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Research Article 

Reinforcement of concrete beams  

using waste carbon-nanoclay-fiberglass laminate pieces 

Zinnur Çelik a,* , Emrah Turan b , Meral Oltulu b , Gülşah Öner c  

a Department of Construction Technology, Pasinler Vocational School, Atatürk University, 25300 Erzurum, Türkiye 
b Department of Civil Engineering, Atatürk University, 25240 Erzurum, Türkiye 
c Department of Mechanical Engineering, Atatürk University, 25240 Erzurum, Türkiye 

 

A B S T R A C T 

In the last few decades, strengthening of structures in need of repair with fiber rein-

forced polymer (FRP) composite materials produced with different fiber types has 

gained great importance. Within the scope of this experimental study, the usability 

of hybrid glass and carbon composite laminates produced for different purposes and 

later cut into waste was investigated for concrete reinforcement. Hybrid composite 

laminates were produced in the form of glass-carbon-glass and carbon-glass-carbon, 

and the effect was investigated in two different sequences in the study. In addition, 

there are 3 different rates of nanoclay (0.50%, 0.75% and 1.25%) in the production 

of composite materials, and the effect of nanoclay ratio was investigated. In the study, 

two different numbers of composite laminates were adhered to the concrete samples 

produced in 70x70x280 mm dimensions and subjected to flexural strength test. In 

the Carbon-Glass-Carbon series using triple waste laminate pieces, the highest flex-

ural strength was reported in the CGC-0.75-3 series, which achieved an increase of 

approximately 55% and 42% compared to the Control and Control-E series. It was 

determined that the effectiveness of the reinforcement technique of concrete with 

laminates in flexure did not change significantly depending on the number of lami-

nate pieces. The main mode of failure in the experimental work was due to concrete 

fracture. 
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1. Introduction 

In many existing structures, reinforced concrete 
structural elements become unable to meet the desired 
requirements during their service life due to design er-
rors, increased loading, errors in the construction phase 
or dynamic loads such as wind, earthquake or environ-
mental conditions that will cause aging, corrosion and 
deterioration (Obaidat et al. 2011; Askar et al. 2022; 
Hashemi 2011). It is a well-known fact that the insecu-
rity of reinforced concrete structures made of low 
strength concrete and steel under the effect of dynamic 
loads. For these reasons, in most buildings that cannot 
meet the requirements, reinforcement is a more effec-
tive and economical solution instead of reconstruction. 

Reinforced beams can contribute to extending the ser-
vice life of the structures and increasing the loading ca-
pacity, resulting in better performance of the structure 
(Ghobarah et al. 2002).  

In the last century, traditional methods such as jacket-
ing with concrete and steel plates have been used to 
strengthen reinforced concrete structures. However, one 
of these traditional methods used, while concrete jacket-
ing increases the element sections and creates an exces-
sive load on the structure, it has some disadvantages in 
terms of corrosion and application difficulties in steel 
jacketing (Askar et al. 2022; Raval and Dave 2013; Chali-
oris et al. 2014; Thermou et al. 2019; Shehata et al. 2009). 

Due to the negative consequences of the above-men-
tioned strengthening methods, the reinforcement of 
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structural elements such as reinforced concrete beams 
with Fiber Reinforced Polymers (FRP) has increased sig-
nificantly in recent years (Ascione and Feo 2000). The 
reason why FRP composites are preferred can be at-
tributed to their higher performance due to their light 
weight, high hardness, corrosion resistance and ease of 
application (Amin et al. 2022a, 2022b; Talikoti and Kan-
dekar 2019). FRP matrices are composite materials rein-
forced with different types of fibers. There are several 
types of FRPs: carbon FRP (CFRP), glass FRP (GFRP), 
basalt FRP (BFRP) and aramid FRP (AFRP). FRP compo-
sites are applied to reinforced concrete beams in the 
form of laminates, rods or fibers by bonding or mechan-
ical anchoring (Hashemi 2011).  

Miruthun et al. (2021) investigated the strengthening 
property of GFRP wrapped in three different ways in 
their study. The results showed that GFRP laminates im-
proved the strength and ductility properties of the 
cracked RC beam. Obaidat et al. (2011) show that when 
beams strengthened using CFRP laminates are structur-
ally efficient in shear and flexure. 

In addition, ceramic, carbonaceous, clay, and polymer 
fillers are used in nano and micro sizes to improve the 
mechanical, impact and thermal properties of FRP com-
posites (Sharma and Joshi 2023). Rafiq et al. (2017) 
found an increase of 23% and 11%, respectively, in the 
peak load and stiffness of the glass fiber reinforced 
epoxy composite with the addition of 1.5% nanoclay. 
Khan et al. (2011) showed that the addition of nanoclay 
to epoxy and CFRP improves the impact and flexural 
strengths of the composite. In Xu and Hoa (2008) stated 
that nanoclay added to carbon/epoxy composites in the 
amount of 2 phr increased the flexural strength by 38%. 
Öner et al. (2018) showed that the addition of nanoclay 
to hybrid carbon/fiberglass composites improves the 
flexural and tensile strength of the composite. 
 

2. Research Significance 

Recently, studies of strengthening concrete with glass 
and carbon fiber are widely seen in the literature. In this 

research, chopped waste materials consisting of epoxy 
matrix composite laminates prepared with these two fi-
ber types were used to strengthen the concrete element. 
Composite materials used in reinforcement were not 
produced within the scope of this study, they are lami-
nate pieces that were prepared for a different research 
and then became waste. With the increasing volume of 
waste, the rapid pollution of the environment poses a 
significant threat to biodiversity and human health. 
Consequently, there has been a surge in research efforts 
focused on waste recycling, both in terms of 
investigation and implementation (Şengel et al. 2022; 
Canbaz et al. 2021). Waste composite materials are ar-
ranged in two different ways as glass - carbon - glass (G-
C-G) and carbon - glass - carbon (C-G-C). In addition, 
there are 3 different ratios of nanoclay in the content of 
composite materials. Hybrid waste material differs from 
concrete reinforcement studies in the literature in terms 
of both the regulation and use of nanoclay. Since the 
waste composite material is found in chopped form, its 
dimensions are smaller than the laminates in the litera-
ture. Therefore, the dimensions of the concrete flexural 
specimen were determined as 70x70x280 mm. The ex-
perimental study includes the application of 2 different 
number of composite laminate materials to the concrete 
sample using the bonding technique. As a result, the flex-
ural strength of composite reinforced concrete was in-
vestigated. 
 

3. Materials and Method 

Within the scope of the experimental study, the ce-
ment type used in all mixtures is CEM I 42.5R Portland 
cement. The specific gravity and specific surface area of 
the cement were 3.12 g/cm3 and 3486 cm2/g, respec-
tively. The chemical composition, physical and mechan-
ical properties of cement is shown in Table 1. In the 
study, 4-25 mm coarse aggregate and 0-4 mm river 
sand were used as fine aggregate. The specific gravity 
of fine and coarse aggregates were 2.68 and 2.34, re-
spectively.

Table 1. Chemical, physical and mechanical properties of cement. 

Chemical Composition % Physical and Mechanical Properties 

SiO2 19.17 Compressive strength 2 days (MPa) 27.2 

Al2O3 4.50 Compressive strength 28 days (MPa) 55.6 

Fe2O3 3.04 Specific surface area (Blaine) (cm²/g) 3486 

CaO 63.08 Specific gravity (g/cm³) 3.12 

MgO 1.78   

SO3 2.89   

Insoluble materials 0.98   

Loss on ignition 3.93   

Na2O 0.22   

K2O 0.63   

CI 0.0116   

 



 Çelik et al. / Challenge Journal of Concrete Research Letters 15 (1) (2024) 1–6 3 

 

In this study, laminates with Glass-Carbon-Glass and 
Carbon-Glass-Carbon sequences that were used by Öner 
et al. (2018) and Ünal et al. (2017) in their research and 
which were later disposed of were used. Carbon (245 
g/m2) and E-glass (200 g/m2) fibers and a standard 
epoxy resin were used in the manufacture of the waste 
laminates. Nanoclay (0.50%, 0.75% and 1.25%) was 
added to the epoxy matrix by ultrasonic cavitation mix-

ture. In the related study, the tensile and flexural strength 
range of the Carbon - Glass - Carbon composite series was 
determined as 550 MPa to 590 MPa and 908 MPa to 958 
MPa, respectively. These range of the values were ob-
tained as 599 MPa - 625 MPa and 794 MPa - 892 MPa for 
the Glass - Carbon - Glass sequence. The configuration of 
laminate materials (Carbon-Glass-Carbon) used by Öner 
et al. (2018) in their studies is presented in Fig. 1.

 
Fig. 1. Configuration of hybrid composite laminate (Öner et al. 2018).

The mixture composition by weight of the concrete 
used in this study is presented in Table 2. The strength of 
the concrete samples prepared in this study was aimed to 
be in the C40/50 class. The water-cement ratio was kept 
constant as 0.45 in all concrete samples and a 1.2% super-
plasticizer was used to obtain workability. These ratios 
were determined as a result of preliminary experiments. 

Table 2. Amount of materials in 1 m3 of concrete. 

Materials Amount (kg) 

Cement 400.00 

Water 181.40 

Super Plasticizer 4.80 

0-2 mm 510.26 

2-4 mm 264.65 

4-8 mm 331.14 

8-16 mm 381.70 

16-25 mm 165.94 

 In the study, 3x3x20 mm waste laminate pieces with 
G-C-G and C-G-C sequences were adhered to the mid-
point of the 70x70x280 mm concrete beam samples with 
the help of epoxy. In addition, laminate pieces were 
tested by gluing them to the concrete beam in 2 different 
numbers (3 and 7). In order to ensure the surface contact 
of the beam with the epoxy, the beam surfaces are 
cleaned of dust and sawdust with the help of a compres-
sor. It was applied to the epoxy surfaces with a roller to 
obtain a thickness of 0.8-1 mm. Laminates were adhered 
to the surface of the beams (Fig. 2).  

Control and laminate reinforced 28-day beam sam-
ples were subjected to 3-point flexural test in accordance 
with TS EN 12390-5 (2010) standard. Each sample was 
named according to the arrangement, nanoclay ratio and 
number of laminates used. For example, in a CGC-0.50-3 
code, the first three letters (CGC) represent the carbon-
glass-carbon sequence, the number 0.50 represents the 
nanoclay ratio in the laminate, and 3 represents the 
number of laminate. In addition, only the epoxy bonded 
control group is symbolized as Control - E.

 
Laminates (3 pieces) Laminates (7 pieces) 

  

  

Fig. 2. Laminate-adhered concrete specimens.  
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4. Results and Discussion 

4.1. Workability 

The slump test on the concrete to which the laminate 
pieces were attached was carried out in accordance with 
TS EN 12350-2 (2010). The slump value of the produced 
concrete was determined as 18.8 cm. This value pro-
vided the S4 class values, one of the consistency classes 
given in the TS EN 206-1 (2021) standard. 

4.2. Flexural strength 

The flexural strength results of concrete reinforced 
with 3 and 7 pieces of Carbon-Glass-Carbon laminate are 
given in Fig. 3. The mean values for flexural strength of 
concrete to the series without nanoclay were published 
in previous study by Turan et al. (2023). 

When Fig. 3 is examined, the lowest flexural strength 
value was obtained from the control sample with 5.59 

MPa. An increase of 9.12% was observed in the flexural 
strength of the Control-E series, which was produced by 
adhering only epoxy to the control sample, compared to 
the control sample. The highest flexural strength in the 
triple array Carbon-Glass-Carbon series was obtained 
from the CGC-0.75-3 group with a value of 8.69 MPa. This 
value was 55.46% and 42.46% higher compared to the 
Control and Control-E sample, respectively. The flexural 
strength of CGC-0.75-3 and CGC-1.25-3 groups of Car-
bon-Glass-Carbon series with nano clay added was 
higher than the series without nano clay (CGC-0) addi-
tion. In the C-G-C series with nanoclay reinforced with 
three pieces of laminate, the highest concrete flexural 
strength was calculated in the group with 0.75% 
nanoclay. Obaidat et al. (2011) used CFRP laminates to 
retrofitting reinforced concrete beams in their study. 
The increase in the maximum load of shear force and 
flexural strength of the laminate reinforced samples 
reached values between approximately 23% and 33%, 
respectively.

 

Fig. 3. Flexural strength of concrete reinforced with 3 and 7 pieces of CGC laminate.

In the CGC series with 7 laminate pieces, the highest 
concrete flexural strength value was obtained from the 
CGC-1.25 series with 9.30 MPa. This value was 66.36% 
and 52.46% higher than the flexural strength of the Con-
trol and Control-E series, respectively. It was deter-
mined that the flexural strength of CGC-0-7, CGC-0.50-7 
and CGC-0.75-7 series increased by 44.75%, 38.68% 
and 34.42%, respectively, compared to the Control-E 
sample. 

The flexural strength results of concrete reinforced 
with 3 and 7 pieces of Glass-Carbon-Glass laminate are 
given in Fig. 4. The flexural strength values of the Glass-
Carbon-Glass series reinforced with 3 laminates were 
calculated in the range of 8.08 MPa - 8.84 MPa. The high-
est flexural strength in the triple array Glass-Carbon-
Glass group was obtained in the GCG-0.75-3 series with 
8.84 MPa. This value detected in the GCG-0.75-3 series 
was 58.14% and 44.92% higher compared to the Control 

and Control-E groups, respectively. The flexural strength 
of the series containing 0.50%, 0.75% and 1.25% 
nanoclay was determined to increase by 6.43%, 9.40% 
and 8.17%, respectively, compared to the GCG-0-3 series 
without nanoclay.  

The flexural strength values of the 7-arrays Glass-Car-
bon-Glass series were calculated in the range of 8.45 
MPa - 9.09 MPa. The highest flexural strength value was 
obtained from the GCG-0.75-7 series with an increase of 
49.02% compared to the Control-E series. Compared to 
the flexural strength of the Control-E sample, an increase 
of 40.32% and 42.62% was detected in the GCG-0-7 and 
GCG-0.50-7 series, respectively. Although the flexural 
strength of the 1.25% nanoclay-containing GCG series 
decreased, it was 38.52% higher than the Control-E se-
ries. In the GCG-0.50-7 and GCG-0.75-7 series, 1.63% and 
6.19% increase in flexural strengths were reported com-
pared to GCG-0-7, respectively.  
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Fig. 4. Flexural strength of concrete reinforced with 3 and 7 pieces of GCG laminate.

As a result of examining together the CGC and GCG se-
ries used in triples, the highest flexural strength values 
in nanoclay added samples were obtained from the GCG 
series. In addition, the optimum value in terms of nano 
clay was determined as 0.75% in both arrays (CGC-GCG) 
strengthened with 3 pieces of laminate, and the addition 
of 1.25% nanoclay decreased the flexural strength in 
both groups. This is attributed to the increase in the vis-
cosity of the epoxy and the amount of air bubbles during 
the mixing process due to the increased amount of 
nanoclay used (Xu and Hoa 2008). These results are sim-
ilar to the tensile and flexural strength results of the lam-
inates in the Öner et al study, where the waste material 

was obtained. Hosny et al. (2006) determined that the 
ultimate carrying capacity of reinforced concrete beams 
strengthening with hybrid GFRP and CFRP laminates in-
creased by 27.2% compared to the control sample. 

Increasing the number of laminate pieces adhered to 
the beams from 3 to 7 resulted in an increase in flexural 
strength of approximately 1.1% to 7.8%, except for the 
CGC-0.50 series. This is an indication that the number of 
laminate pieces attached to the concrete is not an im-
portant parameter in increasing the flexural strength. 
Because the results showed that the main failure mode 
was concrete, not laminate pieces, which increased the 
effectiveness of the reinforcement (Fig. 5).

 

Fig. 5. Fracture mode of concrete reinforced with laminate pieces.

5. Conclusions 

This study aims to investigate the effect of different 
numbers of laminated pieces of carbon-Glass-Carbon 
and Glass-Carbon-Glass arrays with different ratios of 
nanoclay in the waste state on the flexural strength of 
concrete. The main conclusions can be summarized as 
follows: 
 In the Carbon-Glass-Carbon series using triple waste 

laminate pieces, the highest flexural strength was re-
ported in the CGC-0.75-3 series, which achieved an in-
crease of approximately 55% and 42% compared to 
the Control and Control-E series. 

 The highest flexural strength in the triple array Glass-
Carbon-Glass group was obtained in the GCG-0.75 se-
ries with 8.84 MPa. In addition, in the triple use of 
both arrays (CGC-GCG), the highest value in terms of 
flexural strength of concrete was obtained in the sam-
ples using 0.75% nano clay. 

 It was determined that the use of laminate pieces with 
7 in the CGC-0, CGC-0.50 and CGC-0.75 series in-
creased the flexural strength of concrete by 44.75%, 
38.68% and 34.42%, respectively, compared to the 
Control-E sample. 

 It was determined that when the 7-arrays GCG waste 
laminate pieces used in the reinforcement of concrete 

5.59
6.10

8.08
8.56 8.60 8.70 8.84 9.09

8.74
8.45

1

2

3

4

5

6

7

8

9

10

C
o

n
tr

o
l

C
o

n
tr

o
l-

E

G
C

G
-0

-3

G
C

G
-0

-7

G
C

G
-0

.5
0

-3

G
C

G
-0

-5
0

-7

G
C

G
-0

.7
5

-3

G
C

G
-0

.7
5

-7

G
C

G
-1

.2
5

-3

G
C

G
-1

.2
5

-7

Fl
ex

u
ra

l s
tr

en
gt

h
 (

M
P

a)

Specimen code



6 Çelik et al. / Challenge Journal of Concrete Research Letters 15 (1) (2024) 1–6  

 

contained 0.50% and 0.75% nanoclay, the flexural 
strength of the concrete increased by 1.63% and 
6.19%, respectively, compared to GCG-0. 

 Increasing the number of laminate pieces adhered to 
concrete beams from 3 to 7 resulted in an increase in 
the flexural strength of concrete by approximately 
1.1% to 7.8%, excluding the CGC-0.50 series. The fact 
that the numerical increase in the laminate pieces 
does not cause a significant increase in the flexural 
strength results is due to the fact that the main failure 
mode in the samples is in the concrete, not the lami-
nate pieces, which increases the efficiency of the rein-
forcement. 

 Since the laminate parts used in this study were 
waste, there was no alternative for the dimensions of 
the parts. In future studies, it is thought that if the lam-
inate pieces used in this study are used in larger sizes, 
it may be more effective in repair and reinforcement 
of concrete. In addition, the use of laminate parts in 
the reinforcement of reinforced concrete samples, 
which will show more ductile behavior, can provide 
better observation of the behavior of laminates. 
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A B S T R A C T 

Boron with a certain water content is used for industrial purposes, including cement 

production. It is necessary to perform and optimize heat treatments and determine 

the water content. The heat treatment is applied to boron ores that must be used for 

cement production. However, these processes take time and increase costs. With this 

study, it will be possible to obtain boron products with the desired properties in a 

shorter time by determining the optimal parameters for dewatering processes. Cole-

manite and ulexite ores were reduced to a grain size of 44 microns by ore dressing 

processes and subjected to dewatering. The Taguchi method was used to optimize 

the dehydration of colemanite and ulexite ores. The orthogonal design of experi-

ments method L18(6132) 3 factors, 18 trials was chosen to determine the design of 

experiments. The changes in the H2O-CaO-Na2O-B2O3 concentrations were deter-

mined on the basis of the analyses performed. TG/DTA analyses were carried out for 

comparison with the dehydration processes. In the optimization processes per-

formed using the Taguchi method, the maximum water removal was achieved with 1 

g of ore and a period of 6 hours. H2O removal was 98.42% at 650 °C for colemanite 

and 99.1% at 300 °C for ulexite. It has been shown that the dehydration of ulexite and 

colemanite ores can be optimized and the boron product with the desired properties 

can be obtained in a short time, which is an advantage for its use in the cement in-

dustry. It is expected that this study will serve as an important basis for future appli-

cations of B2O3 cement. 
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1. Introduction 

Boron ores are commonly known as borates and bo-
rosilicates. They are always associated with oxygen in 
mineral deposits (Helvacı 2015). They generally contain 
B2O3. They gain value depending on the amount of crys-
tal water (H2O) (Helvacı 2017; Çelik et al. 1994; Tunç et 
al. 1997; Şener et al. 2000). The most commonly used 
species in the industry are borax, colemanite and ulexite. 
Colemanite; among boron minerals, it is the most abun-
dant type. It contains Ca, is transparent, colorless, and 
occurs in the form of crystals. Its density is 2.42 g/cm3 
and its hardness is 4.0-4.5 on the Mohs hardness scale 
(DPT 2001). It dissolves very poorly in water, but can 
easily dissolve in acid and acid salts (Akyıldız 2012). In 

Türkiye, it is concentrated in some regions of Balıkesir, 
Kütahya, Bursa, and Eskişehir (Ulusoy 2012). Chemical 
formula: (2CaO.3 B2O3.5H2O) and its B2O3 content is 
50.8%. Ulexite; It is generally found in the form of soft, 
highly moist, and fibrous crystals. The hardness is 2.5 
and the specific gravity is 1.955 g/cm3. Its chemical com-
position is (Na2O.2CaO.5 B2O3.16H2O) and in pure form, 
it contains 42-43% B2O3 (Çelik 2007). 

Boron products are light, resistant to stress and chem-
ical effects, and are mostly used in the chemical and cos-
metic industries, photography, paint, leather, and ce-
ment industries (Topçu and Soyhan 2022; Kurtuluş and 
Kurtuluş 2021). Anhydrous boron (B2O3) has been used 
in cement production for many years. Research has 
shown that cement made with anhydrous (pure) B2O3 
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significantly improves its properties (Demirel and 
Nasıroğlu 2017). In one study, mixed cement was made 
by adding boron waste with the same B2O3 content to the 
cement in varying proportions. Strength and durability 
tests were conducted with these cements. It was found 
that the mineral additives used in cement production not 
only have a positive impact on the environment but also 
have a positive impact on costs by saving natural raw 
materials and energy. These studies are important in or-
der to recycle industrial waste in various sectors, elimi-
nate environmental problems, and contribute to the 
country's economy. It is obvious that boron minerals and 
waste are suitable for cement production in the world, 
especially in our country. The use of boron minerals and 
wastes, which do not have negative effects on cement 
properties and do not contain harmful components, of-
fers great advantages in cement production (Eyyüboğlu 
2013; Oruç et al. 2004). In particular, the studies carried 
out jointly by Boren National Boron Research Institute 
and Turkish Cement Manufacturers Association (TÇMB) 
and industrial scale cement production in Denizli and 
Göltaş cement factories are one of these studies (Demirel 
and Nasıroğlu 2017). In their study, Elbeyli et al. (2003) 
added "boral gypsum" produced during the manufacture 
of colemanite (heat treated) to Portland cement and in-
vestigated its effects on mechanical properties. TGA, 
XRD, and gradual heating were applied as heat treat-
ments. Boron was added to Portland cement at the 
clinker stage in an amount of 5-7% of the cement weight 
and subjected to heat treatment. Gradual heating was 
carried out at a rate of 10 °C/min up to 500 °C. At the end 
of the experiments, no change in strength was observed 
in the non-heat-treated (5%) specimens with boral gyp-
sum addition, while the strength of the heat-treated 
(5%) specimens with boral gypsum addition increased 
by 25%. Pehlivanoğlu et al. (2013) investigated the ef-
fects of boron compounds on the setting time of Portland 
cement, boron-active belite cement, and calcium alumi-
nate types of cement. Boric acid was added to these ce-
ment samples at a dosage of 0.25% and 1%. It was found 
that despite the increase in the amount of boric acid, the 
initial and final setting times also increased. 

In another study in which colemanite and ulexite min-
erals were added to mortar samples, unheated and heat-
treated colemanite minerals were added separately to 
the mortar. The minerals were subjected to heat treat-
ment at 150 °C-24 hours and 600 °C-6 hours. In this 
study conducted by Şener et al. (2000), it was observed 
that the minerals completely lost their moisture at 150 
°C. It was found that the prolongation of setting times by 
heat treatments at 150 °C and 600 °C further increased 
for the colemanite mineral. For this reason, heat treat-
ment may be considered appropriate in cases where a 
longer setting time is required at lower additive rates 
(Durmuş 2016). The results of the setting time tests in 
this study are consistent with the results of the studies 
by Olgun et al. (2006) and Pehlivanoğlu et al. (2013), 
which state that boron additives increase the setting 
times. Based on the results of the bending and compres-
sion tests of heat-treated specimens with colemanite ad-
ditive, it was found that the heat-treated colemanite min-
eral has no effect on mechanical strength. 

The use of boron minerals and boron waste in cement 
has become a very important issue in recent years. In ce-
ment production, the use of boron increases the durabil-
ity of concrete. Boron cement is especially preferred in 
the construction of concrete roads and dams. In order to 
investigate the usability of boron cement in concrete 
road construction and its effect on the performance of 
the road, a 1600 m long concrete road was constructed, 
1000 m of which was located in the Black Sea region (Ye-
nialaca 2009). The use of boron in cement production is 
not a new practice. Considerable improvements have 
been observed in the properties of cement produced us-
ing pure B2O3. With this in mind, appropriate studies 
have been initiated in our country and it has been deter-
mined that colemanite may be the most suitable mineral. 
When colemanite, a boron mineral, is used in cement pro-
duction at the rate of 8%, it lowers the burning tempera-
ture of the clinker and improves the properties of the ce-
ment (Eyyüboğlu 2013). Boron cement; shows better 
properties than Portland cement in terms of parameters 
such as strength, water and gas permeability, and heat of 
hydration. Low heat of hydration significantly reduces 
cooling requirements, especially for mass concrete. Cal-
cium borates are very useful plasticizers, as they reduce 
the viscosity and surface tension of the melt in the rotary 
kiln during cement production (Boren 2016).  

In order for boron ores to be used in industry, they 
must undergo certain processes such as crushing, grind-
ing, and dewatering, and the water of crystal in their 
structure must be removed. Calcination/dehydration 
processes must be applied to remove the crystal water 
bound in their structure (Kılcı 2011). As can be seen, bo-
ron ores are offered for industrial use by removing the 
chemically bound water they contain through calcina-
tion or dehydration processes (Kayandan et al. 2004). 
The main purpose of dehydration of boron minerals is to 
prepare the ores for commercial use, i.e., to give them a 
higher useful and economic value by releasing the crys-
tal water they contain (Tunç et al. 2001; Şener et al. 
2000). Thus, calcined boron ores can be used in many in-
dustries. Şener and Ozbayoğlu (1994) conducted a study 
on the calcination processes of ulexite and colemanite 
minerals (which are endothermic). In this study, they 
mixed colemanite and ulexite and calcined them at 400-
450 °C for half an hour. They found that the colemanite 
ore crumbled and dissolved, while the ulexite ore did not 
break and turned into a porous, hard structure. 

In addition to the dehydration processes, which are 
important for the use of boron ores in industrial applica-
tions, some optimization processes can also be carried 
out for these heat treatments, which bring both time and 
economic benefits. One of these methods is the Taguchi 
method. The general idea of the Taguchi method is to fit 
small factorial or orthogonal arrangements of experi-
mentally calculated elements to assembly variations and 
to perform estimated calculations. This method can be 
applied to all open or closed functions (Samtaş and Gü-
lesin 2005). The Taguchi method is an experimental de-
sign method that attempts to minimize product and pro-
cess variability by selecting the most appropriate combi-
nation of levels of controllable factors versus the uncon-
trollable factors that cause product and process variabil-
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ity (Baynal 2005). Applying parameter design in the 
Taguchi method to optimize a process with multiple per-
formance characteristics involves the following steps: 
the determination and calculation of performance char-
acteristics and the selection of process parameters that 
can be evaluated, the provision of the number of parame-
ter levels for the process and the interaction between pos-
sible process parameters, the selection of the appropriate 
orthogonal arrangement, the determination of process 
parameters in the orthogonal arrangement, the manage-
ment of experiments based on the arrangement of the or-
thogonal arrangement, analysis of experimental results 
using ANOVA and performance characteristics, selection 
of optimal process parameters, verification of optimal 
process parameters (with all verification experiments) 
(Çopur et al. 2004; Kocadağistan 2007). The Taguchi 
method occupies a very important place in the technolog-
ical and scientific development of quality and has brought 
a completely different perspective to the definition of 
quality (Kumsal 1994). In a study, the formation of cal-
cium carbide slag by the Taguchi method and its use in the 
production of CaO briquettes by calcination processes 
was investigated. In this study, since the disposal of cal-
cium carbide slag (CCS), obtained as a by-product during 
the Acetylene gas process, poses an environmental prob-
lem, it is aimed to use CCS in the preparation of calcium 
oxide (CaO) briquettes for reuse in calcium carbide pro-
duction. As parameters; binder types (phosphoric acid 
(H3PO4), molasses, and corn syrup), binder amount (1, 3, 
and 5%), briquette pressure (20, 28, and 36 MPa), calci-
nation temperature (800, 900, and 1000 °C), and calcine-

tion time (30, 45, and 60 min.) was selected. The effect of 
these parameters on the strength of the CaO briquettes 
was examined using the Taguchi approach (Altıner 2018). 
In another study, the optimization of the dissolution of cal-
cined colemanite mineral in methyl alcohol by CO2 in the 
autoclave system was investigated using the Taguchi 
method. In the study, the process of optimizing the dis-
solution of colemanite ore in methyl alcohol with CO2 in 
a high-pressure reactor was evaluated using the Taguchi 
method (Kızılca and Çopur 2017). 

 

2. Materials and Method 

2.1. Materials 

In the experiments, colemanite and ulexite ores ob-
tained from Etibank Bor mines were used (Fig. 1). Chem-
ical analysis results of colemanite and ulexite ores are 
given in Table 1. 

Table 1. Analysis results of colemanite and ulexite ores. 

Compound 
Colemanite Ulexite 

% % 

B2O3 50.97 43.1 

CaO 27.18 13.8 

Na2O - 7.6 

H2O 21.85 35.4 

 

Fig. 1. Ulexite and colemanite ore samples.

Laboratory-type jaw crusher, ball mill, and mechani-
cal sieve were used in ore size reduction processes. In 
the sieving process, 60 mesh (283 micron/0.28 
mmx0.28 mm mesh size, 60 mesh, 0.14 mm wire diame-
ter, 23.62 mm/number of holes) and 325 mesh (43 mi-
cron/0.043 mmx0.043 mm mesh size, 325 mesh, 0.035 
mm Standard sieves with dimensions (wire diameter, 
127.952 mm/number of holes) were used. A muffle fur-
nace (Nabertherm, Germany) with a maximum tempera-
ture of 1100 °C was used for dehydration experiments. 

TG analyses were performed with differential thermal 
analysis and thermogravimetric analyzer (DTA-TG sys-
tem, SETARAM Labsys 3.0). Other materials; 35 mL 
porcelain crucible, desiccator, OHAUS-PA214C brand 
precision balance, and other experimental materials. 

2.2. Method 

In the sample preparation process of ulexite and cole-
manite ore for dehydration experiments, a 500 g sample 
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was taken by cone and quartering method and was first 
crushed to 60 mesh (250 micron) size in a jaw crusher, 
and then ground to 325 mesh (45 microns) size in a ball 
mill. Approximately 200 g ore samples to be used in the 
experiments were sieved using a mechanical sieve and 
the samples were made ready for dehydration pro-
cesses. In the Taguchi method, the experimental design 
was planned first. The problem was defined, perfor-
mance characteristics were determined, and the design 
was realized. Parameter design is carried out in order to 
determine the factors and levels that affect the target 
value of the performance characteristic and make this 
optimum. There are two stages in parameter design; ro-
bust design and orthogonal arrays. Robust design is an 
optimization method applied to introduce new technol-
ogies in the design of products and processes (Taguchi et 
al. 1999; Şanyılmaz 2006). After the robust design, an or-
thogonal array selection was made, which determines 
how all experimental combinations will be carried out. 
Thus, fewer experiments were performed with a larger 
number of factors (Özden 2020; Mercan 2019). The val-
ues used in the experiments were converted to S/N (sig-
nal/noise) ratios and analysis of variance (ANOVA) was 
performed (Danışman and Yalçındağ 2023). In order to 
verify the optimal factor levels determined by the 
Taguchi method, a confidence interval was created for 
the average response value under optimal conditions 
(Yılmaz and Keskin 2019). Dehydration experiments 
were carried out to verify the data found in the experi-
ments performed with the Taguchi method. In order to 
determine the experimental plan in the optimization 
studies of the dehydration of colemanite and ulexite ores 
(Taguchi method), orthogonal layout experimental de-
sign method L18(6132) 3 factors, 18 experiments were se-
lected. In optimization experiments, dehydration tem-
perature, dehydration time, and ore amount were se-
lected as experimental parameters. The data obtained as 
a result of the experiments were evaluated according to 
Eq. (1) for each level of each parameter and performance 
criteria were calculated.  

Smaller – better 𝑆/𝑁𝑆 = −10𝑙𝑜𝑔 (
1

𝑛
∑ 𝑦𝑖

2𝑛
𝑖=1 ) (1) 

For the dehydration temperature of ulexite ore, 300 
°C was chosen in the parameter levels, and it was aimed 
to obtain precise data against the possibility of varia-

tions in weight differences at temperatures of 350 and 
above. The parameters used in the optimization experi-
ments are arranged as given in Table 2. 

In the dehydration process, the temperature of the 
furnace was adjusted according to the determined pa-
rameters and the weighed colemanite and ulexite ores 
were placed in porcelain crucibles and placed in the fur-
nace. Each sample, whose dehydration process was com-
pleted, was left to cool in the desiccator together with the 
crucible to prevent moisture, was weighed and the 
weight differences were recorded. TG analyzes were 
performed with differential thermal analysis and ther-
mogravimetric analyzer (DTA-TG system, SETARAM 
Labsys 3.0). Analyzes were performed using an alumi-
num oxide crucible at a heating rate of 10 °C/min. The 
process flow diagram of the working method is given in 
Fig. 2. 

 

Fig. 2. Process flow diagram.

Table 2. Parameters used in optimization of dehydration of colemanite and ulexite ores. 

Ore Parameters 
Level 

1 2 3 4 5 6 

Colemanite 

Dehydration temperature (°C) 400 450 500 550 600 650 

Dehydration time (h) 2 4 6 - - - 

Amount of ore (g) 1 3 5 - - - 

Ulexite 

Dehydration temperature (°C) 50 100 150 200 250 300 

Dehydration time (h) 2 4 6 - - - 

Amount of ore (g) 1 3 5 - - - 
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3. Results and Discussion 

3.1. Optimization of the dehydration process of 
colemanite and ulexite ores 

The parameters selected for the optimization of dehy-
dration processes to be applied to colemanite and ulexite 
ores and the water concentrations in the ores at the end 
of the experiments are given in Table 3. After the exper-
imental groups determined according to the Taguchi 
method were completed, dehydration experiments were 
carried out to verify the data obtained and compared 
with these data. 

Figs. 3 and 4 were prepared by considering the results 
calculated for both ores as the y-axis and the levels of the 
parameters as the x-axis. The first part in Figs. 3 and 4 
shows the temperature levels, the second part shows the 
time levels and the third part shows the ore amount lev-
els. Considering the S/Ns ratio, the point where the per-

formance criterion has the lowest value indicates the 
best level of the relevant parameter. When the test re-
sults are examined, the parameter values that give the 
best results for colemanite ore using the Taguchi method 
are; 650 °C temperature, 6 h time, and 1g ore amount. 
For ulexite ore, the parameter values that give the best 
results; it is 300 °C temperature, 6 h time, and 1g ore 
amount. Since the obtained levels were not included in 
the L18(6132) 3 orthogonal experiment design plan, it 
was necessary to conduct another experiment for these 
levels. 

In the verification experiment conducted for coleman-
ite, 98.42% H2O removal was calculated for 650 °C, 6 h, 
and 1 g ore amount. In the verification experiment con-
ducted for ulexite, 99.1% H2O removal from ulexite ore 
was calculated for 350 °C, 6 h, and 1 g ore amount. These 
values are the highest H2O removal values reached as a 
result of dehydration experiments. This shows that the 
required value in the Taguchi method has been achieved.

Table 3. Experimental plan to be used in optimizing the dehydration of colemanite and ulexite ores  
and the obtained H2O removal amounts. 

Time 
(h) 

Amount of 
ore (g) 

Dehydration temperature 
(°C) 

Total amount of H2O remaining in the ore  
after the dehydration process (%) 

Colemanite Ulexite Colemanite Ulexite 

2 1 400 50 9.44 34.66 
4 3 400 50 8.38 34.81 
6 5 400 50 7.30 34.51 
2 1 450 100 3.64 30.27 
4 3 450 100 4.85 24.79 
6 5 450 100 5.48 29.09 
2 3 500 150 4.15 29.50 
4 5 500 150 4.09 23.52 
6 1 500 150 3.64 22.21 
2 5 550 200 2.17 9.15 
4 1 550 200 2.92 8.51 
6 3 550 200 2.80 7.50 
2 3 600 250 3.40 5.82 
4 5 600 250 1.88 4.62 
6 1 600 250 1.95 4.67 
2 5 650 300 1.72 3.09 
4 1 650 300 0.70 2.63 
6 3 650 300 1.33 1.39 

 

Fig. 3. According to the data obtained as a result of optimization experiments, the effect of temperature, time,  
and ore amount on the total H2O amount (colemanite). 
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Fig. 4. According to the data obtained as a result of optimization experiments, the effect of temperature, time,  
and ore amount on the total H2O amount (ulexite).

In the optimization study, the response table for the 
averages of colemanite and ulexite ores is given in Table 
4, and the model summary is given in Table 5. The re-

gression equation obtained for the total amount of H2O 
removed was calculated with Eq. (2) (for colemanite) 
and Eq. (3) (for ulexite). 

 

Total amount of 
H2O removed 

= 

(3.880+4.493 colemanite temperature_400+0.777 colemanite temperature _450 + 0.08 colemanite tempera-
ture_500 -1.25 colemanite temperature _550+1.47 colemanite temperature _600- 2.63 colemanite temperature 
_650-0.165 amount of ore _1+0.272 amount of ore _3 - 0.107 amount of ore_5 0.207 duration_2 - 0.077 duration_4 
- 0.130 duration_6) 

 (2) 

 

 

Total amount of 
H2O removed 

= 
(17.263+ 17.40 ulexite temperature_50+ 10.79 ulexite temperature_100+ 7.81 ulexite temperature_150- 8.88 ulex-
ite temperature _200- 12.23 ulexite temperature _250- 14.89 ulexite temperature _300+ 1.485 time_2- 0.783 
time_4- 0.702 duration_6- 0.105 amount of ore_1+ 0.038 amount of ore_3 + 0.067 amount of ore_5) 

 (3) 

 

Table 4. Response table for means. 

Level 

Colemanite Ulexite 

Dehydration  
temperature (°C) 

Time (h) 
Amount of ore 

(g) 
Dehydration  

temperature (°C) 
Time (h) 

Amount of ore 
(g) 

1 8.373 4.087 3.715 34.660 18.748 17.158 

2 4.657 3.803 4.152 28.050 16.480 17.302 

3 3.960 3.750 3.773 25.077 16.562 17.330 

4 2.630 - - 8.387 - - 

5 2.410 - - 5.037 - - 

6 1.250 - - 2.370 - - 

Delta 7.123 0.337 0.437 32.290 2.268 0.172 

Rank 1 3 2 1 2 3 

Table 5. Model summary. 

 S R-sq R-sq(adj) PRESS R-sq(pred) AICc BIC 

Colemanite 0.826 94.59% 88.51% 27.61 72.62% 95.59 61.38 

Ulexite 1.96128 98.92% 97.70% 155.788 94.52% 126.73 92.53 

Effects of the factors on H2O removal are seen accord-
ing to the variance analysis results from Table 6. While 
the dehydration temperature of colemanite ore was ef-

fective within the 94.32% confidence interval, the ulex-
ite ore dehydration temperature was found within the 
98.21% confidence interval. Duration and ore amounts 
are less effective for both ores. 
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Table 6. Analysis of variance for colemanite and ulexite ores. 

Colemanite 

Parameters DF Seq SS Distribution (%) Adj SS Adj MS F-Value P-Value 

Temperature (°C) 5 94.320 93.53 94.3199 18.8640 27.67 0.000 

Time (h) 2 0.674 0.67 0.6744 0.3372 0.49 0.627 

Amount of ore (g) 2 0.393 0.39 0.3929 0.1965 0.29 0.757 

Error 8 5.454 5.41 5.4538 0.6817 - - 

Total 17 100.841 100.00 - - - - 

Ulexite 

Parameters DF Seq SS Distribution (%) Adj SS Adj MS F-Value P-Value 

Temperature (°C) 5 2790.43 98.21 2790.43 558.085 145.08 0.000 

Time (h) 2 19.87 0.70 19.87 9.934 2.58 0.136 

Amount of ore (g) 2 0.10 0.00 0.10 0.051 0.01 0.987 

Error 8 30.77 1.08 30.77 3.847 - - 

Total 7 2841.17 100.00 - - - - 

3.2. Dehydration experiments 

In the dewatering experiments, colemanite and ulex-
ite ores were weighed as 1, 3, 5 g, placed in porcelain cru-
cibles, placed in the furnace and the experiments started. 
After the heat treatment at temperatures of 300-650 °C 
for colemanite and 50-350 °C for ulexite, weight differ-
ences were taken and the amount of water removed was 
determined. It was aimed to remove more than 90% of 
the water content of the ores at the beginning of the ex-
periment. According to the chemical formulas of cole-
manite and ulexite minerals, it was determined that 1 g 
of B203 contains 0.2185 g and 0.354 g of crystal water, 
respectively. Calculations made after the dehydration 
experiments were completed showed that while the H2O 
content decreased, the B2O3, Na2O and CaO concentra-
tions increased. 

As a result of the experiments, 99.56% of the water 
in the colemanite ore was removed at 650 °C, 1 g of ore, 
and a period of 6 hours. As can be seen from Fig. 5, H2O 
removal amounts were more efficient in the use of 1 g of 
ore. As a result of the experiments conducted with 1 g of 
ore, the lowest water removal amount was found to be 
98.31% at the end of a 1-hour period at 650 °C (Fig. 
(5a)). In dehydration processes performed with 1 g ore 
samples, approximately 94% of the existing water could 
be removed even after 4 hours. Values close to these re-
sults were obtained for 3 and 5 g ore samples (Figs. 5(c-
e)). 

When looking at the changes in the H2O amounts of 
ulexite ore Figs. 5(b-d-f), it is seen that the water con-
tents begin to decrease in 1, 3, and 5 g ore samples in the 
temperature range of 50-100 °C. The increase in water 
loss was accelerated in the temperature range of 150-
200 °C and reached its maximum level in the tempera-
ture range of 200-350 °C. Above 350-400 °C, the de-
crease in the amount of H2O became stable, and almost 
all (99.5%) of the water in the ore was removed. It is 
seen that the weight decrease that occurs in dehydration  

processes after 50 °C corresponds to the physical release 
of water. As a result of the experiments, 99.67% of the 
water in the ore was removed at 350 °C, 1 g of ore and a 
period of 6 hours (Fig. 5(b)) (Şener and Özbayoğlu 
2000). 

As a result of the experiments, it is seen that there is 
an increase in B2O3 concentrations in both ores (Figs. 
6(a-c-e)). For colemanite ore, the amount of B2O3, which 
was 50.97% at the beginning of the experiments, 
reached its maximum value of 64.93% at the end of 650 
°C, 1 g ore, and 6 hours (Fig. 6(a)). As can be seen from 
Fig. 6, B2O3 amounts are higher when using 1 g of ore. As 
a result of the experiments, it is seen that there is an in-
crease in the amount of B2O3 in ulexite ore, similar to that 
in colemanite ore (Figs. 6(b-d-f)). The amount of B2O3, 
which was 43.1% at the beginning of the dehydration ex-
periments, reached its maximum value of 66.57% at the 
end of 350 °C, 1 g ore, and 6 hours (Şener and Özbayoğlu 
2000; Kayandanet al. 2004; Eti Maden 2022). 

As a result of the experiments, it was determined that 
there was an increase in the amount of CaO in both ores. 
The CaO amount of 27.18% determined for colemanite 
at the beginning of the experiments reached its maxi-
mum value of 34.63% at the end of 650 °C, 1 g of ore and 
6 hours. As can be seen from the graph drawn according 
to the data obtained as a result of dehydration experi-
ments, CaO amounts were more efficient in the use of 1 
g of ore (Figs. 7(a-b-c)). Similar results were found for 
ulexite. The CaO amount of 13.8%, which was calculated 
at the beginning of the experiments for ulexite, reached 
its maximum value of 21.3% at the end of the experi-
ments at 350 °C, 1 g of ore, and a period of 6 hours (Figs. 
7(b-d-f)). 

When the amount of Na2O found in ulexite ore, unlike 
colemanite, was examined; there was also an increase in 
the amount of Na2O. The amount of Na2O, which was 
7.6% at the beginning of the dehydration experiments, 
reached its maximum value of 11.79% at the end of 350 
°C, 1 g ore, and 6 hours (Figs. 8(a-b-c)).  
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Fig. 5. H2O removal amounts of 1, 3 and 5 g colemanite and ulexite ores after 1, 2, 4 and 6 hours of dehydration (%). 

 

Fig. 6. B2O3 concentrations of 1, 3, and 5 g colemanite and ulexite ores after 1, 2, 4, and 6 hours of dehydration (%). 
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Fig. 7. CaO concentrations of 1, 3, and 5 g colemanite and ulexite ores after 1, 2, 4, and 6 hours of dehydration (%). 

 

Fig. 8. Na2O concentrations of 1, 3, and 5 g colemanite and ulexite ores after 1, 2, 4, and 6 hours of dehydration (%).

3.3. Optimization 

The data obtained as a result of the experiments car-
ried out according to the parameters selected for the op-
timization processes carried out by applying the Taguchi 
Method and the verification experiments carried out 
with the dehydration experiments are given compara-

tively in Table 7. When Table 7 is examined; Among the 
parameters selected according to the Taguchi Method, 
the parameters with the highest values are as follows: 
for colemanite ore; 650 °C, 4 h and 3 g ore amount, and 
for ulexite ore: 300 °C, 6 h and 3 g ore amount. In Tables 
5 and 6, the effects of the factors on H2O removal were 
examined according to the analysis of variance results. It 
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was determined that dehydration temperature was 
more effective, while time and ore amounts were less ef-

fective, in the confidence intervals of 98.21% (for cole-
manite) and 94.32% (for ulexite).

Table 7. Validation of the experimental results. 

Ore 
Temperature 

(°C) 
Time 

(h) 
Amount of 

ore (g) 

Optimization-Verification 

H2O B2O3 CaO Na2O 

Colemanite 

400 2 1 9.44 59.06 31.50 - 

400 4 3 8.38 59.75 31.87 - 

400 6 5 7.29 60.46 32.25 - 

450 2 1 4.53 62.15 33.32 - 

450 4 3 4.84 62.06 33.10 - 

450 6 5 5.47 61.65 32.88 - 

500 2 3 4.15 62.51 33.34 - 

500 4 5 4.08 62.56 33.36 - 

500 6 1 2.70 63.45 33.85 - 

550 2 5 4.15 62.51 33.34 - 

550 4 1 2.91 63.32 33.77 - 

550 6 3 3.22 63.09 33.69 - 

600 2 3 3.40 63.00 33.60 - 

600 4 5 1.88 63.99 34.13 - 

600 6 1 1.94 63.95 34.11 - 

650 2 5 1.60 64.20 34.44 - 

650 4 1 0.69 64.77 34.54 - 

650 6 3 1.32 64.36 34.32 - 

650 6 1 0.44 64.93 34.63 - 

Ulexite 

50 2 1 34.66 43.65 13.97 7.73 

50 4 3 34.81 43.54 13.93 7.71 

50 6 5 34.51 43.74 14.00 7.75 

100 2 1 30.27 46.58 14.90 8.25 

100 4 3 24.79 47.00 15.04 8.35 

100 6 5 29.09 47.39 15.17 8.40 

150 2 3 29.50 48.15 15.41 8.53 

150 4 5 23.52 51.05 16.35 9.05 

150 6 1 22.21 51.96 16.63 9.20 

200 2 5 9.15 60.68 19.42 10.75 

200 4 1 8.51 60.55 19.38 10.73 

200 6 3 7.50 61.79 19.77 10.94 

250 2 3 5.82 62.91 20.13 11.14 

250 4 5 4.62 63.71 20.39 11.29 

250 6 1 4.67 64.05 20.49 11.35 

300 2 5 3.09 64.73 20.71 11.47 

300 4 1 2.63 65.04 20.81 11.52 

300 6 3 1.39 65.86 21.08 11.67 

350 6 1 0.49 66.46 21.27 11.77 

As a result, the parameter values that give the best re-
sults using the Taguchi method are; are for colemanite 
650 °C for temperature, 6 h for time and 1 g ore amount, 
for ulexite 350 °C, 6 h for time and 1 g ore amount. Since 
the obtained levels were not included in the orthogonal 
experimental design plan, additional experiments were 
conducted for these levels, the obtained values are shown 
in Table 7 (with red color) and the results were con-
firmed. 

3.4. Thermal analysis 

Structural or chemical changes that may occur in cole-
manite ore were determined by TG/DTA analysis and 
compared with dehydration test results. The changes oc-
curring here are explained by the temperatures at which 

the endothermic and exothermic peaks obtained during 
the measurement occur (Figs. 9 and 10). When the 
TG/DTG curves of the colemanite mineral were exam-
ined, no mass change occurred at temperatures up to 300 
°C. It was observed that heating from 300 to 800 °C led to 
mass losses in two consecutive steps. It is seen that the 
colemanite sample undergoes rapid water loss in the 
temperature range of approximately 350 °C-450 °C, 
where an endothermic reaction occurs and thermal de-
composition occurs. According to the DTA curve, it was 
determined that there were sharp peaks in the range of 
approximately 389°C-404 °C. Rapid water loss and irreg-
ular stresses in the crystal matrix cause expansion in the 
ore structure, allowing crystal transformation to occur as 
the temperature increases in the fractures that occur as a 
result of these internal stresses (Çelik and Suner 1995).  
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Fig. 9. TG/DTA curve of colemanite ore.

It has been determined that the decomposition of the 
ulexite mineral begins at 76°C and continues up to 240 °C. 
According to the TG/DTA curve, it was determined that 
there were 8% and 17% mass losses at the peaks at 146°C 
and 173°C. As heating continued, removal of the remain-
ing OH− groups occurred, with peaks at 398°C and 718°C. 

It has been determined that water is completely released 
at temperatures up to 600 °C. As seen in Fig. 10, while a 
mass loss of approximately 14% occurred in the first 
stage, a mass loss of 4% was observed after 400 °C. The 
maximum peaks for these mass losses were determined 
from the TG/DTA curve as 109°C and 447°C, respectively.

 

Fig. 10. TG/DTA curve of ulexite ore.

4. Conclusions 

In this study, the dehydration of colemanite and ulex-
ite ores and their optimization according to the Taguchi 
method were investigated in order to obtain anhydrous 
boron ores that can be used in cement production. The 
results found at the end of the study are stated as fol-
lows; 

It was determined that approximately 98% of the 
chemically bound water in the colemanite ore was re-
moved in the temperature range of 650-700 °C, the B2O3 
grade increased to 65% and the amount of CaO increased 
to 35%. It was determined that approximately 99% of 
the chemically bound water in the ulexite ore was re-
moved in the temperature range of 350-400 °C, the B2O3 
grade increased to 67%, the amount of CaO increased to 
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21% and the amount of Na2O increased to 12% (Yıldız 
2004; Kayandan et al. 2004; Eti Maden 2022).  

The optimum parameters determined according to 
the Taguchi method are (for colemanite) 650 °C temper-
ature, 6 h time, and 1 g ore amount and (for ulexite) 350 
°C, temperature, 6 h time, and 1 g ore amount (Kızılca 
and Çopur 2017). To determine the experimental plan 
selected according to the Taguchi Method, it has been 
proven that optimum results can be achieved with the 
orthogonal layout experimental design method L18(6132) 
3 factors, 18 experiments. 

As a result of dehydration processes, it has been ob-
served that colemanite and ulexite ores release the 
chemically bonded water they contain after a certain 
temperature and time by giving off heat to the environ-
ment and undergoing structural changes. The minerals, 
which were dehydrated by leaving their chemically 
bonded waters, crumbled to micronized sizes. Amor-
phous structures were observed at temperatures above 
600-650 °C. While the decrease in the amount of crystal 
water depending on the ore amounts was around 1% at 
the initial temperatures, approximately 99% of the crys-
tal water was removed at 350-450 °C in ulexite and at 
600-700 °C in colemanite (Şener and Özbayoğlu 1994). 

In dehydration experiments, solubility was decreased 
at temperatures above 450 °C (for ulexite) and 650 °C 
(for colemanite). It has been determined that run-of-
mine ulexite and colemanite ores should be calcined in 
the temperature range of 350-350 °C and 650-700 °C, re-
spectively. It has been shown that no treatment is re-
quired above these temperatures. It has been deter-
mined that as a result of the dehydration processes per-
formed on run-of-mine ulexite ores for use in industrial 
applications, the tenors of colemanite and ulexite ores 
increase and anhydrous boron ore can be obtained 
(Kayandan et al. 2004; Eti Maden 2022). 

The calcined colemanite ore crumbles into microns, 
but the main impurity, the clayey materials, leaves its 
amorphous structure and turns into a more shaped 
structure under the influence of the calcination temper-
ature. When the sample containers are examined, it is 
seen that the sample surface is smooth. When mixed, it 
was observed that the parts that were slightly larger in 
terms of density and size were collected at the bottom. 
This reveals that during dehydration, the vapor of chem-
ically bound water mixes the sample as it leaves the en-
vironment, and thus classification occurs. Such observa-
tions also reveal that the sample is calcined. It is seen 
that the weight reduction that occurs in dehydration 
processes corresponds to the physical release of water 
(Şener and Özbayoğlu 1994). 

Using the Taguchi Method, the number of experi-
ments to be carried out in the dehydration process was 
reduced to 18 experiments, and optimum results and pa-
rameters were achieved through this design. In this way, 
it has been shown that the necessary savings can be 
achieved in terms of economy and time, and the same re-
sults can be obtained with a small number of experi-
ments (Altıner 2018). This means that additional dehy-
dration/calcination costs can be avoided, production 
costs can be reduced, and transportation and energy 
costs can be saved. This situation is expected to bring 

many advantages, especially in terms of marketing (Oruç 
et al. 2004). Because it is known that chemically bound 
water and other impurities in boron minerals increase 
transportation and energy costs in boric acid production. 
For this reason, boric acid producers primarily prefer 
"anhydrous" boron ores. In this way, it has been shown 
that the cost of additional enrichment can be reduced, 
sales prices can be increased, thus making a significant 
contribution to the economy, and the desired quality of 
boron ores can be obtained in a very short time. 

The accuracy of the experiments was supported by 
comparing the data obtained as a result of both optimi-
zation and dehydration experiments with thermal anal-
yses. The next step of this study should be studies on the 
use of boron ores in cement production according to 
their water content ratios. 
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A B S T R A C T 

Roller compacted concrete (RCC) is a dry concrete mixture often utilized in the con-

struction of large dams. The interlayer of the RCC dam, which is the weakest plane 

of the structure, can easily fail under hydraulic shear load, geological impact, earth-

quake force and environmental impact. In this study linear and performance ana-

lyzes were carried out for eight different scenarios for foundation effect, gravity ef-

fect and empty and full reservoir situations. In analyses, the earthquake response 

and performance of the Akçakoca RCC Dam, taking into account the interaction be-

tween the dam and the water. The reservoir water behavior is simulated using the 

Eulerian-Lagrangian coupled (CEL) approach with finite elements modeling. Linear 

analyses reveal that hydrodynamic pressure leads to increased displacements and 

principal stresses. The earthquake performance evaluation of the Akçakoca RCC 

dam indicates that critical concrete damages are expected based on linear time-his-

tory analyses conducted for both empty and full reservoir scenarios. Besides, ac-

cording to this study, gravity effect clearly increases the earthquake performance of 

the dam. 
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1. Introduction 

In recent years, the roller compacted concrete (RCC) 
dam has become increasingly popular as a modern dam 
construction method. RCC dams possess comparable 
structural strength to traditional concrete dams, and 
their construction process, resembling the technique 
used for roller compaction soil-rock dams, enhances op-
erational efficiency in the field. 

The increasing need for renewable energy has led to 
the construction of numerous high concrete dams, espe-
cially in seismically active regions. For example, there 
are many dams higher than 150 m in Türkiye. These 
dams are designed to withstand high foundation accel-
eration values, such as 0.50 g. Ensuring the seismic 
safety of these concrete dams is of paramount im-
portance in the field of engineering. The seismic events 

possess the capability to interfere with the effective op-
eration of these essential infrastructures, causing disas-
trous breakdowns that may lead to substantial human 
and property losses. Consequently, ensuring the seismic 
resilience of these dams has emerged as a vital focus for 
engineers and researchers. 

Various theoretical methods have been suggested to 
forecast dam deformations and assess the current oper-
ational condition of dams (He et al. 2018; Dou et al. 2019; 
Yang et al. 2019; Zhang et al. 2019). However, in real-
world situations, the integration of roller compacted 
concrete (RCC) with conventional concrete (CC) be-
comes inevitable. In projects characterized by challeng-
ing geological conditions and demanding construction 
timelines, a blend of both roller compacted concrete 
(RCC) and conventional concrete (CC) may be employed 
in the design and construction phases of dams. RCC con-
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sists of the same components as conventional concrete: 
well-graded aggregates, cementitious materials, and wa-
ter (Calis and Yıldızel 2019). The utilization of RCC in 
dam construction enables elevated productivity levels 
(Cervera et al. 2000), this approach can help in reducing 
construction time, compensating for delays in founda-
tion treatment. It effectively relieves the pressure on the 
construction schedule, particularly for specific dam 
shapes. However, the distinct material properties and 
deformation characteristics of conventional concrete 
and roller compacted concrete raise concerns about 
structural safety. Specifically, notable deformation gra-
dients are frequently observed at the interfaces where 
there are substantial volumes of diverse concrete mate-
rials (Luo et al. 2016). 

The initiation, propagation, and coalescence of cracks 
within concrete structures are pivotal factors contrib-
uting to seismic damage and failure (Luo et al. 2016). 
Earthquake analyses on 2D finite fluid models in both 
linear and nonlinear time domains were conducted by 
Kartal et al. (2017), suggesting that the seismic behavior 
of the dam is impacted by the reservoir's length. Alem-
bagheri (2020) introduced an approach to evaluate dam-
age extent using linear seismic analysis results, with a 
specific focus on potential damage due to tension crack-
ing in concrete. The methodology was illustrated and po-
tential nonlinear responses and damage mechanisms 
were explored through the presentation of three exam-
ples involving concrete gravity dams. Wang et al. (2015) 
employed a two-dimensional fluid finite element ap-
proach incorporating the Lagrangian method for simu-
lating the reservoir water. Considering the influence of 
dam reservoir-foundation interaction, they conducted a 
numerical investigation to predict potential failure 
modes of concrete gravity dams. Hariri-Ardebili et al. 
(2016) performed parametric finite element analyses on 
a standard concrete gravity dam. They modelled the uni-
fied dam-foundation-reservoir system using a Lagran-
gian-Eulerian approach. Their results suggested that pri-
mary potential failure modes of gravity dams include 
cracking along the length, cracking at the base, sliding, 
and overturning. Contrastingly, Huang (2018) intro-
duced a comprehensive numerical framework for the 
analysis of seismic ruptures, which incorporates interac-
tions among dam, reservoir, sediment, and foundation. 
This framework integrates a nonlinear extended finite 
element formulation, addressing material, geometric, 
and contact nonlinearities. Furthermore, it incorporates 
an adaptive time-stepping extended multiple transmis-
sion boundary. Applying this methodology, Sharma et al. 
(2020) explored the seismic cracking behavior of a rep-
resentative concrete gravity dam system. They intro-
duced a space-time finite element method for the dy-
namic rupture analysis of a dam-reservoir system sup-
ported on a completely rigid foundation. Similarly, Bay-
raktar et al. (2009) conducted earthquake performance 
analysis on the Torul Concrete Lined Rock Fill (CFR) 
Dam, utilizing two-dimensional finite element models 
and considering both dam-soil and dam-soil-reservoir 
interactions. In the analysis, a Lagrangian approach was 
utilized for fluid elements, and interface elements were 
incorporated to mimic the sliding behavior between the 

concrete surface slab and the rock fill material. These el-
ements played a crucial role in accurately capturing the 
interactions and responses within the dam structure un-
der seismic conditions. Liu et al. (2023) examined the 
risks of dam cracking during the construction phase, tak-
ing into account the spatial variability of thermodynamic 
parameters. Li et al. (2021) investigated the heightened 
risk of cracking in the dam body due to seismic damage 
in gravity dams, considering the spatial variability of ten-
sile strength. This factor should be considered in seismic 
design. Additionally, there has been significant attention 
on time-varying reliability, as evidenced by previous 
studies (Wang et al. 2023; Liu et al. 2022; Li et al. 2022; 
Yin et al. 2023). 

In this study, the impact of both gravity and earth-
quake forces on dam performance was investigated. The 
analysis encompassed eight different conditions, ac-
counting for the dam body with and without foundation, 
considering gravity, and examining both full and empty 
dam conditions. Through these analyses, the performed 
solutions successfully determined the influence of foun-
dation and gravity on the dam's performance. 

 

2. Formulation of Eularian-Lagrangian Coupled 
Approach for Dam-Reservoir-Foundation Interaction 

The Eulerian-Lagrangian Combined Approach is a 
useful method for investigating complex interactions 
within structures by considering both a broader spatial 
context and the behavior of individual elements. This 
comprehensive analysis aids in making informed deci-
sions related to the safety, integrity, and risk assess-
ment of structures. In the context of fluid dynamics and 
continuum mechanics, the Eulerian and Lagrangian def-
initions are two fundamental approaches used to ana-
lyze the movement and behavior of materials (Skrzat 
2012). 

The Eulerian-Lagrangian Coupled Approach is a ro-
bust method for studying complex interactions within 
dams, considering both overall spatial context and indi-
vidual element behavior. This approach enables detailed 
analysis, aiding decisions on dam safety, structural in-
tegrity, and risk assessment. In fluid dynamics and con-
tinuum mechanics, Eulerian and Lagrangian descrip-
tions are fundamental. Eulerian focuses on fixed spatial 
points, tracking property changes (e.g., velocity, pres-
sure) over time. Lagrangian tracks individual particle 
motion, formulating equations based on specific particle 
properties, like position and velocity, at any given time. 

The correlation between material and spatial time de-
rivatives can be formulated as follows:  

𝐷Ф

𝐷𝑡
=

𝜕Ф

𝜕𝑡
+ 𝑣. (𝛻. Ф) (1) 

In the context provided: 
 In this expression, Ф denotes the arbitrary solution 

variable. 
 The symbol v represents the material velocity. 
 DΦ/Dt corresponds to the material time derivative. 
 ∂Φ/∂t signifies the spatial time derivative. 
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The equations conserving mass, momentum, and en-
ergy, initially developed within the Lagrangian frame-
work, are transformed into Eulerian conservation equa-
tions that involve spatial derivatives. The specific pro-
cess and methodology for this conversion are detailed in 
the reference provided by Benson and Okazawa (2004).  

𝜕𝜌

𝜕𝑡
+ 𝑣. (𝛻. 𝜌) + 𝜌𝛻. 𝑣 = 0 (2) 

𝜕𝑣

𝜕𝑡
+ 𝑣. (𝛻. 𝑣) =

1

𝜌
(𝛻. 𝜎) + 𝑏 (3) 

𝜕𝑒

𝜕𝑡
+ 𝑣. (𝛻𝑒) = 𝜎:𝐷 (4) 

where ρ represents density, σ denotes the Cauchy stress, 
b is the vector of body forces, e stands for strain energy, 
and D represents velocity strain. 

The equations in the Eulerian framework Eqs. (2) and 
(4) can be restructured into conservative formats as de-
scribed in reference by Benson (1997).  

𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑣) = 0 (5) 

𝜕𝜌𝑣

𝜕𝑡
+ 𝛻. (𝜌𝑣 ⊗ 𝑣) = 𝛻. 𝜎 + 𝜌𝑏 (6) 

𝜕𝑒

𝜕𝑡
+ 𝛻. (𝑒𝑣) = 𝜎:𝐷 (7) 

𝜕𝜙

𝜕𝑡
= 𝑆 (8) 

𝜕𝜙

𝜕𝑡
+ 𝛻.𝜑 = 0 (9) 

The Eulerian governing Eqs. (5) and (7) have a gen-
eral form:  

𝜕𝜙

𝜕𝑡
+ 𝛻.𝜑 = 𝑆 (10) 

where ϕ represents the flux function, and S represents 
the source term. Eq. (10) is divided into two equations 
and solved sequentially using operator splitting, as de-
scribed in reference. 

Eq. (8) encompasses the source term that signifies the 
Lagrangian step, whereas Eq. (9) incorporates the con-
vective term, representing the Eulerian step. 

The deformed mesh, derived from the Lagrangian 
step, is mapped onto the stationary Eulerian mesh to 
solve Eq. (9). Subsequently, the volume of material dis-
placed between neighboring elements is calculated. Pa-
rameters of the Lagrangian solution, such as mass, 
stress, and energy, undergo adjustments throughout the 
process to accommodate the movement of material be-
tween adjacent regions. The Lagrangian step utilizes the 
virtual work principle, as elucidated in reference to 
Bathe (1996), to facilitate these modifications.  

∫ 𝜌𝑎. 𝛿𝑢𝑑𝑣 +
𝑣

∫ 𝜎: 𝛿𝜀𝑑𝑉
𝑣

= ∫ 𝑡. 𝛿𝑢𝑑𝑆 + ∫ 𝜌𝑏. 𝛿𝑢𝑑𝑉
𝑣𝑆

 (11) 

The updated Lagrangian formulation is appropriate 
for the Lagrangian step because it corresponds to the 
present configuration in the Eulerian approach, which 
aligns with the reference configuration at time t. Predict-
ing the body's configuration at t+Δt, as specified in Eq. 
(11), is fundamentally difficult. This prediction incorpo-
rates unknown elements such as integration volume and 
density, both of which are affected by the body's defor-
mations. 
 

3. Case Study: Akçakoca RCC Dam 

3.1. Akçakoca Dam  

The Akcakoca Dam, located approximately 17 km 
north of Düzce, was constructed in 2016 by the State Hy-
draulic Works of Turkey (Fig. 1). It was specifically de-
signed and built as a roller-compacted concrete dam 
near the Akçakoca mouth. The resulting reservoir, 
formed by the dam, primarily serves irrigation purposes. 
The dam crest has a length of 150 meters and a width of 
8 meters. It reaches a maximum height of 66 meters, 
with a base width of 62 meters. The water level in the 
reservoir reaches its peak at 62 meters.

 

Fig. 1. Akçakoca Dam (DSİ 2023).  
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The effect of gravity is often neglected when deter-
mining earthquake performance. Therefore, it is im-
portant to determine to what extent gravity will affect 
the dam performance whether it is included in the calcu-
lations or not. In the context of this study, various models 
were developed, including gravity and non-gravity mod-
els, as well as models with and without a foundation 
rock. These models were further categorized into empty 
and full dam configurations, resulting in a total of 8 dis-
tinct models for the analysis, as outlined in Table 1. 

Table 1. Dam analysis models. 

Cases Water conditions Gravity Model 

Case 1 Empty 
Without 

Dam Body 
Case 2 Full 

Case 3 Empty 
With 

Case 4 Full 

Case 5 Empty 
Without 

Dam-Foundation 
Case 6 Full 

Case 7 Empty 
With 

Case 8 Full 

 

3.2. Material properties of Akçakoca Dam  

Akçakoca Dam's two-dimensional finite element 
model has a single-layered gneiss rock foundation. Table 
2 shows the material parameters of the Akçakoca roller 
compacted concrete dam body and its foundation. As a 
concrete property, a mixture containing 60 kg/m3 ce-
ment, 30 kg/m3 fly ash and 125 lt/m3 water was used as 
RCC mixture. 

3.3. Finite element modeling of Akçakoca Dam 

In this research, a 2D finite element model (FEM) is 
developed for the critical section of the Akçakoca Roller 
Compacted Concrete (RCC) dam using ABAQUS soft-
ware. The model defines the dam's height as 'H,' and the 
foundation rock extends 'H' units in both the down-
stream river and gravity directions. Additionally, the 
foundation rock and reservoir water model extend '3H' 
units upstream. The fluid and solid element matrices are 
computed using the Gauss numerical integration tech-
nique, as per the methodology outlined by Wilson and 
Khalvati (1983). Specifically, the dam body (C3D8) is 
subdivided into elements with 2×2 integration points, 

the foundation rock (C3D8) is also divided into elements 
with 2×2 integration points, and the fluid element 
(EC3D8) incorporates 2×2 integration points. 

Table 2. Material properties of Akçakoca  
roller compacted concrete dam  

(Sunbul et al. 2018; Kartal and Karabulut 2018). 

 
Modulus of 

elasticity (GPa) 
Poisson's 

ratio 
Mass density 

(kg/m3) 

Concrete 
(Dam Body) 

28 0.2 2500 

Gneiss 18 0.15 2800 

Water 2.2 - 1000 

 

We analyzed the maximum tensile and compressive 
stresses with respect to the dam height. Following that, 
we illustrated the maximum principal tensile and com-
pressive stresses experienced during an earthquake on 
the upstream side of the dam body. This study involved 
an investigation of four different scenarios to identify the 
most critical conditions of the dam, as detailed below 
(Figs. 2-5).  

First condition involves empty reservoir and galleries 
are excluded from dam body. This model has totally 1540 
nodal points and 714 elements. Second condition in-
volves full reservoir dam body. Contact elements were 
defined for the interaction surface. This model has totally 
8990 nodal points and 4270 elements. Third condition in-
volves empty reservoir and galleries are excluded from 
dam body. This model has totally 6092 nodal points and 
2844 elements. Fourth condition involves full reservoir 
and galleries are excluded from dam body. Contact ele-
ments were defined for the interaction surface. This 
model has totally 13542 nodal points and 6427 elements. 

3.4. 1999 Düzce Earthquake 

The Düzce Earthquake occurred on 12 November 1999 
at 18.57 local time (16.57 UTC) with a moment magnitude 
of 7.2. This seismic event resulted in significant damage, 
causing 845 fatalities and 4948 injuries in Düzce, Türkiye. 
The epicenter was located at coordinates 40.768° latitude 
and 31.148° longitude, with a moment magnitude of 6.2 
(Mb), surface wave magnitude of 7.4 (Ms), seismic mo-
ment (Mo) of 4.5×1019 Nm, and moment magnitude of 7.1 
(Mw) (Erdik 2000). For this study, the North-South (N-S) 
and vertical components of the 1999 Düzce accelerogram 
were utilized, as depicted in Figs. 6-7.

 

Fig. 2. Creating a finite element model for a dam in the absence of water in the reservoir. 
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Fig. 3. Creating a finite element model for a dam with a full reservoir. 

 

Fig. 4. Finite element model incorporating foundation rock for an empty reservoir. 

 

Fig. 5. Finite element model with foundation rock for a full reservoir. 

 

Fig. 6. 1999 Düzce Earthquake accelerogram for North-South direction (AFAD 2023). 
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Fig. 7. 1999 Düzce Earthquake for vertical direction (AFAD 2023).

3.5. Optimum mesh density 

In the upcoming numerical studies, it is crucial to cre-
ate a finite element mesh that produces accurate results. 
To determine the optimal mesh, it is necessary to ana-
lyze various models with different numbers of finite ele-
ment divisions and compare their outcomes. The finite 
element mesh plays a significant role, especially in areas 
where stress values suddenly increase. 

 

Fig. 8. Evaluation for optimum finite element mesh 
around upstream face thalweg. 

Analyses were conducted using different discretized 
finite element meshes to observe stress increments re-
sulting from sudden section loss around the gallery. The 
investigation focused on the dam body, where the num-
ber of optimum finite elements was determined based 
on the results obtained from numerical analyses. The 
outlined research methodology is depicted in Fig. 8. 

4. Dynamic Analysis 

Along the height of the dam's upstream face, the prin-
cipal tensile stresses within the concrete are depicted. 
Figs. 9 and 10 show that the highest primary stresses 
drop when the reservoir is empty. Furthermore, when 
subjected to gravity acceleration, all models exhibit a 
decrease in maximum tensile stresses. When gravity ac-
celeration is ignored, maximum tensile stresses rise in 
the full reservoir scenario compared to the empty situ-
ation. 

5. Performance Analysis 

The research investigates the seismic performance of 
the Akçakoca Roller Compacted Concrete (RCC) Dam, fo-
cusing on the impact of gravitational acceleration on its 
seismic behavior. The study considers both empty and 
full reservoir conditions, taking into account or neglect-
ing the effects of gravity. Time-history analyses are con-
ducted using the north-south and vertical components of 
the 1999 Düzce earthquake, as depicted in Figs. 6-7.  

The evaluation of demand-capacity ratios, ranging 
from 1 to 2, is carried out for the primary tensile stresses 
experienced by the concrete. Figs. 11-14 depict the cy-
cles of major tensile stresses derived from linear time-
history analysis under various conditions. In the case of 
a full reservoir, the major tensile stresses consistently 
exceed the tensile strength of the concrete, as shown in 
Fig. 12a, even when the demand-capacity ratio (D/C) is 
equal to 2. Moreover, the tensile strength of the concrete 
is recurrently surpassed in the scenario of an empty res-
ervoir. The presence of reservoir water, as indicated in 
Fig. 14, intensifies the primary tensile stresses.

    

Fig. 9. Maximum principal tensile stress change by height for dam body:  
(a) Without gravity; (b) With gravity. 
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Fig. 10. Maximum principal stress change by height for dam-foundation interaction:  
(a) Without gravity; (b) With gravity. 

    

Fig. 11. Maximum principal tensile stress change by time for empty reservoir condition considering dam body:  
a) Case 1; b) Case 3.  

    

Fig. 12. Maximum principal tensile stress change by time for full reservoir condition considering dam body:  
a) Case 2; b) Case 4. 

    

Fig. 13. Maximum principal tensile stress change by time for empty reservoir condition considering dam and foun-
dation rock interaction model: a) Case 5; b) Case 7. 
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Fig. 14. Maximum principal tensile stress change by time for full reservoir condition considering dam and founda-
tion rock interaction model: (a) Case 6; (b) Case 8.

Performance curves were drawn to determine the 
earthquake performance of Akçakoca RCC Dam concrete 
according to linear time history analysis. The earthquake 
performance of the dam is high when the reservoir is 
empty and gravity is included. Neglecting the gravita-
tional acceleration reduces the earthquake performance 
and exceeds the acceptable level in both the empty res-
ervoir case and the full reservoir case. It completely ex-
ceeds this level when the reservoir is full and gravita-
tional acceleration is neglected. Analyzes under the in-

fluence of full reservoir and gravitational acceleration 
are given in Figs. 15 and 16. As seen in Fig. 16a, it falls 
below the accepted curve in the range of 1.3-1.4 in the 
dam body analysis (Case 4). A similar situation is shown 
in Fig. 16b. In the case of the dam body and bedrock 
(Case 8), it falls below the accepted curve in the range of 
1.4-1.5. According to linear analysis, damage in the se-
lected point of the concrete seems inevitable since the 
performance curves are generally above the acceptance 
curve in both cases.

    

Fig. 15. Performance assessment of empty dam models: a) Only dam body; b) Dam and foundation rock interaction. 

    

Fig. 16. Performance assessment of full reservoir condition:  
a) Only dam body model; b) Dam and foundation rock interaction models.  
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6. Conclusions 

This study explores the seismic behavior and perfor-
mance of the Akçakoca Roller Compacted Concrete 
(RCC) Dam through a two-dimensional analysis, consid-
ering the interaction between the dam and the reservoir. 
The representation of reservoir water employs finite el-
ements through the Eulerian-Lagrangian coupled (CEL) 
approach. Dam models undergo analysis for both hori-
zontal and vertical earthquake components, examining 
scenarios with and without the influence of gravity. 

The numerical analyses clearly demonstrate that the 
presence of reservoir water significantly influences the 
earthquake response of the dam. Linear analyses show 
increased displacements and principal stresses due to 
hydrodynamic pressure. The earthquake performance 
assessment of the Akçakoca RCC Dam indicates that sub-
stantial damage may occur in the concrete, as revealed 
by linear time-history analyses in both empty and full 
reservoir cases. The linear analysis results further 
demonstrate that the level of damage increases with hy-
drodynamic pressure. The inclusion or neglect of gravita-
tional acceleration in the analyses leads to notable differ-
ences in tensile stresses. In analyses incorporating gravi-
tational force (Cases 3, 4, 7, 8), principal tensile stresses 
in the dam body are lower for both empty and full reser-
voir scenarios compared to other analyses (Cases 1, 2, 5, 
6). Similar differences are observed in the performance 
analysis. Under the influence of gravity and in the empty 
condition, analyses (Cases 3, 7) result in the perfor-
mance curve falling below an acceptable level, while in 
other analyses, concrete damage appears inevitable. 

Based on the findings of this study, the following sug-
gestions can be clearly outlined: 
 It has been observed that gravity effect should be con-

sidered as a pre-condition before seismic analyses, 
 In assessing the earthquake performance of the RCC 

dam, it is crucial to model the dam body and founda-
tion rock together. 

 Considering hydrodynamic pressure is crucial in 
earthquake performance analyses to obtain more crit-
ical and accurate results. 

 Conducting nonlinear analyses is recommended to as-
sess the earthquake performance of an RCC dam more 
reliably, especially after incorporating the effects of 
gravity in the analyses. 
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