the 
assumption of materials exhibit linear elastic behavior, whereas, plastic materials are defined in nonlinear 
analysis allowing determining displacement and stress distributions of the walls. Local wall behaviors, which 
cannot be observed by linear and nonlinear analyses, can be determined by kinematic analysis. Thus, by 
employing kinematic analysis, a structure can be evaluated holistically, including displacements, shear forces, 
and local behaviors. 

In linear analysis, the macro-modeling method is used in which masonry units and mortar are defined as 
composite materials. Because composite materials include uncertainties about the determination of material 
properties in masonry buildings. The macro-modeling method is preferred due to several reasons including 
variation of masonry material even on different walls. The advantage macro-modeling method is the minimal 
number of parameters leading to a lower margin of error. Mechanical parameters used for defining masonry 
walls are listed in Table 1. Kinematic analysis is very important to identify the mechanisms of masonry walls. 
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Various collapse mechanisms were observed in masonry walls due to past earthquakes. Therefore, typical 
mechanisms of such structures should be examined.  

Several studies have been conducted to evaluate the seismic capacity of masonry buildings using various 
methods, including limit analysis, kinematic analysis, and pushover analysis. Shariq et al. [1] utilized the Finite 
Element method to investigate the seismic performance of a masonry building. Casapulla and Argiento [2] 
focused on examining the out-of-plane failure mechanisms of load-bearing walls. Milani et al. [3] examined 
masonry structures under seismic effects by employing kinematic limit analysis, considering both in-plane and 
out-of-plane collapse states. Palazzi et al. [4] conducted a kinematic limit analysis to assess the seismic 
performance of a church. Yildizlar [5] presented the seismic vulnerability assessment for a masonry building 
utilizing various numerical methods. Akcay et al. [6] determined the seismic performance of a masonry building 
and found that shear stress values exceeded the limit values. Özen [7] examined a masonry building using the 
finite element method and compared the results of linear and nonlinear analyses. Roca et al. [8] discussed the 
applicability of different analysis techniques, such as limit analysis, simplified methods, finite element methods, 
macro or micro modeling, and discrete element methods. Sayin et al. [9] performed linear analysis to evaluate 
the seismic level of a masonry structure and presented strengthening practices based on the analysis results. 

This study aims to evaluate the seismic performance of an existing masonry building through a comprehensive 
approach involving field studies, laboratory tests, and numerical analysis. The building is subjected to static 
and kinematic limit analyses using MIDAS [10] and PRO_CINEm [11] software, respectively. 

2. FIELD SURVEY AND IN-SITU TESTS 
External facade views of the examined building are given in Figure 1. The building consists of two stories, a 
ground and a normal story. The on-site observations revealed breakings and collapse on the timber slabs within 
both floors, as well as on the exterior timber walls of the first floor. The vertical load-bearing system of the 
buildings consisted of stone and masonry structural members on the exterior facade of the ground floor. The 
dimensions of the buildings are 10.7 in the x direction and 9.3 and 9.2 m (ground floor) in the y direction. The 
building has a flooring area of 108 m2 (ground floor). The plan view of the ground story is shown in Figure 2.  

 

 
Figure 1. The examined building 
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Figure 2. Plan view of ground story 

On the ground floor, breaking and collapses were observed on the timber slabs, as well as on the interior and 
exterior timber walls. Additionally, the exterior stone and masonry walls also exhibited signs of breakage and 
collapse. The vertical load-bearing system of the building consisted of irregular-pattern stone and solid brick 
masonry walls, with timber walls in some parts. No vertical or lateral RC peripheral tie was observed in the 
building. Some window and door openings were later filled with solid brick masonry elements. The slab 
systems in both the ground and normal stories comprised timber slabs; however, certain slabs were found to be 
broken. Significant cracks and damages were observed on the load-bearing masonry walls. The wall surfaces 
showed signs of decay caused by moisture and humidity. A large portion of the load-bearing timber walls had 
collapsed, and the remaining timber walls that hadn't collapsed suffered from extensive damage. Timber slabs 
were used in the ground and normal stories; however, collapses and excessive damages were observed on these 
slabs. On one side of the building, there is a neighboring building on the adjacent parcel that is still in use. Due 
to the examined building's risk of partial and complete collapse, it poses a danger to the adjacent building in 
terms of life and property safety. The type and application technique of the stone and masonry elements were 
determined either by scraping the plaster layer of the masonry walls or visual examinations.  

The mechanical properties of the masonry walls were determined through a shear strength index, compressive 
strength, and flat-jack modulus of elasticity tests. These tests were carried out based on the applicable code 
requirements and previous studies. In-situ shear tests were conducted on load-bearing masonry walls following 
the ASTM C 1531 [12] standard Method B and the shear strength index of the masonry unit-mortar joint were 
obtained. The shear test setup is shown in Figure 3a. In situ test results revealed that the shear strength index 
of the ground floor was 0.25 MPa.  

Solid brick samples were collected from the masonry walls. Uniaxial compression tests were conducted on 
these samples in the laboratory and the compressive strength was determined to be 4.6 MPa. To measure strains 
in the masonry walls under loading, flat-jack elements were used in accordance with ASTM C 1197 [13] 
standard. Two flat-jacks were placed on pre-drilled 4 mm holes in the walls, and the loading on the wall was 
gradually increased using a hydraulic unit. Strains in the walls were instantly measured using LVDTs (Linear 
Variable Differential Transformers) with a sensitivity of 1/1,000 mm, and the data were recorded by a data 
logger. Vertical stress-strain curves of the walls were plotted, and the modulus of elasticity of the wall was 
determined. Semicircular flat jacks were employed in these tests. The test setup is shown in Figure 3b. The 
modulus of elasticity was found to be 1285 MPa.  

As shown in Table 1, the mechanical properties of the masonry walls were determined by “In-Situ Materials 
Tests”, Seismic risks management guide for historical structures (SRMGHS) 2017 [15], and Türkiye Building 
Seismic Code (TBEC) 2018 [16]. These parameters were used in the analysis.  
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Figure 3. (a) The shear strength index test setup, (b) In-situ flat-jack experiment [14] 

Table 1. Mechanical properties of masonry walls 

Definition Value / Class 
Masonry unit type Stone-Solid Brick 
Masonry unit group Group I 
Unit Volume Weight, kN/m3 20 
Characteristic compressive strength of the 
walls, MPa 2.8 

Initial shear strength of the walls, MPa 0.12 
Tensile strength of the walls, MPa 0.18 
Modulus of elasticity of the walls, MPa 1285 
Shear modulus of the walls, MPa 330 

 

3. NUMERICAL ANALYSES 
To evaluate the seismic performance of the masonry building under vertical and earthquake loads, compression 
and shear stress checks were conducted on the masonry walls using a 3D analysis model. In the 3D finite 
element model, critical sections around the door and window openings of each story were identified and walls 
in these sections were modeled using plate elements. Compression and shear stresses were calculated based on 
the axial and shear forces on these critical walls. The calculated compression and shear stresses on the masonry 
walls were then compared with the limit stresses of the corresponding masonry wall type. Accordingly, it was 
determined whether the compression and shear stresses exceeded the limit stress values. The local soil class 
was determined as “ZC”. The distance of the building to the active fault is approximately 18 km. The spectral 
acceleration coefficients (Ss and S1) used in the analyses were determined using the Interactive Earthquake 
Risk Map [17] based on the local soil class and location of the building. These parameters are given in Table 
2. 

 Table 2. Soil and earthquake parameters 

Parameters Value / Class 
Average shear-wave velocity - 
Local soil class ZC 
Ground motion level DD-3, DD-2, DD-1 

Spectral acceleration coefficients, 
Earthquake Map (g)  

DD-3, Ss = 0.489, S1 = 0.125 
DD-2, Ss = 1.321, S1 = 0.357 
DD-1, Ss = 2.300, S1 = 0.643 

Peak ground acceleration (g) 
DD-3, PGA = 0.209 
DD-2, PGA = 0.543 
DD-1, PGA = 0.903 

Local ground impact coefficients 
DD-3, Fs = 1.300, F1 = 1.500 
DD-2, Fs = 1.200, F1 = 1.500 
DD-1, Fs = 1.200, F1 = 1.400 

Spectral acceleration coefficients 
DD-3, SDS = 0.636, SD1 = 0.188 
DD-2, SDS = 1.585, SD1 = 0.535 
DD-1, SDS = 2.760, SD1 = 0.900 

(a) (b) 
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3.1 Linear analysis 

In this section, the 3D finite element model that was created for the linear analysis of the building is described. 
Also, the performance target was determined according to SRMGHS 2017 and the analysis results are 
presented. The building was modeled using “plate/wall” elements to approximately represent its current 
condition. The finite element model of the building is given in Figure 5.  

   
Figure 4. The 3Dfinite element model of the building 

In Figure 5, the displacements and axial forces on the walls under vertical loads, including dead loads and live 
loads, are illustrated. The compression stresses on the walls induced by these forces were compared with the 
allowable limit stresses for the corresponding masonry wall type to determine if the stresses on the walls 
exceeded the limit values. 

   
Figure 5. Displacement and axial forces on the walls under vertical loads 

 
In the local code SRMGHS 2017, different performance targets are envisaged for historic buildings according 
to their importance level.  The performance analysis parameters for the current building are given in Table 3.  

Table 3. Performance analysis parameters  

Parameters Existing state 
Value / Class 

The ground motion level and corresponding target performance  Controlled Damage for DD-2 
Performance analysis method Linear 
Inter story drift limit 0.7% for DD2 
Building Information Level and Factor Limited, 0.75 
Reduction factor for earthquake load, Ra Ra=3 for DD-2 

 
In Figure 6, lateral displacement under vertical loads, as well as the seismic effects in the x and y directions 
generated by an earthquake with a 10% probability of exceedance in 50 years (DD-2 ground motion level) are 
shown. The comparison of the inter-story drift ratios with the limit values is given in Table 4. As seen in the 
obtained results, the building failed to meet the performance target of "Controlled Damage" for a DD-2 ground 
motion level considering inter-story drifts. 
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Figure 6. Lateral displacement observed under earthquake loads in the x and y directions  

 

Table 4. Inter story drift ratio examination 

Story 
Displacement  

∆D, (mm) 
Story drift ratio, 

∆D/H Limit value Result 

x y % % % √ / × 
Ground 38.38 70.69 1.04 1.91 0.70 (CD) × 

 

In Figure 7, shear forces observed on the building under both vertical loads and seismic effects in the x and y 
directions generated by an earthquake with a 10% probability of exceedance in 50 years (DD-2 ground motion 
level) are shown. The ratios of the shear forces on the structural elements that failed in shear under earthquake 
effects in the x and y directions to the total shear force on the corresponding story are given in Table 5. Based 
on these results, it was concluded that the building satisfies the “Controlled Damage” performance level for a 
DD-2 ground motion level in terms of shear forces. This is an expected result given that the building does not 
have an upper floor resulting in a relatively lower earthquake load. However, it should be noted that stress is 
not the only parameter to evaluate such buildings, overbending (kinematic analysis) and displacements are 
more significant factors in determining seismic performance. 

 
Figure 7. Shear forces observed under earthquake effects in the x and y directions 
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Table 5. Results of performance analysis  

Story 

The ratio of the shear forces on the structural elements that 
failed in shear to the total shear force, % 

Target 
Performance* 

(CD) Masonry RC Toral 

Ground 20.79 - 20.79 √ 

3.2 Kinematic limit analysis 

Kinematic limit analysis is a significant method for assessing the seismic safety of masonry buildings. It 
involves the following key steps: (i) determining the lateral force required to trigger potential collapse 
mechanisms and the corresponding lateral seismic acceleration needed to generate this force (ii) evaluating the 
demand for lateral acceleration and comparing it with the capacity of the structure, (iii) identifying collapse 
mechanisms that occur under the examined seismic loads [15]. Historic masonry structures are more vulnerable 
to lateral effects, especially under tensile forces, due to the absence of horizontal diaphragms and insufficient 
material strength. Consequently, most collapse mechanisms in these structures occur due to out-of-plane 
behaviors when subjected to seismic load [18]. The use of kinematic limit analysis in masonry buildings was 
first introduced by Heyman [19]. This method is based on the assumptions of zero tensile strength, infinite 
compressive strength, and collapse mechanisms being unrelated to shear forces [20].  

To ensure the safety of a masonry building under both vertical and lateral loads, it is necessary to examine 
multiple failure mechanisms. In this process, a specific collapse mechanism is selected, and the expected 
vertical and lateral loads are defined. The corresponding virtual displacement associated with the selected 
mechanism is considered, and the lateral force is calculated using the principle of virtual work. By evaluating 
the inertial forces related to the examined mechanisms and considering their effects on the joints, the collapse 
situation can be determined. The identification of collapse mechanisms is based on two key assumptions: (i) 
wall and wall components exhibit rigid block behavior and (ii) masonry wall elements do not have tensile 
strength. In addition to the vertical loads directly applied to the walls, loads transferred from the slabs and roof 
to the walls are also considered. For each mechanism evaluated, the lateral force is divided by the weight of the 
wall to calculate the lateral impact factor (lateral load/weight). And this lateral impact factor is considered to 
determine whether the examined failure mechanism occurs.  

The collapse mechanisms of different walls of the building were assessed through the kinematic analysis based 
on the stress distribution and estimated response determined by the statical analysis. The analysis results 
revealed that the overturning point is the bottom point of the walls. Only the overturning mechanism was 
examined for the walls. Behavior coefficients were taken as Ra=1 and Ra=2 for DD-3 and DD-2 earthquakes, 
respectively. Table 6 presents the acceleration values required to trigger the examined mechanism, as well as 
the accelerations affecting the rigid overturning block of the walls for various earthquake levels. As seen in the 
results, the overturning mechanism occurs on the wall under the target earthquake level of DD-2.  

Table 6. Linear mechanism examinations (50 cm-thick walls) 

Mechanism Ground 
level αo ao (g) ac (g) ac/ao Result 

(ac/ao) 

Overturning DD-3 0.129 0.135 0.127 0.94 OK 
DD-2 0.129 0.135 0.317 2.34 Fail 

 

4. CONCLUSIONS 
This study presents the static performance assessment of a masonry building in accordance with the criteria 
specified in the local seismic code SMRGHS 2017. On-site examinations revealed that significant cracks and 
damages were present on the load-bearing masonry walls. Additionally, there were decays due to moisture and 
humidity on the wall surfaces. A substantial portion of the load-bearing timber had already collapsed, while the 
remaining timber walls exhibited excessive damage. The slab system in both the ground and normal stories of 
the building consisted of timber slabs with collapses and excessive damages. On-site tests conducted on the 
masonry walls indicated that the load-bearing capacity of the walls was very low. Next to the examined 
building, there is a neighboring building that is still in use. Due to the identified risk of partial or complete 
collapse, it was considered that the examined building poses a significant threat to the adjacent building in 
terms of the safety of occupants and property. 
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The axial forces observed on the vertical load-bearing members under vertical loads were found to be below 
the capacity of these members. Furthermore, the ratio of the shear forces on the structural elements that failed 
in shear under earthquake effects and vertical loads to the total shear force on the corresponding story was 
found to be below the limit value. However, the building failed to meet the inter-story drift demands. The inter-
story drift ratio in the ground floor exceeded the limit value of 0.7% for the “Controlled Damage” performance 
level. Furthermore, the kinematic limit analysis results revealed that the walls of the building would overturn 
when exposed to a DD-2 earthquake and therefore, did not meet the statical demand for the target earthquake. 

In conclusion, it was determined that the building failed to satisfy the “Controlled Damage” performance level 
envisaged in SMRGHS 2017 for an earthquake with a 10% probability of exceedance in 50 years (DD-2 ground 
motion level). Additionally, it was considered that the potential collapse of the examined building poses a 
danger to the entrance and stair section of the adjacent building in terms of life and property safety.  
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