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ANALYSIS USING INNOVATIVE TREND
ANALYSIS METHOD OF ANNUAL TOTAL
PRECIPITATION DATA OF CENTRAL
ANATOLIA REGION IN TURKIYE

Gokmen CERIBASIY
Ahmet lyad CEYHUNLU?

1. INTRODUCTION

Climate change has become one of the fundamental
environmental problems, significantly impacting the hydrological
cycle, water resources, ecosystems, and socio-economic
structures on a global scale in recent years (IPCC, 2021). Like
many semi-arid regions in the mid-latitudes, Turkiye is highly
susceptible to climate change due to rising temperatures, irregular
precipitation regimes, and the exacerbation of extreme climate
events (Tiirkes, 1996; Turkes et al., 2019).

Central Anatolia Region, which constitutes approximately
one-quarter of Turkiye, is one of the regions most vulnerable to
climatic changes due to its low annual precipitation, high
evapotranspiration rate, and extensive agricultural areas (Yildiz,
2014; Bayer-Altin et al., 2023). This makes long-term analysis of
precipitation trends in the region critical for both hydrological and
agricultural sustainability.
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Precipitation time series often have a complex structure,
including nonlinearities, sudden jumps, and asymmetric
distributions. Therefore, classical nonparametric methods may
not always be sufficient to reveal the details of changes in
precipitation. In this context, the Innovative Trend Analysis
method developed by Sen (2012) is widely used in hydrology and
climatology due to its ability to avoid distribution assumptions,
evaluate low, medium, and high value ranges separately, and
identify nonlinear trends (Sen, 2012). Innovative Trend Analysis
(ITA) method allows for more precise spatial and statistical
analysis of precipitation changes, especially in semiarid regions
(Kadioglu, 2000; Turkes et al., 2009; Sen, 2012).

Studies on Turkiye’s climatic variability and precipitation
trends reveal that climate change has significant impacts,
particularly in semiarid areas such as Central Anatolia Region.
Numerous studies assessing precipitation trends across Turkiye
demonstrate significant fluctuations in precipitation patterns, both
spatially and temporally (Tiirkes et al., 2009; Kadioglu, 2000).
More detailed regional analyses in recent years have highlighted
Central Anatolia Region as one of the regions most vulnerable to
drought and decreased precipitation.

When scientific studies on both the selected region and the
applied method are examined in the literature, Tokg6z and Partal
aimed to determine climate trends in the region by examining
annual precipitation and temperature data from 16 meteorological
stations in Black Sea Region between 1960 and 2015. In this
context, trend analysis was conducted using Mann-Kendall test
and Innovative Sen method. The results revealed that, especially
in temperature data, Innovative Sen method showed an increasing
trend at all stations, while Mann-Kendall test detected an increase
at only seven stations. Similarly, in precipitation data, Innovative
Sen method detected significant trends at a greater number of
stations, and it was concluded that annual precipitation and
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temperatures in the region generally tended to increase (Tokg6z
and Partal, 2020).

Aydin conducted a trend analysis of seasonal and annual
total precipitation data for five precipitation observation stations
within the borders of Elazig province in his study. Mann-Kendall,
Spearman-Rho, and Innovation Sen methods were used in the
study; Data sets were also evaluated using Pettitt homogeneity
test, and missing data were completed using appropriate statistical
methods. According to the analysis results, a significant
decreasing trend was determined in winter precipitation at Palu
station and in spring precipitation at Keban station, compared to
all three trends. No clear and common trend was observed at the
other stations. In general, the study showed a decreasing trend in
seasonal precipitation in some regions of Elazig (Aydin, 2023).

Katipoglu et al. examined monthly and annual
hydrological drought trends using Stream Drought Index (DRI)
using data from seven stream monitoring stations in Yesilirmak
Basin between 1970 and 2011 in their study. Mann-Kendall,
Innovative Sen, and Thiel-Sen methods were used in the trend
analysis, and a trend-free prewhitening procedure was also
applied to eliminate internal dependence in the series. The study
results showed that Innovative Sen method reveals drought trends
more accurately, both graphically and numerically. Increasing
hydrological drought trends were determined to be dominant in
both monthly and annual time periods throughout the basin,
highlighting the importance of drought risk management and
early warning systems for the region (Katipoglu et al., 2022).

Acar analyzed long-term temperature data from 52
meteorological stations in Central Anatolia Region. Kruskal-
Wallis and Mann-Kendall tests were used to examine the
variability in extreme temperature indicators, and an increasing
trend was identified in nighttime temperatures, particularly
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during the summer months. The study identified statistically
significant increases in the number of tropical nights, hot days,
and extremely hot days, emphasizing the potential socio-
economic impacts this could have on the region (Acar, 2018).

In a study conducted by Ozfidaner et al., precipitation data
from seven precipitation monitoring stations in Central Anatolia
Region between 1960 and 2013 were analyzed using Mann-
Kendall rank correlation test. The analysis found that
precipitation trends decreased by 42.9% and increased by 57.2%.
However, only 2.38% of these increases were found to be
statistically significant. Decreasing trends in precipitation were
particularly prominent at Ankara, Nevsehir, and Kirsehir stations,
while increasing trends were observed in Sivas and Nigde
(Ozfidaner et al., 2016).

Kizilelma et al. investigated temperature and precipitation
trends at meteorological stations in Central Anatolia Region
between 1970 and 2010 in their study. Analyses using the
nonparametric Mann-Kendall test and linear regression methods
revealed statistically significant increases in maximum and
minimum temperature trends across the study area. Average
temperatures increased within the 95% confidence interval at all
stations except Urgup, while overall decreasing trends were
observed in precipitation data (Kizilelma et al., 2015).

This study aims to examine in detail the long-term
changes in precipitation in Central Anatolia Region of Turkiye
using annual total precipitation data covering the period 1991-
2020 from six meteorological stations (Ankara, Kayseri, Kirsehir,
Konya, Nigde, and Yozgat). This comprehensive analysis reveals
the nonlinear behavior of precipitation in Central Anatolia Region
at a high resolution, providing decision-makers and researchers
with a scientific basis for sustainable water resources
management, agricultural production planning, and climate
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change adaptation strategies. Furthermore, the study’s
methodology can contribute to similar analyses under different
climatic conditions and contributes a significant innovative
approach to the scientific literature.

2. MATERIALAND METHOD
2.1. Study Area

Central Anatolia Region is the second largest geographical
region in Turkiye in terms of surface area, accounting for
approximately one-quarter of the country. It is surrounded by the
Black Sea Region to the north, Taurus Mountains to the south,
Eastern Anatolia to the east, and Aegean and Marmara regions to
the west. The region, with an elevation ranging from 1,000 to
1,500 meters above mean sea level, has a topography dominated
by extensive plains and plateau-like areas (Yildiz, 2014). In
Central Anatolia Region, where a semi-arid climate prevails,
precipitation falls primarily in winter and spring, while summers
are quite hot and dry. The region's average annual precipitation
ranges from 300 to 500 mm, well below Tirkiye average (Tiirkes,
1996). Figure 1 shows the location of Central Anatolia Region on
the map of Turkiye’s regions and the locations of the stations used
in the study.
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Figure 1. Location of Central Anatolia Region and Stations (Acar,
2018).

The course lines of the annual total precipitation data used
in the study for each station are given in Figure 2.
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Figure 2. The Course Lines of Annual Total Precipitation Data.
2.2. Innovative Trend Analysis Method

The total data is divided into two equal subseries. Each
subseries is sorted from smallest to largest in this method
developed by Sen. The first subseries (Xi) is placed on the X-axis
and the second subseries (X;) is placed on the Y-axis in Cartesian
coordinate system (Sen, 2012). A hypothetical Innovative Trend
Analysis method is shown in Figure 3.
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+ No Trend (1:1)

Figure 3. Hypothetical Innovative Trend Analysis Method.

If the data are aligned on the 1:1 line, there is no trend. If
the data are in the lower triangle of the 1:1 line and located in the
low area, this indicates a low decreasing trend; if they are in
medium area, this indicates a moderate decreasing trend; and if
they are in the high area, this indicates a high decreasing trend. If
the data are in the upper triangle of the 1:1 line and located in the
low area, this indicates a low increasing trend; if they are in
medium area, this indicates a moderate increasing trend; and if
they are in the high area, this indicates a high increasing trend.
(Sen, 2012; Ceribasi, 2018).

3. RESULT AND DISCUSSION

In this study, Innovative Sen Method was applied to the
annual total precipitation data taken from Meteorological
Observation Station for 6 stations located in Central Anatolia
Region of Turkiye (Ankara, Kayseri, Kirsehir, Konya, Nigde, and
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Yozgat) and the analysis results for each station are given in
Figure 4.
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Figure 4. Innovative Sen Method Analysis Results of Annual Total
Rainfall Data for Each Station.

11
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The analysis results shown in Figure 4 yield the following
results; An analysis of the annual total precipitation data from
Ankara station using Innovative Sen Method reveals a generally
increasing trend across all three regions (Low, Medium, and
High). This increasing trend can be considered monotonically
increasing. No trend is observed in the medium region between
approximately 400-450 mm. An analysis of the annual total
precipitation data from Kayseri station using Innovative Sen
Method reveals a similar result to Ankara station. An overall
increasing trend is observed across all three regions (Low,
Medium, and High). This increasing trend is observed as
monotonically increasing between 250-400 mm. An analysis of
the annual total precipitation data from Kirsehir station using
Innovative Sen Method reveals a decreasing trend in the low
region between 250-300 mm and no trend between 300-350 mm.
An increasing trend is observed in the medium and high regions.
On the other hand, a non-monotonic increasing trend is observed
between 250-400 mm, while a monotonic increasing trend is
observed between 400-500 mm. Analysis of the results of
Innovative Sen Method analysis of the annual total precipitation
data from Konya station reveals a similar result to Ankara and
Kayseri stations. Generally, the trend is increasing in all three
regions (Low, Medium, and High). This increasing trend appears
as a monotonic increasing trend between 325-425 mm. Analysis
of the results of Innovative Sen Method analysis of the annual
total precipitation data from Nigde station shows a generally
increasing trend in all three regions (Low, Medium, and High).
This increasing trend can be considered as monotonic increasing
between 200-400 mm. It was concluded that there is no trend in
the medium region between approximately 300-350 mm.
Analysis of the results of Innovative Sen Method analysis of the
annual total precipitation data from Yozgat station reveals a
decreasing trend in the low region. An increasing trend is
observed in the medium and high regions. On the other hand, a

12
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non-monotonous increasing trend is observed between 550-750
mm.

These findings are in significant agreement with the
precipitation and temperature trends identified in previous studies
on Central Anatolia Region. A study by Kizilelma et al. (2015)
examined temperature and precipitation data for Central Anatolia
Region for the period 1970-2010 and identified a decreasing
trend in annual precipitation values across the region. The
decrease in low precipitation values observed at Kirsehir and
Yozgat stations in this study supports the decreasing trends
reported by Kizilelma et al. (2015). Furthermore, the significant
increasing trends in temperature values in the same study,
combined with the decrease in precipitation, indicate that the
region is more vulnerable to drought. The decrease in low
precipitation values in the current study also confirms this
finding.

Ozfidaner et al. (2016) examined precipitation data in
Central Anatolia Region for the period 1960-2013 using Mann-
Kendall test and found that some stations exhibited decreasing
trends and others increasing trends, but only a limited portion of
these trends were statistically significant. These results are largely
consistent with spatial trend differences found in study. For
example, the decreasing precipitation trend observed at stations
such as Ankara and Kirsehir in Ozfidaner et al.’s study parallels
the decreasing trend observed at low values in Kirsehir in study.
Conversely, the increasing trends identified at stations such as
Konya, Nigde, and Kayseri support the findings of Ozfidaner et
al., who reported increasing trends at some stations. However, by
applying Innovative Sen Method in study, the low, medium, and
high value ranges in the precipitation series were analyzed
separately, revealing nonlinear trends that may be difficult to
detect with classical methods in more detail.

13
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An analysis of extreme temperatures in Central Anatolia
Region conducted by Acar (2018) revealed that the region has
warmed significantly in recent years, particularly in summer, with
significant increases in extreme temperature indicators such as
tropical nights and hot days. While this study did not directly
examine precipitation trends, these pronounced upward trends in
temperatures are important for the relationship between
precipitation and drought. The decreasing trends observed in low
precipitation values at some stations, such as Kirsehir and Yozgat,
in study, when considered together with the warming trends
identified in Acar (2018), suggest that the region is becoming
more susceptible to low precipitation conditions concurrent with
temperature increases. This could pose a higher risk of drought in
the future, particularly for Central Anatolia Region, which has a
semiarid climate.

Overall, study demonstrates that annual precipitation
trends in Central Anatolia Region vary significantly across
stations, and the nonlinear structure of precipitation can be
revealed in detail through Innovative Sen Method. While the
weakening trend at low values along Kirikkale—Yozgat line
increases the risk of regional drought, increasing trends observed
across all value ranges at stations such as Nigde, Konya, and
Ankara demonstrate that precipitation dynamics in the region are
not spatially homogeneous. In conclusion, while this study is
broadly consistent with trends identified by both Kizilelma et al.
(2015) and Ozfidaner et al. (2016), when considered alongside
temperature increase trends identified by Acar (2018), it suggests
that the hydroclimatic structure of Central Anatolia Region may
become more complex in the future. The attenuation of low
precipitation values revealed by Innovative Sen Method is
particularly critical for the region’s drought management, water
resources planning, and agricultural production.

14
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4. CONCLUSIONS

In this study, annual total precipitation data for the period
1991-2020 from Ankara, Kayseri, Kirsehir, Konya, Nigde, and
Yozgat meteorological stations located in Central Anatolia
Region of Turkey were analyzed using Innovative Sen Method,
and the nonlinear behavior of the precipitation series was revealed
in detail at each station. The analysis results showed that the
region exhibits a spatially variable precipitation regime reflecting
the semi-arid climate. While increasing trends were detected in
all low, moderate, and high precipitation values at Ankara,
Kayseri, Konya, and Nigde stations, decreasing trends were
detected in low precipitation values, while increasing trends were
detected in moderate and high precipitation values at Kirsehir and
Yozgat stations. This weakening in low precipitation values, in
particular, may indicate an increased risk of drought in some parts
of the region in the long term.

The findings are generally consistent with previous
studies on precipitation and temperature variability in Central
Anatolia Region. The spatial irregularity in precipitation and the
decreasing trend at low values indicate that the region is
becoming increasingly vulnerable to hydroclimatic risks
associated with climate change. Innovative Sen Method’s
separate analysis of low, medium, and high value ranges revealed
nonlinear trends that are difficult to detect with conventional
methods and significantly contributed to the understanding of the
region’s precipitation dynamics.

Based on these results, the following recommendations
have been developed:

1. Increasing the capacity of drought early warning systems
in areas such as Kirsehir and Yozgat, which tend to
decrease with low precipitation, is critical for water
management.

15
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2. Local and regional water resources planning should be
revised to take into account spatial differences in
precipitation patterns; different strategies should be
developed for stations with increasing trends and areas
with decreasing trends.

3. Agricultural production patterns, especially in regions
where low precipitation tends to decrease, should be
reviewed, drought-resistant crop varieties should be
supported, and water-efficient irrigation techniques
should be expanded.

4. Increasing the number of stations in the region and
strengthening the integrity of long-term measurement data
will increase the accuracy of future trend analyses.

5. In future studies, findings obtained with Innovative Sen
Method should be combined with climate change
projections and modeling to provide more comprehensive
assessments of the region’s long-term water security.

6. Nonlinear methods such as Innovative Sen Method can be
applied to semiarid regions outside Central Anatolia
Region and contribute to a better understanding of
precipitation patterns across Turkiye.
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ANALYSIS OF MONTHLY AVERAGE
TEMPERATURE DATA OF EASTERN
ANATOLIA REGION IN TURKIYE USING
INNOVATIVE TRIANGULAR TREND ANALYSIS
METHOD

Ahmet lyad CEYHUNLUY
Gokmen CERIBASI?

1. INTRODUCTION

Global climate change is causing significant changes in
temperature, precipitation patterns, evaporation, and extreme
weather events in Tirkiye, as it is worldwide (Keskin and
Saplioglu, 2023). Eastern Anatolia Region in Turkiye, with its
high altitude and continental climate, is particularly susceptible to
temperature increases and seasonal anomalies (Senocak and
Emek, 2017). Rising temperatures lead to shorter snow cover,
irregular stream flows, increased drought frequency, and altered
regional hydrological balance (Keskin and Saplioglu, 2023;
Elmastas et al., 2025).

Tdrkiye is among the countries with high vulnerability to
climate change, and climate change, particularly in the eastern
regions, directly affects agricultural activities, water resources,
and ecosystem services (Keskin et al., 2018). Numerous studies
in Eastern Anatolia Region indicate that temperature trends are
increasing throughout the region (Bakirci and Kirtiloglu, 2022).
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In a study conducted by Keskin et al., temperature trends were
analyzed for 14 provinces; a significant increasing trend was
detected in all provinces except Erzurum and Bitlis (Keskin et al.,
2018). Similarly, Keskin and Saplioglu used Mann—Kendall and
Innovative Trend Analysis methods and reported positive
temperature trends at 12 stations, with a decreasing trend
observed only in Erzurum (Keskin and Saplioglu, 2023). These
studies reveal that the general warming trend in the region has
been confirmed by both classical statistical and innovative
methods.

In parallel with increases in temperature, the region’s
drought characteristics are also showing significant changes
(Celik et al., 2018). Celik et al., in their seasonal drought analysis
using Standardized Precipitation Index, reported that drought
tendencies have strengthened in the provinces of Malatya, Elaz1g,
Tunceli, Van, and Kars, while seasonal humidity trends have
increased in some provinces such as Bingol, Bitlis, Hakkari, and
Igdir (Celik et al., 2018). These findings indicate a highly
spatially variable drought dynamic in the region.

Precipitation and temperature trend studies conducted on
Eastern Anatolia Region reveal the region's sensitivity to climatic
changes (Senocak and Emek, 2019; Bakirci and Kirtiloglu, 2022).
In a comprehensive study conducted by Senocak and Emek
(2019), data from 46 precipitation stations between 1960 and
2013 were evaluated in terms of homogeneity using the Run test
and Pettitt test, and trend analyses were performed on 38
homogeneous stations using the Mann—Kendall, Spearman Rho,
and Sen’s Slope methods. As a result of the study, it was
determined that precipitation generally tended to increase in the
summer months and to decrease in the winter months. It was also
reported that the decreasing precipitation trend across the region
in June turned to an increase in July (Senocak and Emek, 2019).
These findings reveal a significant change in the seasonal

21
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precipitation regime of Eastern Anatolia Region and support the
effects of climate change on the regional hydrological cycle.

A review of the literature regarding trend analysis
methods reveals that nonparametric methods (Mann-Kendall,
Spearman Rho, Sen’s Slope) are widely used in
hydrometeorological time series. However, innovative methods
developed to address some of the limitations of classical methods
have also begun to gain importance. One of these is Innovative
Trend Analysis, an alternative approach based on comparing time
series by dividing them into two subseries. Innovative Triangular
Trend Analysis, a two-dimensional version of Innovative Trend
Analysis, is a more advanced method that allows comparison of
multiple subseries (Guclu et al., 2020; Sarioz et al., 2024).
Therefore, the current study makes a significant contribution to
the evaluation of monthly mean temperatures in the Eastern
Anatolia Region using Innovative Triangular Trend Analysis
method, a gap in the literature.

2. MATERIALAND METHOD
2.1. Study Area

Eastern Anatolia Region in Tirkiye has the highest
average elevation and is the most topographically rugged region
in Turkiye (Unver, 1997; Senocak and Emek, 2019). The second
largest region in the country in terms of surface area, Eastern
Anatolia has a complex geomorphological structure characterized
by extensive plateaus, high mountains, deep valleys, and volcanic
formations (Erk et al., 2000; Celik et al., 2018).

The elevation in the region generally ranges between
1,500-2,000 meters, causing harsh and continental climatic
conditions; long and cold winters and short but relatively cool
summers constitute the main climatic characteristics of the region
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(Keskin and Saplioglu, 2023; Elmastas et al., 2025). During the
winter months, temperatures drop below zero for extended
periods in many settlements, and snow cover remains on the
ground in large areas for months (Keskin et al., 2018; Ozdemir et
al., 2019). Although the summer season is short, daily
temperature differences are quite significant (Belli, 1994; Keskin
et al., 2018; Ozdemir et al., 2019).

Microclimatic differences are common due to the
influence of topography; for example, the area around Lake Van
offers a milder climate, while high plateaus such as Erzurum and
Kars represent the coldest points (Litt et al., 2011; Senocak and
Emek, 2019). The region also has a strategic hydrological
position as it is the birthplace of major river basins such as the
Euphrates and Tigris (Ay et al., 2018; Camur-Elipek et al., 2021).
With its rich natural resources, extensive pastures, ecosystems
specific to the continental climate, and cultural diversity, Eastern
Anatolia Region in Turkiye is one of the most unique and striking
geographies in Turkiye in terms of both natural and socio-
economic characteristics (Camur-Elipek et al., 2021; Taskolu et
al., 2025).

This study was conducted in Eastern Anatolia Region in
Turkiye, a region characterized by high altitude, harsh continental
climate, and pronounced seasonal temperature differences.
Monthly average temperature data from meteorological stations
in BingOl, Erzincan, Erzurum, Kars, Malatya, and Van provinces,
representing the region’s diverse climatic and topographic
features, were used for the period 1991-2020. A map of both
Eastern Anatolia Region in Tirkiye and the selected stations is
shown in Figure 1.

23



Insaat Miihendisligi

GEORGIA

o

Eastern Anatolia|
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Figure 1. Map showing both the Eastern Anatolia Region and
selected stations (Bakirci and Kirtiloglu, 2022).

2.2. Innovative Triangular Trend Analysis

Innovative Triangular Trend Analysis method is similar to
Innovative Trend Analysis method in terms of its internal
methodology. The calculation steps for Innovative Triangular
Trend Analysis method are as follows.

e First, any time series is divided into consecutive
sub-series of equal length (t) [r1, r2, ..., rn], without
regard to the order xi, X2, X3, ..., Xn, SO that they do
not overlap each other.

e Each sub-series is sorted from smallest to largest
[n=1,2,..n]

e The sub-series are arranged side by side to create a
working plane for creating graphs.

e Graphs are created by comparing the series in the
created working plane, with the first series being
fixed, y1= [r1-rz, ri-rs, ..., ri-rn], y2= [r2-rs, r-rs, ...,
l’2-l’n]
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Unlike Innovative Trend Analysis method, Innovative
Triangular Trend Analysis method produces multiple graphical
series. These graphs allow for detailed analysis of time series and
facilitate easier visual interpretation of the data and quantitative
calculations. A hypothetical Innovative Triangular Trend Analysis
graph is shown in Figures 2.
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Figure 2. Hypothetical Innovative Triangular Trend Analysis
Method Graph.

Examining Hypothetical Innovative Triangular Trend
Analysis Method graph in Figure 2; Series 1-2 show a non-
monotonous increasing trend, Series 1-3 show a monotonous
decreasing trend, and Series 1-4 and 1-5 show a monotonous
increasing trend. Series 2-3, Series 2-4, and Series 2-5 show a
non-monotonous decreasing trend. Series 3-4 and Series 3-5 show
a monotonous increasing trend. Series 4-5 show a non-
monotonous decreasing trend.
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3. RESULT AND DISCUSSION

In this study, the annual average temperature data taken
from meteorological stations of Bingdl, Erzincan, Erzurum, Kars,
Malatya and Van provinces located in Eastern Anatolia region in
Turkiye were analyzed using Innovative Triangular Trend
Analysis method and the graphs showing the analysis results are
given in Figure 3.

Bingol Station

Seril-2 Seril-3 Seril-4 Seril-5
1 15 15 15
. .
1 . 14 14 N 1 .
13 . 13 13 . 1B |, . *
2|e . 8 12 12| e . 12
.
n 1 . 1 n
10 10 . 10 1
9 ] ]
@ W 11 12 13 M4 1§ L) W 11 12 13 14 15 L) W 11 12 13 4 15 L W 11 12 13 14 18
Seri2-3 Seri2-4 Seril-5
1 15 15
. .
14 14 14 -
.
13 13 1 o
.
12 . 12 12
11 . 11 11
10 . 10 1
.
9 L] L)
S 1 1l 1 B M I L VO < VIR U 011 B 4L
Seril-4 Seril-5
1 15
. .
14 . 1 .
13 1 .
. .
12| ee 12
11 11
10 1
L] L)
L) W 11 12 13 4 15 L) W 1 12 13 14 I
Seri4-5
15
1
1 o
12
11
1
]
W 11 12 13 14 L

26



Insaat Miihendisligi

Erzincan Station
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Kars Station
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Van Station
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Figure 3. Innovative Triangular Trend Analysis method analysis
results of annual average temperature data of each station.

For each station (Bingdl, Erzincan, Erzurum, Kars,
Malatya, and Van), 30 years of data (1991-2020) were divided
into five six-year subseries. First, the first six-year series was
compared with the other six-year series. Then, the second six-year
data was compared with the other six-year series, and the third
and fourth six-year series were compared with the other six-year
series, resulting in a total of 10 separate graphs. The analysis
results presented in Figure 3 also show a total of ten separate
graphs for each station. The analysis results yielded the following
conclusions.

For Bingol station, Series 1-2, Series 1-4, and Series 1-5
show a monotonous increasing trend, while Series 1-3 show a
monotonous decreasing trend. Series 2-3 show a monotonous
decreasing trend, while Series 2-4 and Series 2-5 show a
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monotonous increasing trend. Series 3-4, Series 3-5, and Series
4-5 show a monotonous increasing trend. Generally speaking, the
third six-year series shows a decreasing trend, while all other sub-
series show increasing trends. Therefore, an overall increasing
trend in temperatures is observed for Bingol station.

For Erzincan station, Series 1-2, Series 1-4, and Series 1-
5 show a monotonous increasing trend, while Series 1-3 shows a
non-monotonous decreasing trend. Series 2-3 show a non-
monotonous decreasing trend, while Series 2-4 and Series 2-5
show a monotonous increasing trend. Series 3-4, Series 3-5, and
Series 4-5 show a monotonous increasing trend. Generally
speaking, the third six-year series shows a decreasing trend, while
all other sub-series show increasing trends. Therefore, an overall
increasing trend in temperatures is observed for Erzincan station.

For Erzurum station, Series 1-2, Series 1-4, and Series 1-
5 show a monotonous increasing trend, while Series 1-3 shows a
monotonous decreasing trend. Series 2-3 show no trend, while
Series 2-4 and Series 2-5 show a monotonous increasing trend.
Series 3-4 and Series 3-5 show a monotonous increasing trend.
Series 4-5 show a monotonous increasing trend in the 4-6 °C
range. Generally speaking, no trend is observed in the third six-
year series, while all other sub-series show increasing trends.
Therefore, an overall increasing trend in temperatures is observed
for Erzurum station.

For Kars station, Series 1-2, Series 1-4, and Series 1-5
show a monotonous increasing trend, while Series 1-3 shows a
non-monotonous decreasing trend. Series 2-3 show a monotonous
decreasing trend, Series 2-4 a non-monotonous increasing trend,
and Series 2-5 a monotonous increasing trend. Series 3-4 is in the
5-7 °C range, and Series 3-5 shows a monotonous increasing
trend. Series 4-5 shows a non-monotonous decreasing trend.
Generally, a decreasing trend is observed in the third six-year
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series, while all other sub-series show increasing trends.
Therefore, an overall increasing trend in temperatures is observed
for Kars station.

For Malatya station, Series 1-2, Series 1-3, Series 1-4, and
Series 1-5 show a monotonous increasing trend. Series 2-3 is in
the 13-14 °C range, Series 2-4 and Series 2-5 show a monotonous
increasing trend. Series 3-4 is in the 14-15 °C range, and Series
3-5 shows a monotonous increasing trend. Series 4-5 shows a
non-monotonous decreasing trend. Generally, all sub-series show
an increasing trend. Therefore, a general increasing trend is
observed in temperatures for Malatya station.

For Van station, Series 1-2, Series 1-3 show a monotonous
increasing trend in the 7-9 °C range, while Series 1-4 and Series
1-5 show a monotonous decreasing trend in the 9-11 °C range.
Series 2-5 show a monotonous increasing trend. Series 3-4 show
a non-monotonous increasing trend, while Series 3-5 show a
monotonous increasing trend. Series 4-5 show a monotonous
increasing trend in the 9-10 °C range. Generally, all sub-series
show an increasing trend. Therefore, an increasing trend in
temperatures is generally observed for Van station.

The results of Innovative Triangular Trend Analysis
method indicate a significant long-term increase in temperatures
across the region, due to the emergence of monotonous or non-
monotonous increasing trends in comparisons between subseries.
The detection of increasing trends in the majority of subperiods
at all stations in Bing6l, Erzincan, Erzurum, Kars, Malatya, and
Van indicates that the region has entered a period of significant
temperature change over the last thirty years. These findings are
largely consistent with studies examining annual and seasonal
temperature trends in the region.

Keskin and Saplioglu reported that temperatures exhibited
positive trends at nearly all 12 stations in Eastern Anatolia
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Region, with only Erzurum exhibiting a negative trend (Keskin
and Saplioglu, 2023). Similarly, a study by Keskin et al. reported
increasing temperatures in most of the 14 provinces in the region
(Keskin et al., 2018). The general upward trend even at Erzurum
station suggests that warming in the region may have become
more pronounced in recent years. Seasonal drought analyses
conducted by Celik et al. have shown that drought tendencies
have intensified in provinces such as Malatya, Elazig, Tunceli,
Van, and Kars (Celik et al., 2018). This situation, when
considered together with the continuous temperature increase
trends observed at Kars, Van, and Malatya stations, suggests that
increasing temperatures may have triggered drought processes in
these regions. Senocak and Emek detected increasing trends in
summer precipitation and decreasing trends in winter
precipitation in the region; this finding points to the potential for
temperature increases to alter seasonal precipitation patterns in
the region (Senocak and Emek, 2019). Increasing temperatures,
particularly in winter, reduce snow cover, cause irregularities in
stream flows, and increase evaporation, leading to significant
changes in the region’s hydrological balance.

The results provide important clues about the region’s
climatic future. Increasing temperature trends have the potential
to put pressure on the region’s natural and socioeconomic systems
through impacts such as shorter snow cover duration, increased
evaporation, increased agricultural water demand, exacerbated
summer droughts, and increased frequency of extreme
temperature events. These trends are consistent with both the
temperature increases and drought trends reported in previous
literature, demonstrating that the region is strongly affected by
climate change. Therefore, such studies are crucial for developing
climate change adaptation strategies, sustainable water resource
management, and agricultural planning in Eastern Anatolia
Region.
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4. CONCLUSIONS

In this study, annual average temperature data for the
period 1991-2020 from six different meteorological stations in
Eastern Anatolia Region (Bingdl, Erzincan, Erzurum, Kars,
Malatya, and Van) were evaluated using Innovative Triangular
Trend Analysis method. As a result of the analyses, it was
determined that general temperature trends were increasing at all
stations. Sub-period comparisons showed that temperature
increases have become more pronounced, especially over the last
12-18 years. While monotonic or non-monotonic increasing
trends were detected in the majority of all sub-periods at Bingdl,
Erzincan, Kars, Malatya, and Van stations, although no trend was
observed in some limited sub-periods at Erzurum station, the
general trend was upward. These results reveal that the long-term
temperature increase in Eastern Anatolia Region continues
widely, with varying intensities across stations. Based on these
results, the following recommendations can be offered:

e In order to monitor the temperature increase in the
region in more detail, the meteorological
observation network must be strengthened, the
number of stations must be increased and data
continuity must be ensured.

e To reduce the impacts of temperature increases on
water resources, basin-based water management
plans should be updated and methods that reduce
evaporation losses should be encouraged.

e Since agricultural production is an important
economic activity in the region, crop patterns
compatible with increasing temperature and
changing precipitation regime should be developed.
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e Since Innovative Triangular Trend Analysis method
is a powerful tool, especially in detecting non-linear
trends, it should be applied to other hydro-
meteorological parameters such as precipitation,
evaporation, flow and soil moisture in the region in
the future, thus enabling a multi-faceted evaluation
of climatic changes.

e Itis recommended that universities, meteorological
institutions and local governments establish joint
research centers to monitor the effects of climate
change in the region.

In conclusion, it appears that temperatures in the Eastern
Anatolia Region continue to rise significantly, and this increase
will have significant impacts on the regional hydrological balance
and socio-economic activities. Expanding future studies to
include both innovative methods such as Innovative Triangular
Trend Analysis method and different climate parameters is crucial
for developing climate change adaptation strategies for the
region.
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LITERATURE-BASED STUDY

Ahmet GOKDEMIR!

Kadir Mohamed IBRAHIM?
Oguzhan ERKOC?

Glray KARAKAYA*

1. GIRIS

Historical buildings are an important part of the cultural
heritage since they retain the memory of a society and reflect
sociological, economic, cultural, and political aspects of the
geography (Kutlu & Bekar, 2021a; Tellioglu & Satici, 2023a).
Since they incorporate both tangible and intangible values, the
structures are at the core of developing social identity. Because of
this, the preservation of historical buildings is not only a cultural
responsibility but also a requirement for ensuring continuity
between the past and the future. Nonetheless, natural
catastrophes, poor environmental factors, material decay, and
human accretions will inevitably cause destruction or even loss
(Kutlu & Bekar, 2021b). That is why it is necessary to preserve
these buildings as per the UNESCO and ICOMOS principles to
remain connected with culture and history (Aksoy & Asar, N.D.;
Tellioglu & Satici, 2023b; Yunus, 2020). This continuity is only
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achieved through proper restoration practices that are supported
by systematic documentation and trusted archiving procedures.
Restoration decisions can only be made based on objective
information, which can only be achieved through proper and
thorough documentation such that the cultural worth of such
structures can be passed on to the future generations (Ana¢ &
Arun, 2023). Despite this need, there are significant restrictions
in the contemporary conservation practices. Various institutions
tend to store survey, restitution, and restoration documents in
printed format that creates a fragmentary and inaccessible
information. Illustrations and semantic information that are
created in different formats and stored in different archives
increase the likelihood of losing data and makes it difficult to
work interdisciplinarity (Ana¢ & Arun, 2023; Dauda et al., 2025).
Since the heterogeneous and multi-layered information is already
present in historical buildings by virtue of the methods used in
their construction and subsequent additions, the absence of a
unified and accessible information system is already a significant
barrier to effective conservation. The use of traditional 2D
drawings adds to this difficulty, as they have a constrained
capacity of geometric representation, and fail to provide semantic
information, which limits their applicability in analysis and
decision-making (Salah et al., 2025). As a reaction to these
constraints, Building Information Modelling (BIM), a widely
utilized software in new construction, has been looked upon as a
solution to cultural heritage. As BIM technologies are adjusted to
the requirements of the historical structures, they create the so-
called Heritage Building Information Modelling (HBIM) (Anag
& Arun, 2023). HBIM was introduced by Murphy, McGovern
and Pavia in 2009 when they conducted a study on an eighteenth
century facade. Since that time, HBIM has been used across a
broad spectrum of heritage applications into archaeological
artefacts, monuments, and historic urban environments
(Saricaoglu & Saygi, 2022). HBIM is an effective approach that
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allows recording accurate documentation, enhanced information
management, and conservation-focused decision-making,
achieved through the combination of laser scanning,
photogrammetry, and information modelling (Cosgun Et Al.,
2021; Lo Brutto Et Al., 2021). Therefore, the transition between
BIM and HBIM is a significant change in the sphere of heritage
management that provides more accurate and in-depth
instruments to comprehend and maintain historical buildings
(Salah et al., 2025). In this regard, the current paper is dedicated
to the study of the HBIM implementation use in the Turkish
restoration practice through an extensive literature review. The
present study will assess the current situation of HBIM adoption
in Turkey by examining the development of both academic and
practical use of this approach, as well as the key limitations
indicated in the national literature.

The present study employed a literature-based research
approach to analyse how Historic Building Information
Modelling (HBIM) is used in restoration practice in Turkey.
Because the purpose of the research is to learn what has already
been done, what remains subject to investigation, and what is the
current level of adoption of HBIM, the search was performed
using only the sources of secondary data without referring to
fieldwork or empirical measurements. Google Scholar,
DergiPark, and ScienceDirect were used as the search engines,
and the following keywords were applied in different
combinations: HBIM, Historic Building Information Modelling,
heritage documentation, BIM in restoration, HBIM Tirkiye, and
Scan-to-BIM.

2. FINDINGS/DISCUSSION

In this section, the use of HBIM in Turkey are examined.
Historic Building Information Modelling (HBIM) has been
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actively increasing in international recognition since its initial
introduction in 2009, particularly in scholarly research and in the
context of restoration work by the public(Kamaruzaman*, 2019;
Zhang & Zou, 2022). In line with this observation, Bastem &
Cekmis, 2022 found 194 data-driven studies on HBIM published
until 2020, with a pronounced rise in research over the years
(Bastem & Cekmis, 2022). Their results also indicate that the
level of interest in HBIM has increased especially since 2012.
This trend can be observed in Figure 1, with HBIM activity still
being comparatively small until approximately 2012 and grows
significantly after that.

60
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0
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Figure 1. Temporal distribution of the published studies (Bastem
& Cekmis, 2022)

Although BIM has gained popularity in the design and
management of new buildings (Jiao & Cao, 2023; Mutis &
Hartmann, 2019; Ullah et al., 2019), the Fai et al., 2011 report
indicates that it has been underutilized in the conservation of the
heritage (Fai etal., 2011). One of the factors that have contributed
to this gap is the reluctance of institutions and professionals who
perceive HBIM as a process having some uncertainties or risks
(Kémdrc, 2021). The apprehension of this nature contributes to
the reason why HBIM is not proliferated in heritage projects
globally. Overall, literature indicates that HBIM did not have real
momentum in Turkey until 2017. Prior to that, HBIM activities in
Turkey were almost non-existent and most restoration efforts
were relying on conventional documentation methods like
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manual records, 2D drawings, and piecemeal archival data, which
it acts as a significant hindrance to effective conservation
decision-making. (Armagan et al., n.d.; ASLAN A, n.d.; Ates &
Akalp, 2025; Karagor & Dereli, n.d.; Koyli et al., 2023; Yegin,
2008) . Even though HBIM started to receive real traction in
Turkey starting in 2017, especially with the METU Faculty of
Architecture conservation project, the first implemented practical
use of HBIM (Savas, 2019), most of the publications that were
authored during this time remained largely theoretical (Aksin &
Karas, 2021; Ates & Akalp, 2025; Komiircii, 2021; Oztiirk,
2023). These papers were dedicated to definition of HBIM
concepts, to outlining methodological possibilities and to the
creation of typologies or semantic categories as opposed to
generating full-fledged HBIM models, and their effect was
invariably limited to the scholarly setting, and there was very little
application to the actual practice of restoration. As an illustration,
the study on the role of HBIM in facilitating documentation and
conservation by (Ozeren & Korumaz, n.d.) can be used to
demonstrate the scholarly orientation in the initial years. The
same observations were made by Dua GARIP, 2023 who pointed
to the scarcity of national literature and the necessity to resort to
international studies. The fact that their interviews with four
specialized restoration companies showed that practitioners were
not familiar with HBIM was a further indication that there was a
low awareness of HBIM in the sector (Dua GARIP, 2023). The
research conducted by ERSAN & DEMIRARSLAN, 2020 on the
Odunpazari Houses gives a clear illustration of how the
restoration projects are undertaken in Turkey in the absence of
HBIM. It is nearly all a manual process: buildings are surveyed
on-site, survey drawings are created, restitution decisions are
made based on old photographs and oral history, and a lot of the
work of it requires the hunches of experts. In the Odunpazari case,
physical inspection of the structures was carried out by municipal
teams, interventions that were inappropriate were eliminated,
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original doors and windows were opened, plaster was cleaned and
traditional building materials like adobe and wood were restored.
Although they are effective in most scenarios, they tend to be time
consuming and prone to error due to the use of non-digitized data
and scattered documents and human observation. The limitations
are even more evident after taking into consideration the bigger
picture of the construction industry in Turkey where only a small
fraction of the companies have a practical experience with BIM.
Lack of knowledge among employers and contractors, the
inadequacy of BIM standards, a significant percentage of
professionals are unwilling to switch to new digital practices, and
insufficient governmental involvement make the industry not
quite ready to leave traditional methods (Aladag et al., 2026;
Ersan & Demirarslan, 2020; Tekin & Atabay, 2019). This
research effectively demonstrates the constraints of the
restorations conducted without HBIM and indicates that the lack
of digital archives makes the conservation processes more
complicated. All these restrictions did not allow HBIM to be a
systematic tool in Turkey. Alongside these theoretical
contributions, several studies indicate that HBIM has begun to be
applied to specific historic buildings, and it started to be perceived
as a promising approach to addressing long-standing issues in
heritage conservation gradually moving beyond purely
theoretical, scholarly discussions into the realm of practical
application. One of the turning points was the HBIM project of
METU Faculty of Architecture in Ankara the first complete
HBIM in Turkey. As part of the program Keeping, It Modern
conducted by Getty Foundation between 2017 and 2019, it started
with a pilot version of the F Block and then extended to the entire
complex. The project showed how HBIM could integrate
structural, material, environmental and archival information on
one platform and assist in making informed decisions during the
entire conservation process (Savas, 2019). In more recent studies,
the extent to which HBIM is used has grown since 2020. (Benli
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Yildiz et al., 2024) developed an HBIM library of a registered
house in Akcakoca with the help of old surveys and archival
photographs because the original building could not be rescanned.
They modelled elements of buildings, including doors, windows,
and shutters and soft-landed them into BIM as reusable elements.
Their work demonstrates that HBIM libraries can assist in the
digitalization of documentation, modelling of restitution, and
access to cultural heritage. Another significant gap, which is
discussed by (Ana¢ & Arun, 2023) is the absence of a single
digital repository of Turkish historical buildings. They introduce
the HBIM-supported archive model of the traditional civil
architecture of Gaziantep, which includes uniting the HBIM
models, document flow system, building information, and a
parametric library. Their four-module system will help minimize
data loss, enhance stakeholder coordination and promote long-
term conservation planning. Likewise, in their study (Farajalah &
Tore, 2023) utilized a Scan-to-BIM method based on
photogrammetry in order to construct an HBIM model of the
Mimar Sinan Fine Arts University Findikli Campus. They
processed over 24,000 drone and handheld images to generate a
detailed point cloud and generate custom parametric families of
heritage elements. Their research proves that photogrammetry
can be an efficient and cheaper alternative to laser scanning, and
it can still supply reliable information to conservation and
immersive technologies, such as VR/AR. In another study,
(Ozeren & Korumaz, 2021) used HBIM in combination with
terrestrial laser scanning (LiDAR) to record the Ayfer Sonmez
House in Ermenek. Their workflow came up with a LOD 350
model which aids documentation, analysis and preservation
decisions. They emphasize the fact that LIDAR and HBIM
incorporation can bring more accuracy, collaboration, and
heritage management in the long run. Based on a SWOT analysis,
Komurcu and Yildiz (2021) outline the conclusion that despite
the advantages of HBIM, which include the ability to manage data
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and enhance coordination, challenges linked to the irregular
geometries, lack of object libraries, and the lack of trained
specialists remain. According to them, HBIM can be significantly
significant in conservation of heritage provided that these
obstacles are overcome. there is another study by (Ozeren &
Korumaz, n.d.) on the application of various Levels of Detail
(LOD) in HBIM models. They developed models at LOD 200,
300 and 350 and 400 working with a traditional house in Tire
(I1zmir). According to their results, lower LODs are accurate to
form preliminary urban studies, but more detailed conservation
planning needs more details. They lay stress on necessity of the
Turkey-specific LOD framework, which should be adjusted to the
features of local heritage buildings. In another study, Yorik &
Ofluoglu, 2025 documented the Nero Bath using an integrated
workflow of photogrammetry, LiDAR, and HBIM, enabling both
the current state and reconstruction decisions to be digitally
analysed, while highlighting HBIM’s advantages in data
management and heritage conservation (Yorik & Ofluoglu,
2025). Combined with the other studies, it is evident that the use
of HBIM applications in Turkey has become predominant since
2017. The general tendency is that HBIM is a recent addition to
the heritage conservation sector of the country, and the transition
between the conventional, manual work of restoring the buildings
to more digital, comprehensive, and data-driven approaches is a
gradual but significant one.

3. CONCLUSION

Digital transformation has also turned out to be a
requirement in documentation and conservation of cultural
heritage. HBIM is one of the potentially promising approaches
that combine the geometric precision, semantic data, and the
archival information in the same system. According to the
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literature reviewed, Turkey has reached the stage of positive
development where the discussion about the topic has shifted into
practical applications, although the level of adoption remains low,
considering the large number of attributes in the inventory of such
heritage, as Turkey possesses. The barriers that include lack of
standardized standards, shortage of trained personnel, and
traditional method frameworks should be removed to speed up
the progress. Future research ought to consider sector wide HBIM
training, development of national object libraries, and
establishment of digital heritage archive. With such a momentum,
HBIM can play an important role in ensuring the sustainability
and long-term conservation of historic buildings in Turkey.
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STUDY OF SURFACE STRUCTURAL DAMAGE
AT CAKALOGLU HAN

Ahmet GOKDEMIR!

1. HISTORY OF iZMiR

The ancient city of Izmir (Smyrna) was constructed on a
small island in the northeast of the bay, covering an area of
approximately 100 acres. Over the course of several centuries, the
silt deposited by the floods from the Meles River and Mount
Sipylos (Yamanlar Mountain) formed the present-day Bornova
plain, with the small island undergoing a transformation into a
hill.

On this mound, now designated Tepekule, there is a
sample vineyard belonging to the Tekel Directorate's Izmir Wine
and Beer Factory. In this area, which has been a dense shantytown
since 1955, there is the Izmir Mound, which has been identified
as the first settlement site in Izmir. Significant contributions to
the initial excavations in this area were made by the Turkish
Historical Society and the General Directorate of Antiquities and
Museums.

The initial settlements on the western Anatolian coast,
which were of Aeolian, lonian, and Dorian provenance and
established in the aftermath of the Trojan Wars, were
predominantly constructed on diminutive peninsulas. Settlements
such as Candarli (Pitanes), Foca (Phokaia), Izmir (Smyrna),
Kilizman (Klazomenai), Miletus, and lasos are included in this

1 Assistant  Professor, Gazi Universitesi, Fen  Bilimleri  Fakultesi,
mebrure.itir@gmail.com, ORCID: 0009-0005-7131-1775 Gazi University, Faculty
of Technology Department of Civil Engineering, ORCID: 0000-0003-2151-6228.
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category. The rationale behind this phenomenon is that the
individuals who established and subsequently inhabited these
settlements were predominantly Hellenic and possessed a
maritime background. Consequently, the peninsula settlements
possessed two ports and were also secure against attacks from the
land.

In the event of adverse weather conditions, if one of the
designated ports was deemed unsuitable, seafarers were permitted
to utilise the alternative port. Bayrakli Hoyiigli was located at the
northeast corner of the bay, in a comfortable position against
attacks from land, with the steep rocky Yamanlar Mountain to its
north. Its southern aspect was open to the sea. The ancient
settlement of Izmir was located on this peninsula for a period of
approximately 3000 years. During the latter half of the 4th
century BC, a substantial population increase prompted the
relocation of the settlement to the foothills of Kadifekale (Pagos)
as it is known today (Ayonu, 2009).

Picture 1. An old official document from the Konak district of
lzmir

The Amazons were a group of female warriors who
underwent a process of mastectomy to enhance their physical
capabilities in combat and facilitate the use of weapons.

In the 15th century BC, the population in question
migrated from the area around the city of Miskyra in the Eastern
Black Sea region, descending from the foothills of Pagos
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(Kadifekale) to the banks of the Meles River and the vineyards of
Halkapmar. These long-haired, dark-skinned warrior women
were formidable opponents and demonstrated highly proficient
combat skills. The Amazons asserted that the local populace had
no option but to accept this new tribe.

During this period, a tribe known as the Elektdi inhabited
the region that is now recognised as lzmir. The indigenous
populace engaged in combat with the invading Amazons,
ultimately emerging victorious. The king of the Elektdi married
Smyrna, the defeated queen of the Amazons, and named the city
after his wife.

This word has been used in similar forms in various
languages, undergoing accent variations: The toponymic variety
of the name 'Zmirna’ is also found written as 'Smirne’, 'Simire’,
‘Semire’, ‘Lesmire’, ‘Lesmirr’, 'Ksimire', 'Siniros', 'Mirina’,
'Samorna’, 'Simira', 'Zmirna', 'Zimirra', 'Ismire', and "Yezmir'
amongst others. The ancient lonian dialect is known to have
added the determinative word "i" to the beginning of names,
referring to the city as "[zmirni." The contemporary use of the
word 'Izmir" is derived from this root (Ersoy & Ersoy, 2012).

2. SOME OBSERVATIONS AND STUDIES ON
THE HANLAR OF iZMiR

With the exception of warehouse structures referred to as
‘hans’, it appears that a total of 103 such structures were
constructed in Izmir. Of the aforementioned hands, only 87 have
survived to the present day; the locations of the remaining hands
are, as yet, unknown. The architectural condition of the remaining
16 hans remains uninformed, with the exception of their
nomenclature. A total of 18 of the identified hand locations are
still in existence in Izmir in some form or other. Utilising the
blueprints of these hans, complemented by the extant illustrations
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of 55 hans featured in insurance plans that have eluded
preservation, we have ascertained the designs implemented in the
hans of Izmir (Ersoy, 2012).

In consideration of the aforementioned findings, it is
possible to categorise the subjects in question into two distinct
groups, based on their respective plans.

2.1. Courtyard Inns

These caravanserais are single or two-storey structures,
with most featuring an asymmetrical layout. The second-storey
facades that face the courtyard feature arcades in part or in their
entirety. The courtyards of large caravanserais contain a square-
plan superstructure with six fountains topped by a mosque, while
smaller caravanserais feature fountains with pools. The
construction of these buildings incorporated a combination of cut
stone, rough-hewn stone, and brick, resulting in a distinctive
architectural style. The lower floors feature barrel vaults, while
the upper floors exhibit a variety of architectural features,
including barrel vaults, mirrored vaults, and domes, contributing
to the complexity and aesthetic appeal of the structures (Ersoy,
2012).

2.2. Caravanserais with a Plan Similar to the Arasta

The architectural configuration of such edifices is
characterised by a rectangular plan, encompassing a central
corridor that is flanked on either side by rooms. It is well
established that the structures known as arasta, of which
numerous examples can be observed in Turkish architecture, also
possess the same plan. However, while in arasta the side rooms
open onto the central corridor with arches that are a continuation
of the vault, in the type of spaces under examination, the rooms
open onto the central corridor with windows and doors.
Consequently, it was deemed appropriate to group these
structures, which are also referred to in one publication as
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"passageway-based inns," under the heading "inns with an arasta-
like plan." The construction of these edifices incorporated cradle
vaults, pointed cradle vaults, or wooden roofs as their primary
covering system. It is customary for there to be one entrance on
each side of the short ends of the central corridor (Ersoy, 2012).

Furthermore, an analysis of the distribution of inns in
relation to the city's topographical changes reveals a clear
correlation. It is well documented that an inner harbour was also
present within the Gulf of Izmir. This inner harbour, which
continued to exist until the second half of the 18th century and
whose entrances and exits were controlled by a castle, had a 1-
mile coastline according to Piri Reis in the early 16th century. It
appears that the harbour, which had previously been suitable only
for small ships, had undergone a substantial reduction in size
during this period. Richard Chandler's observations on the
harbour's evolution reveal that by 1765, the body of water had
assumed the form of "a large pool in the middle of the city, which
filled up in rainy weather™" (Chandler, 1999). This transformation
can be attributed to the narrowing of the harbour during the 18th
century. It can be posited that the inns located in this area were
constructed from the latter quarter of the 18th century onwards
(Ersoy, 2012).

An examination of the natural disasters that have befallen
the city thus far reveals that it has been subjected to 13
earthquakes between 1654 and 1845, as well as eight fires
between 1763 and 1922. This phenomenon has precipitated the
decline of wooden inns, among other architectural forms. In
addition to natural disasters, the scientific understanding of urban
planning has also played a significant role in this outcome. For
instance, the construction of Fevzi Pasa Boulevard, which
commenced in 1914 and was completed in 1935, resulted in the
demolition of approximately eight inns, either completely or
partially.
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In the area known as "Kemeralt1," which accounts for 90%
of Izmir's trade, the han buildings have become dysfunctional due
to neglect as a result of insufficient capacity in the premises. This
has led to the gradual demolition of the han buildings, which have
been replaced by modern shopping malls and commercial
buildings (Ersoy, 2012).

Picture 3. Cakaloglu Han (Ersoy, 2012)

3. CAKALOGLU HAN

The present study has revealed that the dates 1805-1806
are inscribed on the fountain and water dispenser located on the
east and west sides of the entrance on the north fagade of the
Historic Cakaloglu Han. This indicates that the building was
constructed during these years, during the reign of Sultan Selim
I11. The building is located in the streets between 895 and 861 in
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the Halimaga Bazaar (Kasap Hizir Neighborhood) in Izmir. The
edifice is located in Konak Kemeralti, in close proximity to the
Kizlaragas1 Han, and was constructed in the 18th century in the
Ottoman style. Its construction materials include cut stone, rubble
stone, and brick. The plan of the building is rectangular,
consisting of a central corridor flanked on either side by nine to
eighteen rooms. The structure is rectangular in shape, extending
in a north-south direction. Access to the hand is provided by two
large doors opening from the north and south facades (Yaygel,
2007).

Picture 4. South entrance gate of Cakaloglu Han

The fountain, situated on the right side of the inn's
entrance, adjacent to the facade, appears to be an independent
five-sided structure. However, its history and construction are
inextricably linked to the inn. Two of the facades are decorated,
two are plastered, and one is attached to the inn wall. The marble
facade of the fountain that faces the inn's entrance features an
entrance door covered by a three-lobed arch at the bottom. The
corners of the arches are adorned with vases from which flowers
emerge, along with plant motifs. At the uppermost point of the
facade is an inscription, dated 1220/1805-6. The inscription reads
as follows: The subject of this discourse is the aesthetic qualities
of the water, which is characterised by its new appearance and its
inherent beauty. This establishment, notable for its cleanliness
and elegance, was founded by Gaffarzade kul. The allocation of
pure gold coins from the treasure of the heart was made for the
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purpose of expenditure in this place. These altruistic actions were
unprecedented among the great mosques. The absence of water in
this area meant that the thirst could not be quenched. The river's
flow bears resemblance to that of the Nile, with the city of Egypt
being a notable point of comparison. It is to be hoped that the
recipient will receive the bounty of God, the provider of all
sustenance, and that they will utter the words 'min nebiyyu'llah’.
The moment has arrived for the disclosure of the date with love.
It is recommended that the water be consumed with the invocation
of Bismillah and the expression of praise for HACI Ahmed.

The corridor and the rooms inside are covered with barrel
vaults. The rooms on either side of the corridor have been raised
up to the beginning of the corridor vault, and windows have been
opened in the walls created by this height difference to allow light
into the interior. Furthermore, each establishment is equipped
with one or two windows. Mezzanines have been incorporated
into the cells, with some featuring wheel motifs constructed from
bricks. Moreover, a sun motif has been incorporated in the section
corresponding to the eaves gap at the western end of the south
facade of the inn.

Despite being overlooked in the present day, the market
shops have proven to be structurally sound and have been
repurposed for use as warehouses. Notably, these structures are
under private ownership. Upon opening the substantial iron door
and entering the chamber, one is immediately struck by the
architectural intricacies and enigmatic texture that characterise
the space. The edifice, a historic landmark, is characterised by a
play of light that is both inviting and captivating. This
phenomenon is further accentuated by the interplay of light that
is able to penetrate the high windows, thereby creating an
ambience that is both mystical and immersive. The Historic
Cakaloglu Han, which has lain derelict until now, is planned to
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be converted into a Carpet and Handicrafts Bazaar (Yaygel,
2007).

Picture 7. The balcony inside Cakaloglu Han
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Picture 8. Cakaloglu Han room door

4. CAUSES OF THE DETERIORATION OF THE
HISTORICAL STRUCTURE

Prior to the execution of restoration works, a
comprehensive investigation and identification of the factors that
led to the structures' deterioration is undertaken through
meticulous observation and technical examination. The architect
and restorer charged with the restoration must undertake a
thorough examination of the structure. It is imperative that
observations are conducted at various times: under excessive
sunlight in summer, during rainfall, and when covered with snow.
The observations and recordings should document the effects of
these conditions on the structure, including any changes in
behaviour. Cracks, efflorescence, moss growth, and other similar
deterioration should be identified, and the factors causing these
should be investigated.

Interventions made without a comprehensive
understanding of the underlying causes of damage and the
deterioration process may be ineffective, or the procedure may
fail to achieve its intended outcome due to an inaccurate
diagnosis. Elimination of the causal factors is imperative to
prevent ongoing deterioration and ensure optimal outcomes.
Furthermore, the damage may increase due to delay, and other
problems may arise. Prior to undertaking a detailed examination
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of historical structures prior to restoration, it would be beneficial
to review the factors causing the damage (Ocal & Dal, 2012).

4.1. Damage Caused by the Location of the Structure

The location of the structure (slope or riverbed) may result
in increased vulnerability to damage from climate-related effects.
It is imperative to note that structures located on slopes or within
hollows are susceptible to the risk of flooding, provided that no
precautionary measures are implemented (Ocal & Dal, 2012).

4.2. Ground Properties

In the event of the substructure upon which a structure is
erected exhibiting inadequate strength or heterogeneity, this may
result in the structure undergoing movement over time. This
movement may manifest as rotation or differential settlement,
leading to visible deterioration. In the event of the ground beneath
the foundation being inhomogeneous, cracks will appear in the
structure. Through meticulous examination of the location and
direction of the cracks in the structure, it is possible to obtain a
preliminary understanding of whether the damage is attributable
to the ground. In the event of the structure being founded on stable
terrain at either end whilst the central portion is found to be
unstable, fissures will manifest themselves at the corners of the
door and window apertures on the facade, extending laterally at a
45-degree angle. In the event that the central portion of the
structure's facade is the only component that is firmly anchored
to solid ground, the resultant fissures will be characterised by a
wedge-shaped morphology, exhibiting a constriction at the base
that gradually expands towards the apex. The identification and
repair of damage caused by ground falls are the responsibility of
ground engineers; they should be consulted for a detailed
investigation. The necessity for a solution is contingent on the
specific circumstances. In some cases, procedures such as ground
reinforcement or the construction of foundations reaching solid
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ground may be necessary. These processes are quite difficult and
expensive (Ocal & Dal, 2012).

Figure 1. Izmir Province Regional Earthquake Map, Republic of
Turkey Prime Ministry Disaster and Emergency Management
Presidency Earthquake Directorate (Cavus, 2011)

The fact that a structure is located on a fault line, or that it
is built on rock with cracks, are also factors that increase the risk
of deterioration and destruction (Ahunbay, 2023).

4.3. Errors in Structural Design

In the event of sizing errors pertaining to the structural
systems of edifices from the preliminary design stage, there is the
potential for significant damage to occur. Such errors may be
exemplified by the construction of walls, columns and buttresses
with sections that are incapable of withstanding the horizontal and
vertical loads to which they are subjected. A wall with inadequate
cross-section for the load it carries may undergo sagging over
time. Insufficient struts may result in the formation of openings
in the arch, vault, or dome, with the potential for the system to
collapse. Inadequate foundation design can also result in the
formation of cracks and vertical separation in upper sections,
walls, and load-bearing columns (Ocal & Dal, 2012).
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4.4. Use of Defective Materials

From antiquity to the present era, a hallowed tradition in
the domain of architecture has been the meticulous selection of
materials for pivotal works. Monuments such as temples and
theatres found in many archaeological sites in Anatolia have
survived to the present day because they were constructed with
large, durable stones. The construction of traditional architecture
is typically characterised by the utilisation of natural materials,
including stone, adobe, brick, and wood. The utilisation of
substandard materials has been demonstrated to expedite the
degradation of structures. The presence of clay layers and other
foreign substances within stones can cause rapid erosion, leading
to the separation of the stone from the layer or vein containing the
foreign substances. Sedimentary cultures manifest in nature in
horizontal layers. It is also important that the stone is placed in
the building in accordance with its layering in nature. During the
processing stage, particular attention should be paid to the
components that will be visible on the facade, ensuring that their
shape is tailored to the respective layer, or, in other words, to the
grain. In the event of the block being prepared in a manner
contrary to the grain of the stone, and moreover being placed
without due consideration for its layering, deterioration will occur
in the form of layers peeling off from the facade. The inherent
fragility of the stone's composition leads to its susceptibility to
disintegration and crumbling (Ocal & Dal, 2012).

In brick structures, the proper firing of bricks is an
important factor that increases the strength of the structure. The
utilisation of substandard bricks in the construction of walls
frequently results in deleterious consequences, manifesting in the
form of accelerated deterioration, surface erosion (i.e. pitting),
and structural disintegration. In masonry structures, the quality of
the mortar that binds the primary material is also an important
factor affecting the strength of the building. In the case of walls
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constructed with mud or weak lime mortar, the deterioration of
the mortar leads to the disintegration of the structure.

The utilisation of hardwood in wooden structures serves
to extend the lifespan of the building. In Turkey, however, the
majority of wooden structures are composed of softwood, which
possesses a reduced lifespan, and with the decaying structures,
traces of a way of life are also disappearing (Ocal & Dal, 2012).

4.5. Poor Workmanship and Use of Details

The components that constitute the structure must be
integrated using a suitable bonding material and technique in
order to ensure their strength. In cut stone structures, iron
connection elements such as clamps and pins, which are
susceptible to corrosion and are used to join blocks together, are
not well insulated. Consequently, the ingress of water through the
joints precipitates the oxidation of the iron components. The
expansion of bolts and pins during the process of rusting has been
shown to cause cracking in wall blocks and architectural
components, including cornices and column capitals, due to the
internal stress that is created. In the absence of intervention and
the subsequent progression of deterioration, the architectural
element will inevitably disintegrate.

In certain instances, it can prove to be a challenging task
to rectify initial design errors. The rectification of such damage is
typically addressed through the implementation of ongoing
maintenance procedures. In the absence of an aesthetic
disadvantage, the utilisation of a more suitable material is
permissible. For instance, the replacement of iron bolts and rivets
with stainless steel or titanium constitutes an appropriate solution.

In the absence of alternative solutions to preserve the
structure, the initial design error is addressed through the
implementation of a suitable detail solution. In regions
experiencing high precipitation, sloping roofs equipped with a
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robust protective coating are essential for safeguarding buildings.
Flat roofs necessitate regular maintenance, and in the case of
terrace roofs, ensuring effective waterproofing can be
challenging, leading to deterioration due to condensation (Ocal &
Dal, 2012).

4.6. Long-Term Natural Factors

Structures deteriorate over time due to the combined
effects of natural elements and external forces. Without regular
maintenance, significant damage can occur. Materials undergo
thermal expansion during the summer months and undergo
freezing during the winter months. The alternating temperature
cycles result in material fatigue and deterioration. The movement
of water within the building through the process of capillary
action has also been demonstrated to cause damage to building
materials. The phenomenon of moisture rising from the ground
and saturating the structure has been shown to increase the load
on the load-bearing system. Furthermore, the process of
evaporation of salts carried within the moisture can lead to the
formation of efflorescence on wall surfaces, which can have a
detrimental effect on the physical and chemical structure of the
wall.

Rainwater that is not rapidly eliminated from the structure,
owing to a compromised roof or gutter, fosters an environment
favourable for the proliferation of moss and weeds. The
accumulation of moss is a common occurrence in areas where the
integrity of the structure has been compromised, with the
subsequent growth of fungi being a natural consequence. Such
deterioration can be the harbinger of more extensive impairment,
necessitating the implementation of continuous maintenance
measures to avert more profound damage.

Furthermore, the abrasive effect of rainwater flowing over
surfaces can also cause significant damage, especially to
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monuments made of easily eroded stone. Freezing, a process
associated with the presence of water, is also a significant factor
contributing to the deterioration of monuments. The process of
water entering cracks and freezing can be likened to the
application of a wedge, thereby causing the cracks to widen and
large pieces to break off.

The combination of frost with factors such as neglect,
carelessness and poor detailing can result in damage that is
difficult to repair and often costly to rectify. For instance, in the
context of Ottoman architecture, the absence of lead in the
railings that adorn the bottom of window frames during the winter
months results in the expansion of water due to the freezing
process. This expansion creates a fracture in the frame,
specifically in the portion that is not affixed to the window iron
(Ocal & Dal, 2012).

The dispersal of seeds by wind and their subsequent
deposition on various surfaces, including roofs, wall cavities, and
empty joints, has been observed to result in the germination of
seeds, thereby facilitating the growth of trees such as figs and
oleanders. These trees have been documented taking root and
growing on the facades and roofs of numerous neglected
buildings. The combination of wind, sea salt and sand has been
identified as a primary factor in the accelerated and severe surface
erosion observed in this region. Furthermore, the incessant impact
of waves on coastal structures, piers, and ports leads to the
phenomenon of erosion and wear. Another damage caused by
waves is the weakening of the foundations of adjacent structures
by eroding the ground under the docks, causing them to slide
towards the sea. This phenomenon is further exacerbated by the
lateral impact of tankers, steamships and other similar marine
vessels, leading to intensified erosion of the ground and increased
damage as the water recedes (Ocal & Dal, 2012).
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The presence of groundwater and rivers has been
demonstrated to have deleterious effects on the stability of
foundations, as the soil is dragged away from beneath them,
resulting in their unsupported state. In the event of sudden cracks
and vertical separations being observed in buildings, measures are
taken to attempt to save the structures.

It has been demonstrated that a variety of animals,
including but not limited to birds, insects and mice, partake in
activities that result in the destruction of monuments. It has been
demonstrated that seagulls are capable of consuming their prey
on the roofs of buildings, a process which involves the piercing
of the lead covering. This has been shown to result in the
occurrence of leakage in the structure of the building. The
practice of pigeons breaching the windows of mosques to gain
entry has been observed, with the subsequent construction of
nests within the minaret cavities. This has led to the accumulation
of significant quantities of manure and debris within the
structures. Meanwhile, the presence of woodworms has been
observed to result in the weakening of the structure due to their
gnawing activity, which is gradually eroding the integrity of the
wood from within. The process of deterioration of stonework is
accelerated by the accumulation of lichens and microorganisms
on the surface (Ocal & Dal, 2012).

4.7. Natural Disasters

It is an established fact that sudden and violent natural
disasters, such as earthquakes, landslides, floods and typhoons,
have the capacity to cause significant damage to historical
environments and monuments. In this country, situated within a
seismic zone, monuments have been damaged, destroyed, and
rebuilt throughout history due to seismic activity (Ocal & Dal,
2012).
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4.8. Damage Caused by Humans

The destruction of historical structures can be attributed to
a number of factors, including neglect, abandonment, and
deliberate destruction. The abandonment of a historical
settlement and the neglect of its urban fabric and important
monuments are frequently associated with social and economic
problems. In many regions of Anatolia, it has been observed that
ancient Greek villages, which were depopulated during the
Population Exchange in the 1920s, have fallen into a state of
dilapidation and disrepair. In Istanbul, the mansions in the Zeyrek
and Suleymaniye neighborhoods have been left derelict due to the
migration of their original owners to new areas of the city. These
mansions have subsequently been converted into slums and
rented out as temporary housing. Historical buildings that have
been abandoned by their owners due to their discontent with the
Ministry of Culture's decision to preserve them in their original
state and their desire for them to be "demolished and rebuilt" are
gradually falling into ruin on an annual basis (Ocal & Dal, 2012).

4.9. Misuse and Repairs

Uninformed alterations to historic structures have the
potential to result in excessive loading or discontinuities in the
structural system.

As articulated in Article 9 of the Venice Charter,
restoration is a task that necessitates expertise. It is imperative to
recognise that repairs executed by individuals lacking the
necessary expertise in architecture and restoration, utilising
substandard materials and techniques, are likely to fall short of
the desired standard. Errors committed by conservation
committees in determining the degree of protection for
monuments, which define the historical and aesthetic values of
monuments and the limits of intervention, also cause damage to
monuments (Ocal & Dal, 2012).
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4.10. Air Pollution

The presence of industrial waste, which pollutes the
atmosphere, heating systems, coal-fired ships, and harmful gases
emitted by motor vehicles, results in the formation of a dirty layer
on buildings and also leads to acid rain that dissolves stones. The
dissolution of stones is facilitated by acids that are formed when
carbon dioxide, sulfur dioxide, and sulfur trioxide gases present
in the atmosphere dissolve in rainwater. It has been demonstrated
that decorations on wet surfaces are subject to a loss of detail,
which can be attributed to the corrosive effect of the acid. In
instances where facades become wet on occasion, a black,
impermeable layer begins to form. The soot that accumulates on
the facades obscures the architectural details, and the stones
beneath this layer of dirt lose their properties and dissolve. With
the passage of time, the affected crusts exhibit indications of
sulfation, manifesting as swelling and flaking. The process of
desquamation of calcium sulfate-rich stones is dependent on the
depth of deterioration. The desquamation process may occur in
layers, extending from the surface to the edge of the affected area
(Ocal & Dal, 2012).
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USE OF WASTE AND ALTERNATIVE
MATERIALS FOR THE PRODUCTION OF
SUSTAINABLE ULTRA-HIGH-PERFORMANCE
CONCRETE

Sirin KURBETCi!
Mahmut Cenk SAY L2

1. INTRODUCTION

Ultra-high-performance concrete (UHPC) is a special type
of concrete that offers ultra-high mechanical strength, high
toughness and highly improved durability (Akhnoukh &
Buckhalter, 2021; Niu et al., 2025). In Pierre Richard & Cheyrezy
(1995), reactive powder concrete (RCP) was developed, marking
an important milestone in the development of UPHC (Niu et al.,
2025).

UHPC is an advanced cementitious composite, typically
consisting of Portland cement, fine aggregate, steel fibers, silica
fume (SF) and high-range water-reducing admixtures (HRWR)
(Lietal., 2020; Richard & Cheyrezy, 1994; Richard & Cheyrezy,
1995). UHPC formulations utilize an optimized combination of
fine aggregate and silica fume and a low water-to-cement ratio
along with superplasticizers to achieve exceptional strength
(Bajaber & Hakeem, 2021). According to ASTM C1856/C1856M
(2017), UPHC is a cementitious composite having at least 120
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MPa compressive strength, in addition to meeting specific
durability, toughness and ductility requirements (Li et al., 2020a).
When compared to conventional concrete, UHPC has greatly
improved mechanical properties, making it suitable for
prefabricated elements since it enables designers to reduce dead
loads and element dimensions (Odler & RoRler, 1985; RoRkler &
Odler, 1985), superior durability, making it suitable for the use of
infrastructure elements exposed to harsh environments, and self-
healing capacity, due to high amount of unhydrated cement
particles (Li et al., 2020a). Since UHPC has exceptional impact
strength they are preferred in military structures and in other
strategic structures where special protection against earthquakes
are required, as well as for the reinforcement of reinforced
concrete structures. They are also used to produce prefabricated
elements (Ozalp, 2006). Bridges, high-rise buildings, structural
elements where cross-sectional dimensions are required to be
reduced, nuclear installations (Bahmani & Mostofinejad, 2022;
Noshiravani & Brihwiler, 2013), airports and stadiums (Fehling,
are examples of most common applications of UHPC.

Whilst UPHC offers these advantages, it has major
disadvantages such as high costs and environmental impacts
owing to its high cement and fine quartz sand contents (Ferdosian
& Camdes, 2017; Guo et al., 2023; Wang et al., 2012; Yazici et
al., 2008). Production of ordinary Portland cement (OPC) is
thought to be the source of 8% of the total anthropogenic CO:2
emissions, contributing to greenhouse gas emissions significantly
(Altuntas et al., 2025; Andrew, 2018). Thus, researchers have
been seeking ways to promote sustainability in UHPC production
by means of finding supplementary cementitious materials to
replace OPC, and alternative, more sustainable sources of
aggregates to replace quartz sand (Guo et al., 2023). In this
regard, waste valorization is also of utmost importance. In
addition to the use of construction and demolition waste,
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especially recycling concrete waste, to promote sustainability in
concrete production (Song, Peng, & Zhao, 2025), waste generated
through the processes of different industries can also be integrated
into mixture designs to preserve natural sources, reduce CO:2
emissions and contribute to the waste management policies. In
this chapter, it is aimed to provide an insight into the use of
alternative and waste materials for the production of more
sustainable UHPC by reviewing the relevant literature and
drawing conclusions. It is also expected that the results presented
here will be beneficial for the decision makers for the
development of new standards, instructing the practitioners to use
alternative materials to produce UHPC, thus contributing to the
literature by filling the gap caused by the lack of standards
concerning the use of such materials for UHPC production.

2. COMPONENTS OF TYPICAL UHPC

A typical UHPC mixture design consists of high dosages
of cement, silica fume, fine aggregate, superplasticizers and steel
fibers. Water-to-cement ratio is kept as low as possible, such as
0.14-0.24 range (Shi et al., 2024). This low ratio ensures reduced
porosity and high strength that is at least three times higher than
that of conventional concrete (Aylas-Paredes et al., 2025; Odler
& RoRBler, 1985; RoRkler & Odler, 1985; Shi et al., 2015). Coarse
aggregates are typically excluded from UHPC. Dense
microstructure of UHPC stems from the optimized use of cement
particles with fine fillers and supplementary cementitious
materials (Aylas-Paredes et al., 2025; Chan & Chu, 2004; Pierre
Richard & Cheyrezy, 1995), to improve particle packing density.
In addition, use of steel fibers increases toughness significantly
by means of energy absorption, crack size and propagation
control (Amran et al., 2022; Aylas-Paredes et al., 2025; Zollo,
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1997). Table 1 summarizes typical components and dosages of
UHPC.

Alternative and waste materials can be used for the
production of UHPC either as a replacement to binders or
aggregates. The followings sections will provide information on
the use of alternative materials for binders and for aggregates,
respectively, also highlighting their effects on the fresh, hardened
and durability properties of UHPC as well as environmental
performance. Also, the use of some new generation sustainable
binders to produce UHPC will be briefly discussed.

3. REPLACEMENT OF CEMENT

Main CO: emission contributor of Portland cement
production is the energy consumed to calcine and grind the
clinker. Hence, although Portland cement has great performance,
its environmental impact is high (Atasever & Erdogan, 2024,
Hasanbeigi, Price et al., 2010). One of the most straightforward
approaches employed in order to reduce the environmental
impacts of cement and concrete industry is using pozzolanic
materials to partially replace cement. In this way, it is aimed to
reduce the amount of clinker to be used, thus decreasing the
greenhouse gas emissions arising from the calcination and
grinding processes of the clinker. Most common pozzolans
include fly ash (FA), silica fume and ground granulated blast
furnace slag (GGBFS). (Hu et al., 2024; Lothenbach et al., 2011).
However, the availability of these common pozzolans has become
limited in the last years, causing the need to find other alternative
materials (Hu et al., 2024; Lothenbach et al., 2011). The idea of
contributing to waste valorization strategies while doing so is
appealing. For this, the applicability of using other industries’
waste for the production of UHPC has emerged as an intriguing
idea. Thus, it is important to draw conclusions from existing
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studies where these common pozzolans and recently explored
other alternative and waste materials are used separately or
together to produce UHPC. One such alternative mineral additive
is limestone, being locally available in most regions. First
reported as reactive by Soroka & Setter (1977) through nucleation
effect and cement hydration acceleration properties, its effects on
fresh and hardened properties were studied by many researchers
(Jiang et al., 2024). Li et al. (2020b) utilized a combination of
silica fume and limestone and the resulting UHPC reached 153
MPa compressive strength at the end of 28 days of curing, whilst
enabling a significant 47% reduction in CO2 emissions. It is
reported that the degree of secondary pozzolanic hydration
caused by silica fume is more intensive than alite/belite hydration,
enabling the late-age strength development. Benefits of limestone
powder were presented as two major contributions: Firstly,
limestone powder reduced inter-particles fraction, caused an
electrostatic repulsion between particles due to hydroxyl groups’
localization Ca?* surfaces, lowered the absorption and
consumption of polycarboxylate ether particles of the
superplasticizer, consequently ensuring the optimization of water
content and superplasticizer dosage. Secondly, an optimum
amount of limestone powder used led to a densified
microstructure, most likely by filling effect, improved strength
and reasonable total free shrinkage.

Another abundant material that may show pozzolanic
behavior is clay. Clay, especially the ones containing a certain
amount of kaolin, can be used as mineral additives when they are
calcined. Calcined kaolinite clay is called as “metakaolin”.
Metakaolin is a dehydroxylated aluminate-silicate (Aiswarya et
al., 2013). When kaolinite clays are calcined at temperatures
ranging in 600°C-900°C (Geu, Zhuge, Ma, & Pham, 2025; W. Li
etal., 2022; Skibsted & Snellings, 2019), they gain an amorphous,
reactive structure. Metakaolin is also very fine, making it a
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competitive pozzolan candidate. In fact, it has good synergy with
limestone, and a newly proposed binder called as Limestone
Calcined Clay Cement (LC®), whose use to produce UHPC will
be discussed, enables a higher clinker replacement ratio up to
50%. In one study utilizing this synergistic effect, Dong, Liu, &
Hu (2023) reported that an overall 60% replacement of clinker
with a calcined clay/limestone ratio of 2:1, 28-days compressive
strength was higher than that of the reference sample.

Another waste material that is thought to replace cement
clinker in UHPC production instead of typical pozzolanic
materials is waste marble powder. In recent years, increased
demand for marble has led to increased amount of marble waste
that is generated during the cutting and polishing of marble.
Depending on the type of marble and the production methods,
amount of generated waste changes between 30%-50% of the
total processed marble by volume (Rana et al., 2016; Rashad et
al., 2025). When these wastes are not disposed of appropriately,
they might pollute water and rivers (Piccini et al, 2019), soil
(Danish et al., 2023; Rashad et al., 2025), air, and when these are
not managed properly, they might lead to fully occupied landfill
sites and the depletion of natural marble resources (Abbas &
Muntean, 2025). Marble powder is fine and has a similar
composition to that of limestone, thus it can be used as a mineral
additive in cement and concrete production when its oxides could
play roles in hydration reactions, or where it could be used as a
filler only. There are studies in literature where marble powder is
incorporated into UHPC mixture designs (Hardjasaputra et al.,
2017; Metwally et al., 2025), confirming the applicability of
waste marble powder use to produce cost effective and
sustainable UHPC. In a comprehensive review, Metwally et al.
(2025a) discussed the usability of fly ash, silica fume, ground
granulated blast furnace slag, marble waste powder, basalt waste
powder, glass waste powder and granite waste powder as
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aggregate or cementitious material replacement to develop
metakaolin-based ultra-high-performance geopolymer concrete
(UHPGC). Results reported in the literature showed that these
waste materials could help develop a cost-effective and more
environmentally friendly UHPGC. Bahmani & Mostofinejad
(2022) studied the use of slag, limestone, metakaolin, nano-silica,
rice husk ash, zeolite, lithium slag, glass powder, cathode ray tube
glass sand and incinerator bottom ash comparatively. Produced
UHPC samples were studied through characterization methods
such as scanning electron microscopy (SEM), x-ray diffraction
(XRD), mercury intrusion porosimeter (MIP), thermogravimetric
analysis (TGA) and energy dissipative x-ray spectroscopy (EDS).
Results revealed that the use of marble powder up to a certain
optimum level reduced porosity and improved strength and
durability, the use of rice husk ash instead of silica fume reduced
CH content and increased porosity, use of slag could reduce
porosity, cathode ray tube glass sand increased C2S/CsS peak
intensity but decreased C-S-H and weakened the bond between
cement paste and fine aggregate. In an attempt to produce
cementless UHPC, Peng et al. (2025) used calcium carbide
residue (CCR) as an activator, incorporating SF and GGBFS.
CCR is a byproduct of polyvinyl chloride production (Gong et al.,
2022; Peng et al., 2025). Accumulation of this waste poses threats
to the environment. The fact that CCR contains high amount of
Ca(OH)2 (Peng et al., 2025; Pourabbas Bilondi, Toufigh, &
Toufigh, 2018) has paved the way for the investigation of the use
of CCR as an activator. In this regard, produced specimens were
characterized using XRD, SEM, TGA and MIP methods. Three
different curing regimes were adopted, namely standard curing,
high temperature curing and combined curing. XRD analyses
revealed that calcite and portlandite were observed, coming from
CCR, in samples cured under standard curing conditions. In
addition, hydration of GGBFS provided additional portlandite.
Adoption of high temperature curing promoted pozzolanic
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reactions. Consequently, use of CCR, GGBFS and SF was found
to be beneficial for cost-effective and sustainable UHPC
production.

4. REPLACEMENT OF AGGREGATE

Since UHPC production requires a significantly higher
amount of ultra-fine aggregate usage when compared to
conventional concrete, related costs and CO2 emissions are also
elevated. In addition, natural river sand resources are being
depleted. All these have led researchers to seek alternative
aggregate sources (Bajaber & Hakeem, 2021; Hamada et al.,
2023; zhang et al., 2025). Recycled aggregates that are typically
obtained through crushing construction and demolition waste are
important candidates, bearing in mind that they typically have
poor mechanical properties and therefore must be improved. Guo
et al. (2023) concluded that using 15% LC® and 20% recycled
aggregate could help producing sustainable UHPC with
comparable mechanical properties, highlighting that the
combined use of LC® and recycled aggregates improved
interfacial transition zones (ITZs). Yu, Feng, Leng, Wu, & Li
(2025) reported that recycled fine aggregates improved by
carbonation are suitable for producing sustainable UHPC with
acceptable mechanical properties. Similarly, Ma et al. (2025)
observed that using recycled fine aggregate with hybrid steel and
polyethylene fibers led to improved mechanical performance and
environmental performance.

5. USE OF SUSTAINABLE BINDERS

The development of clinker-based, magnesium-based and
alkali-activated sustainable binders has become the focus of
research on construction materials, due to the aforementioned
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environmental issues related to the production of Portland
cement. The use of these as binders to produce UHPC has gained
attention due to increased CO2 emissions related to the high
cement content of UHPC (Li et al., 2021; Peng et al., 2025; Yang
& Peng, 2015). Among these binders, LC? stands out with its
capability of reducing clinker by 50% by utilizing the synergy
between calcined kaolinite clay and limestone. Dong et al. (2023)
observed that when cement was replaced by LC3 at a replacement
level of 60% and when calcined clay/limestone ratio was 2:1, 28d
compressive strength was higher than that of the reference
sample. Guo et al. (2023) combined LC® with recycled fine
aggregate to produce more sustainable UHPC with acceptable
mechanical properties and the outcomes were promising as 30%
LC? combined with 30% recycled fine aggregate allowed for
reduced CO2 emissions whilst maintaining acceptable mechanical
performance. Pozzolanic reaction and nucleation effect of
calcined clay accelerated the hydration. All LC2 participated in
the hydration reactions. MIP results revealed improvements in
pore size distribution after LC® addition. Also, 30% LC?3
incorporation reduced porosity. Huang et al. (2024) produced
UHPC with LC3, seawater and sea sand incorporation and
employed different curing regimes. LC? incorporated samples
showed highest compressive and flexural strengths across all
curing ages and regimes. Limestone powder decreased chloride
diffusion coefficient by 4.3%, whilst addition of calcined clay
further decreased it, as it was reduced by 35%-40.4% when 20%
calcined clay was used. This was attributed to the pozzolanic
reaction of calcined clay and pore structure refinement caused by
carboaluminates. Thus, it was demonstrated that LC3
incorporation improved mechanical performance and chloride
resistance of seawater and sea sand incorporated UHPC. Use of
another clinker based sustainable binder, calcium sulfoaluminate
(CSA) cement is also the focus point of research conducted on
sustainable UHPC. J. Y. Wang, Chen, & Wu (2019) reported that
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CSA-UHPC hardened quickly, reaching 62 MPa compressive
strength and 4.4 MPa tensile strength at the end of the first four
hours. Cui et al. (2022) reported significant improvements in
sulfate resistance of UHPC when CSA cement is incorporated.
Meng et al. (2024) observed reductions in CO2 emissions and
energy consumption by 25%-40% and 25%-35%, respectively,
when CSA cement was incorporated in UHPC (Meng, Gao,
Yang, & Fang, 2025). Magnesium-based binders are also utilized
in UHPC. Qin et al. (2022) observed lower shrinkage, higher
early strength and on par 28d strength when magnesium
phosphate cement (MPC) was used in UHPC. These were
attributed to denser microstructure, refined pore structure and
strengthened matrix-aggregate interface, when MPC was used
with ultra-fine fly ash.

6. CONCLUSIONS

UHPC is a superior cementitious material produced by
using cement, silica fume, fine aggregate, fibers and
superplasticizers, and possesses significantly improved
mechanical performance, durability and toughness when
compared to conventional concrete. However, high cement and
fine aggregate dosages required to formulate a proper UHPC
increases greenhouse gas emissions dramatically. To overcome
this, numerous studies have been conducted by employing
alternative and/or waste materials to replace cement or aggregate
in UHPC designs. In addition, new generation sustainable binders
such as LC2, CSA cement or MPC are also incorporated in UHPC
designs to replace cement. Studies in which waste materials such
as silica fume, fly ash, ground granulated blast furnace slag,
marble powder, basalt powder, zeolite, glass powder and recycled
aggregate are used together or combined with binders such as
LC3, CSA cement or MPC show promising results in terms of
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reducing the costs and greenhouse gas emissions associated with
the distinctive mixture designs of UHPC, whilst maintaining
acceptable mechanical and durability performances. In addition,
the use of waste materials is shown to be valuable as it contributes
to waste management strategies and preservation of natural
resources.
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MODELLING RAILWAY PASSENGER
DEMAND: APPROACHES AND CURRENT
TRENDS

Mebrure Itir GEVREK!
Mustafa Kiirsat CUBUK?

1. INTRODUCTION

Accurate and reliable modeling of railway passenger
demand is critical for both infrastructure investment planning and
operational strategy development. Especially with the
proliferation of high-speed train systems, diversification of data
sources, and increasing complexity of passenger behavior,
demand forecasting has evolved from a mere technical
computational problem to a multidisciplinary field of research.
This section first examines the historical evolution and current
trends of railway passenger transport, then discusses traditional
approaches such as regression, time series, and the four-stage
model. It then examines OD matrix models, data sources, and
forecasting methods under uncertainty, and evaluates the
opportunities offered by contemporary machine learning and
deep learning-based models. Finally, a holistic framework for
railway passenger demand forecasting is presented, addressing
explainable artificial intelligence, gaps in the literature, and future
research areas.
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2. EVOLUTION AND CURRENT TRENDS OF
RAILWAY PASSENGER TRANSPORTATION

Rail passenger transport has been a fundamental
component of modern mobility since the industrial revolution. It
is not just a mode of transportation; it also has a decisive influence
on economic growth, urbanization, and social mobility. With the
acceleration of industrialization from the early 19th century
onward, railways became a strategic infrastructure connecting
production centers; the Liverpool-Manchester line, which opened
in 1830, is considered the beginning of modern rail transport. The
speed and capacity offered by railways transformed spatial
organization by making long-distance travel more
accessible.(Campos & de Rus, 2009).

With the development of high-speed train (HST) systems
in countries such as Japan, France, Germany and China since the
second half of the 20th century, railway systems have become
competitive with road and air transport thanks to both time
savings and travel comfort (Givoni, 2006). While the time savings
and environmental benefits offered by HST systems are
frequently emphasized in the literature, it is also stated that they
can lead to financial sustainability problems in low-density areas
(Zhang etal., 2023; Albalate & Bel, 2012; Chen & Haynes, 2017).

Rail transport in Tirkiye was seen as a key development
tool in the early years of the Republic; however, it was relegated
to the background due to road-oriented policies after 1950. With
the YHT projects in the 2000s, rail once again became a central
focus of national transportation policies, and passenger demand
on the Ankara-Eskisehir, Ankara-Konya, and Ankara-Istanbul
lines increased significantly. While users prioritize comfort,
safety, and time savings, issues such as accessibility and line
density are still cited as areas requiring improvement. (TCDD,
2022; Celikkol-Kocak et al., 2017).
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The historical development of rail passenger transport is a
multilayered process shaped by technological innovations and
social transformations. Therefore, demand forecasting requires a
holistic approach that takes into account economic, spatial, and
behavioral dynamics.

3. TRADITIONAL APPROACHES TO
PASSENGER DEMAND FORECASTING

Traditional methods used in transportation demand
forecasting have formed the fundamental frameworks that have
guided both academic and applied research for many years. The
common denominator of these models is that they explain
transportation demand based on specific mathematical
assumptions. While these methods were effective in times of
limited data resources, the increasing complexity of today's
transportation systems has necessitated a reevaluation of their
strengths and weaknesses. In this context, regression models, time
series approaches, and the four-stage model are the most widely
used traditional methods in the literature (Banerjee et al., 2020).

3.1. Regression and Linear Models

Regression models are fundamental methods for
explaining the relationships between socioeconomic and spatial
variables such as population, income, car ownership, and land
use, and passenger demand. The interpretability of coefficients
provides a powerful advantage for policymakers. However, due
to their reliance on linear assumptions, they cannot always
accurately represent real-world nonlinear, interactive, and
dynamic behavior. This can limit model performance, particularly
in environments experiencing sudden demand shocks (Yang et
al., 2017; Montero-Lamas & Fernandez-Casal, 2024). Despite
this, regression models remain an important starting point in
transportation research due to their high interpretability.
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3.2. Time Series Approaches: ARIMA, ETS, and
Hybrid Models

Time series methods are powerful tools for analyzing
trends, seasonality, and random variations in passenger numbers
measured at regular intervals. ARIMA models generate forecasts
based on past values, while ETS models generate forecasts based
on trend, seasonality, and error components. They are quite
successful in short-term forecasts on routes with regular demand
patterns. However, the difficulty of directly incorporating
exogenous variables into the models creates limitations in factors
such as sudden policy changes or special event effects. Therefore,
hybrid approaches such as ARIMAX and ETS-ANN are gaining
increasing attention in the literature (Borucka & Mazurkiewicz,
2021; Hyndman & Rostami-Tabar, 2025).

3.3. Four-Stage Transportation Model

The four-stage model is a classic planning tool consisting
of four basic components: trip generation, trip distribution, mode
selection and line assignment (Zhou, Chen, & Wong, 2009). It
has been used as a reference model for many years in large-scale
transportation projects. However, its assumption of independent
relationships between stages and its limited reflection of
individual behavioral differences are significant criticisms.
Despite this, the systematic structure it offers in scenario analysis
still places the method in a prominent position in strategic
planning.

Generally, traditional methods form the basis of the
transportation demand forecasting literature; however, the
complex and data-intensive nature of modern transportation
systems often dictates that these methods are inadequate.
Therefore, in current research, the traditional approach is often
considered a complementary framework and remains valuable,
particularly in studies where interpretability is paramount.
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4. OD MATRIX MODELS, DATA SOURCES AND
UNCERTAINTY APPROACHES

Origin—Destination (OD) matrices are fundamental
structures that represent the origin and destination of trips and are
central to transportation planning. These matrices allow for the
analysis of spatial relationships as well as changes in trip behavior
over time. The increasing complexity of transportation systems
has transformed OD modeling into a more comprehensive field
of research, both theoretically and practically.

4.1. Static and Dynamic OD Models: Conceptual
Structure and Applications

Static OD models represent average travel flows for a
specific period. Due to their low data requirements and ease of
calculation, they have been used as a primary method for many
years, making them particularly effective in strategic and long-
term planning (Zochowska, 2012). However, its inability to
reflect intraday variability, event-induced demand increases, and
congestion dynamics is a significant limitation (Carvalho, 2014).

Dynamic OD models, on the other hand, represent hourly
or minute-by-minute flow changes, capturing the temporal
variation of demand more realistically. The development of
intelligent transportation systems and the increase in high-
resolution data sources have strengthened the applicability of
these models (Zufiiga et al., 2021). However, high data
synchronization and computational costs pose significant
challenges in implementation (Zargari et al., 2021).

In general, static models are prominent in macro-scale
planning, while dynamic models are prominent in operational and
short-term decision processes.
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4.2. OD Estimation Based on Data Sources: From
Classical Approaches to the Digitalization Age

The accuracy of OD matrices is directly related to the
quality of the data sources used. While household travel surveys
have traditionally been the primary data source, they have
limitations such as cost, time-consuming, and low timeliness
(Cui, 2006).

Although sensor data (cameras, detectors) reliably
measure traffic flow, these data do not directly produce OD
information; additional modeling and derivation processes are
required to obtain OD matrices (Torres et al., 2021). With
digitalization, GPS/mobile device data has become a powerful
alternative due to its high spatial and temporal resolution;
however, privacy and data processing costs are important factors
to consider (Alsger et al., 2016).

Public transport ticket and card pass data is one of the
most reliable data sources for OD estimation, thanks to the direct
recording of start and end stations. Continuity, broad coverage,
and low error rates have made this data type even more important
in recent years.

4.3. OD Estimation Under Uncertainty: Modern
Approaches and Theoretical Foundations

Uncertainty is a fundamental component of estimation
processes because real-world OD data can be incomplete,
irregular, or noisy. Bayesian approaches represent OD elements
with probability distributions, supplementing missing data with
prior knowledge. MCMC methods allow for in-depth analysis of
uncertainty by sampling the matrix's possible distributions
(Perrakis et al., 2012).

Gaussian processes show high performance especially on
small data sets thanks to their nonparametric structure (Huo et al.,
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2023). Maximum entropy methods, on the other hand, focus on
producing the most unbiased matrix structure with limited data.
Fuzzy logic approaches are also used in some contexts to
represent qualitative aspects of uncertainty (Carvalho, 2014).

In this context, OD estimation is not merely a
mathematical problem; it is a multifaceted research area related
to data quality, method flexibility, and decision support systems.
Current trends suggest that dynamic OD estimation, big data
analytics, and multi-data source integration will play a more
central role in the future.

5. THE AGE OF MACHINE LEARNING: NEW
METHODS AND TRANSFORMATION IN
TRANSPORTATION PLANNING

The proliferation of machine learning (ML) and deep
learning (DL) methods in the transportation field is one of the
most obvious indicators of the paradigm shift in demand
forecasting. In contrast to the linear and limited representational
power of traditional models, ML/DL approaches offer the
capacity to directly learn complex patterns in data, represent
multidimensional relationships, and process spatial and temporal
dependencies within the same structure. These features have led
to an increasing reliance on these methods in modern railway
demand forecasting. This section comprehensively examines the
fundamental principles of ML/DL methods, their transportation
applications, and examples in the context of railway demand.

5.1. Artificial Neural Networks: Modeling Nonlinear
Relationships

Artificial neural networks (ANNS) distinguish themselves
from traditional statistical methods by capturing nonlinear
relationships thanks to their multilayered structure. ANN models
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offer a powerful alternative, particularly in datasets where
demand is shaped by multiple variables simultaneously and
where seasonality and irregular fluctuations coexist (Vlahogianni,
E. I, Karlaftis, M. G., & Golias, J. C. ,2005).

ANNs have a wide range of applications in the
transportation literature. Effective results have been obtained in
many areas, including travel time estimation, traffic volume
projections, passenger demand modeling, and mode choice
analysis. Specifically, in the context of railway passenger
demand, ANNs demonstrate particularly strong performance in
understanding complex patterns observed in ticket sales data,
peak holiday behavior, and differences among passenger
segments (Lv, Y., Duan, Y., Kang, W., Li, Z., & Wang, F.-Y.
2015).

The most significant advantage of ANNSs is that they learn
the relationships between variables from the content of the data,
not from a predefined form. However, these models are
vulnerable to overfitting, necessitating meticulous data
preprocessing. Nevertheless, ANNs remain a valuable tool in
complex transportation systems, both in terms of accuracy and
flexibility (Polson, N. G., & Sokolov, V. O. ,2017).

5.2. Time-Dependent Deep Learning Models: LSTM
and GRU

While recurrent neural networks (RNNS) initially offered
a valuable solution for datasets containing temporal
dependencies, difficulties in capturing long-term relationships
necessitated the need for advanced models such as LSTM and
GRU. LSTM's ability to maintain long-term memory, thanks to
its gating mechanisms, allows it to effectively learn trends and
seasonality patterns in demand series. Similarly, GRU's lighter
and more computationally efficient structure offers a significant
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advantage in big data applications (Hochreiter, S., &
Schmidhuber, J. ,1997).

Demand forecasting literature demonstrates that LSTM
and GRU models provide significantly higher accuracy than
traditional time series methods such as ARIMA and ETS,
particularly during periods of irregular demand spikes and with
high-frequency passenger data. In the railway context, these
models can more realistically represent the impact of variable
factors such as holiday periods, special events, and weather
conditions (Zhang, Y., & Zheng, Y., 2022).

5.3. CNN, Transformer and Hybrid Architectural
Approaches

One of the key contributions of deep learning
architectures to the transportation field is their ability to learn
spatial relationships. Because OD matrices and inter-station
travel relationships involve spatial dependencies, CNN models
can effectively learn these structures by treating them as an image
processing problem. These models are widely used in metro and
rail networks to uncover station interactions, density
distributions, and regional demand clusters.

In recent years, Transformer architectures have gained
prominence in time series forecasting; thanks to their attention
mechanism, they have demonstrated stronger performance
compared to sequential models like LSTM by directly learning
long-term dependencies. Transformer models are particularly
effective in multivariate series and in situations where sudden
demand changes occur.

With these developments, hybrid architectures have
gained importance. Models like CNN-LSTM combine spatial
and temporal information, while structures like LSTM-XGBoost
or Transformer—MLP are effective in reducing errors. Literature
demonstrates that hybrid approaches offer higher accuracy than
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single models, particularly when multiple OD pairs are modeled
together.

5.4. Evaluating Model Performance: Accuracy,
Generalization, and Computational Requirements

Merely assessing accuracy metrics is not sufficient when
evaluating machine learning models. For demand forecasting to
be effective, models' generalization capacity, computational
requirements, and compatibility with data preparation processes
must also be considered. Common metrics such as MAE, RMSE,
MAPE, and R? measure model accuracy, while techniques such
as cross-validation, dropout, and early stopping are crucial for
preventing overfitting.

It's clear that deep learning models require high
computational power. Therefore, factors such as GPU
capabilities, model complexity, and training time are critical in
applied research. Similarly, data cleaning, handling missing
values, and harmonizing multi-source information are among the
factors that directly determine model performance.

This section examines in detail the potential offered by
machine learning and deep learning approaches in the context of
railway passenger demand. Modern models offer significant
advantages over traditional methods, including their ability to
learn nonlinear relationships, process multi-source data, and
simultaneously model spatial and temporal patterns. However,
the model architecture requirements, the importance of data
preparation, and computational costs necessitate careful
application of these methods. Overall, it appears that ML/DL
approaches are assuming an increasingly critical role in railway
planning, and future demand forecasting research will focus on
these areas.
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6. EXPLAINABLE ARTIFICIAL
INTELLIGENCE: TRANSPARENCY,
ACCOUNTABILITY, AND MODEL
INTERPRETATION

The proliferation of machine learning and deep learning
methods in the transportation field has introduced new
requirements beyond simply providing high accuracy. In a public
service area like rail passenger demand, it's not enough for models
to simply produce accurate results; the rationale behind these
results must also be understandable. Explainable Artificial
Intelligence (XAI) provides a transparent and reliable
interpretation framework for both users and policymakers by
making the decision-making processes of complex models
visible. XAl allows us to understand which features a model
prioritizes and how it behaves in different scenarios; this is crucial
for fairness, resource allocation, and decision accuracy in
transportation planning.

6.1. SHAP and LIME: Model-Agnostic Explanation
Frameworks

SHAP (Shapley Additive Explanations) is an explanation
method that calculates the contribution of each feature to the
model using Shapley values based on game theory. It provides a
consistent analysis framework at both the global level (which
variable has the greatest impact on the overall model?) and the
local level (why did a single prediction occur in this way?)
(Adadi, A., & Bouhoute, A. 2023).

In the context of rail demand forecasting, SHAP provides
particularly powerful insights in the following areas: - Identifying
the most critical factors determining demand in specific OD pairs,
- Explaining how ticket price elasticity varies across station pairs,
- Examining which inputs the model gives more weight to during
holiday and special event period.
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Thanks to these features, SHAP is an effective tool for
both assessing model validity and producing interpretable outputs
for policy makers.

Local Interpretable Model-Agnostic Explanations (LIME)
creates a local linear representation around the model to explain
individual forecasts. This method is particularly suitable for
examining in detail the characteristics that give rise to a particular
forecast. In transportation research, LIME is often used to explain
sudden demand spikes or to understand the causes of unexpected
forecast deviations(Li, Z. 2023).

6.2. Model-Specific Explanation Techniques:
Understanding the Internal Structure of Deep
Models

Deep learning models are often considered "black boxes"
due to their multilayered structure. However, various methods
developed in recent years aim to make the internal behavior of
these models more understandable.

Integrated Gradients (IG). IG analyzes how model output
relates to input features using a gradient-based method. In time
series models like LSTM, the predictive effects of data points in
specific time periods can be more clearly seen.

Layer-wise Relevance Propagation (LRP). LRP monitors
the distribution of activation across the layers of a neural network,
revealing the internal processes that led to a decision. This
method is a powerful tool for improving explainability, especially
in multilayer neural networks(Sundararajan, M., Taly, A., & Yan,
Q. ,2017).

Surrogate Models and Partial Dependence Plots (PDP).
Surrogate models are simpler structures that mimic a complex
model, making its overall trends more understandable. A PDP, on
the other hand, graphically displays the impact of a single feature

106



Insaat Miihendisligi

on the model output, providing valuable visual insight,
particularly in policy analysis(Montavon, G., Lapuschkin, S.,
Binder, A., Samek, W., & Miiller, K.-R., 2017).

6.3. The Growing Importance of XAl in
Transportation Literature

XAl methods are increasingly being used in transportation
demand forecasting studies. One of the main reasons for this trend
Is that explainability has become not only a technical but also a
social and political necessity. Understanding the rationale behind
model results is critical, particularly in the following areas: -
Demonstrating the factors underlying user behavior in mode
choice analyses, - Transparently revealing the demand patterns of
different groups in passenger segmentation studies, - Explaining
which variables determine price or time sensitivity in demand
elasticity analyses, - Understanding the spatial relationships the
model considers when identifying critical OD pairs.

Therefore, XAl is considered not only as a model
explanation tool but also as a methodological framework that
ensures fair, transparent and accountable management of
transportation systems.

7. GAPS IN THE LITERATURE AND FUTURE
RESEARCH AREAS

While the literature on rail passenger demand forecasting
has undergone significant transformation in recent years, it still
harbors many theoretical, data-driven, and methodological
challenges. The increasingly dynamic, multi-layered, and data-
intensive nature of transportation systems highlights the
limitations of existing approaches. This section addresses key
gaps in the literature within a holistic and fluid framework, and
discusses potential directions for future research.
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7.1. Limitations of Traditional Models and the
Increasing Need for Hybrid Approaches

While classical methods—regression, ARIMA, ETS, and
four-stage transportation models—nhave significantly contributed
to the development of transportation literature, they cannot fully
represent the complexity and time-sensitive nature of today's data
ecosystem (McNally, 2007). These models are often based on
linear assumptions and are limited in capturing interactions
between variables, sudden demand shocks, or spatial
dependencies. Therefore, future studies need to develop hybrid
model structures that combine traditional methods with machine
learning or deep learning techniques. This will ensure both
interpretability and high accuracy.

7.2. The “Black Box” Structure of Machine Learning
Models and Their Lack of Explainability

While ML/DL models offer strong performance, the
internal logic of their decision-making processes is often not
sufficiently visible. Understanding how a model makes decisions
is crucial in areas where public resources are used, such as railway
demand forecasting. Therefore, future research is expected to
consider explainable Al methods such as SHAP, LIME, IG, and
LRP as integral components of the modeling process, not simply
as an added layer. This allows models to achieve high accuracy
and become reliable decision-support tools for policymakers.

7.3. Data Quality, Missing Observations, and Multiple
Data Source Integration

Transportation systems rely on data from a wide variety
of sources: ticket data, sensor readings, GPS/mobile device
information, surveys, weather records, and socioeconomic
indicators. These data sources vary in time resolution, accuracy,
and comprehensiveness. Missing observations, inaccurate
records, and synchronization issues directly impact model
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performance. Future work is expected to focus on data fusion
methods, missing data completion techniques, and integration
frameworks that can leverage different sources.

7.4. Heterogeneity of OD Pairs, Segmentation Problem
and Determination of Critical Lines

One of the major shortcomings in the literature is that OD
pairs are often assumed to be homogeneous. However, rail
passenger behavior can vary significantly depending on the
station pair, region characteristics, day/week period, and user
segment. Uniform models applied without OD segmentation offer
both low accuracy and limited policy guidance. Therefore,
approaches that consider heterogeneity among OD pairs, analyze
demand factors at a segment level, and identify critical paths are
important future research areas.

7.5. Ethics, Access Fairness, and Algorithmic
Accountability

The widespread use of data-driven models in
transportation planning has sparked discussions about ethics and
social responsibility. Inadequate data, particularly in low-income
areas, can lead to higher forecast errors. This has the potential to
create inequities in transportation access. Future research should
consider the XAl approach not only as a technical tool but also as
a framework for pursuing social justice.

8. CONCLUSION AND GENERAL EVALUATION

This section examines the literature on rail passenger
demand forecasting, from a broad perspective spanning historical
development to modern machine learning techniques. The review
demonstrates that demand forecasting has a multilayered
structure, evolving from traditional methods such as regression
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and time series to dynamic OD modeling, deep learning, and
explainable artificial intelligence (XAI).

With the proliferation of high-speed train systems, rail has
become central to transportation policies in many countries,
demonstrating the criticality of accurate demand forecasting
processes for both operational efficiency and infrastructure
planning. However, the data diversity, spatial complexity, and
time sensitivity of today's transportation systems highlight the
limitations of traditional methods.

Machine learning and deep learning models mark the
beginning of a new era in the literature, offering higher accuracy,
particularly in cases where temporal and spatial patterns must be
analyzed together. However, the lack of interpretability of these
models is a significant problem in public-focused areas such as
transportation, making XAl approaches indispensable. Methods
like SHAP, LIME, and others provide a more reliable framework
for policymakers by making the decision logic of the models
visible.

Future research is expected to focus on topics such as data
integration, OD segmentation, uncertainty modeling, and
algorithmic fairness. This demonstrates that demand forecasting
is not merely a technical problem but also a multidisciplinary field
with ethical and societal dimensions.

In  conclusion, this chapter has presented the
methodological and conceptual approaches to railway passenger
demand forecasting in a holistic framework and has formed a
basis that can be expanded with case studies and practical
examples in the following stages.
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BETONARME KiRiSLERDE LiF TABANLI
ALTERNATIF DONATILARIN EGIiLME
PERFORMANSI

Ahmet Hamdi SERDARY
Gokhan DOK?

1. GIRIS

Betonarme, betonun yiiksek basing dayanimi ile gelik
donatinin yiiksek ¢ekme dayanimini bir araya getirerek modern
yap1 sistemlerinde genis kullanim alami bulan kompozit bir
malzemedir. Tarihsel olarak betonun kullanimi Roma donemine
kadar uzanmakta olup, Opus Caementicum olarak bilinen erken
beton tiirleri ile kalic1 yapilar insa edilmistir (Setyowati, 2019;
Giavarini vd, 2006; Kececi, 2024). Gunumuzde betonarme
sistemler, yliksek dayanim, sekillendirilebilirdik ve maliyet
etkinligi nedeniyle en yaygin kullanilan tasiyici sistemler
arasinda yer almaktadir. Bununla birlikte, c¢elik donatinin
tiretiminde yiiksek enerji tiiketimi, korozyon egilimi ve gevresel
etkileri, arastirmacilari daha siirdiiriilebilir alternatif donati
malzemelerine yoOnlendirmistir (Setyowati, 2019; Boedijono,
1993).

Dogal lifler (kenevir, keten, jiit vb.) ve sentetik polimer
lifler (poliamid, polipropilen, polyester) siirdiiriilebilirlik, diigiik
maliyet ve hafiflik gibi avantajlar1 nedeniyle son yillarda
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betonarme yapilarda alternatif donatt elemani olarak
aragtirllmaktadir (Duffo, 2004; Duran, 2021; Siregar, 2024).
Dogal liflerin diisiik karbon ayak izi ve biyobozunur yapilari
cevre dostu alternatifler olarak ilgi ¢cekmektedir. Kenevir lifi,
yiiksek ¢cekme dayanimu, lif yiizey piiriizliiligli ve biyokompozit
sektoriinde yaygin kullanimi nedeniyle dikkati c¢eken bir
malzemedir (Tian, 2023; Fu, 1997). Sentetik polimer esasl
poliamid lifler ise yuksek deformasyon kapasitesi ve suneklik
ozellikleriyle 6ne ¢ikmaktadir (Tayyar ve Alan, 2007; Gore ve
Kurt, 2020).

Mevcut calisma, betonarme kirislerde geleneksel ¢elik
donatiya alternatif olarak kenevir lif halati ve poliamid esasl
sentetik  lif  halatlarinin  egilme  davranisina  etkisini
incelemektedir. Caligmada tiim numunelerde ayni beton karisimi
kullanilmis olup, tek degisken ¢ekme donatisi tiiriidiir. Boylece
donat1 tiiriiniin e8ilme dayanimi, ¢atlak gelisimi ve tasima
kapasitesi lizerindeki etkileri dogrudan degerlendirilmistir.
Literatiirde dogal ve sentetik liflerin beton i¢cinde katki malzemesi
olarak kullanimina iligkin ¢ok sayida ¢alisma bulunmasina karsin,
bu liflerin makro oOlgekte kiris donatisi olarak kullanilmasi
tizerine sinirli sayida deneysel arastirma mevcuttur. Bu ¢alisma,
s6z konusu boslugu doldurmay1 amacglamaktadir.

2. YONTEM
2.1. Malzemeler

Calismada kullanilan beton TS EN 206+A2 standardina
uygun olarak firetilmig olup C35/45 dayanim sinifindadir.
Karisimda CEM II 42.5 R Portland ¢imentosu, dogal kum, 4-16
mm ve 16-22 mm fraksiyonlarinda iri agrega ile polikarboksilat
esasli siiper akigkanlastirici  katki  kullamilmistir.  Tiim
numunelerde beton karisimi sabit tutulmustur. Beton iiretiminde
kullanilan malzemeler sekil 1’de temsili olarak gdsterilmektedir.
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Sekil 1. Beton iiretiminde kullanilan malzemeler
Ucg farkli cekme donatist tiirii kullanilmstir:

1. @8 mm S420 sinift nerviirlii ¢elik donati (referans
numune)

2. Dogal kenevir liflerinden iiretilmis biikiimlii lif halati

3. Poliamid esasl sentetik lif halat1 (polyamide synthetic
rope)

(Cekme donatist olarak kullanilan malzemelere ait gorsel
sekil 2°de verilmistir.

Sekil 2. Cekme donati malzemelerine ait gorsel

Kenevir halat ve poliamid halat numuneleri, boy/cap
oranlar1 ¢elik donatinin kesit alanina benzer olacak sekilde
hazirlanmustir.
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2.2. Numune Hazirhg:

Toplamda 75%75x500 mm boyutlarinda kiris numuneleri
hazirlanmistir. Her donati tiirii i¢in en az iki adet numune
iretilmigtir. Beton dokiimii Oncesi kaliplara kalip ayirici
uygulanmig, donatilar alt bolgede ¢ekme  bolgesine
yerlestirilmistir (Sekil 3). Beton dokiiminden sonra numuneler 7
giin kalipta, diizenli sulama ile kiir edilmis; ardindan 21 giin su
altinda bekletilmistir (toplam 28 giin kiir).
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Sekil 3. Numune iiretim siirecleri
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2.3. Basin¢ Deneyi

Beton dayanimini belirlemek amaciyla 150x150%150 mm
boyutlarinda ii¢ adet kiip numune hazirlanmis ve TS EN 12390-
3’e uygun olarak basing testine tabi tutulmustur (Sekil 4). Test
sonuglar1 betonun C35/45 sinifin1 dogrulamistir.

Sekil 4. Beton basin¢ numuneleri ve deneyin yapilisi
2.4. Egilme Deneyi

Kiris numuneleri TS EN 12390-5 standardina uygun
sekilde dort noktali egilme deneyi ile test edilmistir. Yk, iki
yiikleme noktas1 arasinda sabit moment bdlgesi olusturacak
sekilde uygulanmigtir (Sekil 5). Yiik—deplasman verileri kayit
altma alinmig, maksimum yik ve c¢atlama davranis
degerlendirilmistir.

Sekil 5. Beton egilme numuneleri ve deneyin yapihisi
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Elde edilen nihai dayanimlar su sekildedir:
e Celik donatil1 kirig: 17.97 MPa
e Kenevir donatil1 kiris: 10.56 MPa
e Poliamid donatili kiris: 8.95 MPa

4. SONUCLAR
4.1. Egilme Dayamimi Karsilastirmasi

Dort  noktali  egilme deneyleri sonucunda kiris
numunelerinin nihai egilme dayanimlar su sekilde dl¢iilmiistiir:

e Celik donatil1 kirig: 17.97 MPa
e Kenevir lif halat1 donatili kiris: 10.56 MPa
e Poliamid lif halat1 donatili kiris: 8.95 MPa

Bu sonuglar, referans niteligindeki celik donatinin en
yiiksek tasima kapasitesini sagladigin1 acik bi¢imde ortaya
koymaktadir. Kenevir lif halatinin beton i¢inde makro donati
olarak beklenenden daha yiiksek bir egilme kapasitesi sundugu
belirlenmis, ancak geligin performansina yakin bir deger elde
etmesine ragmen siineklik acisindan belirgin  sinirliliklar
gozlemlenmistir. Poliamid esasli sentetik halatlarin ise nispeten
siinek davranis gostermekle birlikte diisiik aderans nedeniyle
tasima kapasitesinde kayiplar yagsadig1 goriilmiistiir.

4.2. Catlak Gelisimi ve Kirilma Modlari

Deney boyunca kirislerde gozlenen catlak olusumu ve
ilerleme karakteristikleri donat1 tiirtine gore belirgin farkliliklar
gostermistir:

e Celik donatili numunelerde, ilk c¢atlak yiikii diger
donatilara gore daha yiiksek olup catlaklarin diizenli,
kontrollii ve slinek davranig gosterdigi tespit edilmistir.
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Nihai kirilma egilme bolgesinde plastik mafsal olusumu
sonrast meydana gelmistir.

e Kenevir donatili numunelerde, ilk catlak yiki celikten
daha diisiik, poliamidden ise daha yiiksek gerceklesmis;
catlaklarin hizli yayildigi, kirilmanin gevrek karakterli
oldugu gozlemlenmistir. Lif halatinin su alma egilimi ve
zay1f aderansi kirilma modunu olumsuz etkilemistir.

e Poliamid donatili numunelerde, ¢atlaklar nispeten erken
olugmus, ancak ¢elik ve kenevir numunelerine kiyasla
daha genis deformasyonlara izin veren bir yiik—deplasman
egrisi elde edilmistir. Bu durum poliamid liflerin form
degisimine olan yiiksek toleransi ile iligkilidir.

4.3. Yik-Deplasman Davranisi
Y uk—deplasman egrilerinin karsilastirilmasi sonucunda:

e Celik donatil1 kirislerin yiik altindaki rijitliklerinin en
yuksek,

e Kenevir donatili kiriglerin orta diizeyde,

e Poliamid donatili kirislerin ise en disiik rijitlige sahip
oldugu belirlenmistir.

Poliamid numuneler yiksek deformasyon kapasitesine
sahip olsa da tasima kapasitesi acisindan en diislik performansi
gostermistir.

4.4. Beton Basin¢ Dayanim

Kiip numunelerden elde edilen basing dayanimi degerleri
beton smnifinin C35/45 oldugunu dogrulamis, boylece egilme
deney sonuclart donati tiirtine bagh degisimi saglikli bicimde
ortaya koymustur.
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5. DEGERLENDIRME VE ONERILER

Deneysel bulgular, donati tiirlinliin betonarme kiriglerin
egilme davramisin1 belirleyen temel parametrelerden biri
oldugunu dogrulamaktadir. Celik donat1 performansi literatiirde
yer alan klasik sonuglarla tutarlidir; yiiksek ¢ekme dayanimu, iyi
aderans ve suneklik kombinasyonu nedeniyle yapt mithendisligi
acisindan en giivenilir donati tiirii olmayi siirdiirmektedir (Gonen,
2009; Cicek,2016; Yapici vd, 2022).

5.1. Dogal Kenevir Lif Halatinin Performans
Degerlendirmesi

Kenevir lif halati kullanilan kirislerde gozlenen 10.56
MPa egilme dayanimi, dogal lifli malzemeler i¢in kayda deger bir
performans olarak degerlendirilebilir. Kenevirin lif yapisi, lif
ylizey pilriizliligi ve lif dayanimi beton iginde gerilme
aktarimini desteklemektedir. Ancak:

e Liflerin su absorpsiyonu,
e Biyolojik bozunma egilimi,
e Beton-donati arayiiziindeki zayif bag,
e Liflerin heterojen yapist
kirilma modunun gevrek karakterde olmasina yol agmustir.

Bu durum literatiirde dogal lifli kompozitlerde sik¢a rapor
edilen bir davranistir (Tombak,2019). Kenevir lifinin kaplama,
recine emprenye, alkali dayanim artiric1 islemler gibi arayiiz
tyilestirme teknikleri ile performansinin daha da artirilabilecegi
degerlendirilmektedir.

5.2. Poliamid Sentetik Lif Halatinin Performans
Degerlendirmesi

Poliamid lif halati donatili kirislerin 8.95 MPa egilme
dayanimi  sunmasi, malzemenin yiiksek  deformasyon
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kapasitesine ragmen aderans yetersizligi nedeniyle yiik
aktariminda kayiplar yasandigin1 gostermektedir. Polimer lifler
beton i¢inde genellikle catlak kontrolii amaghh mikro katkilar
olarak kullanilmakta olup, makro 6l¢ekte donati olarak gdrev
almalari i¢in:

e Ylzey pirizlendirme,

o Mekanik centikleme,

e Epoksi veya politretan kaplama,

o Termal islem ile ylizey enerjisini artirma

gibi arayiiz miithendisligi gelistirmelerine ihtiya¢ vardir (Anil,
2011).

5.3. Celik Donati ile Karsilastirmah Degerlendirme

Celik donat1, hem yiiksek dayanimi hem de giiclii aderansi
sayesinde siinek ve kontrollii kirilma davranisi sergilemis; bu da
onu dayamim, giivenlik ve tasarim kolayligi agisindan diistiin
kilmistir. Alternatif malzemeler:

 Surduralebilirlik, hafiflik, diisiik maliyet,

gibi avantajlara sahip olsalar da yiik tasiyan tasiyici donati olarak
celigin yerini alabilecek diizeyde degildir.

Ancak hibrit donati sistemlerinde (celik + dogal lif +
sentetik lif) catlak kontrolii, enerji yutma ve darbe dayanimi gibi

ozelliklerin  1yilestirilebilecegi  literatiirde  belirtilmektedir
(Hossain vd, 2012).

5.4. Calismanin Katkilar:
Bu caligma literatiire su agilardan katki saglamaktadir:

e Dogal ve sentetik lif halatlarinin makro donati olarak
kullanimini1 inceleyen az sayidaki arastirmadan biridir.
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Ayni beton sinift ve ayni geometri ile donat tiiriiniin tek
degisken olarak incelendigi kontrollii deneysel tasarim
sunmaktadir.

Kenevir lif halatinin makro donati potansiyelini
gostermekte ve polimer donatilarin arayiiz problemlerini
ortaya koymaktadir.

5.5. Gelecek Calismalar i¢in Oneriler

Gelecek arastirmalarda:

Kenevir ve poliamid liflerin yizey modifikasyonu,
Hibrit donat1 kombinasyonlari,

Alkali dayanim iyilestirme iglemleri,

Farkli egilme agiklig1 ve kesitlerde davranis analizi,

Sayisal modelleme (FEM) ile dogrulama

gibi konularin ¢alisilmasi, alternatif donatilarin yapisal
miihendislikte kullanilabilirligine 6nemli katkilar saglayacaktir.
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KOPUK BETONUN OZELLIKLERI VE URETIM
YONTEMLERI

ibrahim PINARCI!

1. GIRIS

Kopiik beton, ¢cimento esasli hafif beton tiirleri arasinda
yer almakta olup, mekanik veya kimyasal yontemlerle Uretilen
stabil  kopiiglin  ¢imento  hamuruna homojen  sekilde
dagitilmasiyla elde edilir. Diisiik yogunlugu, yiiksek porozitesi
ve 1st yaliim Ozellikleri sayesinde son yillarda yap1
miithendisligi uygulamalarinda 6nemli bir alternatif malzeme
haline gelmistir (Neville, 2011).

Kopik betonlar; slrfaktan, cimento, su ve ihtiyaca gore
ince agrega veya kum ilave edilerek, 1sil islem olmaksizin
hazirlanan bir hafif beton tiiridiir. Sertlesme islemi
tamamlanmasinin akabinde, diisiik yogunluklu ancak tazeyken
akiciligr yiiksektir. Geleneksel harg ile kopiik betonu harcinin
farkli  olmasinin  temel sebebi akis  Ozelliklerinden
kaynaklanmaktadir. Kopiik betonda akma dayaniminin
disiikliigiinden dolay1 ciddi akma 6zelligi gosterir. Bu haliyle
cimento tipi, kopiiglin, taze har¢ yogunlugu, ajanin tipi,
su / baglayici orani, dolgu malzeme miktar1 ve 6zelligi, agrega
oran1 gibi faktorler etkili olmaktadir. Tiim faktorler géz oniine
alinarak harcin homojenligi, pompalanarak Uretim yerine iletimi
ve islenebilirligi hakkinda bir karara varilir (Y1lmaz, 2021).

L Dr. Opgr. Uyesi, Bilecik Seyh Edebali Universitesi, Pazaryeri Meslek

Yiiksekokulu, Endiistri Uriinleri Tasarimi Programi, ORCID: 0000-0002-9318-
4325.
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2. KOPUK BETONUN BILESiMi VE URETIM
YONTEMLERI

Kopik beton temel olarak c¢imento, su ve kopik
ajanindan olusur. Kopiik ajanlar1 protein bazli veya sentetik
kokenli olabilir. Uretimde 6n képiikleme ydntemi yaygin olarak
tercih edilmektedir. Bu yontemde kopilik ayri bir jeneratorde
uretilir ve ¢cimento hamuruna eklenir.

Koplik beton kullanilacak olan kopik Oncelikle
jeneratorde iiretilir. iki ¢esit sistem mevcuttur. Bunlardan ilki
hava basingl bir karistirict hattindan koptik ¢ozeltisi gecirilir ve
koplik elde edilmig olur. Bu c¢ozelti 40 kat genisleyerek
yogunlugu diisiiriilmiis kopiik elde edilmis olur. Ikincisi ise
¢Ozelti bir tlip igindeki tel orgii tiiplin ¢ikis tarafindan emilerek
puskiirtiilmesi saglanir. Olusturulan bu katkilar koyu kivamdadir
su ile seyreltilerek kullanilir (Atabey V. 2018 & Demir 2014).

Sekil 2.1. Kopiik Uretme Jeneratorii (https://tr.made-in-
china.com/co_led0518/product_Foam-Concrete-Generator-
Cement-Foam-Making-Machine_ehougegsy.html)
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Kopik  betonlarin  zaman  igindeki  gelisimi
incelendiginde ilk patentin yalitim malzemesi disiincesi ile 1923
yilinda alindigi goriiliir (Atabey V. 2018 & Valore 1954).
Sonrasinda 1954 yilinda Valore tarafindan ilk detayli inceleme
gerceklestirilmistir. Rudnai ve Kinniburgh tarafindan 1963
yilinda kapsamli ¢aligmalar yapilmis ve hiicre yapist
gelisiminden bagimsiz betonun hiicresel bilesimi ve kullanimi
incelenmistir (Rudnai 1963, Short and Kinniburgh 1963).

Baslangigta dolgu ve izolasyon malzemesi gibi yan
tiriinler olarak diisiiniilen kopiik beton sonradan ugucu kil ve
silis dumani gibi atik olan Dbertaraf malzemelerinde
kullanilabildigi 6zellikleri itibari ile hafif ve tasarruflu yapisiyla
giindeme gelmistir (Ramamurthy et al. 2009).

Zaman igerisinde iiretim ekipmanlarinda ve kopiik katki
maddelerindeki gelismeler bu beton seklinin kullanimini
arttirmigtir. Bu iirlinde yiiksek akiskanlik, baglayict malzeme
tasarrufu onemli bir faktér olmasinin yani sira iiretim sirasinda
bosluk, gozenek ve dagilim gibi fiziksel faktorlerde kararlilikta
gerekir. Dolayist ile iiretim, nakliye ve yerlestirme islemlerinde
homojenlik 6nemli bir kistastir (Ramamurthy et al. 2009).

Kopiik betonda kararlilik olduk¢a dnemlidir. Uretilmis
olan iirlinlin yapisindaki kopiik ve kopiikli betonun taze
durumdayken kosullar1 degerlendirilir. Kopiik hacmi standart
baz karigima gore %50 ‘nin iizerinde oldugu durumlarda
kopiigiin kararlilig1 kopiik beton tizerinde daha giiclii bir etkiye
sahip olacagi beklentisini artmaktadir (Aldridge 2005). Sentetik
yiizey aktif maddelerle tiretilen kopiiklerin gozenek boyutlar
daha genis ve agik olup protein kokenli kopiik kimyasallarina
kiyasla az kararli oldugu degerlendirilmektedir (McCarthy
2004). 2006 yilinda Jones and McCarthy tarafindan yapilan
calisma da ucucu kiil kullanilmis, kiil ¢cokmeye sebep olarak
kararlilig1 diistirmiistiir. Buna karsilik Nambiar Ramamurthy’in
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2007 de yapmis oldugu calismada ortam sartlarindaki yogunlugu
ve tasarim yogunlugu hemen hemen ayni degerlerdedir. Biiyiik
sorunlardan bir tanesi de kopiligiin ¢Okmesi ve ayrilmasidir.
Bunu bir miktar dengelemenin yolu ise su/ baglayici oranini
olabildigince yiikseltmektir (Atabey V. 2018 & Jones and
McCarthy 2006).

Kopiik  betonlar  tasarlanirken  istenen  kivamin
saglanabilmesi ve kalip icerisinde yeterince sikistirilabilmesi
icin kullanilan su igerigi ve kopiik orami ayarlama islemleri
kendiliginden yerlesen betona benzer tarzda yapilir. Istenen
oranin elde edilmesi de ancak deneme yanilma yontemiyle
saglanabilmektedir (Nehdi 2001).

Katilagmaya baslamis olan bir betonda hava kabarciklari
patlayabilir, asir1 akiskan olunca da yapidaki hava kabarciklarini
tutma becerisini kaybederek ayrisma meydana gelebilir. Bu
durum yogunluklarinin yakin olmasi ile ortadan kaldirilabilir
(Ramamurthy et al. 2009).

Sekil 3.1. Kopiik beton drnegi
(https://www.sanalsantiye.com/kopuk-beton-nedir/)
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3. FiZiKSEL VE MEKANIK OZELLIKLER

Kopiik betonlarda malzeme yogunlugu, gézenek miktari
ve boyutu kilcal su emme oran1t malzeme kalitesini
etkilemektedir.

3.1. Birim Hacim Agirhk

Kopiik betonlarda taze ve kuru birim hacim agirlig
arasindaki farkin 100-120 kg/m® miktarlarin1 ge¢cmemesinin
daha uygun olacagini ifade eden Amran ve arkadaslar1 (2015)
caligmalarinda kuru birim hacim agirliginin teorik ve gergek
birim hacim agirliklart farki £ 50 kg/m® olmasi gerektigi
belirtilmektedir. Kopiik betonda birim hacim agirliginin diismesi
sertlik miktariin ve dayanim degerlerinin azalmasina yol
acmaktadir (Bodur, Bayraktar & Kaplan, 2021 ve Yilmaz 2021).

3.2. Gozeneklilik Ve Kilcal Su Emme

Kopiik betonda gozeneklerin yapisin1 degerlendirirken
gozenek miktari, biiyiikligli dagilimi ve aralarindaki baglar
fiziksel mekanik ve fonksiyonel ozellikleri etkiler. Dolayisiyla
malzeme davranisi hakkinda fikir vererek uygulamaya yon
vermeye yardimci olur. Ug ¢esit gdzenek vardir. Bunlar jel
gozenekleri, kilcal gozenekler ve makro gozeneklerdir. Bir
kopiik betonun goézenek yapisi, karisimi olusturan bilesenlerin
cinsleri, Ozellikleri ve oranlarinin etkisi altinda sekillense bile
burada esas belirleyici olan kopiikk ajanimnin sahip oldugu
gbzenek yapist oldugu da goézden kacirilmamalidir (Bodur,
Bayraktar & Kaplan, 2021 ve Yilmaz 2021).

3.3. Basin¢ Dayanmimi

Kopiik betonda kdpiik cinsi ve miktari, ¢cimento, kum ve
baska bilesenlerin miktari, su/baglayict orani, yogunluk ve kiir
sistemi basin¢g mukavemetini etkileyen dnemli faktorler arasinda
yer almaktadir. Kopiik hacmi %50 civarindayken basing
mukavemetinde gozle goriiliir bir azalma oldugu goriilmiistiir.
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Bu durum %30 oraninda iken, basin¢ dayaniminda degisime
ihtiyac olmamakta ve stabil oran olarak belirlenmistir. Su
oraninin da karisimin kararlilig1 {izerinde etkili bir rolii oldugu
ve genellikle tasarim karisimlarinda kullanilan  kumun
inceliginin ve diger malzemelerin betonun dayanimini iizerinde
etkili oldugu goriilmiistiir (Bodur, Bayraktar & Kaplan, 2021 ve
Yilmaz 2021).

3.4. Yiiksek Sicaklik Direnci

Konvensiyonel betonla kiyaslandiginda kopiik betonlar
karisim bilesenlerine ve miktarlarina goére ¢ok daha yiksek
sicaklik  direnci  gostermistir. Ultra  hafif kopiuk beton
yogunlugunun artmasi ile yiiksek sicaklik direncinin artmasi,
400 kg/m® yogunluk igin 150 kg/m® yogunluga gére 3 kat daha
fazla olmas1 ve yeterli yiiksek sicaklik direnci icin 250 kg/m3
‘ten daha yiiksek bir yogunlukta tasarimlarin yapilmasi gerektigi
seklinde anlatilmaktadir (Bodur, Bayraktar & Kaplan, 2021 ve
Yilmaz 2021).

4. KULLANIM ALANLARI VE AVANTAJLARI

Kopiik betonlar yapilarin dis ve i¢ duvarlarinda zemin ve
catilarinda mimari elemanlarin yerini tutabilecek 6zelliklere
sahip stirdiirtilebilir bir yap1 ve izolasyon malzemesidir. Isik, 1s1
ve ses izolasyonu saglar (Ekinci, 2013). Bu beton tiirii taze
durumdayken akis becerisi yiiksektir, 1s1 iletimi diisiiktiir, gorev
yaptig1 yapt elemaninda diisiik yogunluguna ragmen yeterli
dayanima sahiptir. Ancak malzeme secilirken hazirlama yontemi
kullanilacak ajanin se¢imi, hava boslugunun homojen dagilimi,
karisim orani gibi bir¢ok faktore dikkat edilmesi gerekir (Davraz
& Kilingarslan, 2015).

Hafif beton cesitleri genel olarak zemin diizenleme isleri,
cati, duvar ve diger tamamlayict yap1 elemanlarinin tasariminda
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kullanilmaktadir. Ayrica yapi elemanlarinda kullanilan ¢eligin
cevresel sartlardan korunabilmesi i¢in kaplama malzemesi
olarak kullanimi da bulunmaktadir. Bunun yaninda cati ve
duvarlarin izolasyonlarinda tercih edilen malzemelerdendir. Bu
betonun alt yapida da kullanim alanlar1 vardir. Orneklendirecek
olunursa yakit depolari, kanalizasyon boru hatlar1 ve menfezler
gibi alanlar sayilabilir. Hafif betonlar birim hacim agirlig
diistirdiigli i¢in avantajli malzemelerdir. Cok agir yiikleri
olmayan, hizli montaj gerektiren, kalip tiiketimini azaltilmasinin
gerektigi yerlerde tercih sebebidir. Ayrica ekonomiktir ve daha
az iscilik gerektirir (Bodur, Bayraktar & Kaplan, 2021 ve ve
Yilmaz 2021).

5. SONUC

Kopukli beton kendine has fiziksel ve mekanik
ozellikleri ile ingaat teknolojisinde giderek Onemini
arttirmaktadir. Bunlara ilaveten 6ne ¢ikan o6zellikler ise 1s1, ses
yalitim iistiin dolgu o6zellikleri sayilabilir. Ulkemiz alt yapisi
kopiik betonu ve gerekli katk: iirlinlerini iiretmeye yetkindir ve
desteklenmektedir. Kopiik betonlar iiretim maliyeti agisindan
konvansiyonel betonlara kiyasla daha ekonomiktir, ayrica
ulagilabilir ve hizli tiretilebilirlik gibi artilar1 bulunmaktadir. Ses
ve 1s1 yalitim 6zellikleri, ayn1 zamanda diisiik basinglara karsi
gostermis oldugu diren¢g Onemini arttirmaktadir. Ayni zamanda
kullanilan malzemeler ve c¢alismalarda bahsedilen atik
maddelerin bertaraf edilmesine aracilik etmesi ile ¢evre dostu
bir hafif beton tiiriidiir. Tiim bu 6zellikleri degerlendirildiginde
kopiik betonlar stirdiiriilebilir yap1 eldesi ve daha az karbon ayak
izine destek verebilecek nitelikte bir nihai Grundir. Tercih
edilmesi ve kullaniminin arttirilmasinin iilkemize pozitif katkilar
saglayacagi diistintilmektedir.

133



Insaat Miihendisligi

KAYNAKCA
Aldridge, D. (2005). Introduction to foamed concrete, UK, 1-14.

Amran, Y. H. M., Farzadnia, N., & Ali, A. A. A. (2015).
Properties and applications of foamed concrete; A
review. In Construction and Building Materials (Vol.
101, pp. 990-1005).

Atabey V.,( 2018), “ Mermer Atiklarindan K&piik Beton Blok
Uretimi ” Yiksek Lisans Tezi, Afyon Kocatepe
Universitesi, Fen  Bilimleri  Enstitiisii,  Insaat
Miihendisligi ABD., Afyon.

Bodur, B., Bayraktar, O. U. O. Y., & Kaplan, O. U. G., 2021.
Kalsiyum Aliiminat Cimentolarmin Ko&piik Beton
Uretiminde Kullaniminin Incelenmesi.

Davraz, M., Kilingarslan, S., & Koru, M. (2015). Farkli
Yogunluktaki Kopilik Betonlarin Dayanim ve Isil
lletkenlik Ozellikleri. Ulusal beton kongresi, Antalya,
93-102.

Demir, 1. (2014). Ko&piik Betonda Rétre Catlaklarmim
Engellenmesi Hakkinda Teknik Rapor.

https://tr.made-in-china.com/co_led0518/product_Foam
Concrete-Generator-Cement-Foam-Making
Machine_ehougegsy.html, Erisim Tarihi :17.12.2025

https://www.sanalsantiye.com/kopuk-beton-nedir/

Jones, M.R. and McCarthy, A. (2006). Heat of hydration in
foamed concrete: Effect of mix constituents and plastic
density. Cement and Concrete Research, 6: 1032-1041.

McCarthy, A. (2004). Thermally insulating foundations and
ground slabs for sustainable housing using foamed
concrete, PhD Thesis, University of Dundee, Scotland.

134



Insaat Miihendisligi

Nehdi, M., Djebbar, Y. and Khan, A. (2001). Neural network
model for preformed foam cellular concrete, 98: 402-9.

Neville, A. M. (2011). Properties of Concrete. Pearson
Education.

Ramamurthy, E.K. and Nambiar, G. (2009). A classification of
studies on properties of foam concrete Indu Siva
RanjaniCement & Concrete Composites, 31: 388-396.

Ramamurthy, K., Nambiar, E. and Ranjani, G. (2009). A
classification of studies on properties of foam concrete,
6: 388.

Rudnai, G. (1963). Lightweight concretes, Budapest 3:16.

Short, A, Kinniburgh, W. (1963). Lightweight concrete, Asia
Publishing House.

Valore, RC. (1954). Cellular concrete part 1 composition and
methods of production, 50: 773.

Yilmaz M. Vd.,(2021) > Kopiik Beton Hakkinda Inceleme”,
Siirdiirilebilir Mithendislik Uygulamalar1 ve Teknolojik
Gelismeler Dergisi, 4(1), 16-21.

135



Insaat Miihendisligi

YUZEY DRENAJ SISTEMLERINDE AKIS
KAPASITESI

Ramazan MERAL!

1. GIRIS

Su kaynaklar1 yonetimi; su, toprak ve beraberinde ilgili
ekosistem unsurlarinin korunmasi ve gelistirilmesini hedeflemektedir.
Ozelde suyun etkin kullammi yaninda; taskin kontrolii, erozyon
kontrol(, tuzluluk kontrold, su géllenme (waterlogging) kontrolu, gevre
ve kentsel altyapt koruma, kirsal kalkinma, halk sagligi ve gida
giivenligi gibi 6nemli konular1 igermektedir. Drenaj bu suregte hayati
bir dneme sahiptir. Geleneksel anlamda drenajin en 6nemli ve gerekli
roli “toprakta fazla su kontroli” olsa da, su kaynaklari yonetiminin
bahsedilen tiim bilesenlerine katki sunmaktadir (Vlotman vd. 2020).

Tirkiye’de 2.775.115 ha alanda drenaj sorunu vardir. Bu alanin
1.689.358 hektar1 yetersiz drenajli, 776.312 hektar1 fena drenajls,
283.381 hektar1 bozuk drenajli, 26.064 hektar: ise asir1 drenajlidir
(Anonim 2021). Sulanan alanlarda sulama suyu ile topraga eklenen
tuzun drenaj ile uzaklastirilabilmesi i¢in; yikama gereksiniminin ve
topraktaki tuz dengesinin dikkate alinmasi gerekmektedir. Iklim
degisikligi etkileri ile birlikte artan ani ve siddetli yagislar, yiizey akis,
tagkin olaylar1 drenaj calismalarina ayrica bir dnem kazandirmaktadir.

Maksimum yiizey akis debisi, hacmi ve zamansal dagiliminin
bilinmesi drenaj ¢alismalarinda planlama, tasarim ve insasinda temel
datay1 olusturmaktadir. Hatali hidrolojik hesaplamalar; planlanan ve
inga edilen yapilarin bazen yetersiz, bazen de gereginden fazla blytk
veya hidrolik dengeyi bozacak sekilde yanlis boyutlandirilmasina
neden olabilmektedir. Yiizey akis miktarinin yerinde dogrudan

L Prof. Dr., Bilecik Seyh Edebali Universitesi, Ziraat ve Doga Bilimleri Fakiiltesi, Biyosistem

Miihendisligi Bélumii, ORCID: 0009-0000-8076-979X.
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Ol¢iilmesi en gegerli yol olmakla birlikte pekcok kisitlart ve zorluklart
bulunmaktadir. Bu amagla alanda ylizeysel akis parseli tesis edilerek
havzadan olusan akis degeri ortalama olarak belirlenebilir. Ancak
yontem hem kurulumu zor ve pahali hem de etkinligi, havzay1 ve
degisken kosullarim1 temsil etmesi glictiir. Yiizey akisin toplandigi
kanal ve irmaklarda debi takibi ve ylizey akis hidrograflarinin elde
edilmesi bu amagla kullanilan en yaygin yontemdir (Okman, 2012;
Gemalmaz 1993).

Acik drenaj kanal kapasitelerinin belirlenmesinde sulama
alanma diisen yagis ile alan digindan, yan derelerden sulama alnina
gelen sular Onemli bir yer tutmaktadir. Diger yandan sulama
sistemlerinde isletme ve kanal kayiplarinin neden oldugu su kayiplari
arazide olusan fazla suyun kaynaklaridir. Ancak tarim alanlarinda
genellikle yagisa bagli akisa gegen sular ile sulama kayip sular1 ayni
zamanda gerceklesmedigi diistiniildiigiinde; yagisa bagli olarak kanal
kapasitelerinin belirlenmesi yeterli olmaktadir (Giingér vd. 2016).

Bu ¢alismada ylizey akis miktarina etki eden pek cok faktor
dikkate alinarak, 6zellikle akis 6l¢limlerinin yapilamadigi durumlar i¢in
kullanilmak iizere, gelistirilmis olan Rasyonel ve SCS Egri yontemleri;
gunimiz uygulamalar1 dikkate alinarak, daha etkin bir kullanim igin
detayl olarak degerlendirilmistir.

2. RASYONEL YONTEM

Yontemin temel esasi; en yiiksek siddette yagisin,
konsantrasyon siresi (Tc¢) icinde olusturacagi yiizey akisin
belirlenmesidir. Yntemin yeterli akim rasati olmayan yan derelerin ve
yiizey drenaj kanallarinin kapasite belirlenmesinde, genellikle 2.500 ha
dan kuguk alanlarda etkili oldugu bilinmektedir (Carey vd. 2015;
Okman, 2012). Daha biyiik havzalarda, Tc¢’nin daha uzun stirmesi s6z
konusu olacagindan, yagis ve tagkin siddetinin iiniformlugu kabulii
giiclesmektedir (Vlotman 2020; SCS, 1972). Esitlik;

Q=0,00278.C.1.A
Q= En yiiksek yiizey akis debisi (m?/s)
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I: Yagis siddeti, mm/h
A: Drenaj alani (ha)
C: Akis katsayisi

Katsay1 (0,00278): Bir hektar alanda 1 mm/h siddetinde yagisin
tamaminin ylizey akisa gegmesi durumunda olusturacagi akis miktarini
(m?/s) ifade etmektedir.

Konsantrasyon suresi(Tc); Egimli bir havzada yiizey akisin
havza genelinde ayn1 anda gerceklestigi varsayildiginda, havzanin
cesitli noktalarindan gelen sularin 6l¢iim yapilan ¢ikis noktasina varis
siireleri farkli olacaktir. En uzun siire, hidrolik olarak en uzak noktadan
gelen su icin gegerlidir. Bu slireye konsantarasyon sresi (Tc) denir ve
yagis siiresi olarak kabul edilmektedir. Havzanin 6nemli bir hidrolojik
ozelligidir (Linsley 1988; Usul 2005). Yerinde yapilacak olgtimlerle
konsantrasyon zamaninin belirlenmesi en gegerli yontemdir. Bu
miimkiin degil ise havza uzunlugu ve akis hizina bagli olarakta tahmini
bir siire belirlenebilmektedir. Ayrica Tc ’yi havza alani, havza sekli,
egim, toprak kosullar1 gibi ilgili havza 6zellikleriyle iliskilendiren
cesitli formiiller de gelistirilmistir (Azizian 2019). Bunlar arasinda
ozellikle kiiciik (<0,5 km?) tarimsal havzalar igin yaygin kabul goren
Kirpich (1940) esitligidir:

| 115

~3080.H%48

L: Su toplama havzasinin uzunlugu,m

H: L mesafedeki kot farki, m

Te

Yagis siddeti(l): Yagislardan akisa gececek en yliksek akis
debisini belirlemek i¢in; sec¢ilen tekerriir araliginda konsantrasyon
zamanina esit slirede olusacagi tahmin edilen maksimum yagis siddeti
kulanilmaktadir. Yagislarin ¢esitli  biiyiiklikleri ve frekanslari
arasindaki iligkiyi veren yagis tekerrlr degerleri, diziye en iyi uyan
olasilik dagilim fonksiyonlarinin belirlenmesiyle gergeklesmektedir.
Yagis-siddet-tekerriir egrilerinin elde edilmesiyle ilgili tilkemizde yerel
ya da bolgesel 6lg¢eklerde pek ¢ok ¢alisma yapilmistir. Bununla birlikte
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kiiresel 1smnmanin yol actigr iklim degisikligi etkisinde, Ozellikle
ekstrem olaylarin yapisinin degistigi dikkate alinarak, bu ¢alismalarin
giivenilir yontemlerle daha sik giincellenmesi gerekmektedir.

Temel (2025) tarafindan, belirli tekertir aralikli olast maksimum
yagis siddetleri, Genellestirilmis Ekstrem Deger olasilik dagilimini
kullanarak Ulkemizdeki tim iller icin belirlenmistir. Burada drenaj
kanal kapasite belirleme amagli en ¢ok kullanilan tekerriir araligi ve
yagis siiresi i¢in elde edilen bulgular Cizelge 1’de verilmistir. Yine bu
veriler kullanilarak hazirlanmis yagis siddet haritasi Sekil 1°de
verilmigtir.

Ulkemizde genellikle tersiyer drenaj kanallart 2  yillik,
sekonder drenaj kanallar1 5 yillik, ana drenaj kanallart 10 yillik tekerriir
aralikl yagislar dikkate alinarak kapasitelendirilmektedir (Gemalmaz
1993; Guingor vd. 2016)

Cizelge 1. Turkiye illeri icin 5 y1l tekerrtr aralikh yagis siddeti
tahminleri (Temel (2025))

ILLER Siire (saat) ILLER Siire (saat)

05 [1 | 2] 3 05] 1] 2] 3

Yagis siddeti (mm/h) Yagis siddeti (mm/h)

Adana 59,1 | 388 | 22,8 | 16,6 | KMaras 339 | 20,2 | 120 | 9,3
Adiyaman 38,7 | 221 | 129 | 9,6 Karabik 345 | 20,4 | 19,2 | 14,6
A.Karahisar | 36,6 | 21,9 | 12,3 | 8,7 Karaman 343 | 19,7 | 11,3 | 8,2
Agri 31,3 18,7 | 101 | 7,1 Kars 439 | 246 | 136 | 9,5
Aksaray 273 | 165 | 9,9 7,4 Kastamonu | 49,2 | 28,2 | 159 | 11,2
Amasya 383 | 216 | 121 | 8,7 Kayseri 355|214 | 120 | 8,3
Ankara 353 | 21,1 | 119 | 85 Kirikkale 40,3 | 22,6 | 124 | 8,6
Antalya 83,5 | 58,2 | 39,9 | 32,2 | Kirklareli 528 | 32,4 | 185 | 12,8
Ardahan 486 | 294 | 16,2 | 11,1 | Kirgehir 36,5 | 21,3 | 12,3 | 8,5
Artvin 288 | 18,7 | 11,2 | 8,6 Kilis 412 | 252 | 13,7 | 9,8
Aydin 435 | 27,6 | 159 | 11,7 | Kocaeli 53,7 | 33,0 | 188 | 13,8
Balikesir 415 | 250 | 152 | 11,0 | Konya 30,3 | 18,0 | 10,2 | 7,4
Bartin 53,1 | 353 | 22,2 | 16,6 | Kitahya 426 | 242 | 132 | 94
Batman 294 | 174 ] 104 | 76 Malatya 2509 | 146 ] 89 6,8
Bayburt 332|188 | 105 | 75 Manisa 4871 29,9 | 170 | 125
Bilecik 3911| 225 | 122 | 85 Mardin 389 | 243 | 150 | 115
Bingol 31,2 | 20,4 | 122 | 8,9 Mersin 53,1 | 334 | 21,0 | 159
Bitlis 26,5 | 159 | 10,7 | 8,8 Mugla 55,2 | 37,5 | 24,4 | 18,2
Bolu 33,71 197 | 11,1 | 79 Mus 236 | 146 | 95 7.4
Burdur 369 | 215 | 129 | 9,2 Nevsehir 286 | 184 | 105 | 75
Bursa 36,9 | 219 129 ] 99 Nigde 26,5 | 156 | 9,3 6,7
Canakkale 522 | 354 | 20,9 | 152 | Ordu 56,1 | 36,9 | 222 | 16,4
Cankin 376 | 214 | 120 | 8,3 Osmaniye 67,6 | 440 | 30,4 | 23,0

139



Insaat Miihendisligi

Cizelge 1. (devam) Turkiye illeri igin 5 yil tekerrur arahikh yagis siddeti
tahminleri (Temel (2025))

ILLER Siire (saat) ILLER Siire (saat)

05 [1 | 2] 3 o5] 1] 2] 3

Yags siddeti (mm/h) Yagis siddeti (mm/h)

Corum 496 | 28,2 | 153 | 10,7 | Rize 76,5 | 548 | 350 | 26,1
Denizli 46,4 | 27,6 | 152 | 10,8 | Sakarya 585 | 359 | 209 | 149
Diyarbakir | 315 | 18,0 | 10,7 | 8,0 Samsun 559 | 383 | 231 ]| 17,1
Duzce 439 | 25,7 | 154 | 11,3 | Siirt 30,2 | 183 | 114 | 83
Edirne 50,6 | 31,2 | 18,0 | 12,9 | Sinop 48,3 | 31,8 | 188 | 135
Elazig 255 | 150 | 9,2 7,0 Sivas 306 | 176 | 100 | 7,1
Erzincan 20,1 | 1241 76 5,8 Sanliurfa 325 | 209 | 132 ] 97
Erzurum 278 | 155 | 87 6,3 Sirnak 40,3 | 240 | 13,7 | 10,2
Eskisehir 404 | 23,1 | 124 | 8,7 Tekirdag 62,4 | 36,8 | 20,2 | 14,9
Gaziantep 36,3 | 21,8 | 133 | 9,8 Tokat 31,8 | 180 | 9,8 6,8
Giresun 71,0 | 480 | 30,4 | 22,4 | Trabzon 58,8 | 40,9 | 26,4 | 195
Giimiighane | 26,1 | 14,7 | 85 6,3 Tunceli 238 | 140 | 86 6,5
Hakkari 230 | 141 ] 91 7,0 Usak 39,0 | 240 | 132 | 94
Hatay 66,9 | 46,3 | 285 | 21,0 | Van 22,3 | 135 | 87 6,5
Igdir 257 | 14,7 | 80 5,6 Yalova 534 | 330 | 199 ] 150
Isparta 410 | 256 | 14,7 | 10,2 | Yozgat 37,71 220 | 125 | 9,0
Istanbul 49,5 | 30,7 | 18,2 | 135 | Zonguldak | 66,6 | 444 | 26,9 | 19,9
[zmir 457 | 30,0 | 18,7 | 141

KARADENIZ

.....
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TURKIYE MULKI IDARE HARITASI
ISARETLER
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Yags Siddeti, I (mm/sa)

AKDENIZ

Bl 941-1604 [ 17.98-20,11 [ 22.05-2439 M 29.76 - 35,53

B 16,05-1797 [ 2012-22,04 [ 24,4-2975 [ 35.54-64

Sekil 1. Yagis siddeti haritasi (5 y1l tekerriir aralikli, 60 dakika siireli)

140



Insaat Miihendisligi

Cizelgel’de verilen 5 yillik degerler Cizelge’2 de verilen esitlik
veya katsayilar dikkate alinarak gerekli istenilen tekerriir araligina
donistiiriilebilmektedir. Cizelgede verilen doniisiim esitlikleri Temel
(2025) de verilen Tiirkiye verileri dikkate alinarak elde edilmistir.
Dontisiim katsayilari ise Carey vd. (2015) tarafindan verilmistir.

Cizelge 2. Farkl siireli yagislarin doniisiim esitligi ve katsayilari

Tekerriir yillari Esitlik Doniisiim katsayisi
5 yillik - 2 yillik 1,=0,72515-0,434 0,75
R?=0,993
5 yillik — 10 yillik 110=1,18215-0,641 1,25
R?=0,997

Yiizey Akis katsayisi(C); beklenen en yiiksek yiizey akigin
havzadan desarj olan oranin1 ve pik debiye katki yapan kismini ifade
etmektedir. Havza topraginin infiltrasyon hizina, egim durumuna ve
bitki Ortiisiine bagli olarak degismekte olup Cizelge 3’te verilmistir.
Ayrica yagis siddeti ve siiresiyle de bu katsayiy1 etkilemektedir. Havza
farkl1 ylizey akis katsayilarma sahip alt bdliimlerden olugmasi
durumunda alan agirlikli ortalama alinarak havzay1 temsil edebilecek
bir akis katsayis1 kullanilabilmektedir (SCS, 1972)

Cizelge 3. Yiizey akis katsayilar: (SCS, 1972)

Arazi Egim Infiltrasyon hiz1
Yiiksek Orta Diisiik
Ekili arazi <5% 0.30 0.50 0.60
5-10% 0.40 0.60 0.70
10-30% 0.50 0.70 0.80
Mera <5% 0.10 0.30 0.40
5-10% 0.15 0.35 0.55
10-30% 0.20 0.40 0.60
Agaclik <5% 0.10 0.30 0.40
5-10% 0.25 0.35 0.50
10-30% 0.30 0.50 0.60

3. SCS EGRi YONTEMI

SCS egri yontemi A.B.D. Toprak Koruma Servisi tarafindan
ozellikle akim 6l¢iimii bulunmayan havzalarda dolaysiz akis hesabi igin
gelistirilmis olup daha genis alanlarda kullanim olanagina sahip bir
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yontemdir. Basitligi ve detayli havza ozelliklerini dikkate almasi
sayesinde kisa siirede diinya genelinde akademi ve uygulama alaninda
kullanilan yaygin bir yontem haline gelmistir. Yontemin esas1 yagis ile
infiltrasyon miktarmin farkina dayanmaktadir (SCS, 1972; Beyazit
2011) ;

p2
“P+s
Q: Yiizey akig,mm

Q

P: Yagis, mm
S : Su tutma potansiyeli,mm

Yagisin bir kisimmin ylizeyde tutuldugu veya c¢ukurlarda
biriken kismin buharlagsma ile kayboldugu bilinmektedir. Yiizeyde
tutulan su olarak tanimlanan bu su toprakta su tutma potansiyelinin
%20’si olarak (A=0,2) kabul edilmistir. Bu durumda esitlik;

_(P-0.25)°
~ (P+0.8S)

seklinde ifade edilmektedir. Ancak bu yaklagimin SCS
tarafindan ortalama %35 egimli araziler i¢in yapilmis olmasi yontemin
bir kisitidir. Daha yiiksek egimli havzalarda bu katsayinin daha diisiik
degerler almasi beklenilen bir durumdur (Wenhai and Wang (2020).
Yapilan caligmalarda A = 0,2 kabuliiniin havza yiizey akist
tahminlerindeki kimi durumlarda tutarsiz sonuclar verdigi, bunun
yerine A= 0,05’in ¢ok daha temsil edici oldugu belirtilmistir. Baz1
caligmalar ise bu degerin 0,01-0,05 arasinda olmasi gerektigini
belirtmiglerdir (Hawkins vd. 2009).

Yagis oncesi havzanin agirlik ortalamali S degerinin 6l¢iilmiis
olmast veye bilinmesi durumunda yilizey akis miktar1 esitlikle
belirlenmektedir. Bu her zaman miimkiin olmadigi1 i¢in 6ncelikle havza;
toprak biinyesi, infiltrasyon hizi, nem igerigi ve yiizey ortiisii dikkate
alinarak  smiflandirilmis  ve bir  egri numarasi (CN) ile
isimlendirilmistir. Bu egri numarasindan yararlanilarak S degeri tahmin
edilmektedir;
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Bu yontemin 6ne ¢ikan diger 6zelligi yiizey akisin olusumunu
etkileyen birgok faktoru tek bir parametre (CN) icinde toplamasidir.
Egrinin secilmesi sonucun giivenilirligini dogrudan etkilemektedir. Bu
amagcla asagida verilen Cizelge 4 kullanilmaktadir (Soulis, 2021; SCS,

1972).

Cizelge 4. Farkh kosullar i¢in CN degerleri

Hidrolojik Toprak
Grubu

Arazi Kullanimi veya Islem veya Hidrolojik
Ortiisu Uygulama Durum A|B|C D
Ciplak Yiizey Kot 77 | 86 | 91 | 94
Nadas Bitki atig ile ortiili [KOW 76 | 8 | %0 | 93
(CR) Iyi 74 | 83 | 88 | 90
Kotd 72 | 81 | 88 | 91
Diiz sira Iyi 67 | 78 | 85 | 89
Kotu 71| 80 | 87 | 90
Diiz sira + CR Iyi 64 | 75 | 82 | 85
Koti 70 | 79 | 81 | 88
S Konturlu Iyi 65 | 75 | 82 | 86
Sira Bitkileri —
Kotd 69 | 78 | 83 | 87
Konturlu + CR Iyi 64 | 74 | 81 | 85
Konturlu Kot 66 | 74 | 80 | 82
Teraslh Iyi 62 | 71 | 78 | 81
Konturlu Kotd 65 | 73 | 79 | 81
Terasli + CR Iyi 61 | 70 | 77 | 80
Kotu 65 | 76 | 84 | 88
Diiz sira Iyi 63 | 75 | 83 | 87
Koti 64 | 75 | 83 | 86
Diiz sira + CR Iyi 60 | 72 | 80 | 84
Kotu 63 | 74 | 82 | 85
) Konturlu Iyi 61 | 73 | 81 | 84
Kii¢iik Taneli Tahil
Poor 62 | 73 | 81 | 84
Konturlu + CR Good 60 | 72 | 80 | 83
Konturlu Kotd 61 | 72 | 79 | 82
Terash Iyi 59 | 70 | 78 | 81
Konturlu Poor 60 | 71 | 78 | 81
Terash + CR Good 58 | 69 | 77 | 80
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Cizelge 4. (devam) Farkh kosullar icin CN degerleri (Devam)

Hidrolojik Toprak

Arazi Kullanimi veya Islem veya Hidrolojik Grubu
Ortlisu Uygulama Durum A | B C D
Kot 66 | 77 | 85 | 89
Diiz sira Tyi 58 | 72 | 81 | 85
Kétl 64 | 75 | 83 | 85
o ) Konturlu Iyi 55 | 69 | 78 | 83

Sik Ekilmis Baklagiller —

veya Konturlu Kot 63 | 73 | 80 | 83
Miinavebeli Cayir Terasl Iyi 51 | 67 | 76 | 80
Kot 68 | 79 | 86 | 89
Orta 49 | 69 | 79 | 84
Iyi 39 | 61| 74 | 80
Kot 47 | 67 | 81 | 88
Orta 25 |59 | 75 | 83
Mera Alani Konturlu Tyi 6 | 35| 70| 79
Cay1r (Daimi) Iyi 30 | 58 | 71 | 78
Kot 45 | 66 | 77 | 83
Orta 36 | 60 | 73 | 79
Ormanlik Alanlar Iyi 25 | 55 | 70 | 77
Yollar, Toprak 72 | 82 | 87 | 89
Yollar, Sert Zeminli 74 | 84 | 90 | 92

Cizelgedeki terimler;
*CR : Y1l boyunca toprak yiizeyinin en az % 5’inin bitki atiklariyla kapli oldugu durumdur.

**Hidrolojik durum; infiltrasyon ve yiizeysel akist etkileyen faktorlerin durumunu ifade
etmektedir. Iyi: Yiizeyin %20'den fazlasi kalnti ile kapl olup, yiizeysel akisi azaltma
egilimindedir. Orta Infiltrasyonu ortalama diizeyde tesvik eder ve yiizeysel akisi nispeten
azaltma egilimindedir. KotU: Infiltrasyonu engeller ve yiizeysel akisi artirma egilimindedir.

***Hjdrolojik Toprak Grubu (USDA, 2009; Seetpal vd., 2020);

Grup A: Bu gruptaki topraklar, doygun kosullarda diisiik
yiizeysel akis ve yiiksek infiltrasyon potansiyeline sahiptir. Kil igerigi
diisikk, kum igerigi yiiksek topraklardir. Genel olarak katmanlarin
ortalama doymus hidrolik iletkenligi 144 mm/h’e esit ve daha fazladir.

Grup B: Doygun kosullarda orta derecede diisiik yiizeysel akis
ve orta derecede yiksek infiltrasyon potansiyeline sahiptir. Tipik olarak
%10 - 20 arasinda kil ve %50-90 arasinda kum igerir; tinli kum veya
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kumlu tin biinyesine sahiptir. Genel olarak katmanlarin ortalama
doymus hidrolik iletkenligi 36 -144 mm/h araligindadir.

Grup C: Doygun kosullarda orta derecede yiiksek ylizeysel akis
potansiyeline sahiptir. Infiltrasyon kapasitesi profil boyunca bir miktar
kisitlanmigtir. Tipik olarak %20 - 40 arasinda kil ve %50'den az kum
igerir; tin, siltli tin, kumlu killi tin, killi tin ve siltli killi tin biinyelerine

sahiptir. Genel olarak katmanlarin ortalama doymus hidrolik iletkenligi
3,6 - 36 mm/h araligindadir.

Grup D: Bu gruptaki topraklar, doygun kosullarda iken yiiksek
ylizeysel akis potansiyeline sahiptir. Toprak boyunca su hareketi
onemli diizeyde kisitlanmistir.ipik olarak %40'tan fazla kil, %50'den az
kum igerir ve killi biinyeye sahiptir. Genel olarak katmanlarin ortalama
doymus hidrolik iletkenligi 3,6 mm/h e esit ve daha diisiiktiir.

Beren ve Hosgormez (2024) Toprak Koruma Servisi Egri
Numaras1 (SCS-CN) yontemi ile yiizey akis degerini hesaplamis ve
akim gozlem istasyonunda kaydedilen gozlem verileri ile
karsilagtirmiglardir.  Calismadan elde edilen bulgular, 0l¢iim
yapilmayan havzalarda yiizey akisin belirlenmesinde SCS-CN
yonteminin etkinligini ve dogrulugunu ortaya koymustur. Calismada
yagig verileri, hidrolik toprak grup smiflamalari ve arazi kullanim
ortiisii bilgilerinin Egri Numarasi1 (CN) degerlerinin belirlenmesinde
onemli olup, ylzey akis hesaplamalarini dogrudan etkiledigi
vurgulanmig; CN degerlerinin yerel kosullar1 daha dogru yansitacak
sekilde uyarlanmasi, modelin performansint 6nemli  6l¢iide
artirabilecegi vurgulanmstir.

Yontemin yerel kosullarda uyum saglamasi igin arazi egim
faktoriinilin, yagis siiresinin ve baslangictaki nem igeriginin dikkate
alinmasi olduk¢a onemlidir. Ajmal vd. (2016) ve Ajmal vd. (2020)
yaptiklar1 ¢alismada farkli egimlerde ( %7.50 - 53.53) 39 havzada 1779
farkli yagis-ylizey akis Ol¢iimlerini degerlendirmisler ve sonug olarak
egim (a,ylizde) ile CN arasinda asagidaki esitligi elde etmislerdir.
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1.9270+2.133

CN,=CN [ t2.179

CN,, yuzde egime baglh diizeltilmig CN degeri

Topragin yagis oncesi nemi (ilk 30cm katmandaki) dikkate
alinmasi i¢in ise topragin biinyesi, infiltrasyon hizi, yagis 6ncesi nem
icerigi ve ylizey bitki Ortiisii bilgileri kullanilarak havzanin egri
numarasi elde edilebilmektedir (USBR, 1984). Pratik kullanim amagli
hazirlanmis abak Sekil 2’de verilmistir (Vlotman vd., 2020).

Agir kil Orta | Siltli kil | Siltli killi tin Siltli tn Koria P —
kil | Kumlu Kil | Killi tin
Hafif kil | Kumlu killi tin Silt coce

Infiltrasyon hizi, mm/h
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EGRI NUMARASI V
88
Sekil 2. Farkh havza ozelliklerine bagh e@ri numarasi degerleri
Wenhai and Wang (2020) yaptigi karsilastirmali
degerlendirmelerinde yagis oncesi nem igeriginin CN {izerindeki
etkisini en iyi asagidaki esitlikle ifade edilebilecegini belirtmistir.

0
CNp=CN [0,15+o.24e]

CNpo yagis oncesi toprak nemine bagh diizeltilmis CN degeri, 0
- toprak nemi cm®/cm?®
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Diger bir yaklasim olarak; Babagiray vd. (2025) tarafindan
Tdrkiye geneli icin i¢cin hem Hidrolojik Toprak Grubu hem de 100 m
coziinlirliiklii CN degerleri, saha Ol¢iimlerine dayali ayrintili toprak
haritalar1 ile CORINE (Cevresel Bilgi Koordinasyonu) arazi
kullanim/6rtiisii  haritas1 kullanilarak iretilmistir. Dijital formatta
erislebilen bu haritalar iilke genelinde kullanim olanagi sunmaktadir.

4. SONUC

Toprak ve su kaynaklarmin yonetimi kapsaminda drenaj
sistemleri 6nemli bir yer tutmakta olup; etkili hidrolojik faktorlerin
cesitliligi ve degiskenligi nedeniyle, planlamasi ve isletilmesi
sureclerinde pek ¢ok zorluklar icermektedir.

Yizey drenaj yontemlerinde amac toprak yiizeyinde biriken
yiizey akislarin araziden uzaklastirilmasidir. Bu baglamda maksimum
ylizey akis debisi, hacmi ve zamansal dagiliminin bilinmesi drenaj
calismalarinda planlama, tasarim ve ingasinda temel datay1
olusturmaktadir. Hatali hidrolojik hesaplamalar; planlanan ve insa
edilen yapilarin bazen yetersiz , bazen de gereginden fazla biylk
boyutlandirilmasina neden olabilmektedir. Yiizey akis miktarinin
yerinde dogrudan oOl¢iilmesi en gegerli yol olmakla birlikte pekgok
kisitlar1 ve zorluklar1 bulunmaktadir. Bu calismada yiizey akis
miktarina etki eden pek ¢ok faktor dikkate alinarak gelistirilmis olan
Rasyonel ve SCS Egri yontemleri ile ylizey akis tahmini ve dolayistyla
acik drenaj kanal kapasitelerinin belirlenmesi {izerinde durulmustur.
Yontemlerin - kullanimlar1  detayli olarak verilirken, kullanilan
paremetrelerin 6zellikle yerel kosullara uyumlu ve saha olgtimlerine
dayali olarak elde edilmesine yardimci olacak bilgiler verilmistir.
Unutulmamasi gerekir ki; bu yontemler uygulamada kolaylik saglayan
birer tahmin yaklagimlaridir. En azindan igerdigi paremetrelerin
Olclilmiis degerler olmas1 Onem tasimaktadir. Tahmin esitligi
paremetrelerinin de tahmin ediliyor olmasi sonuglar1 soyut hale
getirmektedir. Bu konuda gelistirilmis pek ¢ok hidrolojik model; bu
kisittan dolay1r  giivenilirligi tartigmalidir. Gelisen teknojiler saha
verilerinin yetersiz oldugu alanlarda, oncelikle Olglilmiis data
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yeterliligini  saglama yoniinde hizmet etmelidir. Bu asama
atlanildiginda gelismis yazilimlar, model ve yapay zeka uygulamalari
bize sanal sonuglar vermeye devam edecektir.
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KIYI KENTSEL ORTAMLARDA YAYA UST
GECITLERININ YAPISAL, KULLANICI
ODAKLI VE SURDURULEBILIRLIK
ACISINDAN COK BOYUTLU
DEGERLENDIRILMESI

Sina ATABEY!
Abdullah BOSTANCI?

1. GIRIS

Bu c¢alisma, k1y1 kentlerinde yer alan yaya iist gegitlerinin
malzeme se¢imi, yapisal sistem tercihleri ve bakim stratejilerinin
hangi faktorler tarafindan belirlendigini ortaya koymayi
amaclamaktadir. Bu baglamda, yaya {ist gecitleri, kentsel
hareketlilik sistemlerinde giivenlik ve siirekliligi saglayan kritik
altyap1 elemanlaridir. Ozellikle kiy1 kentlerinde yogun trafik,
yiiksek nem ve tuzlu atmosfer gibi ¢evresel kosullar, bu yapilarin
tasarim ve isletimini ¢ok boyutlu bir problem alanina
dontistiirmektedir. Bu ¢alisma, aymi veri setini kullanmakla
birlikte onceki ¢alismalardan farkli olarak, uzman goriislerini
politika, yasam dongiisii ve erisilebilirlik perspektifleriyle
yeniden yorumlamaktadir. Kentsel altyap1 yatirimlarinda artan
maliyet baskist ve iklim degisikligi, karar vericileri daha
dayanikli ve siirdiiriilebilir ¢oziimlere yoneltmektedir. Bu
baglamda yaya {list gegitleri, yalnizca teknik performanslartyla

Dr. Ogr. Uyesi, Avrasya Universitesi, Miihendislik ve Mimarlik Fakiiltesi, Ingaat
Miihendisligi, ORCID: 0009-0000-2514-8499.

Ogr. Gor, Avrasya Universitesi, Meslek Yiiksekokullari, Insaat Teknolojisi
Programi, ORCID: 0000-0002-5306-9765.
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degil, sosyal kapsayicilik ve estetik katkilartyla da
degerlendirilmelidir.

Yaya iist gecitleri, kentsel ulasim sistemlerinde yaya
glivenligini artirmak ve tasit trafiginin siirekliligini saglamak
amactyla kullanilan temel altyapt elemanlar1 arasinda yer
almaktadir. Ozellikle gok seritli yollar, yiiksek hiz limitine sahip
arterler ve yogun yaya hareketliliginin bulundugu bolgelerde,
yaya-arag etkilesimini azaltan en etkili ¢oziimlerden biri olarak
kabul edilmektedir (Hasan vd., 2020; Truong ve Somenahalli,
2019). Literatiirde, yaya list gegitlerinin yalnizca fiziksel bir gegis
aract degil, aynm1 zamanda kentsel giivenlik politikalarinin
mekansal bir bileseni oldugu vurgulanmaktadir (Kawther ve
Mohammad, 2024).

Yaya {ist gecitlerinin yapisal sistemleri incelendiginde,
betonarme, ¢elik ve kompozit sistemlerin en yaygin kullanilan
¢coziimler oldugu goriilmektedir. Betonarme sistemler, yliksek
basing dayanimi ve nispeten diisiik ilk yatirnm maliyetleri
nedeniyle 6zellikle gelismekte olan iilkelerde tercih edilmektedir
(Pan, 1992; Aydin, 2024). Ancak bu sistemlerin agir olmasi, uzun
ingaat siiresi gerektirmesi ve ilerleyen yillarda ¢atlak olusumu
gibi bakim sorunlar1 dogurmasi literatiirde siklikla dile
getirilmektedir (Eremeev vd., 2021).

Celik yaya iist gecitleri ise hafif yapilari, hizli montaj
imkan1 ve estetik tasarima olanak tanimasi nedeniyle son yillarda
one ¢ikmaktadir (Jiang ve Yang, 2012). Buna karsin, ozellikle
kiyr kentlerinde c¢elik yap1 elemanlarinin korozyona karsi
hassasiyeti 6nemli bir dezavantaj olarak degerlendirilmektedir.
Deniz tuzu, yiksek nem ve rlzgar etkisi, ¢elik elemanlarda
malzeme bozulmasimi hizlandirmakta ve bakim maliyetlerini
artirmaktadir (Heldak vd., 2021; Ribeiro da Silva ve Santos da
Silva, 2018). Bu durum, c¢elik sistemlerin yasam dongiisii
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maliyetlerinin betonarme sistemlere kiyasla daha dikkatli analiz
edilmesini gerekli kilmaktadir.

Kompozit yap1 sistemleri, betonarme ve c¢eligin
avantajlarim1 bir araya getirmeyi amaglayan ¢oziimler olarak
literatiirde yer bulmaktadir. Bu sistemler, dinamik yiikler altinda
daha iyi performans gosterebilmekte ve aciklik gegme kapasitesi
acisindan avantaj saglamaktadir (Eremeev vd., 2021). Ancak,
kompozit sistemlerin tasarimi, detaylandirilmast ve bakim
stirecleri daha karmagsik olup, uzmanlik gerektirmektedir. Bu
nedenle uygulama alanlar1 halen sinirhidir (Ivorra vd., 2015).

Kiy1 kentlerinde yer alan yaya st gegitleri i¢in ¢evresel
etkiler literatiirde ayr1 bir inceleme alani olusturmaktadir. Denizel
iklim kosullar1; riizgar yiikleri, tuz piliskiirtmesi ve nem orani gibi
faktorler  araciliiyla  yapisal =~ performansit  dogrudan
etkilemektedir (Pan, 1992; Heldak vd., 2021). Bu nedenle, kiy1
bolgelerinde tasarlanan yaya (st gecitlerinde malzeme secimi
kadar koruyucu kaplamalar, drenaj detaylar1 ve bakim stratejileri
de kritik 6neme sahiptir.

Yaya iist gecitlerinin basarisini belirleyen bir diger 6nemli
unsur kullanici davranislaridir. Yapilan caligmalar, yaya {ist
gecitlerinin fiziksel olarak mevcut olmasinin tek basina yeterli
olmadigini, kullanicilarin  bu yapilar1 tercih etmelerinde
erisilebilirlik, konfor ve algilanan giivenligin belirleyici oldugunu
ortaya koymaktadir (Patra vd., 2020). Ozellikle engelli bireyler,
yashlar ve ¢ocuklu aileler i¢in rampalar, asansorler ve kapali
geciglerin bulunmamasi, st gegitlerin kullanilmamasina yol
acabilmektedir (Ghafoor ve Khan, 2021).

Tirkiye ozelinde yapilan caligmalar, bir¢ok yaya iist
gecidinde erisilebilirlik kriterlerinin yeterince saglanamadigini ve
tasarim siirecinde kullanici odakli yaklagimlarin sinirl kaldigini
gostermektedir (Aksoy, 2024; Akyiiz, 2023). Bu durum, yaya ust
gecitlerinin kentsel entegrasyonunu ve toplumsal kabullni
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olumsuz yonde etkilemektedir. Literatiirde, kullanic1 geri
bildirimlerinin tasarim ve bakim siireglerine entegre edilmesi
gerektigi siklikla vurgulanmaktadir (Kawther ve Mohammad,
2024).

Dolayisiyla literatiir, yaya iist gecitlerinin yalnizca
miihendislik hesaplariyla degerlendirilemeyecek kadar c¢ok
boyutlu yapilar oldugunu ortaya koymaktadir. Yapisal
performans, ¢evresel dayaniklilik, siirdiiriilebilirlik, erisilebilirlik
ve kullanict davraniglari; bu yapilarin  basarisim1  birlikte
belirleyen temel unsurlardir. Bu ¢alisma, mevcut literatiirdeki bu
cok boyutlu yaklasimdan hareketle, uzman goriislerine dayali
verileri farkli bir analitik ¢ercevede ele almay1 amaglamaktadir.
Arastirma, Trabzon ili Ortahisar ilgesinde bulunan yaya st
gecitlerine iliskin olarak farkli disiplinlerden uzmanlara
yoneltilen 30 acgik uclu soruya verilen yanitlarin grafiksel
analizine dayanmaktadir. Calismada nicel yapisal Olglimler
yerine, uzman algisi, mesleki deneyim ve karar strecleri 6n plana
cikarilmistir. Bulgular, 6zellikle kiy1 ikliminin ¢elik yapilarda
korozyon riskini artirdigini, betonarme sistemlerin ise bakim
kolaylig1 agisindan avantaj sagladigin1 gostermektedir. Bununla
birlikte erisilebilirlik, siirdiiriilebilirlik ve yasam dongiisi
maliyetlerinin tasarim kararlarinda yeterince belirleyici olmadigi
tespit edilmistir. Calisma, yaya {st gecitlerinin yalnizca
mihendislik yapilar1 degil, ayn1 zamanda kentsel yasam kalitesini
etkileyen kamusal altyapt bilesenleri olarak ele alinmasi
gerektigini vurgulamaktadir.

2. VERI SETI VE ANALITIK YAKLASIM

Bu calismanin veri seti, yaya iist gecitlerinin tasarima,
yapimi, isletilmesi ve siirdiiriilebilirligi konularinda deneyime
sahip uzmanlara yoneltilen 30 agik u¢lu soruya verilen yanitlarin
grafiksel gosterimlerinden ve sahada cekilen yaya st gecidi
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fotograflarindan olusmaktadir. Veri seti, nicel Ol¢limlere
dayanmamakta; uzman deneyimi ve gozlemsel bilgiye dayali
nitel veriler icermektedir.

Uzman goriigleri; insaat miihendisligi, ulastirma
miihendisligi, mimarlik ve sehir planlama disiplinlerinden gelen
profesyonellerin degerlendirmelerini yansitmaktadir. Sorular;
malzeme secimi, yapisal sistem tercihleri, bakim-onarim
sorunlar1, g¢evresel etkiler, erisilebilirlik, stirdiiriilebilirlik ve
kullanic1 memnuniyeti gibi tematik basliklar altinda toplanmigtir
(Tablo 1). Her bir soruya verilen yanitlar grafikler araciligiyla
Ozetlenmis ve uzman egilimleri gorsel olarak ortaya konmustur.

Tablo 1. A¢ik uglu sorular

NO  Sorular

1 Yaya st gecit projelerinde en sik hangi tip yapisal sistemle (betonarme veya
¢elik) karsilastiniz? Sizce bu yayginligin nedeni nedir?

2 Betonarme ve celik yaya iist gegitleri arasinda uygulama, bakim ve onarim
siiregleri agisindan temel farklar nelerdir?

3 Iklim kosullar, trafik yogunlugu ve topografya yaya iist gegitlerinin tasarim,
planlama ve yapim siireclerini nasil etkiler?

4 Betonarme veya ¢elik yaya iist gegitlerinin tasarimi ve ingasi sirasinda
karsilastiginiz en biiyiik teknik zorluklar nelerdir?

5 Bakim ve onarim siireglerinde en sik hangi sorunlarla karsilagiyorsunuz?
Bunlar1 gidermek igin hangi ¢6ziimleri uyguluyorsunuz?

6 Insaat sahasinda veya proje teslimati sirasinda hangi lojistik sorunlari
yastyorsunuz? Bu zorluklarin iistesinden nasil geliyorsunuz?

7 Malzeme seciminde (betonarme mi gelik mi) karar vericileri etkileyen temel
faktorler (maliyet, dayanim, estetik, bakim siiresi vb.) nelerdir?

8 Maliyet etkinligi ile dayaniklilik arasinda bir denge kurmaniz gerektiginde
hangi kriterleri g6z éniinde bulunduruyorsunuz?

9 Kullanict memnuniyetine iligkin geri bildirimleri nasil ve hangi kanallardan
aliyorsunuz? Bu geri bildirimler tasarim veya uygulama siireglerini etkiliyor
mu?

10 Beton ve geligi birlestiren kompozit yapi sistemlerinin avantajlari ve
siirlamalar1 nelerdir? Bu sistemler hangi mithendislik kosullar1 altinda daha
verimli kullanilabilir?

11 Bolgede yaya iist gecitlerinin trafik giivenligi ve yaya konforuna etkisine
iliskin gozlemleriniz nelerdir?

12 Yaya tist gegitlerinin bakim ve onarim maliyetleri zamanla nasil degisti? Bu
stirecleri optimize etmek i¢in hangi dnlemler alinabilir?

13 Betonarme ve celigi birlestiren kompozit sistemler hakkinda ne
diistiniiyorsunuz? Hangi kosullar altinda pratikte avantajlar saglayabilirler?

14 Iklim degisikliginin artan hizi, iist gegitlerin uzun vadeli dayaniklihigimi ve
maliyet etkinligini nasil etkileyecek? Hangi stratejiler benimsenmeli?
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15 Bakim ve onarim siirecleri g6z oniine alindiginda maliyetler zaman ig¢inde nasil
degisiyor?

16 Geri doniistiiriilmiis malzeme kullanimiyla projelerde maliyet avantaji
saglanabilir mi?

17 Celik ve betonarme {ist gegitlerin dayaniklilig1 hangi kriterlere gore
degerlendirilir?

18 Dogal afetlere (deprem, sel, riizgar yiikleri vb.) kars1 hangi malzeme daha
dayaniklidir?

19 Kullanilan yap: malzemelerinin kalite kontrol siiregleri nasil yiirtitiilityor?

20 Hava kosullar, trafik yogunlugu ve ¢evresel faktorler yaya iist gegitlerinin
dayanikliligini nasil etkiler?

21 Yaya list gecitlerinde daha dayanikli ve uzun 6miirlii malzemeler kullanilarak
yapisal performans nasil iyilestirilebilir? Bu baglamda hangi yeni malzemeler
veya teknolojiler 6ne ¢ikiyor?

22 Bakim gerektiren en yaygin yapisal sorunlar nelerdir?

23 Betonarme yaya iist gegitlerinin onarim siirecinde en sik karsilagilan sorunlar
nelerdir?

24 Celik yaya iist gegitlerinin korozyon koruma yontemleri ne siklikla
yenilenmelidir?

25 Farkli tipteki yaya st gegitleri igin rutin bakim siklig1 nasil belirleniyor ve bu
stirecin maliyeti nedir?

26 geri bildirimleri bakim siireglerine ne 6lgiide entegre ediliyor? Bu geri
bildirimler hangi kriterlere gore degerlendiriliyor?

27 Yaya iist gecitlerinin yapiminda kullanilan malzemelerin geri doniistiiriilebilir
olmasi karar alma siirecinde ne kadar dnemlidir?

28 Mevcut projelerde geri doniistiiriilmiis betonarme ve ¢elik malzemelerin
kullanimi ne kadar yaygindir?

29 Yaya st gegitlerinde siirdiiriilebilir malzemelerin kullanimi ¢evresel etkiyi
nasil azaltabilir?

30 Kullanim dis1 kalan yaya iist gegitlerinin sokiim ve geri doniisiim siirecleri
nasil yonetiliyor?

Analitik yaklagim, klasik istatistiksel analizlerden farkl
olarak yorumlayici tematik analiz esasina dayanmaktadir.
Grafikler, frekans dagilimlarindan ziyade uzmanlarin hangi
konular {izerinde yogunlasgtigin1 ve hangi sorunlart dncelikli
gordiigiinii ortaya koymak amaciyla degerlendirilmistir. Bu
yaklasim, sayisal karsilastirmalardan ¢ok, karar verme streclerini
sekillendiren diisiinsel kaliplar1 anlamaya yoneliktir.

Saha fotograflar1 ise analitik silirecin tamamlayici bir
bileseni olarak kullanilmistir. K&prii fotograflari, {ist gegitlerin
yapisal tipolojisini, kapali veya acik olma durumlarini,
erisilebilirlik ¢oziimlerini ve c¢evresel baglamla olan iligkilerini
gorsel olarak ortaya koymaktadir. Tablo 2’de sunulan 6rnek yaya
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list gecidi goriintiisti, kiy1 hattina yakin konumlanan ¢elik portal
cerceveli bir yapinin ¢evresel kosullarla etkilesimini agik bigimde
gostermektedir. Bu tiir gorseller, uzman goriisleriyle elde edilen
bulgularin sahadaki karsiliklarin1  degerlendirmeye olanak
saglamaktadir.

Tablo 2. Trabzon Ortahisar Yaya Ust Gegidi Goruntii ve Yapisal
Ozellikleri

Agiklik

Yapisal Ozellikler
sayisi

no Isim Fotograf

Besirli Sahil Camii

5 Celik Portal cergeve,
1 Oniindeki Yaya Ust |

2 Diyagonal gergi ¢cubuklari,

Gegidi Engelli erigimi, Kapali
Besirli Akyazi Celik Portal gerceve,
2 Stadyumu Onii Yaya 2 Diyagonal gergi ¢ubuklari,
Ust Gegidi Engelli erisimi, Kapalt

Celik Portal gerceve,
3 Diyagonal gergi ¢ubuklari,
Engelli erisimi, Kapali

5 Begirli Oniinde Yaya
Ust Gegidi Ekopark [

Ali Yasin - Celik Portal cergeve,
4 Erosmanoglu Yaya | 2 Diyagonal gergi ¢ubuklari,
Ust Gegidi = Engelli erisimi, Kapali
Moloz Meydani Celik bagh kemerli yapi,
5 Oniindeki Yaya Ust 1 Dikey askilar, Engelli erigimi
Gegidi yok , A¢ik

Ozel Hastane

) Celik Portal cerceve,
6 Oniindeki Yaya Ust

3 Diyagonal gergi ¢ubuklari,

Gegidi Engelli erisimi, Kapalt
7 Onljrgik? Ezp:bst 2 Prefabrik betonarme karkas,
Gegi diy Engelli erigimi yok , Kapali
8 g;t.\;?;i?l\gkfblt 1 Celik kafes sistemi, Engelli
Gegi diy erigimi, Kapali

Havaalani 11
9 Oniindeki Yaya Ust

Celik Portal cerceve, Capraz
1  gergi cubuklari, Engelli erigimi

Gegidi yok , Kapal
10 Ceyhun Mumeu Yaya 1 DiE: hﬁﬁihgii klggl eerlllll risimi
Ust Gegidi Y » CNE $

yok , Kapal
Celik Portal gerceve, Capraz
1  gergi ¢ubuklari, Engelli erigimi
yok , Kapali
Celik Portal cerceve, Capraz
1  gergi cubuklari, Engelli erigimi

Hayri Gir Spor
11  Salonu Oniindeki
Yaya Ust Gegidi

1o Gimenli Yaya Ust

Gegidi yok , Acik
13 Yalincak Oniindeki 2 Celik Portal gerceve, Engelli
Yaya Ust Gegidi erigimi yok , A¢ik
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Celik Portal gerceve, Capraz
1  gergi cubuklari, Engelli erigimi

Yalincak I Avrasya
14 Universitesi Onu

Yaya Ust Gegidi yok , Kapali
15 Yalincak II Yaya Ust g 2 Prefabrik betonarme karkas,
Gegidi DSI 1T Engelli erigimi yok , A¢ik
Yalincak I1T Yaya Ust , = (;e'.lk Portal gergeve, gapre_iz .
16 Gegidi & 1  gergi cubuklari, Engelli erigimi

yok , Agik

Bu yontemsel yaklasim, aynmi veri setinin daha onceki
calismalardan farkli bir analitik cercevede ele alinmasini
saglamaktadir. Boylece calisma, 6zgiinliigiinii veri toplama
asamasindan degil, verinin yorumlanma bigiminden ve
kuramsal konumlandirmasindan almaktadir. Sonug¢ olarak,
uzman gorisleri ve koprii fotograflarina dayali bu biitiinciil
analiz, kiy1 kentsel ortamlarda yaya st gegitlerinin gelecekteki
tasarim ve yOnetim siireclerine yonelik o6nemli c¢ikarimlar
sunmaktadir.

3. UZMAN GORUSLERINE DAYALI BULGULAR

Uzman goriislerine ait grafiklerin analizi, yaya Ust
gecitlerinin tasarim, yapim ve isletme siirecleri ¢ok boyutlu bir
bakis acistyla ele alinmaktadir. Betonarme, ¢elik ve kompozit
yapisal sistemlerin seciminde etkili olan miihendislik kriterleri;
maliyet, dayaniklilik, bakim gereksinimleri ve estetik agidan
degerlendirilmektedir. Iklim kosullari, trafik yogunlugu ve
topografik o6zelliklerin iist gegitlerin planlama ve uygulama
siireclerine etkileri incelenirken, sahada karsilasilan teknik ve
lojistik sorunlara da deginilmektedir. Ayrica, bakim ve onarim
siiregleri ile yapilarin yasam dongiisii boyunca karsilagilan
yapisal problemlerin yonetimi ele alinmaktadir. Boliimiin son
kisminda ise siirdiirtilebilirlik, geri dondistiiriilebilir malzeme
kullanimi ve iklim degisikliginin yaya Ust gegitlerinin uzun vadeli
performanst ve maliyet etkinligi iizerindeki etkileri
tartisilmaktadir.
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3.1. Yapisal Sistem Secimi ve Tasarim Yaklasimlar

Sekil 1(S1-1) ve Sekil 1(S1-2)’de sunulan uzman
degerlendirmeleri, yaya st gegitlerinde tasiyict sistem
tercihlerinin biiyiik 6l¢iide celik yoniinde sekillendigini ortaya
koymaktadir. Celigin baskin tercih olmasinda montaj kolaylig1
basta olmak {lizere diisiik bakim gereksinimi ve uygulama
stirecine  iliskin  pratik avantajlarin  belirleyici  oldugu
goriilmektedir. Buna karsilik betonarme sistemler daha smirl
diizeyde tercih edilmekte olup, dayaniklilik ve maliyet etkinligi
gibi faktorler ikincil gerekgeler olarak degerlendirilmektedir.

Sekil 1(S4), Sekil 1(S7) ve Sekil 1(S8)’de yer alan
bulgular, malzeme se¢imi ve yapim siirecinde karsilasilan teknik
ve ekonomik kisitlarin uzman algisinda 6nemli bir yer tuttugunu
gostermektedir. Betonarme sistemlerde kalip uygulamalari, ¢elik
sistemlerde ise kaynak kalitesi one ¢ikan teknik sorunlar olarak
degerlendirilirken; maliyet, bakim kolayligi ve mukavemet
malzeme se¢iminde belirleyici kriterler olarak 6ne ¢ikmaktadir.
Maliyet—dayaniklilik dengesinde ise maliyet etkinliginin temel
belirleyici unsur oldugu anlasilmaktadir.

Kompozit sistemlere iligkin degerlendirmeler Sekil
1(S10-1), Sekil 1(S10-2), Sekil 1(S10-3) ve Sekil 1(S13)
kapsaminda ele alindiginda, bu sistemlerin 6zellikle hafiflik ve
biiylik aciklik gecme kapasitesi agisindan olumlu algilandigi
gorulmektedir. Bununla birlikte korozyon riski, yiuksek maliyet
ve tasarim karmasgiklig1 gibi sinirlhiliklarin uygulama yaygimligin
kisitladigi; yiiksek tasima kapasitesine ragmen kompozit
sistemlerin pratikte sinirl 6lgiide tercih edildigi anlagilmaktadir.

Dayaniklilik ve giivenlik boyutu Sekil 1(S17), Sekil
1(S18) ve Sekil 1(S21) cercevesinde degerlendirildiginde,
korozyon direncinin temel dayaniklilik kriteri olarak 6ne ¢iktig1
goriilmektedir. Afet tiiriine bagl olarak malzeme performansinin
farklilastigi; celik sistemlerin deprem etkilerine, betonarme
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sistemlerin ise sel kosullarina karsi daha avantajli algilandig:
ortaya konulmaktadir. Yapisal performansin artirilmasina yonelik
stratejilerde ise c¢elik ve kompozit malzeme kullaniminin
onceliklendirildigi, yenilik¢i teknolojilerin ise heniliz sinirh
diizeyde benimsendigi anlagilmaktadir.

Dokl Hefere Katy Walaeme Dayanim (518 Dayarektik Degetend ime Kherer {517) Fompzi Sistemier Hakknda Uaran Gariser (513)

Kormgesait Sistemierin £ Uygun ¥illanm Ksgollan (5181

Walie ayanikink Denged (53)

c‘éﬁa fl’ﬁf"

Tercih Eaiben Tagpcs Maizeme 511

Sekil 1. Yapisal Sistem Secimi ve Tasarim Yaklasimlari
3.2. Planlama, Uygulama ve Insaat Siirecleri

Sekil 2(S2-1) ve Sekil 2(S2-2) kapsaminda elde edilen
bulgular, yaya {st gecitlerinde malzeme se¢iminin bakim
gereksinimi ve uygulama siiresiyle dogrudan iliskili oldugunu
ortaya koymaktadir. Ozellikle metal esash tasiyici sistemlerde
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korozyon riski bakim siire¢lerinin en kritik sorun alani olarak
degerlendirilirken, diisiik bakim gereksinimine iligkin alginin
oldukca smirli kaldigi goriilmektedir. Buna karsin c¢elik
sistemlerin daha hizli montaj imkani1 sunmasi, zaman faktoriiniin
malzeme tercihinde o6nemli bir belirleyici oldugunu
gOstermektedir.

Sekil 2(S3) ve Sekil 2(S6)’da sunulan uzman goriisleri,
tasarim ve yapim siireglerinde ¢evresel uyum, estetik ve lojistik
kosullarin karar mekanizmalarinda belirleyici rol oynadigini
ortaya koymaktadir. Kentsel baglam ve gorsel uyum oncelikli
tasarim kriterleri arasinda yer alirken, ving kurulumu, trafik
kisitlar1 ve tagima problemleri yapim siirecinde 6ne ¢ikan lojistik
zorluklar olarak degerlendirilmektedir. Bu durum, erken
planlama ve organizasyonun proje basarist agisindan kritik
oldugunu gostermektedir.

Kullanic1 ve toplumsal etkilere iliskin bulgular Sekil
2(S9) ve Sekil 2(S11) c¢ercevesinde degerlendirildiginde,
kullanic1 geri bildirimlerinin ¢ogunlukla dolayli kanallar
araciligiyla toplandig1 ve tasarim ile uygulama siireglerine sinirl
Olclide yansidigr anlasilmaktadir. Buna karsin  uzman
degerlendirmeleri, yaya iist gecitlerinin trafik kazalarin1 azaltma
ve yaya konforunu artirma yoniindeki katkilarinin belirgin
oldugunu; erisilebilirlik ve genel giivenlik etkilerinin ise ikincil
diizeyde ele alindigini ortaya koymaktadir.
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Sekil 2. Planlama, Uygulama ve insaat Siirecleri

3.3. Bakim, Onarim ve Yasam Dongiisii Yonetimi

Sekil 3(S5) kapsaminda elde edilen bulgular, yaya iist
gecitlerinde bakim ve onarim sorunlarinin kullanilan tastyici
sisteme bagl olarak farklilagtigini ortaya koymaktadir. Uzman
degerlendirmelerine gore celik tasiyici sistemlerde boya yenileme
gereksinimi ve korozyon On plana ¢ikarken, betonarme {ist
gecitlerde catlama ve tasiyici elemanlarin agikta kalmasi temel
sorun alanlarini olugturmaktadir. Galvaniz koruma ihtiyaci ve su
sizintis1 gibi problemler ise ikincil bakim gereksinimleri olarak
degerlendirilmekte olup, bu durum bakim 6nceliklerinin biiyiik
Olgiide  malzeme  Ozellikleri  tarafindan  belirlendigini
gostermektedir.

Bakim maliyetlerine iliskin bulgular (Sekil 3(S12) ve
Sekil 3(S15)), zaman igerisinde artis egilimine yonelik giiclii bir
uzman algisina isaret etmektedir. Buna karsin, maliyetleri
dengelemeye veya azaltmaya yonelik stratejik yaklasimlarin
simirli diizeyde ele alindigi; koruyucu kaplamalar ve nitelikli
malzeme se¢imi gibi Onleyici uygulamalarin ikincil onlemler
olarak goriildiigii anlasilmaktadir. Bu durum, bakim maliyet
artisinin biiyiik 6l¢iide kaginilmaz bir siire¢ olarak algilandigini
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ve proaktif bakim anlayisinin heniiz yeterince yayginlasmadigini
ortaya koymaktadir.

Yapisal bakim ve onarim problemlerine iligskin
degerlendirmeler (Sekil 3(S22) ve Sekil 3(S23)), sorunlarin
agirhikli  olarak korozyon ve beton catlaklar1 etrafinda
yogunlastigii gostermektedir. Ozellikle betonarme iist gegitlerde
donat1 korozyonu ve uzun vadeli malzeme bozulmalari onarim
ihtiyacinin  temel nedenleri arasinda yer almakta; beton
dokiilmesi, su yaliimi sorunlari ve mekanik etkiler daha sinirh
diizeyde ifade edilmektedir. Bu bulgular, bakim ve onarim
gereksinimlerinin gevresel etkiler ve zamanla gelisen malzeme
bozulmalariyla yakindan iligkili oldugunu ortaya koymaktadir.

Bakim uygulamalarinin organizasyonuna iliskin sonuglar
(Sekil 3(S24) ve Sekil 3(S25)), periyodik bakim anlayisinin
baskin oldugunu gostermektedir. Korozyon koruma sistemlerinin
belirli araliklarla yenilenmesi ve rutin bakim faaliyetlerinin orta
ve uzun vadeli periyotlar lizerinden planlanmasi, diizenli ancak
esnekligi sinirli bir bakim yaklagiminin benimsendigine isaret
etmektedir. Kullanic1 geri bildirimlerine iligkin bulgular (Sekil
3(S26)) ise kullanict deneyiminin bakim planlamasinda énemli
bir referans olarak kabul edildigini; ancak bu geri bildirimlerin
sistematik, Ol¢iilebilir ve dogrudan uygulamaya aktarilma
diizeyinin halen sinirli kaldigin1 gostermektedir.
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Sekil 3. Bakim, Onarim ve Yasam Dongiisii Yonetimi
3.4. Dayaniklihk, iklim Etkileri ve Dogal Afetler

Sekil 4(S14), iklim degisikligine karsi yaya {ist
gecitlerinde en yaygin yaklasimin dayanikli  malzeme
kullanimima  yonelim oldugunu gostermektedir. Uzman
degerlendirmeleri, dogrudan ve uygulanabilir malzeme temelli
cozimlerin o6nceliklendirildigini; korozyon riski gibi spesifik
teknik etkilerin ise sinirh diizeyde ele alindigini ortaya
koymaktadir.

Sekil 4(S20), cevresel kosullarin yaya iist gecitlerinin
dayaniklilig1 iizerinde belirleyici bir etkiye sahip oldugunu
gostermektedir. Uzman goriigleri, yapisal asinma ve malzeme
zayiflamasinin 6nemli sorun alanlar1 oldugunu; bu etkilerin
diizenli bakim ve uygun malzeme secimiyle
sinirlandirilabilecegini ortaya koymaktadir.
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Sekil 4. Dayamklihk, iklim Etkileri ve Dogal Afetler

3.5. Siirdiiriilebilirlik, Geri Doniisiim ve Malzeme
Yonetimi

Sekil 5(S16) kapsaminda elde edilen bulgular, yaya st
gecitlerinde geri doniistiiriilmiis malzeme kullaniminin uzmanlar
tarafindan genel olarak olumlu degerlendirildigini ortaya
koymaktadir.  Siirdiiriilebilirlik  yaklagimi  gili¢lii  bicimde
benimsenmekle birlikte, maliyet avantaji ve ozellikle kalite
kontrol gerekliligi daha sinirhi diizeyde vurgulanmistir. Bu
durum, cevresel faydalarin kabul gordiiglinii ancak uygulama
asamasinda kalite giivencesinin kritik bir esik olarak
degerlendirildigini gostermektedir.

Kalite giivence siireclerine iliskin degerlendirmeler (Sekil
5(S19)), yapisal malzemelerde genel kalite kontrol uygulamalari
ve laboratuvar deneylerinin  Oncelikli  araglar  olarak
benimsendigini ortaya koymaktadir. Sertifikasyon ise bu siireci
tamamlayict bir unsur olarak degerlendirilmekte olup, biitiinciil
bir kalite kontrol anlayisinin uzman algisinda yerlestigi
anlasilmaktadir.

Stirdiiriilebilirligin - karar alma siireclerindeki rolii
incelendiginde (Sekil 5(S27)), geri doniistiiriilebilirlik ve gevresel
etkinin temel kriterler haline geldigi goriilmektedir. Uzun vadeli
maliyet faktoriiniin gorece ikincil diizeyde ele alinmasi, ¢evresel
onceliklerin ekonomik kaygilarin dniine gectigini gostermektedir.
Bu baglamda, geri doniistiiriilmiis malzemeler arasinda ¢eligin
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uygulamada daha yaygin ve kabul gormiis oldugu; geri
donistiiriilmiis betonun ise daha smirli ve secici kullanimlarla
iliskilendirildigi belirlenmistir (Sekil 5(S28)).

Siirdiiriilebilir malzeme kullaniminin etkilerine iliskin
bulgular (Sekil 5(S29)), cevresel etkilerin azaltilmasi, atik
miktarinin  diisiiriilmesi ve dogal kaynaklarin korunmasi
acisindan Onemli kazanimlar saglandigin1 ortaya koymaktadir.
Enerji verimliligi ise bu kazanimlar1 destekleyen tamamlayici bir
unsur olarak degerlendirilmektedir. Ote yandan, yapilarmn hizmet
dist birakilma siirecine iliskin sonuclar (Sekil 5(S30)), bu
kararlarin agirlikli olarak idari siiregler iizerinden sekillendigini;
geri doniisiim uygulamalarinin ise ¢ogunlukla bilesen bazinda ve
sistematik malzeme ayristirma yaklasimlarindan uzak bi¢imde
ele alindigin1 géstermektedir.

i D iqFiridebiediin Karir Siewglerine Pohis (5

s o Dot (458

3

Sekil 5. Siirdiiriilebilirlik, Geri Doniisiim ve Malzeme Yonetimi

4. SONUC

Bu calisma kapsaminda elde edilen bulgular, yaya st
gecitlerinin tasarim, yapim ve isletme silireglerinde malzeme
se¢iminin hem yapisal performans hem de uzun dénemli
strdiiriilebilirlik  agisindan  belirleyici  oldugunu  ortaya
koymaktadir. Uzman goriisleri, gelik tasiyici sistemlerin montaj
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kolayligi, hizli uygulama siireci ve deprem performansi gibi
avantajlar1 nedeniyle yaya iist gegitlerinde baskin bigimde tercih
edildigini goOstermektedir. Betonarme sistemler ise belirli
kosullarda ve oOzellikle ¢evresel etkilere baglh olarak sinirli bir
Kullanim alanina sahip olarak degerlendirilmektedir. Malzeme
tercihinde maliyet etkinligi, bakim gereksinimi ve mukavemet
gibi ekonomik ve igletme odakli kriterlerin 6n planda tutuldugu,
estetik ve kentsel uyum gibi faktorlerin ise tamamlayici Olgiitler
olarak ele alindig1 anlasilmaktadir.

Bulgular, bakim ve onarim siire¢lerinde korozyonun en
kritik sorun alan1 oldugunu ve bakim maliyetlerinin zaman
igerisinde arttifi yoOniindeki alginin oldukca giiclii oldugunu
ortaya koymaktadir. Buna karsilik, erken tespit, dnleyici bakim
ve yenilikci teknolojilere dayali yaklagimlarin heniiz siirh
diizeyde benimsendigi goriilmektedir. Cevresel kosullar, iklim
degisikligi ve dogal afetler baglaminda dayanikli ve uygun
malzeme se¢iminin 6nemi vurgulanirken, 6zellikle korozyon
direnci ve uzun dénem performans kriterleri 6ne ¢ikmaktadir.

Stirdiirtilebilirlik ve geri doniistiiriilebilirlik kavramlarinin
karar alma siireglerinde giderek daha fazla dikkate alindigi; geri
dontstiiriilmiis ¢eligin uygulamada daha yaygin kabul gordiigii,
geri doniistliriilmiis betonun ise daha secici ve sinirlt projelerle
iligkilendirildigi belirlenmistir. Ancak hizmet dis1 birakma ve geri
doniisiim siireclerinde sistematik malzeme ayristirma ve biitiinciil
planlama yaklagimlarinin heniiz yayginlasmadig1 goriilmektedir.
Bu baglamda, yaya {ist gegitlerinin uzun vadeli performansini
artirmak i¢in malzeme temelli ¢oziimleri, bakim stratejilerini ve
strddralebilirlik ilkelerini batuncil bir cercevede ele alan
yaklagimlari gelistirilmesi gerekmektedir.
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UCUCU KUL KULLANILARAK URETILEN
HARCLARIN ISI VE SES YALITIM
OZELLIKLERIi UZERINE BiR CALISMA

Elif Tugce KOCABEYOGLU!
Baris ERKOC?
Can ARTANS

1. GIRIS

Komiire dayali termik santrallerde elektrik enerjisi
tiretimi sirasinda ortaya ¢ikan en 6nemli yan drlnlerden biri
ucucu kiildiir. Toz koémiirlin yanmasi sonucu olusan ve baca
gazlartyla tasman ince partikiiller, modern santrallerde
elektrofiltre ve siklon sistemleri yardimiyla tutulmakta ve
atmosfere salinimlar1 biiylik Olglide engellenmektedir. Bu
sistemlerle elde edilen ince taneli kul, literatirde ugucu kil
olarak tanimlanmaktadir (Malhotra ve Mehta, 2002).

Ucucu kiillerin ¢evreye kontrolsiiz bi¢imde birakilmast;
hava kirliligi, toprak ve su kaynaklarinin kirlenmesi, tarimsal
verimin diismesi ve ekosistem iizerinde olumsuz etkiler gibi
ciddi cevresel problemlere yol agmaktadir. Ozellikle riizgar
etkisiyle meydana gelen tozlanma, genis alanlara yayilarak insan
sagligr ve cevre acisindan Onemli riskler olusturmaktadir. Bu
nedenle ugucu kiiliin yalnizca depolanmasi yerine, farkli
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sektorlerde degerlendirilmesi siirdiiriilebilir ¢cevre politikalarinin
onemli bir parcas1 haline gelmistir (Amran et al., 2021).

Ugucu kiiliin geri kazaniminda en yaygin ve etkin
kullanim alani ingaat sektoriidiir. Literatiirde, ucucu kiiliin
¢cimento ve beton liretiminde mineral katki olarak, tugla ve blok
eleman imalatinda hammadde olarak ve zemin iyilestirme
uygulamalarinda dolgu malzemesi olarak kullanildig1 ¢ok sayida
calisma bulunmaktadir (Baykal ve Déven, 2000).

Beton teknolojisi agisindan ucucu kil kullanimi;
hidratasyon 1sisinin  disiiriilmesi, uzun vadeli dayanimin
artirtlmast  ve gecirimsizligin iyilestirilmesi gibi 6nemli
avantajlar sunmaktadir. Yiiksek hacimli ugucu kiil igeren
betonlarin, oOzellikle kiitle beton uygulamalarinda c¢atlak

olusumunu azalttigi ve dayanikliligi artirdigi rapor edilmistir
(Malhotra ve Mehta, 2002).

2. LITERATUR CALISMASI

Literatlirde ucucu kiil esaslt hafif agregalarin tiretiminde
temel olarak iki yontem 6ne ¢ikmaktadir: sinterleme (1s1l iglem)
ve soguk baglama (cold bonding). Sinterleme ydntemi, ugucu
kalun peletlenerek genellikle 1000-1200 °C sicaklik araliginda
pisirilmesine dayanmaktadir. Bijan (1986), bu sicakliklarda
ucucu kiil icerisindeki gaz fazinin genlesmesi sonucu “bloating”
mekanizmasinin olustugunu ve bunun agregaya gozenekli bir ig
yap1 kazandirdigini ifade edilmistir. Bu slre¢ sonunda elde
edilen agregalar, diigiik birim agirlik ve nispeten diisiik su emme
Ozellikleri gostermektedir.

Kockal ve Ozturan (2011), sinterlenmis ucucu kiil
agregalarinin soguk baglanmis agregalara kiyasla daha yiiksek
basing dayanimi ve daha diisiik su emme degerlerine sahip
oldugunu ortaya koymustur. Bu durum, yiiksek sicaklikta olusan
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ve agregayl c¢evreleyen seramiklesmis dis kabuk yapisi ile
iligkilendirilmektedir.

Soguk baglama yontemi ise, ugucu kullin ¢cimento, kireg
veya benzeri baglayicilar kullanilarak oda sicakliginda
peletlenmesi ve kiirlenmesi esasina dayanmaktadir. Baykal ve
Doéven (2000), bu yoOntemin sinterlemeye kiyasla enerji
tiketimini O6nemli o6l¢iide azalttifini; ancak elde edilen
agregalarin genellikle daha yiiksek birim agirlik ve su emme
degerlerine sahip oldugunu belirtmistir.

Son yillarda yapilan c¢aligmalarda, soguk baglama
yonteminde c¢imento miktarin1 azaltmaya yonelik alternatif
baglayic1 sistemler arastirilmaktadir. Gomathi ve Sivakumar
(2015), alkali aktivasyon (geopolimer) esasli baglayicilarin,
soguk bagli ucucu kiil agregalarinda erken yas mekanik
performansi artirabildigini gostermistir. Bu yaklasimin, ¢imento
kullaniminm azaltarak ¢evresel acidan da avantaj saglayabilecegi
ifade edilmektedir.

Ugucu kil tanecikleri genellikle kiresel morfolojiye
sahip olup tane boyutlar1 yaklastk 1-200 pm arasinda
degismektedir. Bu kiiresel yapi, ozellikle taze beton ve harg
sistemlerinde islenebilirligin artmasina katki saglamaktadir.
Ucucu kiillerin fiziksel ozellikleri; kullanilan komiir tiiriine,
yanma sicakligina ve kiil toplama sistemine bagli olarak farklilik
gostermektedir (Malhotra ve Mehta, 2002).

Kimyasal bilesim agisindan wugucu kiillerin ana
bilesenlerini silisyum dioksit (SiO;), aliminyum oksit (Al,Os),
demir oksit (Fe,O3) ve kalsiyum oksit (CaO) olusturmaktadir.
Bu oksitlerin toplam oran1 genellikle %70-90 araliginda olup,
ucucu kiiliin puzolanik veya baglayici 6zellik gostermesinde
belirleyici rol oynamaktadir. Diisiik kire¢li ugucu kiiller
puzolanik 6zellik sergilerken, yuksek kirecli ugucu kuller belirli
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kosullarda kendiliginden baglayict davranig gosterebilmektedir
(Amran et al., 2021).

2.1. Ucucu KUlun Agrega Olarak Degerlendirilmesi

Ucucu kulin agrega olarak degerlendirilmesi, son
yillarda literatiirde yogun ilgi gdren bir konudur. Ozellikle
sinterleme veya soguk baglama yontemleriyle {iretilen ugucu kiil
esasli hafif agregalar, geleneksel dogal agregalara alternatif
olarak 6ne ¢ikmaktadir. Baykal ve Déven (2000), ugucu kiillerin
peletlenerek hafif agrega iiretiminde kullanilabilecegini ve bu
agregalarin miihendislik 6zelliklerinin yap1 uygulamalart igin
yeterli oldugunu ortaya koymustur.

Ugucu kiil agregalarmin gevsek yigin yogunlugu
genellikle 700 - 1000 kg/m® araliginda degismektedir. Bu
degerler, dogal agregali betonlara kiyasla yapiin o6lii yiikiinde
% 20 - 30 oraninda azalma saglamaktadir (Ganesh Babu ve
Surya Prakash, 1995).

Literatirdeki en o©nemli teknik zorluk, ugucu kul
agregalarinin yiiksek su emme kapasitesidir (% 15 - % 30).
Zhang vd. (2015), yiiksek su emme oraninin taze betonun
islenebilirligini (slump) diisiirdiiglinii, bu sorunu asmak i¢in
agregalarin beton karisimina girmeden 6nce suya doygun hale
getirilmesi  veya ylizeylerinin silan bazli malzemelerle
kaplanmasi gerektigini 6nermistir.

Yapisal hafif beton (LWC) {iretiminde, sinterlenmis
agregalarla 40 - 60 MPa basing dayanimlarina ulasilabilirken,
soguk baglama yontemi ile iretilen agregalarla Gretilen
betonlarin dayanimi genellikle daha disiiktir (Kockal ve
Ozturan, 2011).

Ucucu kiiliin hafif agrega olarak kullaniminin teknik
olarak mimkiin ve g¢evresel agidan faydali oldugu yapilan
caligmalardan goriilmektedir. Ancak, Terzi ve Karasahin (2003)
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gibi arastirmacilarin da belirttigi gibi, iretim yonteminin
maliyeti ile elde edilen betonun performans: arasindaki
optimizasyonun saglanmasi, bu malzemenin endiistriyel dlgekte
yayginlagmasi i¢in en kritik faktordiir.

Chang ve Shieh (1996), ugucu kiil esash hafif agregalarla
iiretilen betonlarin  kirilma davranmisini incelemis ve bu
betonlarin diisiik yogunluklarina ragmen yeterli mekanik
performans sergiledigini belirtmistir. Benzer sekilde Gesoglu
vd. (2004), soguk baglama yoOntemiyle firetilen ugucu kiil
agregalarinin hafif betonlarda kullanilmasiyla tagiyici elemanlar
icin uygun dayanim degerlerine ulasilabildigini gostermistir.

Ucucu kiil katkil1 betonlarin mekanik 6zellikleri lizerine
yapilan c¢alismalar, bu betonlarin uzun vadede basing dayanimi
acisindan geleneksel betonlara esdeger veya daha (istiin
performans sergileyebildigini ortaya koymaktadir. Ugucu kiiliin
gec reaksiyona girmesi, erken yas dayanimlarini sinirh diizeyde
diistirse de, ilerleyen yaslarda olusan ikincil C-S-H jel yapilari
betonun mikro yapisini yogunlastirmaktadir (Malhotra ve
Mehta, 2002).

Gesoglu vd. (2004), ucucu kiil esasli hafif agregalarla
iiretilen betonlarda rétre ¢atlaklarinin azaldigimi ve dayamklilik
performansinin iyilestigini bildirmistir. Bu durum, ucucu kiiliin
hem agrega hem de baglayici sistemler igerisinde c¢ok yonlii
fayda sagladigini gostermektedir.

2.2. Ugucu Kiiliin Is1 ve Ses Yalitimi Acisindan
Degerlendirilmesi

Ugucu kil iceren beton ve harg sistemlerinin gozenekli
mikro yapisi, bu malzemelerin 1s1 ve ses yalitimi agisindan
avantajli  oOzellikler —kazanmasmma olanak  tanimaktadir.
Literatiirde, hafif agregali ve ugucu kiil katkili betonlarin diisiik
yogunluklar1 sayesinde 1s1l iletkenlik katsayilarinin azaldigi ve
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yapilarin enerji verimliligine katki sagladigi belirtilmektedir
(Amran et al., 2021).

Ayni1 zamanda gozenekli yapi, ses dalgalarinin malzeme
icerisinde  sonlimlenmesini  kolaylastirmakta ve  akustik
performansi artirmaktadir. Bu ozellikler, ugucu kiil esasli harg
ve betonlarin yalnizca tasiyict degil, aynt zamanda yalitim
amaglt yap1 malzemeleri olarak da kullanilabilecegini ortaya
koymaktadir (Chang ve Shieh, 1996).

Literatiir incelendiginde, ugucu kiil katkili malzemelerin
cogunlukla ya 1s1l performans ya da mekanik ozellikler
acisindan ele alindigi, ses yaliimi ile birlikte degerlendiren
caligmalarin siirli  oldugu goriilmektedir (Aruntas, 2006;
Arenas et al., 2021). Ayrica Tirkiye’de yerel kaynakli ugucu
kiillerin harglarda 1s1 ve ses yalitimi1 performansinin birlikte
incelendigi ¢alismalar olduk¢a az oldugu gorilmiistiir.

Bu ¢alisma kapsaminda, Yozgat Seker Fabrikasi’nda toz
komur yakilan buharli kazanlardan elde edilen ugucu kiiller
kullanilarak {iretilen harclarin 1s1 ve ses yalittimi oOzellikleri
deneysel olarak arastirilmistir. Boylece hem ¢evresel sorunlarin
azaltilmas1 hem de diisiik maliyetli ve siirdiiriilebilir yalitim
malzemeleri gelistirilmesine katki saglanmasi hedeflenmistir.

3. MATERYAL VE YONTEM
3.1. Numunelerin Uretimi

Calismada harg iiretiminde yogunlugu 3.15 g/cm?® olan
CEM I tipi 42.5 R ¢imento, karisim suyu olarak TS EN 1008
standardina uygun olarak Yozgat ili sehir sebeke suyu ve 2
farkli agrega tipi kullanilmistir. Referans harci tiretmek icin 0-1
mm boyutunda 6zgiil agirhg 2.68 g/cm® olan kirma kum
agregast ve Yozgat Seker Fabrikasindan atik olarak alinan 0-1
mm boyutunda ugucu kiil kullanilmistir.
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Standart ¢cimento kalib1 kullanilmak suretiyle, kirma kum
ve ugucu kil agregasi kullanilarak numuneler; birim agirlik, su
emme, porozite, ultrases gecis hizi (UGH) deneylerinde
kullanilmak tizere 40x40x160 mm boyutlarinda prizmatik, 1s1l
iletkenlik  deneyinde kullanilmak {izere 300x300x30mm
boyutlarinda plak, akustik deneylerde kullanilmak {izere ytiksek
frekans i¢in 29 mm ve diisiik frekans icin 100 mm ¢apinda
dairesel en kesitli numuneler iiretilmistir. Fiziksel deneylerde
kullanmak tzere referans numuneler ile birlikte toplam 2 seri
har¢ tiretimi yapilmistir. Her bir seri i¢in 6 adet olmak {izere
toplamda 12 adet 40x40x160 mm boyutlarinda prizmatik 1s1l
iletkenlik deneyinde kullanmak (zere her bir seri icin l¢ adet
olmak tizere toplamda 6 adet 3x30x30 cm boyutlarinda plak
numuneler iretilmistir. Uretilen numuneler, bir giin sonra
kaliptan ¢ikarilarak ve 28 giin boyunca 20 + 3 sicaklikta su
igerisinde kiir edilmistir. Standart kiir sonrast numuneler
uzerinde fiziksel deneyler yapilmistir.

Karigimlarda islenebilirlik sabit tutulmustur.
Karigimlarin ~ kodlanmas1  agrega tiiriine bagli  olarak
belirlenmistir. HK karisim kodu kirma kum (K), HU karisim
kodu ugucu kiil agregasi (U) ile {iretilen harct (H) ifade
etmektedir. Har¢ karisiminda kullanilan malzeme miktarlar:
Tablo 1’de verilmistir.

3.2. Deneysel Calisma

Calismada hazirlanan taze harglar iizerinde TS EN 1015-
3 (2000) ’de belirtilen sartlara uygun olarak yayilma tablasi
Olcimleri, TS EN 12350-6 (2019)’ da belirtilen sartlara uygun
olarak birim agirlik deneyi, sertlesmis harclar iizerinde TS EN
12504-4 (2021) standartlarina uygun olarak ultrases gecis
hizinin tayini deneyi, ASTM D7984- 16 (2021) standardina
uygun olarak 1sil iletkenlik katsayilari deneyi, ISO 10534-2
(2003) standardina uygun olarak ses yutum katsayisi deneyi
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yapilmistir. Elde edilen veriler bilgisayar ortaminda islenerek
degerlendirilmistir.

Isil iletkenlik 6l¢tim cihazi (Thermtest HFM), kalinlig
40 mm ve iizeri olan malzemelerde 1s1l parametreleri 6lgmek
icin kullanilir ve yiizey sicakligin1 kontrol etmek icin elektrikli
sogutma ve 1sitma sistemi ile donatilmistir. Cihaz, bilgisayar
tarafindan kontrol edilen numune kalinliginin otomatik 6l¢iimii
icin bir sistem ve Ol¢iim kayitlar1 ve analizlerin olusturulmasina
olanak saglayan 6zel bir program ile donatilmustir.

Tablo 1. Har¢ karisiminda kullamlan malzeme miktarlar1 (1m3

icin).
Agrega Turld | Karigim Kodu | Cimento, kg | Agrega, kg | Su, kg
Kirma Kum HK 43.12 156.95 25.53
Ucucu Kiil HU 40.31 67.15 48.38
4., BULGULAR

Bu bolimde fiziksel deneylerden elde edilen sonuclara
yer verilmistir. Kuru birim hacim agirlhik (KBHA), su emme,
porozite, ultrases gecis hizi (UGH) ve 1s1l iletkenlik katsayist
deney sonuglar1 Tablo 2’de gosterilmistir.

Tablo 2. Fiziksel Deneylerden Elde Edilen Sonuclar

Karisim | KBHA Porozite Su ugy | Tsillletkenlik
Kodu kg/m? % Emme || oo Katsayisi,
% W/mK
HK 1862.13 27.21 14.62 | 2.84 0.3478
HU 1184.58 45.88 38.78 | 2.56 0.2287

Kirma kum ve ugucu kiil kullanilarak iiretilen harclarin
kuru birim hacim agirlik degerleri sirast ile 1832.10 ve 1184.58
kg/m® olarak elde edilmistir. Ugucu kiil agregali numunelerin
kuru birim hacim agirlik degerinin kirma kum agregali
numunelerden daha diisiik oldugu gézlemlenmistir (Sekil 1).
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Kirma kum ve ugucu kiil kullanilarak iiretilen harglarin
su emme degerleri sirast ile % 16.20 ve % 38.78 olarak elde
edilmistir. Ugucu kiil agregali numunelerin su emme degerinin
kirma kum agregali numunelere kiyasla daha yiiksek oldugu
gbzlemlenmistir (Sekil 2).
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Sekil 1. Agrega tiiriine gore kuru birim hacim agirhk.
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Sekil 2. Agrega tlrtne gore su emme.
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Kirma kum ve ugucu kiil kullanilarak iiretilen harglarin
porozite degerleri sirasi ile % 29.66 ve % 45.88 olarak elde
edilmistir. Ugucu kiil agregali numunelerin porozite degerinin
kirma kum agregali numunelere kiyasla daha yiiksek oldugu
gbzlemlenmistir (Sekil 3).
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Sekil 3. Agrega tirine gore porozite.
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Sekil 4. UGS- porozite iliskisi.
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Kirma kum ve ugucu kiil kullanilarak iiretilen harglarin
ultrases gecis hizlar sirasi ile 2.79 km/sa ve 2.56 km/sa olarak
elde edilmistir. Porozite degeri yiiksek olan ucucu kiil agregali
numunelerin kirma kum agregali numunelere kiyasla daha
yiiksek gozeneklilige sahip olmasina bagl olarak ultrases gecis
hizinin daha diisiik oldugu saptanmistir (Sekil 4).

Tablo 3. Ses Deneyinden Elde Edilen Sonuglar

Ses Yutum Katsayisi, a
Karisim Kalinhk Frekans, Hz NRC
250 500 1000 2000

2cm 0.04 | 0.23 0.07 0.14 0.12

HK 4cm 0.08 | 0.15 0.15 0.20 0.14
6cm 0.10 | 0.22 0.18 0.17 0.17

HU 2cm 0.02 | 0.06 0.05 0.11 0.06
4cm 0.04 | 0.08 0.06 0.11 0.07

6cm 0.05 | 0.08 0.07 0.15 0.09

Numunelerin kalinliklar1 arttikga NRC (giiriiltii azaltim
katsayis1) degerleri artmistir. Ugucu kiil agregali numunelerin
kirma kum agregali numunelere kiyasla daha diisiik poroziteye
sahip olmasina bagl olarak ses yutum katsayisinin daha diisiik
oldugu saptanmistir (Sekil 5).

0,30

mHK m®mHU

0,1657

2 4 6
Numune Kalinhg1

Sekil 5. NRC (giiriiltii azaltim katsayis1) - numune kalinhigi
iliskisi.
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E==11s1l iletkenlik Katsayis1 ===Porozite
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Sekil 6. Isil iletkenlik katsayisi - porozite iliskisi.

Kirma kum ve ugucu kiil kullanilarak iiretilen harglarin
1s1l iletkenlik katsay1 degerleri sirasi ile 0.3346 W/mK ve 0.2287
W/mK olarak elde edilmistir. Porozite degeri yiiksek olan ugucu
kil agregali numunelerin kirma kum agregali numunelere
kiyasla daha yiiksek gozeneklilige sahip olmasina bagli olarak

1s1l iletkenlik katsayisinin daha diisiik oldugu saptanmistir (Sekil
6).

5. TARTISMA

Bu c¢alismada ugucu kiil agregasi kullanilarak iiretilen
harglarin fiziksel, 1s1l ve akustik ozellikleri incelenmis; elde
edilen sonuglar, ucucu kiil ve hafif agregali yap1 malzemeleri
Uzerine daha oOnce rapor edilen deneysel veriler 1s18inda
degerlendirilmistir. Deney sonuclari, agrega tiiriiniin harcin
mikro yapisimt dogrudan etkiledigini ve buna bagli olarak
yogunluk, porozite, 1s1l ve akustik performans iizerinde
belirleyici bir rol oynadigini ortaya koymaktadir.
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Ucucu kiil agregali har¢larin (HU), kirma kum agregali
harglara (HK) kiyasla daha diisiik kuru birim hacim agirligina
sahip oldugu belirlenmistir. Bu durum, ugucu kiil agregalarinin
dogal agregalara gore daha hafif ve yliksek gozeneklilige sahip
i¢ yapisindan kaynaklanmaktadir. Literatiirde, ucucu kiil esaslh
hafif agregalarin kullanildig1 betonlarda, geleneksel betonlara
kiyasla belirgin yogunluk azalmasi meydana geldigi ve bu
azalmanin %30-40 mertebelerine ulasabildigi rapor edilmistir
(Gesoglu, Ozturan & Giineyisi, 2004). Bu c¢alismada HU
numuneleri i¢in elde edilen yaklagik 1185 kg/m® kuru birim
hacim agirhigi, hafif agregali har¢ ve beton sistemleri igin
literatiirde  bildirilen diisiik yogunluklu yap1 malzemesi
karakteristigi ile uyumlu olup, yap1 elemanlarinin 6l yiiklerinin
azaltilmasi agisindan 6nemli bir avantaj sunmaktadir.

Porozite ve su emme sonucglari degerlendirildiginde,
ucucu kiil agregali harglarin belirgin bigimde daha yliksek
degerlere sahip oldugu goriilmiistiir. Bu durum, ugucu kiil
partikiillerinin igsel bosluklar iceren diizensiz morfolojisiyle
iligkilendirilmektedir. Baykal ve Doven (2000), ugucu kiil
agregalarinin yiiksek i¢ poroziteye sahip oldugunu ve bu
nedenle su emme oranlarinin %30’un iizerine ¢ikabildigini rapor
etmistir. Bu ¢alismada HU numuneleri i¢in belirlenen %45.88
porozite ve %38.78 su emme degerleri, literatiirde bildirilen
yiiksek bosluk oranli ugucu kiil esasl sistemlerle ortiismektedir.
Celik (2004) de porozite artisinin mekanik dayanimi
sinirlandirabildigini; buna karsin 1s1 ve ses yalitimi gibi
fonksiyonel 6zellikleri 6n plana ¢ikardigini vurgulamustir.

Ultrases gecis hizi (UGH) sonuglari, ugucu kiil agregali
harclarda daha diisiik degerler elde edildigini gostermistir. Bu
durum, artan poroziteye bagli olarak malzeme icindeki
siirekliligin azalmasi ve ultrases dalgalarinin yayiliminin
zorlagmasiyla  agiklanabilir.  Literatiirde, hafif agregali
betonlarda ultrases dalga hizlarinin gozeneklilige bagli olarak
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azaldigt; disiik yogunluklu hafif betonlarda yaklasik 2.0-3.2
km/s, daha yogun hafif betonlarda ise 3.2-5.0 km/s araliginda
degistigi bildirilmektedir (Fatahi et al., 2023; Majhi et al., 2018).
Bu calismada HU numuneleri i¢in Olgiilen yaklasik 2.56 km/s
degeri, sO6z konusu aralik igerisinde yer almakta olup,
malzemenin hafif ve gdzenekli i¢ yapisinit dogrulamaktadir.

Isil iletkenlik katsayilar1 incelendiginde, ucucu kiil
agregall har¢larin kirma kumlu harglara kiyasla belirgin bicimde
daha diisiik degerlere sahip oldugu goriilmiistiir. Bu sonug,
gozenekli yapt igerisinde hapsolan havanin diisiik 1s1
iletkenligine sahip olmasiyla iliskilendirilmektedir. Aruntas
(2006), ucucu kiil iceren hafif betonlarda 1s1l iletkenlik
katsayisinin 0.20-0.30 W/mK araliginda degistigini bildirmistir.
Bu calismada HU numuneleri i¢in belirlenen 0.2287 W/mK
degeri, literatiirde rapor edilen bu aralikla uyumlu olup, ugucu
kiil agregali harglarin 1s1 yalittmi agisindan Onemli bir
potansiyele sahip oldugunu gostermektedir. Baykal ve Ddven
(2000) de artan gozenek hacmiyle birlikte 1sinin daha ¢ok diisiik
iletkenlige sahip hava fazi {izerinden iletildigini belirtmistir.

Akustik performans degerlendirmelerinde, ses yutum
katsayis1 ve giiriiltii azaltim katsayis1 (NRC) degerlerinin
numune kalinliginin artmasiyla birlikte yiikseldigi belirlenmistir.
Empedans tipl deneyleri, 06zellikle 500-2000 Hz frekans
araliginda bu artisin daha belirgin oldugunu gostermistir. Bu
durum, ses dalgalarinin daha kalin ve gozenekli bir ortamda
daha uzun bir yol kat ederek viskoz siirtiinme ve 1s1 kayiplari
yoluyla enerjilerini yitirmesiyle acgiklanabilir (Barron, 2003).
NRC hesaplamalar1 ASTM (C423 standardinda Onerilen
yaklagima gore gergeklestirilmistir (ASTM, 2017).

Bununla birlikte, ugucu kiil agregali harglarin NRC
degerlerinin kirma kum agregali harclara kiyasla daha diisiik
oldugu tespit edilmistir. Bu durum, toplam porozitenin yiiksek
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olmasina ragmen gozeneklerin onemli bir boliimiiniin kapali
veya dilizensiz yapida olmasindan kaynaklanmaktadir.
Literatiirde, etkili ses yutumunun yalnizca porozite miktarina
degil, ayn1 zamanda gozeneklerin agik, baglantili ve ylizeye
erisebilir olmasina bagli oldugu vurgulanmaktadir (Mehta,
Johnson ve Rocafort, 1999; London, 2006). Kapali gézenekli
yapilarin 1s1 yalittmi agisindan avantaj sagladigi, ancak ses
enerjisinin - soniimlenmesinde smirli  performans gdsterdigi
bildirilmektedir.

Genel olarak degerlendirildiginde, ucucu kiil agregali
harglar diisik yogunluk (=1185 kg/m?®), yiiksek porozite
(%45.88) ve diisiik 1s1l iletkenlik (0.2287 W/mK) degerleriyle,
literatiirde hafif ve yalitm amacgli yap1 malzemeleri i¢in rapor
edilen karakteristik davraniglarla benzer oldugu goriilmiistiir.
Akustik performansin ise, toplam porozite yerine gdzenek
yapisinin acik ve baglantili hale getirilmesiyle iyilestirilebilecegi
anlagilmaktadir. Bu baglamda elde edilen bulgular, ugucu kiil
agregalt harclarin 6zellikle 1s1 yalitimi1 odakli uygulamalarda
giiclii bir potansiyele sahip oldugunu, akustik performans
acisindan ise literatiirde de oldugu gibi mikro yapiin 6énemi ve
optimize edilmesinin gerekli oldugu goriilmistiir (Barron, 2003;
London, 2006).

6. SONUC
Calismadan elde edilen sonuglar asagida 6zetlenmistir:

Ucgucu kiil agregasit kullanimi, harglarin kuru birim
hacim agirligin1 6nemli Olglide azaltarak daha hafif yapi
malzemelerinin elde edilmesini saglamistir. Bu durum, ugucu
kiil agregalarimin dogal agregalara kiyasla daha disik
yogunluklu ve gozenekli yapisindan kaynaklanmaktadir. Artan
porozite ve su emme oranlari, har¢larin mikro yapisinin daha
bosluklu hale geldigini gostermekte; bu yap1 ultrases gegis hizi
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ve 1si1l iletkenlik katsayisinda azalmaya neden olmaktadir.
Ozellikle 1s1l iletkenlikte gdzlenen diisiis, ugucu kiil agregal
har¢larin 1s1 yaliimi agisindan avantajli oldugunu ortaya
koymaktadir.

Akustik deneyler, numune kalinliginin artmasiyla birlikte
giirliltii azaltim katsayisinin yiikseldigini gdstermistir. Bununla
birlikte, ugucu kiil agregali har¢larin ses yutum performansinin,
gozeneklerin biiylik Olciide kapali ve diizensiz yapida olmasi
nedeniyle sinirh kaldig: diistiniilmiistiir. Genel olarak elde edilen
sonuglar, literatiirde ucgucu kiil esasli yapi malzemeleri icin
bildirilen egilimlerle uyumlu olup, bu tiir harglarin &zellikle
tastyict olmayan ve 1s1 yalitimi dncelikli hafif yap1 uygulamalari
i¢in uygun bir alternatif sundugunu gostermektedir. Calisma, bu
yonliyle hem atik yonetimine katki saglamakta hem de
siirdiriilebilir yapt malzemelerinin gelistirilmesine yonelik
onemli bir temel olusturmaktadir. Akustik performansin
artirtlabilmesi i¢in ise gdzenek yapisinin optimize edilmesine
yonelik ileri calismalar dnerilmektedir.
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