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Rainwater Harvesting System Analysis for Semi-Arid
Climate: A Daily Linear Programming Model

Mustafa RUSO!
Bertug AKINTUG?
Elcin KENTEL?

ABSTRACT

Rainwater harvesting has proven to be an alternative water supply scheme for sustainable
water management of regions with limited water resources. In this paper, a linear
programming (LP) model with daily time steps, which minimizes a rooftop rainwater
harvesting system (RWHS) cost, is developed and used to calculate the optimum RWH tank
size. The developed LP model is applied to the semi-arid Northern Cyprus in the Eastern
Mediterranean. The analysis is carried out for 33 sites which receive average annual rainfall
ranging from 292 mm to 548 mm to evaluate the spatial effect of rainfall characteristic and
the water cost on the financial feasibility and performance of the RWHS. At 29 out of 33
sites, RWHS investments are found to be financially feasible with discounted payback
periods ranging from 12 to 28 years. The optimum RWH tank sizes are determined to be
between 2 m® and 6 m? resulting in up to 20 % reliability with more than 50 m® of average
annual water savings per house. It is observed that the cost of water is a critical factor that
affects the financial feasibility and water savings of a RWHS, especially in regions with
limited rainfall. The comparison of the developed daily LP model with an LP model with
monthly time steps demonstrates that the financial feasibility and the optimum tank size can
only be assessed realistically when daily time steps are used. Finally, the sensitivity analysis
shows that the discounted payback period is highly sensitive to the collector area.

Keywords: Sustainable water use, rainwater harvesting, optimum tank size, spatial analysis,
semi-arid climate, Northern Cyprus.
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1. INTRODUCTION

Water, intertwined with sustainable development, is vital to the continuity of healthy life and
ecosystems [1]. However, water resources are finite and need to be sustainably managed.
Rainwater harvesting is an old and sustainable water resources management technique
employed to collect and use rainwater to improve the accessibility of water where it is scarce.
Systems that harvest, store, and bring rainwater into the service are called rainwater
harvesting systems (RWHSs). Harvested rainwater is stored in a tank or a cistern. Some of
the water demand can be supplied using RWHSs, especially at water-stressed islands [2-8].
Moreover, RWH is expected to reduce damages related to urban floods [9], can mitigate the
effects of urbanization and climate change on water resources and is necessary for sustainable
urban water management [10].

Tank size is one of the main concerns in designing RWHSs since it directly affects the
financial feasibility of the system and performance indicators such as reliability, resilience,
and vulnerability [11-15]. Generally, approaches based on a water balance model are used to
identify the best tank size. A set of alternative tank sizes are selected and the water balance
model is executed for each alternative tank size to evaluate the corresponding financial
feasibility [16-24] and the performance of the systems [25-29]. However, in the analysis of
a high number of sites, water balance models are time-consuming since they require solving
the model once for each tank size in a trial and error approach. On the other hand, when linear
programming (LP) models are used the whole domain is searched and the optimum tank size
is identified in a single run.

Mixed-integer, linear and non-linear optimization models have recently been used for
optimal RWHS design. Bocanegra-Martinez et al. [30] and [31] developed multi-objective
non-linear optimization models to design water supply networks in a residential complex for
reusing reclaimed water and harvested rainwater. Their models aimed to minimize total cost
and freshwater consumption. Sample, D. J., & Liu, J. [32] investigated minimizing costs of
RWHSs for supplying water and capturing runoff. Emami Javanmard et al. [33] developed
a multi-objective mixed-integer LP model to optimize energy and water use of dwellings and
to decrease CO, emissions. Their results showed that the amount of water provided from the
local water grid was reduced at least 20% through RWH and greywater recycling. Zhang, L.
et al. [34] proposed a mixed-integer LP model to optimize water tank size and operation of
pumps for the minimum potable water consumption and electricity cost. Their results
indicated that electricity price, discount rate, rainfall intensity, and water demand all impact
the size of the water tank but only water demand has a significant impact on the cost-
effectiveness of the system. LP models are simpler in comparison with other optimization
models and guarantees to find the optimum tank size if there exists one. To the best of the
authors’ knowledge, work of Okoye, C. O. et al. [35] is the first study in which LP is used to
identify the optimum tank size. Then, Ruso, M. et al. [36] identified optimum tank sizes by
minimizing total costs using the LP approach with monthly time steps. Both studies
concluded that utilization of monthly time steps affects the optimum tank size and the
financial benefit of the system considerably. Furthermore, in studies where the effect of
hourly, daily and yearly time steps are compared, the use of smaller time steps is
recommended to evaluate the performance more accurately [37-41]. Large time steps (e.g.
monthly) caused oversized tank designs and misleading reliability evaluations [39]. Zhang,
S. et al.[41] showed that monthly time steps ended in inaccurate results, while hourly and
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daily time steps resulted in similar performances and water savings. Thus, in this study, the
LP model in [36] is modified to run with daily time steps (LP-Daily Model) and inflation
rates are used to estimate future costs for a more realistic cost-benefit analysis.

A spatial performance assessment of RHWSs was conducted in various studies [25, 42- 47]
and dependence of the performance on the climatic characteristics of the site were
highlighted. [25] investigated the potable water savings potential of the residential areas in
62 cities in Brazil. Equations were developed to correlate the potential for water savings with
rainfall and water demand. Potable water savings ranged from 34% to 92% for the 62 cities.
Campisano, A., & Modica, C. [42] introduced a dimensionless methodology to determine the
optimum tank size for 17 rainfall gauging stations on the island of Sicily, Italy. Water saving
and overflow discharges were evaluated using simulation results of the daily time step water
balance model. The optimum tank size was selected based on cost efficiency. It was reported
that the net revenue decreases when tank size increases and rainfall decreases. Ali, S., et al.
[47] developed a daily water balance model and applied it to five climatic regions of Pakistan.
Water saving, stormwater capture efficiency and financial feasibility of RWHSs were
assessed for different tank sizes up to 100 m?. They founded financially feasible systems
could be achieved in a warm, semi-arid climate with 667 mm of average annual rainfall,
while RWHS investments were found to be financially infeasible in a cold, semi-arid climate
with 238 mm of average annual rainfall. Preeti, P., & Rahman, A. [48] investigated the
reliability of RWHSs for eight cities in Australia with average annual rainwater ranging from
510 mm to 1176 mm using a daily water balance modelling approach. Reliability was found
to range from 88% to 99% for toilet and laundry uses for tank sizes ranging from 10 m? to
100 m®. They concluded that RWHS investments were not economically viable in most of
the investigated cities.

This study aims (i) to introduce a single-objective LP model with daily time steps to optimize
tank sizes by minimizing costs and (ii) to investigate the spatial effect of rainfall
characteristics and water costs on the financial feasibility and performance of RWHSs. The
developed LP-Daily Model determines optimum RWH tank sizes for 33 case study sites
selected from the semi-arid Northern Cyprus, located in the Eastern Mediterranean Sea.

2. METHOD

In this study, a single-objective LP model with daily time steps is developed to identify the
best RWH tank size by minimizing municipal water, wastewater, and tank costs. Optimum
supply strategy of daily water demand of a single residential unit is determined using
historical daily rainfall data. Musayev, S. et al. [46] showed that climate change will have a
negligible impact on the feasibility of RWHSSs in semi-arid regions. Thus, it is assumed that
the rainfall pattern in the near future will be similar to that of the simulation period and the
optimum RWH tank size will be efficient in the near future as well.

2.1. LP-Daily Model

The developed LP-Daily model uses the yield-before-spillage algorithm. First, the daily
water demand is supplied, and then the current day’s rainfall is harvested. The excess
rainwater is spilled if the capacity of the tank is exceeded. Our model allows the use of water
from the RWH tank or the municipal water supply network (MWSN) in supplying the daily
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water demand of a residential unit according to the region’s water tariff scheme to ensure
maximum financial benefits. The mathematical formulation of the proposed LP-Daily model
is given below:

(bjxPyj+(Pe—Up)Xcwe)

Min.Z = a X Tegp + 211 X, = (1)
s.t.

1df = Idf_, +rdt — Ud} Vti€t )
1d§ =0 (3)
Idy = 1d¢=? t=12,..,T 4)
Id} < Teqp vt, Vi 5)
Udf < T,qp vt Vi (6)
rd! < min{Rd}, T} vt, Vi (7)
Teap < Smax (®)
Pd} 4+ Ud} = Dgqyy vt, Vi )
Teap, Id, rd}, Ud}, Pdf > 0 vt, Vi (10)

where Z is the objective function in Turkish Lira (TL), a is the unit cost of the RWH tank
(TL/m?), T¢ap 1s the optimum RWH tank size (m?), t is the index for months of the simulation
period, T is the total number of months in the simulation period, j is the index for the price
level, J is the total number of the price levels in the water tariff scheme, i is the index for the
days of a month, b,; is the unit municipal water cost supplied from the MWSN in month ¢ at
price level j (TL/m?), P,; is the municipal water volume that is purchased in month t from
the MWSN at price level j (m®), P, is the total municipal water volume supplied from the
MWSN in month t (m?), U, is the total rainwater volume used from the RWH tank in month
t (m%), ¢, is the unit wastewater cost in month ¢ (TL/m?), and im is the monthly discount
rate. The unit municipal water costs incurred due to the water supply from the MWSN and
unit wastewater costs throughout the simulation period are estimated assuming that their
current unit costs will increase with the inflation rate.

The constraints of the LP-Daily are given in Egs. (2) to (10) where Id is the inventory level
of the RWH tank at the end of day i of month t (m?), Ud} is the amount of rainwater used
from the RWH tank on day i of month ¢ (m®), rd} is the amount of harvested rainwater on
day i of month t (m?), i € t states that index i is for all the days in month t, Rd} is the
maximum amount of rainwater that could be harvested on day i of month t (m?), S,,,4, is the
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maximum allowable RWH tank size (m®), Dgq, is the daily water demand (m’), and P df is
the municipal water volume purchased from the MWSN on day i of month t (m?).

Eq. (1) is the objective function that is composed of the summation of the net present value
of the total municipal water and wastewater costs and the RWH tank cost. The simulation
period is chosen as the lifetime of the RWHS. The amount of rainfall that will be collected
and stored in the RWH tank is calculated using historical daily rainfall data. Eq. (2) is the
daily water balance equation of the RWH tank. Eq. (3) states that the inventory level of the
RWH tank is zero at the beginning of the first day of the simulation period. Eq. (4) ensures
that the inventory level of the last day of month (t — 1) in the RWH tank is equal to the
inventory level of the RWH tank at the beginning of the first day of month t. Constraints (5)
and (6) ensure that the inventory level of the RWH tank on day i of month t and the amount
of rainwater used from the RWH tank on day i of month ¢ cannot be greater than the volume
of the RWH tank. Constraint (7) guarantees that the amount of harvested rainwater on day i
of month t cannot exceed both the maximum amount of rainwater that could be harvested on
day i of month t and the volume of the RWH tank. Constraint (8) confirms that the optimum
tank size cannot be higher than the maximum allowable RWH tank size (m?). Eq. (9) states
that the daily water demand is supplied from the RWH tank or the MWSN or both. Finally,
Eq. (10) is the sign restrictions and ensures that all the decision variables are positive.

The total municipal water volume supplied from the MWSN in month ¢, P, is calculated by
summing the municipal water volume purchased from the MWSN in each day of month ¢:

P, = Ziet Pdf vt (11)

Assuming the total amount of water purchased from the MWSN in month m* is P,,~ and
three price levels are used, (i.e., the first V; m® is purchased from b; TL/m?, the amount
between V; and V, m? is purchased from b, TL/m? and the remaining is purchased from b
TL/m?%), the water cost that should be paid to the municipality, C, is calculated as follows:

If P <V, thenC = by P+

IfV]_ < Pm* < VZ then C = b1V1 + (Pm* - Vl)bZ (12)
Isz < Pm* then C = b1V1 + szz + (Pm* - Vl - Vz)b3

The maximum amount of rainwater that could be harvested on day i of month t, Rd}, is
calculated using the equation of [49]:

Rdf = ¢f X Aggy X pf X 1073 vt, Vi (13)

where ¢y is the runoff coefficient for the roof, A.,, is the collector area at the roof (m?), and
pf is the measured rainfall depth on day i of month ¢ (mm).

The total rainwater volume used from the RWH tank in month ¢, U,, is calculated by
summing the amount of rainwater used from the RWH tank in each day of month t:

Up = Ziet Udit vt (14)
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The daily water demand, Dyq;;y, is calculated using:
Dggity = Wy Xn (15)
where W, is the average daily water demand per capita (m’/cap/day), and 7 is the number

of residents.

The monthly demand for month ¢, D;, is calculated using:
Dt = Ddaily X I vVt (16)

where [ is the total number of days in month ¢.

2.2. Cost-Benefit Analysis

After the optimum RWH tank size is obtained, the cost-benefit analysis of the RWHS is
carried out. Maintenance, wastewater, and municipal water supply costs are increased using
the inflation rate for each year of the simulation period. The net present value of all costs are
calculated using the discount rate. The cost-benefit analysis compares the net present value
of the case where a RWHS is installed and supplies some part of the total water demand to
the case where all water demand is supplied from the MWSN. The total cost of the RWHS,
Ctotal» 18 calculated using:

Ceotal = Zopt + Cfixed (17)

where Z,p,: is the optimum value of the objective function Z (TL), and Cfixeq is the
summation of the fixed costs (TL) which is calculated using:

Cfixed = Cinst + Craine (18)

where Cj,,s¢ is the RWHS installation cost (TL) and Cj,, 4, is the total RWHS maintenance
cost that occurs throughout the simulation period (TL) which is calculated using:

Crnaint = E?:l(lf+m (19)

im)t

where c,, is the base monthly RWHS maintenance cost (TL). The maintenance cost
throughout the simulation period is estimated assuming that the base cost will increase with
the inflation rate. The cost of supplying the whole water demand from the MW SN throughout
the simulation period, C,,.; (TL), is calculated using:

net Zt 1 ZJ 1 (1+ij)t tj + Zt 1 (1+lm)t D (20)

The net financial benefit of the RWHS, NFB, is defined as the difference between the cost
of supplying the whole water demand from the MWSN and the total cost of the RWHS:
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NFB = Cpet — Crotar 21

When the NFB is negative, the RWHS ends in financial loss, and the RWHS is found to be
infeasible. In addition to the NFB, the discounted payback period of the RWHS investment,
which is the year at which cumulative discounted net cash-flow becomes zero, is calculated.

2.3. Water Balance Simulation Model

Tank size, daily rainfall, daily water demand, daily rainwater supply, daily tank spillage, and
municipal water supply from the network are taken into account in the water balance
simulation model (WBSM). The daily water balance of the RWH tank is carried out for a set
of selected alternative tank sizes. The WBSM uses the yield-before-spillage algorithm.

Daily inflow to the RWH tank is calculated using Eq. (13). If the sum of daily inflow and the
inventory level of the RWH tank at the end of the previous day is smaller than the daily water
demand, daily rainwater supply from the RWH tank equals the sum of daily inflow and the
inventory level of the RWH tank at the end of the previous day. Otherwise, daily rainwater
supply from the RWH tank equals the daily water demand. Spill is the excess rainfall that
exceeds the RWH tank size. Spill on day i of month t, SPf (m?), is calculated using Eqgs. (22)
or (23) [28]:

If Rdf + Id{_; — Daqity > Tmax then SPf = Rd} +1d{_; — Daaity — Trnax (22)
IfRdf + Idf—l - Ddaily = Tmax then SPit =0 (23)

where Tp,q, is the RWH tank size (m?).

If spill on day i is calculated to be smaller than or equal to zero, the RWH tank inventory
level at the end of day i is determined by subtracting the amount of rainwater supplied from
the RWH tank on day i from the inventory level at the end of the previous day plus inflow
on day i. Otherwise, the RWH tank inventory level at the end of day i is equal to the RWH
tank size. For the detailed methodology of the WBSM on a daily scale, see [28]. Cost-benefit
analysis of the RWHS is carried out to calculate the NFB for each alternative tank size using
Eq. (21).

2.4. Performance Indicators: Resilience, Vulnerability, Reliability, and Water Saving

Resilience is the inverse of the mean value of the time the system spends in an unsatisfactory
state [50]. In this study, the unsatisfactory state is considered to be the days in which water
demand is not fully supplied by the RWHS. Such days are referred to as deficit events.
Resilience, Res, is calculated using [50]:

Res = {231, d,) 24)

where d,, is the duration of the k™ failure event and M is the total number of failure events.
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Vulnerability is an indicator of the severity of RWHS failure. In this study, vulnerability is
estimated as the mean value of the deficit events (i.e., the total amount of water supplied from
the MWSN during deficit events divided by the total number of deficit events) as suggested
by [51]. Vulnerability, Vul, is calculated using [50]:

Vul = =3, v, (25)

where vy, is the deficit volume of the k™ failure event.

Reliability is a widely used indicator to evaluate the rainwater supply performance of a
RWHS. In this study, water demand is supplied either by the RWHS, the MWSN or both and
a failure event does not occur throughout the simulation period. Therefore, the volumetric
reliability of the RWHS which is the percent of the water demand that can be supplied from
the RWHS is considered for reliability calculations. Reliability, Rel, is calculated using [12]:

N gt
eI, vd)

DgailyXN

Rel = x 100 (26)

where N is the total number of days in the simulation period.
Finally, water saving, Ws (m?%), is the average annual rainwater used to supply the demand:

T N gt
_ Zi=12izq Ud;
A

Ws 27

where A is the total number of years in the simulation period.

2.5. Sensitivity Analysis

The sensitivity analysis is carried out to investigate the effects of collector area and average
daily water demand per capita on the optimum tank size and the discounted payback period.
In the sensitivity analysis, each of these two parameters is varied while keeping all other
parameters constant. The LP model is run repeatedly between the limits of the analysed
parameters.

2.6. Study Area and Rainfall Characteristics

Cyprus is an island in the Eastern Mediterranean region with a semi-arid climate where
summers are hot and long, and winters are warm and short. Water resources are limited and
water scarcity problems are encountered. December and January are the rainiest months on
the island, while July and August are the driest months. The rainy period is usually from
November to March. In this study, 33 case study sites are selected in Northern Cyprus. The
rainfall characteristics throughout these sites vary significantly.

The European Standard suggests that large and complex RWHS projects need to be designed
using at least five years of daily rainfall data series [52]. This study uses daily rainfall records
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of 33 meteorological stations from 1985 to 2015 obtained from the Meteorological
Department of Northern Cyprus.

The average annual rainfall between 1985- 2015 at the study area is 386 mm. The average
annual rainfall between 1985- 2015 are calculated as 470 mm for Girne (Kyrenia), 309 mm
for Lefkosa (Nicosia), 346 mm for Magusa (Famagusta), 554 mm for Lapta, and 291 mm for
Giizelyurt (Morphou). In order to demonstrate the rainfall regime at the study area, the
average monthly rainfall between 1985- 2015 at the selected sites, such as Girne, Lefkosa,
Magusa, Lapta, and Giizelyurt are presented in Fig. 1.
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Fig. 1 - Average monthly rainfall between 1985- 2015 at the selected sites and the average
in the study area

2.7. Input Data

The simulation for LP-Daily and LP-Monthly models and the WBSM is performed for a
period of 30 years (N = 10957 days or T = 360 months). Accordingly, the lifetime of the
RWHS is assumed to be 30 years. The wastewater collection and treatment networks are not
available in all urban areas in the study area. However, the design and construction of new
wastewater network projects are on the agendas of many municipalities. Despite the lack of
a wastewater collection network in some sites, the wastewater tariff is included in the
analyses for the sake of generalization. For the first year of the simulation period, each unit
of water supplied from the MWSN is assumed to be charged an additional wastewater cost
of 1 TL/m? (c,, = 1 TL/m®). The wastewater cost is increased according to the average annual
inflation rate between 2005 and 2021 which is taken as 11.3% [53] throughout the simulation
duration.

Many municipalities at the study area employ an increasing block rate water tariff to promote
water savings, while others use a fixed water charge. For example, Lapta Municipality
employs a fixed municipal water charge of 5 TL/m>. In an increasing block rate water tariff,
the unit water cost increases as the water volume purchased from the MWSN increases. For
example, Dipkarpaz Municipality sets the unit cost of water as 5 TL/m? up to 20 m? and 6
TL/m? when the amount exceeds 20 m? within a month [54]. Current water tariffs of each
study site that are used as inputs for the models are obtained by directly contacting the
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municipalities or from the local newspaper Havadis, issued on May 15, 2017. The inflation
rate is used to estimate the future prices of the simulation duration.

A rooftop RWHS is assumed to supply the domestic water demand of a single house with
four residents (n = 4). The average daily domestic water (i.e., tap water) demand per capita
in Northern Cyprus is taken as 250 liters (W, = 0.25 m?/cap/day) [55]. It is assumed that tap
water is not used for drinking purposes so the cost of a simple filter but no treatment cost is
included. The roof of the single house is assumed to be a flat concrete roof with a runoff
coefficient, c¢, of 0.9 [56]. Rainwater is assumed to be harvested through a 200 m? collector
(Agor = 200 m?) at the roof. Some municipalities prohibit building a water tank size larger
than 20 m? for private use, so the maximum allowable tank size is set to 20 m* (S0, = 20
m?).

The existing MWSN of the single house is assumed to be retrofitted for the RWHS
installation. The existing water pump that is already connected with the single house’s
MWSN system to transfer municipal water from the main water tank to the single house is
assumed to be used to transfer the harvested rainwater. Commonly, a water pump is used in
residential units in Northern Cyprus to pressurize the water supplied from the MWSN. The
user is responsible for the electricity consumption cost of the water pump. It is assumed that
the same water pump will be used for the harvested rainwater, so that water pump’s electricity
cost is not included in the cost-benefit analysis.

Current installation (i.e., retrofitting the existing MWSN of the single house for the RWHS
installation) and base annual maintenance costs of the RWHS are taken as 1500 TL (f;,; =
1500 TL) and 102 TL (c,, = 8.5 TL/month), respectively. These costs are provided by a
local plumbing service supplier (Olcay Uzugar Plumbing Service, Personal communication
in December 2019). The maintenance cost is estimated using the inflation rate. Above-ground
water tanks in gardens are common in Northern Cyprus. Therefore, in this study it is assumed
that the RWH tank is positioned above-ground; so the excavation cost is neglected. This
assumption is realistic for Northern Cyprus but excavation cost may need to be considered
for other regions. The tank is assumed to be made of polyethylene and the unit cost is taken
as 600 TL/m3 (a = 600 TL/m?) [57]. The net present values of the costs are calculated using
an average annual discount rate of 11.7% which is estimated using 2005-2021 data (im =
0.98% per month) [58].

3. RESULTS AND DISCUSSION

The validation of the LP model with the WBSM, a comparison of LP with daily and monthly
time steps, the spatial evaluation of RWHS performances, and finally, sensitivity analysis are
provided below.

3.1. Comparison of LP-Daily Model and WBSM

Our model differs from the water balance model approach since there is no need to specify
alternative tank sizes beforehand and to individually evaluate the feasibility of each
alternative tank size. The LP model searches the whole domain and finds the optimum tank
size resulting in the maximum revenue in a single run. To validate the LP-Daily model, the

10
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results are compared to those obtained from the WBSM. This analysis is carried out for Lapta,
which receives an average annual rainfall of 554 mm. The WBSM is run on tank sizes from
1 m® to 10 m3 with increments of 1 m>. As seen in Fig. 2, the maximum net financial benefit
occurs at a tank size between 4 m* and 5 m3.

4.000
3.500 A
3.000 A
2.500 A
2.000 A
1.500 1
1.000 A

Net financial benefit (TL)

E * Optimum tank size obtained
500 1 %from LP-Daily =4.3 m*

0

1 2 3 4 5 6 7 8 9 10
Rainwater harvesting tank size (m?)

Fig. 2 - Results of the WBSM for Lapta

The optimum tank size is identified as 4.3 m* with the LP-Daily model in a single run. On
the other hand, a single run of the WBSM provides the net financial benefit associated with
the chosen tank size. Thus, the WBSM is run 10 times to obtain the maximum net financial
benefit curve given in Fig. 2. As can be seen from Fig. 2, The WBSM results indicate that
the optimum tank size (i.e., the tank size with the highest net financial benefit) is between 4
m? and 5 m> which contains the LP-Daily model result of 4.3 m®. Hence, identifying the tank
size with the highest net financial benefit is a trial and error procedure when the WBSM is
used. Moreover, the WBSM is not as accurate as the LP model. LP is an alternative approach
to the WBSM and will save time, especially when the RWH analysis is required at numerous
sites with varying characteristics.

3.2. Comparison of LP-Daily and LP-Monthly Models

The results of LP-Daily and LP-Monthly models for Lapta are compared. The time required
to solve LP-Daily and LP-Monthly for the 30-year simulation period differ significantly. For
example, while the LP-Monthly model runs in 2 minutes, the LP-Daily model requires 1.5
hours to complete each run with OpenSolver software Ver. 2.9.0 installed on a computer with
Intel® Core™ i5-9400F CPU @ 2.90GHz and 16 GB RAM. The results of LP-Monthly [36]
and LP-Daily models for Lapta are given in Table 1.

As seen in Table 1, a larger tank size is obtained, and the system is assessed as an infeasible
investment (i.e., a negative NF B value) when monthly time steps are used. Consequently, the
total cost of the RWHS could not be paid back within the simulation period. On the other
hand, the discounted payback period of the RWHS is calculated as less than 17 years when
daily time steps are used. The difference in the amount of water savings between the models’
results affects the financial feasibility calculations considerably since that difference is
compensated using municipal water.

11
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Table 1 - Comparison of LP-Monthly [36] and LP-Daily models’ results for Lapta

. Cost of Municipal .
Modd o T et | Dhemed
(m?) (TL) savings wastewater benefit (TL) pay ( eall*))
(TL) costs (TL) Y
LP-Monthly 8.4 5,065 7,380 46,700 -1,700 -
LP-Daily 43 2,600 10,350 43,730 3,730 16.6

When both models are investigated in detail, it is observed that the amount of rainwater
harvested and utilized is underestimated when monthly time steps are used. Utilization of
daily time steps simulates the RWH tank (i.e., filling and emptying) more realistically. The
average monthly water supply and demand relations of the two models throughout the
simulation period are presented in Fig. 3.
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Fig. 3 - Average monthly water supply and demand relations of LP-Daily and LP-Monthly
models throughout the simulation period for Lapta

As seen in Fig. 3, higher percentages of the monthly demands - other than for September -
are supplied by the RWHS in the daily model compared to that of the monthly model. For
example, around 13 m? of the total average demand of 31 m? is supplied by the tank in January
when LP-Daily is used. This shows that, according to LP-Daily, the tank (i.e., 4.3 m® as given
in Table 1) is filled and emptied multiple times on the average to supply the demand in
January. However, when monthly time steps are used, the water balance equation is satisfied
for each month. Thus the tank can only be filled and emptied once. This causes the part of
the average demand supplied by the tank to be at most 8.4 m? (i.e., the optimum RWH tank
size for LP-Monthly as given in Table 1). Similar underestimations of water savings occur in
the other months as well. The water balance given in Eq. (2) is satisfied for each day in LP-
Daily while it is satisfied for each month in LP-Monthly. Thus in LP-Monthly, the maximum
amount of water demand that can be supplied by the tank is equal to the optimum tank size.
Once the tank is filled with rainwater in a month, rainfall received in the remaining days of
that month cannot be harvested and utilized, but wasted as overflow. The reader may refer to
[35] and [36] for detailed explanations of LP-Monthly results.

12
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Average annual water saving at Lapta is calculated as 69 m® with the LP-Daily model,
whereas it is 49 m?® with the LP-Monthly model. It is concluded that the utilization of monthly
time steps leads to the incorrect judgment of the less efficient use of the RWH tank capacity.
For realistic results, daily time steps should be used as also suggested by [39, 40, 41].

3.3. Spatial Evaluation of the Performance of the Rainwater Harvesting Systems

The LP-Daily model is configured and run for each site. The results are shown in Table S1.
The optimum RWH tank sizes range from 2.1 m3 to 5.4 m3. NFBs at 33 sites vary and result
in the discounted payback periods ranging from 12 years to 28 years. The minimum
discounted payback period (i.e., 12.4 years) is obtained at Beylerbeyi, which receives 500
mm of average annual rainfall and has a relatively high average water cost (i.e., 43.6 TL/m?).

As given in Section 2.4 in detail, resilience, vulnerability, and reliability are commonly used
performance indicators of water supply systems. The resilience values of RWHSs at 33 sites
range from 0.061 (day/failure event)! to 0.111 (day/failure event)! while the vulnerability
values range from 8.75 m®/failure event to 16.02 m3/failure event (see Table S1). Higher
resilience means the RWHS returns to supplying the water demand state quickly and higher
vulnerability means the average deficit volume (i.e., demand that the RWHS cannot supply)
is high. The highest resilience and the lowest vulnerability are achieved at Tatlisu which
receives an average annual rainfall of 511 mm, while Dortyol which receives 273 mm
average annual rainfall has the minimum resilience and the maximum vulnerability. For
Tatlisu, the total duration of failure events is 9180 days and the total number of failure events
is 1019. Thus, the resilience for Tatlisu is 1019/9180=0.111 (day/failure event)!. On the other
hand, for Dortyol, the total duration of failure events is 10118 days and the total number of
failure events is 616; and its resilience is 616/10118=0.061 (day/failure event)'. Although
the total number of failure events are less for Dortyol, the average duration of each failure
event is longer, meaning it takes longer to recover (i.e. it takes longer to go back to non-
failure state). Thus, as the average duration of the failure event increases the resilience
decreases. Vulnerability, on the other hand is related with the average amount of deficit. For
Tatlisu, the total deficit volume of all failure events is 8917 m?, thus its vulnerability is
8917/1019=8.75 m>/failure event; while for Déortyol, total deficit volume of all failure events
is 9866 m?, thus its vulnerability is 9866/616=16.02 m3/failure event. As expected, when the
average duration of the failure event is longer the deficit is higher and the vulnerability is
higher. Except for Lapta, vulnerability values are lower (i.e. range from 8 m3/failure event to
9 m3/failure event) at the sites which receive higher than 480 mm average annual rainfall. As
the performance indicators address, RWHSs should be used as auxiliary water supply
systems at semi-arid regions due to low rainfall periods lasting for 4- 5 months and irregular
rainfall pattern by months.

The RWHS reliability range is between 10% and 20% for the study area (Table S1). This
means that at most 20% of the total demand can be supplied by the harvested rainwater.
Although reliabilities higher than 20% cannot be maintained for the semi-arid Northern
Cyprus, at 29 of the 33 sites, RWHSs are found to be financially feasible (i.e., resulted in net
financial benefit). Low reliability values are mainly due to low rainfall and its non-uniform
distribution throughout the year. As can be seen in Fig. 4, as the average annual rainfall
decreases, the reliability decreases almost linearly. The maximum reliability of 20% is
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observed at Kantara which receives 562 mm average annual rainfall whereas Dortyol has the
minimum reliability of 10% and its average annual rainfall is 273 mm. These results are in
agreement with literature. Reliabilities between 10% and 20% in supplying non-potable
water demands between 360 L and 720 L were obtained using rainwater collector areas
between 120 m? and 240 m? and tank sizes between 1 m® and 5 m? for Tabriz, Iran which
receives an average annual rainfall of 288 mm [59]. Additionally, similar to our results, [29]
calculated reliabilities between 12% and 23% in Central and South-West Melbourne,
Australia, receiving 465 mm and 374 mm of average annual rainfalls in dry years,
respectively using a roof area of 200 m?, a non-potable water demand of 600 L and tank sizes
ranging from 1 m? to 10 m3,

It is observed that there is a significant difference in rainfall amounts between the rainy period
(i.e., from November to March) and the whole year for Northern Cyprus. When the
reliabilities are calculated only for the rainy period, significantly higher values are obtained
(i-e., 18% - 37%), sometimes overflows of tanks are observed. For example, for Lapta, the
reliability of the RWHS for the rainy period is 37%, while it is only 19% when the whole
year is considered. This is due to the semi-arid climatic characteristics of the study area where
little rainfall is received outside the rainy period. The long dry period between June and
September (see Fig. 1) decreases the reliability. In line with our findings, [62] concluded that
the rainfall distribution is a major variable on non-potable water savings via RWH in Beit-
Dagan, Tel Aviv, Israel where roughly 90% of the rainfall occurs between November and
March and less than 1% between May and September.
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Fig. 4 - Water savings, reliability, resilience, vulnerability and annual rainfall relations

Rainfall contours together with financial feasibilities of RWHSs are shown in Fig. 5. The
RWHS investments are found to be financially feasible at 29 of the 33 sites. We find that the
range of the optimum tank sizes in this study is similar to those of [47] where financially
feasible tank sizes are between 1 m?*and 5 m? for warm semi-arid Lahore, Pakistan, which
receives 667 mm average annual rainfall. We also find that average annual water savings of
a single house range from 36 m® to 72 m® and are close to the water savings of combined
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water use in household and irrigation obtained across Australia for tank sizes between 1 m?
and 5 m’ [60, 48].

To conclude, when the average annual rainfall is more than 300 mm, RWH tank sizes larger
than 2.5 m? can provide more than 12% of the domestic water demand of a single house in
Northern Cyprus. If widespread rainwater harvesting is realized, domestic water savings will
contribute to sustainable water resources management of water-scarce Northern Cyprus.
RWH may offer additional benefits such as stormwater collection and reducing energy,

maintenance and operational costs of existing water supply systems, but these are out of the
scope of this study [61].

Average annual rainfall contours (mm)
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Fig. 5 - Map of the case study sites in Northern Cyprus. Blue marked sites are the locations
where the RWHS is financially feasible, while the financially infeasible locations are
marked with yellow.

The combined effect of rainfall characteristic and the water cost on the net financial benefit
is shown in Fig. 6. The average annual rainfall is used as an indicator of the rainfall
characteristic. As seen in Fig. 6, at the sites where water cost and rainfall are high, RWHSs
have positive NFBs. Except for Lefkosa, all the sites where the RWHSs’ initial investment
costs are compensated in less than 17 years are located at the north and northeast shores of
the island, which receive higher than average annual rainfall of 390 mm. At Lefkosa, the
average annual rainfall throughout the 30-year simulation period is one of the lowest (i.e.,
309 mm) whereas the average unit water cost is the highest (i.e., 45.1 TL/m?). The RWHS is
found to be financially feasible for Lefkosa. Kantara, on the other hand, has the highest
average annual rainfall (i.e., 562 mm), but the average municipal water supply cost is
relatively low (i.e., 26.8 TL/m?), resulting in a lower NFB than that of Lefkosa. As also noted
by [63], the economic feasibility of RWH relies on many elements such as water price,
amount of rainfall, and capital cost; our results demonstrate that both water cost and amount
of rainfall become critical for Northern Cyprus in the financial feasibility of the RWHS.
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Fig. 6 - Net financial benefits of RWHSs with respect to average water costs and average
annual rainfalls for 33 sites. Filled black circles represent positive net financial benefit
while empty circles represent negative net financial benefit

3.4. Sensitivity Analysis

In this section, sensitivity analysis results of the LP-Daily model for Lapta are given. Effects
of the collector area and the average daily water demand per capita on the optimum RWH
tank size and the discounted payback period are investigated. The sensitivity analysis results
for the collector area are given in Fig. 7. The discounted payback periods range from 28 years
to 13.5 years when the collector area changes from 75 m? to 500 m?. The RWHS is not
financially feasible for collector areas of less than 75 m? for Lapta with the assumptions
explained in Section 2.7. This indicates that although the RWHS with a collector area of less
than 75 m? can supply some portion of the water demand at Lapta, costs associated with the
RWHS exceeds its benefits, resulting in financial loss. As the collector area increases, the
optimum tank size also increases to accommodate larger amounts of harvested rainwater, and
consequently, the discounted payback period decreases. Likewise, [35] analyzed roof areas
between 80 m? and 300 m? as rainwater collectors and found that optimum tank sizes
increased from around 1 m? to 3 m?, while financial benefits increased from 600 TL to 740
TL for Girne.

The following analysis is carried out for Lapta by changing the average daily domestic water
demand per capita between 50 It/cap/day and 650 lt/cap/day. The results are given in Fig. 8.
For daily domestic water demand per capita of 150 It/cap/day and higher, the discounted
payback period is calculated to be between 15 to 19 years. The RWHS ends in financial losses
at Lapta if daily domestic water demand per capita is less than 50 It/cap/day. For Girne, [35]
found that the RWHS is financially infeasible for daily water demand of less than 100

It/cap/day using a monthly time-step LP model. These results show the effect of water
demand on financial feasibility.
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As expected, when daily water demand per capita increases, the discounted payback period
decreases until 550 It/cap/day then levels off for larger values. This implies that the use of a
larger tank size is unfavorable with respect to the increase in the benefits of the RWHS
serving for a single house. Unlike [25], our sensitivity analysis results show that water
demand does not significantly affect the optimum tank size for a single house at Lapta. In the
current study, the average annual rainfall ranges from 273 mm to 562 mm at the study area
and rainfall is mostly received during a short rainy period while the annual average rainfall
is over 1000 mm in [25]. We believe that the amount of rainfall and its distribution throughout
the year is the main reason for the differing effects of water demands on optimum tank sizes.
At Lapta, due to limited availability of rainfall, increasing the water demand over 350
It/cap/day does not significantly affect the optimum tank size.

Sensitivity analysis results demonstrate that the collector area plays a significant role in the
optimum tank size and the financial feasibility is more sensitive to the collector area than
water demand for Lapta. Thus, the RWHS should be designed to allow rainwater harvesting
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from the maximum possible area to maximize the benefits and reliability of the system.
Similar conclusions were also reached for Australia, Iran, and Pakistan [29, 57, 47].

4. CONCLUSION

In this study, a single objective LP model with daily time steps is introduced to find the
optimum RWH tank size by minimizing costs. The proposed model is run for the selected 33
sites from semi-arid Northern Cyprus in the Eastern Mediterranean region where average
annual rainfalls ranging from 273 mm to 562 mm. The significant conclusions of this study
are given as follows:

e Comparison of the LP-Daily model and WBSM reveals that both models generate
consistent optimum tank sizes but the LP-Daily model saves time since it requires a
single run.

e [t is demonstrated that 29 of the 33 studied sites RWHSs are feasible (i.e., have positive
financial benefits). However, it is pertinent to note the relatively low reliability of
RWHSs, indicating their auxiliary role vis-a-vis the existing municipal water supply
network. Beyond financial considerations, RWHS desirability is contingent upon factors
such as uncertainties in sources of existing municipal water supply and tariffs. Given
these circumstances, rainwater harvesting emerges as a potential alternative of existing
water sources, warranting governmental incentives for its adoption. Such incentives may
facilitate RWHS implementation among homeowners, notwithstanding extended
payback periods.

e RWHSSs’ initial investment costs are generally compensated in less than 15 years at the
north and northeast shores of the island, where the average annual rainfall is higher than
390 mm.

e  The LP-Daily model yields a notably reduced optimum tank size and provides a more
accurate assessment of financial feasibility compared to the LP-Monthly model. The
utilization of monthly time steps may lead homeowners to incorrect investment
decisions.

The main contribution of this study lies in its spatial analysis of the assessment of RWHSs
feasibility for the first time in water-scarce Northern Cyprus. The outcomes of this research
hold promise for informing the development of sustainable water resource management
frameworks, particularly pertinent to Mediterranean islands and semi-arid regions. In future
investigations, our aim is to integrate environmental cost metrics into the existing LP-Daily
model, thereby facilitating a comprehensive evaluation of the environmental advantages
associated with RWHS implementation.

List of Symbols

Acronyms

LP Linear programming

MWSN Municipal water supply network
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Price level
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Months of the simulation period

Total number of months in the simulation period

Unit cost of the RWH tank

Collector area at the roof

Unit municipal water cost supplied from the MWSN at price level j
Runoff coefficient for the roof

Summation of the fixed costs

RWHS installation cost

Base monthly RWHS maintenance cost

Total RWHS maintenance cost that occurs throughout the simulation
period

Cost of supplying the whole water demand from the MWSN
Total cost of the RWHS

Unit wastewater cost

Daily demand

Duration of the k™ failure event
Total demand in month ¢t
Monthly discount rate

Failure event

Total number of failure events
Net financial benefit

Number of residents

Measured rainfall depth on day i of month ¢
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P, (m?) Total municipal water volume supplied from the MWSN in month ¢

Py; (m?) Municipal water volume that is purchased in month t from the MWSN at
price level j

Rd} (m®) Maximum amount of rainwater that can be harvested on day i of month
t

Rel Reliability

Res Resilience

Smax (M%) Maximum allowable RWH tank size

SP! (m?) Spill on day i of month t

Trpax (M) RWH tank size

U, (m%) Total rainwater volume used from the RWH tank in month ¢

Vg Deficit volume of the k™ failure event

Vul Vulnerability

Wy (m?/cap/day) Average daily water demand per capita

Ws (m®/year) Average annual water saving

Variables

1df (md) Inventory level of the RWH tank at the end of day i of month ¢

Pd} (m?) Municipal water volume purchased from the MWSN on day i of month ¢

rd! (m?) Amount of harvested rainwater on day i of month t

Teqp () Optimum RWH tank size

Udf (m?) Amount of rainwater used from the RWH tank on day i of month ¢

Z (TL) Objective function

Zopt (TL) Optimum objective function value
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ABSTRACT

The Upper Tigris region in the Middle East is in Turkey and this study shows it to be an area
with significant water resources that enable agricultural activities in the region. Since the
GAP irrigation project, yet to be completed, there is an extensive use of groundwater for
irrigation. This situation threatens the groundwater potential of the basin. Therefore,
determination of groundwater potential should be evaluated properly instead of relying
assessment of the groundwater potential of the region with observation wells, which is a more
costly method. In this study, the groundwater potential of the basin was determined by the
GIS-based Multi-Criteria Decision Making (MCDM) method; the GIS-based-AHP method
is used for identifying the groundwater potential zones of the Upper Tigris Basin as an
alternative to expensive and time-consuming method of well drilling. There are 8 key criteria
considered; Geomorphology (GM), Geology(G), Line Density (LD), Slope (SL), Drainage
Density (DD), Land Use (LU), Rainfall (R), and Soil Type (ST) and the individual weight of
each criterion was evaluated by the AHP technique and utilized by the “Spatial Analysis
Overlay Weighted Method” obtaining the “Groundwater Potential Index (GWPI)”. The
GWPI values obtained is used to classify the Upper Tigris Basin into five categories as
follows: 319 km? of the basin has very poor potential (3.8%); 2217 km? has poor potential
(26.7%); 2800 km? has moderate potential (33.7%); 2200 km? has good potential (26.5%);
and finally, 763 km? has very good potential (9.2%).

Keywords: Diyarbakir basin, groundwater potential, the AHP Multi-Cretia Decision Making
(MCDM) Method, GIS.

1. INTRODUCTION

The Upper Tigris Basin is significant for surface water potential. However, due to the
incomplete projects in the basin, groundwater is widely used as an alternative irrigation
method (Celik 2015). The advantage of the groundwater compared to surface water is the
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fact that the risk of contamination for the groundwater is substantially lower than that for the
surface water. In this regard, the groundwater potential of the basin must be figured out. In
partially arid zones, when surface water reaches to minimum flow level, groundwater is also
a significant alternative for agriculture and irrigation and also for other intended uses (Celik
2015).

Determination of groundwater potentials by wells is not always economically feasible. Under
these circumstances, among several other methods, GIS and MCDM methods have been
properly and successfully employed (Rahman et al 2012; Nag et al., 2012; Lee et al., 2012;
Pradhan 2013; Feizizadeh et al., 2014) to determine aquifer parameters and their impacts on
groundwater sources and supplies.

Multi-Criteria Decision Making (MCDM) techniques, which requires at least two criteria and
two alternatives (Diakoulaki et al., 1995), have been utilized successfully for the solution of
similar problems in various areas (Makropoulos and Butler, 2006; Mendoza and Martins,
2006; Karnatak et al., 2007; Greene et al., 2011). Since relative importance is attached to
each variable based on qualitative and quantitative criteria, not only the numerical data but
also the previous experience of expert users is important (Triantaphyllou and Sanchez, 1997;
Malczewski, 1999; Ho and Dey, 2010). For the assignment of the relative importance, among
many methods available, the most common alternative is the Analytical Hierarchical Method
(AHP) method (Saaty, 1980, 1989, 2000). It has been in use for the selection of the suitable
area by counting the co-efficiency rates of the comparative importance of multiple criteria in
relation with each other (Abdalla, 2012) and recharges assessment (Zaidi et al., 2015;
Senanayake et al., 2016; Hermann et al., 2016, Verma & Patel, 2021). The AHP -MCDM
techniques have become very common in positional planning and management. Comparative
studies were conducted in a number of research studies through multivariate statistical
analyses with GIS methods (Althuwaynee et al., 2014; Haghizadeh et al., 2017; Celik, 2019;
Doke etal, 2021). Furthermore, similar works were also conducted by the fuzzy-AHP method
in some of the above-mentioned research activities (Nobre et al., 2007; Igbal et al., 2015;
Mallick et al., 2019; Mahammad & Islam, 2021).

Diyarbakir Basin is a sub-basin of the upper Tigris basin known for its relatively rich surface
water potential. Since irrigation projects of the GAP Project has not yet been completed in
the basin, agricultural activities along the riverbank are based on surface water consumption
and in other places, water is obtained from the groundwater storages through the wells. Thus,
it is necessary to figure out the quality and quantity potential of the groundwater in this
region. This study aims to define suitable maps of the upper Tigris sub-basin groundwater
potential zones owing to the GIS-based MCDM method. The borders of the basin are marked
using the ArcMap Spatial Analysis based on Dem maps. There are eight key parameters
considered; Geomorphology (GM), Geology (G), Drainage Density (DD), Line Density
(LD), Land Use (LU), Slope (SL), Rainfall (R), and Soil Type (ST). Weights of all criteria
are determined with the AHP technique. The ultimate results were compared with the records
of the 61 wells drilled within the basin. After comparing the well log data with the ultimate
map studies, the results are consistent at 80% accuracy.
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2. MATERIALS AND METHODS
2.1. Study Area

The total length of the Tigris River is 1750 km, and only 500 km flows within Turkish borders
(Isaev and Mikhailova, 2009). It arises from the joint point of the Hazar Baba Mountain (2290
m) and Hazar Lake in the southeast of the Elaz1g province. Its drainage area is about 10550
km?, starting from the upstream of the Tigris River and covering Batman in the west and the
northern parts of Mardin Savur region in the south (Figure 1).

Upper Tigris basin is located between eastern longitudes at 40 ° -44° and northern latitudes
at 37 © -55°, around the Diyarbakir province. North of this basin is surrounded by mountains
(GAP Development Plan 2002).

G r*cs
[Gragioo

Mediterranean Sea

Figure 1 - Upper Tigris Basin location map

2.2. Methodology

As mentioned before, there are eight parameters taken into consideration; these are
Geomorphology (GM), Land Use (LU), Geology (G), Line Density (LD), Drainage Density
(DD), Slope(S), Rainfall (R), and Soil Type (ST). Each parameter weight is assessed via the
AHP technique.

Initially, DEM (Digital Elevation Model) maps are obtained from General Directorate of
Spatial Planning’s M43, M44, M45, M46’s layouts where 1/100 000 topographic maps of
the region (mpgm.csb.gov.tr) were digitized using (35 x 35) m? resolution. With these DEM
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data; slope, geomorphologic and drainage density maps are produced via the Spatial Analysis
and Arc Hydro extensions of the Arc GIS 10.2.1 program.

The necessary information about the active and energetic fault lines, which are published
both by the General Directorate of Mineral Research and Exploration (MTA) (Emre et al.,
2013) and on its website online data system, are digitized and turned into kml format and the
fault is converted to shp. format by the Data Interoperability extension. Land use is obtained
in Erdas image format from Global Land Cover Facility site and converted in accordance
with the CORINE method. Average annual rainfall values between 1971-2017 are taken from
the Turkish State Meteorology website, and the precipitation maps of the entire region are
obtained by using the ARC GIS Inverse Distance Weight (IDW) method. Moreover, soil type
is obtained by processing the data from Ozden (2001) and the official website of the Ministry
of Agriculture. The study flow chart is shown in Figure 2.

Firstly, all criteria maps are converted to raster maps, and then they are reclassified via spatial
analyses “reclassification” modules considering all sub-ranks as shown in Table 4. All
thematic maps are then reclassified in accordance with the weight ratio determined via the
AHP method (Tables 1 and 2). Ultimately, the Groundwater Potential Index (GWPI) is
constructed considering the relative weights of each parameter by using the Overlay Sum

method.
Costruction of Database

I
' |

I I

_

m Drainage Density
Pairwise Comparison Matrix

I Calculation of Weights

I Score Determination to Sub Weighted Overlay
Criterion Analyse

Groundwater
Potential Map

Figure 2 - The study methodology flow chart

2.2.1. The AHP Methods

The AHP is the common method of MCDA, which is set on three principles: extrication,
relative decision, and integration the preferences (Saaty, 2000). In the AHP method, all
quantitative and qualitative factors affecting the decision process are determined by
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consulting the opinions of experts on this subject. Afterward, as a result of the information
obtained, a hierarchical structure is created by determining the purpose, criteria and
alternatives. AHP is comprised of four stages as follows:

o The First Stage: The objective, criteria, and alternatives of the problem are determined.
The hierarchical Structure is formed (Table 1).

Table 1 - All criteria AHP Comparison Matrix

GM G LD SL R ST DD LU

GM 1.00 1.00 1.40 0.78 1.00 1.17 1.40 1.17
G 1.00 1.00 1.40 0.78 1.00 1.17 1.40 1.17

LD 0.71 0.71 1.00 0.56 0.71 0.83 1.00 0.83
SL 1.29 1.29 1.80 1.00 1.29 1.50 1.80 1.50
R 1.00 1.00 1.40 0.78 1.00 1.17 1.40 1.17

ST 0.86 0.86 1.20 0.67 0.86 1.00 1.20 1.00
DD 0.71 0.71 1.00 0.56 0.71 0.83 1.00 0.83
LU 0.86 0.86 1.20 0.67 0.86 1.00 1.20 1.00

GM: Geomorphology, G: Geology, LD: Line Density, SL: Slope,
DD: Drainage Density, LU: Land Use, R: Rainfall, ST: Soil Type

e The Second Stage: At this stage, the comparison of the relative weights of each
criterion with one another and alternative is performed. The comparisons demonstrate
which criterion is more significant and are managed according to the 1-9 scale (Table
2) determined by Saaty (2000). In this study, the scores of all the main and sub-criteria
are shown in Table 4.

Table 2 - Pairwise comparison scale

scale ¢ Explain

1 e Equal

3 e Slightly superior

5 e Much superior

7 e too much superior

9 e Absolute superiority

2,4,6,8 e Intermediate compromise values

e The Third Stage: The vector of the weights (W) is determined through the priority
vectors and comparison matrices (Table 3). Initially, the paired comparison matrix is
normalized through A-w = Amax. Subsequently, the weights are determined. The
normalization is determined via division of all a;; matrix elements by the column total.
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Weight calculation:

n

Wi= ) _ a;/n (1)

Table 3 - AHP Normalized Matrix and Significance Weighting Values of Using Parameters

GM G LD SL R S DD LU W
GM 0.11 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13
G 0.11 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13
LD 0.08 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.09
SL 0.15 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17
R 0.11 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13
S 0.08 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.11
DD 0.15 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.11
LU 0.20 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.14

A max: 8.23; CI: 0.03; CR: 0.023<0.1: all are acceptable (Saaty, 2000).

e The Fourth Stage: The calculation of consistency ratio and the CR coefficient are
conducted after the calculation of consistency index (CI). In the paired comparison of
the decision matrices, it is accepted as consistent if CR is lower than 10%. The primary
matrix of topics and their linked sub-themes have been reviewed in a methodical manner
via AHP branch of information. The coherence ratio of precedence matrix can be made
feasible with the aid of this technique (Saaty, 2000).

The AHP table (Table 2) indicates the highest weight criteria is the Slope with 17%, followed
by Land Use 14%, Rainfall, Geology and Geomorphology 13%. The lowest weight parameter
is Lineament Density with 9%.

3. RESULTS

In order to define the potential groundwater recharge zones in any basin, the primary
parameters are mapped in Figure 3 as: Slope (S), Lineament Density (LD), Geology (G),
Geomorphology (GM), Land Use (LU), Soil Type, Rainfall (R) and they are summarized in
Table 4. The scores of the criteria were determined by examining studies in the literature
(Adiat et al., 2012; Althuwaynee et al., 2014; Doke et al., 2021, etc.) and considering the
effect rates of the parameters on groundwater formation. In the table, areas with high
groundwater potential are ranked with high ranking. For example, for the slope parameter, %
0-2 is ranked as 9 because it is high in terms of groundwater potential. Finally, Groundwater
potential index (GWPI) is mapped in Figure 4. Both series of maps depicted in Figures 3 and
4 are constructed by the author based on scientific data and findings.
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3.1. Geomorphology

Geomorphology represents an important criterion describing the plain, mountainous, hilly
and alluvium districts of the topographic map. It is a criterion showing the gathering of
groundwater potential in the basin area. Most effective areas are flatness (30.1 %), plains
(27.7%) and hills (27.3 %). The alluvium portion is 9.4% while the rate of the mountains is
5.5%.

3.2. Geology

Geologic features are considered significant for determining the groundwater potential
(Krishnamurthy et al., 2010). Besides, the geological structure is important for the location
of an aquifer. Limestone and basalt structures are good aquifers. On the other hand, alluviums
in the streambeds play an important role as well (Gale et al., 2002; Kresic 2010;). The basin
is comprised of particularly Terrestrial clastic (35.1 %), Basalt (23.2 %), and Neritic
limestone (16.7%).

3.3. Slope

The main source of the groundwater potential is the infiltration capacity of the rainfall.
However, this infiltration is mostly occurred with high permeability soil types and low slope
condition. The slope of the terrain has a very high value effect. Infiltration is higher where
the slope is small since the surface flow is slow, whereas underground water supply is less
where the slope is high since the surface flow is higher (Reid & Iverson, 1992). As shown in
Table 4, slope of the significant portion of the land varies between 0-4 %. As it moves towards
the north, the slope is increasing.

3.4. Land Use

Land Use is also a major parameter for groundwater capacity assessments (Eulenstein et
al.,2016). Due to the urbanization, infiltration is scarce and thus the runoff rate is high.
Wetlands are considered to be at the highest assessment level and, there is a high rate of
infiltration in rivers and alluvial deposits. Another rating is followed up by wet agricultural
areas. A major part of the water leaks into subsurface in the irrigation zones. Similarly, the
planted zones have a high rate of infiltration, since surface runoff is mitigated by plantations.
Rate and usage classification of land use are shown in Table 4.

3.5. Rainfall

Precipitation is the main source of groundwater formation. A portion of the precipitation
runoff on surface feeds the surface water sources, and another portion infiltrates to
underground and forms the groundwater reservoirs (Jan et al.,2007; Wang et al., 2015). In
this study, the annual average precipitation data are used between 1975 and 2017 taken from
the General Directorate of Meteorology. Through the interpolation of these data and ArcMap
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Spatial Analysis IDW method, the average rainfall map of the region is obtained. It is
classified in Table 4 and ranking coefficients are determined accordingly.

3.6. Soil

Soil classes are obtained from the class maps of the Ministry of Agriculture. Soil type class
distribution of basin is revealed in Table 4. Soil type is a particularly essential criterion for
groundwater because of its infiltration capacity for groundwater recharge to aquifers. The
capacity of coarse-grained soils is high in the infiltration such as gravelly, sandy, and alluvial
soils, this has a high-grade weight in the groundwater potential formation. Besides, soils of
clay, sand or silt have low infiltration capacity. Thus, such soil classes are at a lower
assessment class.

3.7. Drainage Density

Drainage Density (DD) is one of the criteria affecting the groundwater potential index
(GWPI). In river channels infiltration is less in the regions with high drainage density (Tucker
and Bras, 1992), whereas the infiltration gets at a higher proportion due to the surface flow;
slow regions with low drainage density. Therefore, the output rate parameter is considered
as a higher rank with low drainage density. Drainage density is obtained from DEM maps,
with the practical help of GIS Arc-Hydro tool, in the order of, fill sinks — flow direction —
flow accumulation — stream segmentation — stream definition are acquired by the accurate
classification of the rivers through the hierarchical process. Drainage density (DD) is
expressed as follows:

DD=L/A )

where L is the total drainage length and A is area (Tarboton, 1992).

3.8. Lineament Density

The lineament density (LD) indicates an important geological feature for groundwater
recharge (Magowe and Carr, 1999). The cracked areas generate discontinuities between the
areas and cause groundwater recharge to aquifers in a short period of time. The areas with
high fault intensity have a high rate of effect in terms of recharge and the areas with low fault
intensity have a low rate of effect. The LD is calculated as follows (Mandal et al., 2016);

LD = ¥i_, Li/A A3)

where L; is lineaments length, and i indicates the number of lineaments and A4 is basin
drainage area.
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Figure 3 - Main parameters effect on Groundwater Potential Recharge Map (GM:
Geomorphology, G: Geology, LD: Line Density, SL: Slope, DD: Drainage Density,
LU: Land Use, R: Rainfall, ST: Soil Type
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Table 4 - AHP Assessment Sub-Properties of Parameters Summarized Table

Assigned
Feature Normalized
Rank Weight Sub-Feature Area Coverage (%) | Rank
Alluvium 9.4 9
flatness 30.1
7 Geomorphology plain 27.7 6
map

hill 27.3 3
mountain 5.5 1
Neritic limestone 16.7 7
Terrestrial clastic 35.1 9
Magmatic and Volcanic Rocks 4.1 6
Unallocated Quaternary 3.6 9
Pelagic limestones, clastic, radiolarites, etc. 0.6 5
7 Geology Basalt 23.2 6
Soils and carbonates 114 5
Unallocated Basic and ultrabasic rocks 0.3 5
Pyroclastic rocks 0.4 5
Unallocated terrestrial clastic 4.0 5
Pelagic limestone, radiolarite, cort, calcines etc. 0.7 6
0-1 61.7 1
1-3 2.4 2
Lineament 34 1.2 3
5 Density 4-7 4.5 5
(km/kon?) 7-20 11.0 7
20-40 11.2 8
>40 8.1 9
0-2 335 9
2-4 214 7
9 Slope (%) 4-8 21.2 5
8-15 14.7 3
>15 9.2 1
383-500 325 4
500-600 17.7 5
; Rainfall 600-700 8.7 6
(mm/year) 700-800 10.4 7
800-900 19.3 8
900-985 11.4 9
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Aluvial soil 1.3 9
Basaltic soil 39.9 8
6 Soil other 5.3 7
Brown Forestry soil 0.1 6
Brown Soil 24.0 5
reddish brown soil 29.5 5
0-4 0.0 9
Drainage pall 0.0 ’
5 Density (km 7-15 0.0 5
o) 15-30 0.0 3
30-50 0.0 1
grassland 19.15 7
Rocks 1.63 2
Discrete Rural Building 0.68 5
Agricultural Areas with Natural Vegetation 9.91 7
Irrigated Area 13.63 8
Non-irrigated agricultural area 43.16 5
Natural Meadows 6.11 7
6 Land use
Wide Leaf Forests 4.07 6
Continuous City Structure 0.06 3
Water bodies 1.01 9
coastal, sandy 0.10 9
Industrial or Commercial Areas 0.13 2
marsh 0.12 9
Construction sites/airport 0.12 3

3.9. Groundwater Potential Index (GWPI)

GWPI represent a dimensionless magnitude, which implies the groundwater potential in a
region. It is obtained through the weights of various parameters. It provides information about
groundwater potential in various locations (Rahmati et al., 2015; Shektar and Pandey, 2015).
It is calculated via the AHP method as shown below (Lee et al., 2012, Rahmati et al., 2015,
Celik 2019:

GWPI = SL,.SLy+ LD,.LDy, +G:.Gy+ GM;.GM,, + LU;.LUy, + ST,.STy+
R.Ry + DD,.DD, “4)

where SL is the slope, LD is the lineament density, G is geology, GM is geomorphology, LU
represents the land use, ST is the soil type, R is the rainfall, and DD is the drainage density.

In addition, the subscripts “r” and “w” refer to the rating and weight of the parameter,
respectively. The reclassification of GWPI index is given in Figure 4.
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Figure 4 - Upper Tigris Basin groundwater potential recharge map

3.10. Determination of Groundwater Potential Zones

The ranking assigned for all thematic maps and a comprehensive description of their
corresponding sub-features are shown in Table 4. In order to produce the GWPZ map
efficiently, the sum of the weights criteria is used as determined by the AHP method. In
Figure 4, the groundwater potential index of the basin is divided into five classes; very good
potential, good potential, moderate potential, poor potential and very poor potential.

Table 5 - Upper Tigris Basin Groundwater Potential Status

Status Percentage Area (km?)
very poor 3.8% 319
poor 26.7% 2217
moderate 33.7% 2800
good 26.5% 2200

very good 9.2% 763

Table 5 summarises the basin groundwater potential status; 319 km? (3.8%) portion of the
basin is rated as very poor potential, 2217 km? (26.7%) portion of the basin is poor potential;
2800 km? (33.7%) portion of the basin is moderate potential; 2200 km? (26.5%) portion of
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the basin as good potential; 763 km? (9.2%) as very good potential. There is a major part of
the basin with a moderate groundwater potential. In the northern part of the basin, GWPI
index has a very poor potential. This is due to both the aquifer properties and the steep slopes
in these regions.

3.11. Validation and Sensitivity Analysis

The results of this study are compared with 61 well-records over the basin in Table 7.
Classification of the Yield Values are performed as follows: 0.00-2.00 as “very low”; 2.01-
4.00 as “low”; 4.01-8.00 as “moderate™; 8.01-15.00 as “good”; and 15.01 and above as “very
good”. Each of the “Well GW Status” and “Obtained GWPI Status” are assigned 5 ranks in
an increasing order as “very low”, “low”, “moderate”, “good” and “very good”. The
evaluation is performed on the results compiled in Table 7 by assigning the corresponding
“comparison score” from among a 5 point-scale, where the highest and lowest scores

assigned are 5 and 1 respectively, as follows:

e If the Well GW Status and the Obtained GWPI Status match exactly, i.e., if they
differ by no rank order, the comparison score assigned is 5 as shown in lines 1
through 5 in Table 6.

o If the Well GW Status and the Obtained GWPI Status differ by 1 rank order, the
comparison score assigned is 4 as shown in lines 6 through 13 in Table 6.

o If the Well GW Status and the Obtained GWPI Status differ by 2 rank orders, the
comparison score assigned is 3 as shown in lines 14 through 19 in Table 6.

e If the Well GW Status and the Obtained GWPI Status differ by 3 rank orders, the
comparison score assigned is 2 as shown in lines 20 through 23 in Table 6.

e If the Well GW Status and the Obtained GWPI Status differ by 4 rank orders, the
comparison score assigned is 1 as shown in lines 24 and 25 in Table 6.

After that, all comparison scores (the blue entries in Table 7) are summed up and the result
is divided by the perfect matching scoring which is 61*5 = 305, i.e., the sum of the
comparison scores for the hypothetical case when all “Well GW Status” and “Obtained
GWPI Status” pairs match perfectly.

In this case, 80% validation rate is obtained for the 61 wells analysed. In this situation, GWPI
index shows 100% compliance with the data from 23 wells, 80% compliance with the data
from 19 wells and 60% compliance with the data from 15.

Table 6 - Comparison Score Assignment

Line Number | Well GW Status | Obtained GWPI Status | Rank Difference | Comparison Score
1 | very low very low 0 5
2 | low low 0 5
3 | moderate moderate 0 5
4 | good good 0 5
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5 | very good very good 0 5
6 | very low low 1 4
7 | low very low 1 4
8 | low moderate 1 4
9 | moderate low 1 4
10 | moderate good 1 4
11 | good moderate 1 4
12 | good very good 1 4
13 | very good good 1 4
14 | very low moderate 2 3
15 | low good 2 3
16 | moderate very low 2 3
17 | moderate very good 2 3
18 | good low 2 3
19 | very good moderate 2 3
20 | very low good 3 2
21 | low very good 3 2
22 | good very low 3 2
23 | very good low 3 2
24 | very low very good 4 1
25 | very good very low 4 1

Table 7 - a Upper Tigris Basin Validation Well Information with GWPI results

Well v X Yield Well GW Obtained GWPI Comparison

Number (sec/l) Status Status Score
1 4234976 594798 1.00 very low very low 5
2 4240605 641220 5.00 moderate moderate 5
3 4170332 618940 60.00 | very good very good 5
4 4248630 619128 29.00 | very good good 4
5 4252657 627148 3.60 low low 5
6 4185994 618632 18.00 | very good moderate 3
7 4175722 651710 28.00 | very good good 4
8 4254428 611381 7.00 moderate very good 3
9 4187953 640152 10.00 good moderate 4
10 4190264 649502 26.00 | very good very good 5
11 4251104 596420 5.00 moderate moderate 5
12 4234587 567662 1.00 very low good 2
13 4233371 650890 1.00 very low very good 1
14 4162753 608983 17.00 | very good good 4
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15 4175743 659607 15.00 good good 5
16 4173275 666873 24.00 | very good moderate 3
17 4234982 659234 1.00 very low moderate 3
18 4220954 569040 36.00 | very good moderate 3
19 4170605 624752 47.00 | very good very good 5
20 4223240 580608 2.00 low low 5
21 4203377 667978 20.00 | very good low 2
22 4191198 633005 24.00 | very good good 4
23 4238558 630703 4.00 moderate good 4
24 4174932 635793 38.00 | very good good 4
25 4181275 653577 5.00 moderate moderate 5
26 4193562 607319 30.00 | very good moderate 3
27 4237944 560898 1.00 very low moderate 3
28 4165449 640104 23.00 | very good good 4
29 4174411 612403 40.00 | very good moderate 3
30 4177651 669466 11.00 good good 5
31 4181012 641897 40.00 | very good good 4
32 4236705 583757 3.00 low good 3
33 4179984 605814 35.00 | very good moderate 3
34 4182577 632206 30.00 | very good good 4
35 4173824 642624 22.00 | very good good 4
36 4181645 625847 34.00 | very good very good 5
37 4174894 617440 14.00 good good 5
38 4189429 623372 15.00 good good 5
39 4185502 598971 3.00 low moderate 4
40 4222567 621532 2.10 low low 5
41 4231481 626618 3.30 low very low 4
42 4217025 648300 3.00 low low 5
43 4184591 608795 2.00 low moderate 4
44 4222736 641586 1.60 very low very low 5
45 4228009 599394 3.50 low good 3
46 4236613 621107 2.80 low very good 2
47 4177644 598191 4.00 moderate moderate 5
48 4221388 603826 10.00 good low 3
49 4214235 614259 1.30 very low moderate 3
50 4220908 635885 3.00 low low 5
51 4193657 615252 4.00 moderate very good 3
52 4196175 591900 5.00 moderate good 4
53 4208575 574553 2.00 low low 5
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54 4204265 606998 6.00 moderate moderate 5
55 4202196 572525 5.00 moderate moderate 5
56 4217281 598313 3.00 low good 3
57 4203855 618848 20.00 | very good very good 5
58 4230751 613900 3.00 low moderate 4
59 4210382 631105 5.00 moderate low 4
60 4201907 587760 10.00 good moderate 4
61 4199178 611842 2.00 low moderate 4

GWPI: Groundwater Potential Index; Validation Rate: 243/(5*%63) = 0.80 = 80% accuracy

4. DISCUSSION

In order to determine the groundwater potential of a region in the most accurate way, it is
necessary to drill observation wells in the fields. However, this method is uneconomic and
takes a long time in large basins. However, taking into account the RS data and the parameters
affecting the groundwater with their weight, methods such as GIS based AHP methods give
an idea about a basin's groundwater potential in a shorter time with great accuracy. In this
study, it has been demonstrated that the use of this method is a viable one.

On the other hand, at a macro-level analysis performed over an expanded area the
groundwater potential map is a significant tool that can be useful in basin-based hydrological
studies and possibly for groundwater well digging operations in the future. As an added
benefit of this study, for micro planning, more reliable assessment can also be conducted with
the help of similar criteria and lower-scale maps. Especially geological factors, slope,
geomorphological factors and the potential effects of the land use should be taken into
consideration.

Finally, aquifer region risk and pollution analyses should be carried out regularly due to
agricultural and other anthropological activities, and sustainable groundwater management
should be provided properly at the local Governor and Municipality levels. Urbanization
areas and their development axis and structures such as urban solid waste facilities should be
projected by taking into account groundwater maps in the future.

5. CONCLUSION

The Analytical Hierarchical Process (AHP) integrated with Geospatial technology is
presented as an accurate method for finding out the groundwater potential of a region as
demonstrated in this study. Groundwater potential maps were obtained with an 80% accuracy
for the North (Upper) Tigris Basin by utilizing this method. Moreover, It was determined that
3.8% of the basin area has very poor potential, 26.7% has poor potential, 33.7% has moderate
potential, 26.5% has good potential, and 9.2 % of the basin shows very good potential.

Approximately 36% of the basin has good potential to very good potential. These key areas
are predominantly in the plain part of the basin and are close to the Tigris River in Diyarbakir-
Sur, Cinar, Bismil and Batman regions. In places with good and very good water potential,
there are sufficient water resources for agricultural irrigation as well. Provided that the
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amount of groundwater recharge is taken into account, groundwater can be used for
agricultural irrigation in these regions. Especially, north-northeast areas of the basin seem to
have poor potential in terms of the groundwater. The reason for this is that the region has
hilly and mountainous geomorphological characteristics, and the water supply is low.
However, there is enough groundwater potential in these regions for domestic use/drinking
water and small-scale agricultural irrigation.

The western and south-western parts of the basin generally have a moderate potential. There
are also hills in these areas. However, the slope is not as high as it is in the northern regions.
There is suitable groundwater potential in these regions both domestic use and moderate scale
agricultural irrigation.

6. SUGGESTIONS FOR FURTHER STUDIES

GIS based AHP methods give an idea about a basin's groundwater potential in a shorter time
with great accuracy instead of the time consuming and very expensive method of well
drilling. The use of GIS based AHP methods, based on the implementation on the Upper
Tigris Basin in Turkey as demonstrated in this study, seem to be a good alternative method
to determine groundwater potential.

We suggest that this method should be used at different geographies both within and outside
Turkey. The reason is simple; due to global warming, water is quickly becoming a rare
resource for consumption as well as agriculture. Having groundwater potential maps readily
constructed at local and national administrations, may prove to be valuable at times of mild
or severe draught, in order to determine the water resources that can be tapped into.
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ABSTRACT

Glass manifests superior properties with high strength and transparency although it may not be
considered as a commonly used structural material. This study targets to improve the structural
performance of glass by post-tensioning; a series of T-shaped glass beams are tested to develop a
proper and safe design. Traditionally, glass is widely used in buildings as windows where its
brittleness and strength capacity are not significant. Architects prefer to use glass in the structural
field because of aesthetics, recyclability, and transparency. Although there is more demand for the
usage of glass as a structural material, a common fear of its brittle nature and lack of research
about its structural behavior have mostly hindered it. Since glass is a brittle material and has high
compressive strength in the order of 400 to 800 MPa and lower tensile strength (40 to 120 MPa),
post-tensioning to target distributed loads is investigated to increase its fracture capacity and even
obtain a post-cracking ductile behavior. In this study, several material tests are conducted to
confirm the theoretical mechanical properties of glass. After obtaining the bending and
compressive strength of the glass, Finite Element Models (FEMs) of the T-beams were generated
and analytical hand calculations were conducted. The tests of T-shaped annealed (float) and
tempered (toughened) glass beams with and without post-tensioning were conducted. The results
of the experiments were compared with the analytical hand calculations and FEM results. A
favorable outcome of this study is that float glass’ post cracking strength has been drastically
increased and a ductile post-cracking performance is obtained. Tempered glass has a brittle
response but with much higher strength, with about 4 times the capacity of annealed glass T-
beams
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Design and Tests of Structural Post-Tensioned Glass T-Beams

1. INTRODUCTION

Glass is an inorganic, visco-elastic, and isotropic material with a non-crystalline molecular
structure. The typical composition of glass consists of silica-SiO2 (70-74%), lime-CaO (5-
12%), soda-Na,O (12-16%), and other chemical elements with influence on transmittance,
thermal properties, tensile strength, fracture toughness, and color, etc. Considered a structural
material, no plastic deformation occurs before the failure and it breaks suddenly similar to
high-strength concrete. There are several types of glass such as float (annealed), heat-
strengthened, fully tempered, laminated, and insulated. Typical fractures of different glass
types are demonstrated in Fig. 1.

Annealed Glass Tempered Glass Laminated Glass

Fig. 1 - Typical fracture shapes of glass types [1]
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Fig. 2 - Typical stress-strain graphs of structural materials under bending
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The compressive strength of glass is about ten times larger than its tensile strength, so the
breakage of a glass beam is mostly governed by its tensile strength. Therefore, reinforced
glass beams using rebars or even with post-tensioning would cause significant strength and
ductility increase making it useable as a structural material such as in the case of reinforced
concrete. Additional advantages such as prefabrication, visually pleasing, and high strength
make glass superior to concrete under certain applications. Some mechanical and physical
properties of glass are as follows: density (p)=2500 kg/m?, modulus of elasticity (E)=70 GPa,
shear modulus (G)=30 GPa, and Poisson’s ratio (v)=0.23 [2, 3]. Typical stress-strain curves
of structural materials such as glass, concrete, steel, and timber are compared in Fig. 2.

It should be noted that the graphs are not to scale. It can be inferred from the graphs that glass
has brittle behavior somewhat like high-strength concrete and timber.

This research explores using a technique well-established in concrete construction (post-
tensioning) for a new material (glass). The study investigates how the T-shaped cross-section,
which is efficient for carrying loads, can be combined with post-tensioning for glass
beams. The research includes data for two commonly used types of architectural glass,
providing a broader understanding of the technique's effectiveness.

1.1. Post-Tensioning Application

Pre-stressing can be applied to members in two ways, pre-tensioning or post-tensioning. In
pre-tensioned members, the pre-stressing strands are tensioned against restraining before the
material is cast and the strands are released after hardening. Post-tensioning involves
installing and stressing strand or bar tendons after the material has been placed, hardened,
and attained a minimum compressive strength for the transfer. The function of post-
tensioning is to generate a compression field, especially in regions where tensile stresses
develop. Post-tensioning below the neutral axis in a simply supported beam would generate
compression at the bottom and create an upward deflection; in this way, minimizes tensile
stresses and beam deflections under loading in the gravitational direction. The post-
tensioning wire may be placed with different geometric layouts to optimize the negative
bending and camber to suit loading patterns. In this study, galvanized steel wire rope with an
8 mm diameter and ultimate strength (f,,) of 750 MPa was used as a post-tensioning member.

The advantages of using glass beams with post-tensioning can be considered as a) an increase
in cracking capacity, b) ductility gained by post-cracking strength, c) no losses because of
shrinkage (as in the case of post-tensioned concrete), d) making use of high strength of glass
which is about 400 to 800 MPa in compression and about 40 MPa in tension, and e) appealing
view of the transparent glass material.

1.2. Literature Review

The concept of post-tensioned glass beams has currently been studied in a limited number of
research papers. The main goals of post-tensioning structural glass beams were explained as
increasing the initial fracture strength of the glass and providing a significant post-fracture
residual load-carrying capacity. However, in all of the studies, post-tensioning was applied
in different ways and geometries.
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Cupac et al. [4] offer a valuable starting point for anyone interested in understanding the
potential and current advancements in post-tensioned glass beam technology. It provides a
comprehensive survey of the field, highlighting the benefits, design considerations, and
ongoing research directions for this promising structural application.

Belis et al. [5] studied the enhancement of the buckling strength of glass beams using lateral
restraints focusing on load-bearing glass beams, subjected to different loading types. They
concluded that the addition of point-wise lateral restraints has a very important positive effect
on the load-bearing capacity of a beam subjected to a concentrated load.

Louter et al. [6] investigated the post-tensioning load transfer mechanism from the cable to
the glass beam at its ends. In this research, it was observed that the most essential aspect of
post-tensioning glass beams seems to be the alignment of the end pieces to match the
inclination of post-tensioning forces.

Belis, Louter, et al. [7] worked on the effect of post-tensioning on the buckling behavior of
a T- shaped glass beam. The conclusion was that the geometry of the prototype had relatively
good resistance to buckling and the beam failed due to the fracture of glass.

Louter [8] studied the aspects of embedded reinforcement in layered glass beams numerically
and experimentally. It was concluded that both the numerical and the experimental models
provide a promising method for describing the structural response of reinforced glass beams.

Louter et al. [9] conducted experimental tests on beams with mechanically anchored post-
tensioning tendons integrated at the top and bottom edges of the glass beams. It was
concluded that post-tensioning using mechanically anchored or adhesively bonded tendons
was a feasible concept, which provided increased initial fracture strength and enhanced post-
fracture performance.

Engelmann and Weller [10] studied the results of three 9 m glass beams post-tensioned with
24 mm high-grade spiral cables. The primary aim was to describe the load-bearing behavior
of large-span, post-tensioned glass beams and to determine their ultimate load-bearing
capacity. The secondary aim was to present a practical application by designing a 9 m
pedestrian bridge. It was concluded that numerical methods were suitable for preliminary
design. Furthermore, a 9 m span is said to be feasible and confirmed with test results.

Cupac et al. [11] investigated the mechanisms that can cause failure in post-tensioned glass
beams. Their design used a flat stainless-steel tendon bonded with adhesive to the underside
of the glass. The potential failure modes included the tendon snapping, the glass itself
fracturing under tension, and the adhesive bond failing at the point where the load is
introduced. The researchers compared the results of their physical model with a computer
simulation, finding good agreement between the two. Finally, they used this validated model
to conduct a parametric study, which explored how different beam design choices affect the
effectiveness of post-tensioning in glass beams.

Several other studies have been found in the literature, reporting the behavior of laminated
glass beams with or without post-tensioning [12-16]. The lamination process allows the usage
of multiple layers of glass and post-cracking behavior is better controlled preventing
shattering.

Although post-tensioning was applied in different patterns and shapes, more research should
be done about structural glass to effectively use it as a structural material. This study aims to
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investigate numerical and experimental aspects of glass T-beams with and without post-
tensioning on float and tempered glass.

2. MATERIAL TESTS

Several compression and bending (indirect tension) material tests were conducted to confirm
the theoretical mechanical properties of glass. Compression tests were conducted with cubes
of float glass in 60x60x60 mm dimensions. However, the cubes were prepared using 10 layers
of 60x60x6 mm thick glass pieces piled on top of each other. The tests (Fig. 3) yielded a
compressive strength of 267 MPa, which is much lower than the theoretical 400 MPa.
Specimens had partial cracking and portion spalling, which indicated an uneven stress
distribution. The layered characteristic of test specimens is deemed to cause small gaps and
variations in stress; therefore, the compressive strength was assumed as 400 MPa for post-
tensioned T-beam tests, and no compression failure was observed. Although the shear
capacity of glass is not broadly referenced, the compressive and tensile capacities were
utilized together with the Coulomb-Mohr Fracture Criterion [14] to calculate shear strength
as 36.4 MPa for float glass and 92.3 MPa for tempered glass.

Fig. 3 - A glass cube a) before, b) exploded after, and c) premature failure after the
compression test

Float and tempered glass samples were also tested under bending both in their weak and
strong axes to determine the bending (indirect tension) strength of glass. The reason for
testing samples both in their weak and strong axes was to see how the characteristic strength
changes concerning the glass edge placement. Three samples from each 1000x100x6mm and
1000x200x6 mm dimensioned specimens were loaded from two 1/3 length points until they
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were fractured (Fig. 4). The same bending test procedure was conducted on three sets of
samples. Load-displacement graphs were obtained by post-processing data recorded from the
data logger. The load-displacement graphs of float glass specimens placed in their weak axes
are given in Fig. 5(a), and their strong axes are shown in. Fig. 5(b).
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Fig. 4 - Test setup, and shear and moment diagrams of the test specimens
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Fig. 5 - Bending test load-displacement graph of float glass (a) weak axis and (b) strong
axis

56



Emrullah KOCA, Ahmet TURER

Bending strength (o) (indirect tension) and elastic modulus (E) were calculated using
standard engineering formulas and listed in Table 1 together with their theoretical
counterparts. The mean bending strength and elastic modulus were comparable to the values
found in the literature. The characteristic bending strength and modulus of elasticity (with a
%S5 probability of lowering) were obtained for design purposes.

Table 1 - Theoretical-experimental values of mean-characteristic strength and modulus of
elasticity

Tensile Strength

Experimental (MPa) Theoretical (MPa)
Weak axis Strong axis
Float Glass 33.58 32.64 40
Tempered Glass 121.7 169.27 120
Modulus of Elasticity
Experimental (MPa) Theoretical (MPa)
Weak axis Strong axis
Float Glass 57.15 62.1 70
Tempered Glass 55.74 62.58 70

3. HAND CALCULATIONS OF GLASS T-BEAMS

Dimensions of the T-beam were selected as shown in Fig. 6. Simply supported T-beam
specimens were tested under 8-point loading both for beams with and without post-
tensioning. The main reason for the 8-point loading test was to mimic a uniformly distributed
loading case which was not studied in the literature and is a very common loading pattern.
Furthermore, the post-tensioning tendon creates a reverse uplift force and bending moment
which is very similar to the one created by a uniform loading, such that two effects cancel
each other. The horizontal component of tendon force at each transfer point is small,
beneficiary, and neglected for practical reasons. Maximum shear force, moment, and
deflection of a simply supported T-beam with 8-point loads are calculated. Then, a stress
check procedure was carried out for the float and tempered glass T-beam cases to calculate
the maximum load that beams can bear.

Maximum load-carrying capacity (Pyay) Was calculated for float and tempered glass beams
without post-tensioning by common formulas (Eq. (1)). The governing failure stress is
considered to be the tensile strength; however, the compressive and shear strengths are also
checked. The maximum deflection (8,,,,4) of the T-beam is calculated using the Moment
Area Method (Eq. (2)). Calculation results of T-beam without post-tensioning are tabulated
in Table 2.
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Fig. 6 - Cross-section, loading pattern, shear force, and moment diagrams of the T-beam
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where Ipeam stands for a moment of inertia, Vpeam for neutral axis, and E for modulus of
elasticity of the T-beam.

Table 2 - Calculation results of T-beam without post-tensioning

Parameters Float Glass Tempered Glass
Prax (kN) 4.86 25.19
Omax (Mm) 0.66 3.37
Owp (MPa) 11.94 <400 61.94 <400
Tbotiom (MPa) 32.64 169.27
Theutral axis (MPa) 5.34<364 25.83<92.3
Tolueline . (MPa) 4.50<36.4 21.79<92.3

“compression  ““at the web and flange connection

The post-tensioned glass T-beams shall be analyzed for transfer (short term) and final (long
term) cases. The transfer case is when the beam is under its self-weight and post-tensioning
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load; the final case is when the beam is subjected to all loads such as post-tensioning load,
live load, self-weight, relaxation, etc. Shear force and moment diagrams due to post-
tensioning are shown in Fig. 7.

Ppr | Ppg
— l\m Qs A — Kl
f l
Vr}z \M\L/[\E_ ﬁ)__.J[},,MI Vpr
A O

All units are in mm

Fig. 7 - Shear force and moment diagrams due to post-tensioning

The post-tensioning force (Ppr) is calculated using Eq. (3) where f, is the ultimate tensile
strength and A is the cross-sectional area of tendon. The losses for post-tensioning were
considered to be 15% to 25%. Moment due to post-tensioning (Mpg) is calculated by Eq. (4)
and shear force (Vpgr) by Eq. (5).

Ppr = (1-Percentage of loss) * (Tensioning ratio) * (fy) * Asendon 3)
£)? 8+PpRxf
Mpg = Ppr*f=q; * % =Px€/8 => q5= ({,P)]: “)
— % t
Ver= Qs * ®)

Stresses at the top and bottom (0yop, Opottom) Of the T-beams’ mid-spans are calculated
according to the equations for transfer and final cases (Egs. (6), (7), (10), and (11)). Shear
stress at neutral and glue points are calculated by Egs. (8), (9), (12), and (13). In the equations
below, AM is the moment at the mid-span of the T-beam under dead load and post-

tensioned load, and AMg, ., is the moment at the mid-span of the T-beam under all loads

transfer
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including post-tensioned load, AV, is the shear force at the mid-span of the T-beam

ransfer
under dead load and post-tensioned load, and AVy, ., is the shear force at the mid-span of the

T-beam under all loads including post-tensioned load,

Transfer (Short-term) Case

—-P -
o _ PR AMtransfer *Ybeam (6)
top = -
°p Apeam Ipeam
—-Ppr -
_ AM¢ransfer * (N—¥beam)
Obottom — A + I (7)
beam beam
T — AVtransfer * Qneutral (8)
neutral axis Ipeam * t
T _ AVtransfer * leue point (9)
glue point Ipeam * t
Final (Long term) Case
_ ~PPR AMﬁnal *Ybeam
o-top A - I (10)
beam beam
-Ppr _
_ AMfinal * (h—Ybeam)
Obottom — A + I (1 1)
beam beam
_ AVfinal * Qneutral
Toutral axis = —mdl—neutral (12)
neutral axis Tpeam * t
T — AVfinal * leue point (13)
glue point Tpeam * t

The maximum load (Perack/uitimate) that the T-beam can sustain is calculated by Eq. (14). The
maximum load for float glass is considered to be the cracking load while it is considered as
an ultimate load for tempered glass.

Ppr

[ + * 1
B (Obottom Abeam) beam

P, i = .
crack or ultimate (h—Vbeam)

8
+ Mpr) * 7 (14)

All calculations done for post-tensioned glass T-beams are tabulated in Table 3.

Compared with T-beam without post-tensioning, the maximum load that the same
dimensioned T-beam can resist increased from 4.86 kN to 10.53 kN for float glass and from
25.19 kN to 39.97 kN for tempered glass. Theoretically, the tensile strength capacity
increased substantially after the post-tensioning application.
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Table 3 - Calculation results of post-tensioned T-beam

Property Float Glass Tempered Glass
Ppr (KN) 8.26 21.54
atransfer (mm) 0.62 1.60
Transfer
Oop (MPa) 5.00 13.20
case
Obottom (MP2) -37.89 -99.38
Perackrute. (KN) 10.53 39.97
8ﬁnal (mm) 0.81 3.754
Otop (MPa) -20.68 -85.12
Final case
Obottom (MP2) 32.30 169.47
Tneutral axis (MPa) 6.34 32.39
Tytue tine (MP2) 5.34 27.32

4. NUMERICAL MODELING OF T-BEAMS

The finite element models (FEMs) of T-beams were modeled in structural software for
analysis and design (SAP2000 v.20). Post-tensioned float and tempered glass T-beams were
modeled as well as the models without post-tensioning. After defining the materials and
sections, the T-beam was modeled as shown in Fig. 8.

Fig. 8 — Finite element model of post-tensioned float glass T-beam

In the T-beam structural model, glass, aluminum, and wire rope were defined. The aluminum
was defined as AA6063-T6 from SAP2000 materials manual, while glass is defined as in
Fig. 9.

The L-shaped aluminum angles were defined as 2x15x15x1.2 mm dimensioned double angle
section with a back-to-back spacing of 6 mm (Fig. 10). The wire used in the specimen for
post-tensioning is defined as a tendon as shown in Fig. 11.
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3¢ Material Property Data

General Data
Material Name and Display Color Glass .
Material Type Other
Material Notes Modify/Show Notes...

Weight and Mass Units
Weight per Unit Volume 2,452E-05 N, mm, C v
Mass per Unit Volume 2,500E-09

Isotropic Property Data
Modulus Of Elasticty, E 62096, 1
Poisson, U ?‘0,23 |
Coefficient Of Thermal Expansion, A |9,000E-06

Shear Modulus, G 25242276

Fig. 9 - Material property data of glass

x Double Angle Section
Section Name 2%T15x15%1.2 Display Color
Section Notes Modify/Show Notes...
Dimensions Section
Outside depth (13 ) E
Outside width (12 ) 36.
Horizontal leg thickness (1) 12 i E"
Vertical leg thickness (tw ) 12 ‘ "
Back to back distance ( dis ) 6,
Properties
Material Property Modifiers Section Properties...
+ | |6083TE ~ Set Modifiers... Time Dependent Properties..

Fig. 10 - Aluminum double angle section definition

Then it was loaded to the maximum load found from calculations, the stress at the top and
bottom of the mid-span of the beam was found both at transfer and final cases. The stress

distribution at transfer case of post-tensioned float glass T-beam is displayed in Fig. 12, and
at the final case in Fig. 13.
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B Tendon Section Data

Tendon section Name

Section Notes Modify/Show...

Tendon Modeling Options For Analysis Model
® Model Tendon as Loads

(O Model Tendon as Elements
Tendon Parameters
Prestress Type Prestress

Material Property + A416Gr2s0-PT v

Tendon Properties

@ Specify Tendon Di 8.

O  Specify Tendon Area 50.2655
Torsional Constant 402.1239
Moment of Inertia 201.0619
Shear Area 45.2389

Units

pisplay Coor  [JJ||
N, mm, C v

Fig. 11 - Tendon section data

T-beam with PT (Float Glass)

254 215 2S00

SAP2000 20.1.0 Stress S11 Diagram - Visible Face (PT-Transfer + DEAD)

N, mm, C

Fig. 12 - Stresses at transfer case of post-tensioned float glass T-beam

T-beam with PT (Float Glass)

e INSEENs s 75 30 a2

s+ o8 138 isa 225 ces | OESNNNSSIONNNN
SAP2000 20.1.0

Stress S11 Diagram - Visible Face (PT-Final+DEAD+LIVE)

Fig. 13 - Stresses at the final case of post-tensioned float glass T-beam
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FEM results of T-beams with post-tensioning at their mid-spans are tabulated in Table 4.

Table 4 - FEM results of T-beam with post-tensioning

Float Glass Tempered Glass
Property ; .
Transfer Case Final Case Transfer Case Final Case
Omax (Mm) 0.70 0.82 1.84 3.92
O max tensile (MPa) 4.88 32.73 12.86 169.3
O max,compressive (MPa) -39.22 -23.82 -103.3 -95.89

Results taken from FEMs were close to hand calculations both for float and tempered glass
types. The FEM results will be compared with hand calculations and experiment outputs and
discussed in the following sections.

5. TESTS OF T-BEAMS
5.1. Test Setup and Components

T-beam specimens were prepared for the tests with and without post-tensioning. The web
and flange of the T-Beam were 1000 mm in length, 100 mm in height, and 6 mm in thickness.
The flange and web parts of the glass beam were bonded with two aluminum L profiles in
15x15x1.2 mm dimensions with the help of polyurethane-based adhesive as a bonding
material. Aluminum alloy AA6063-T6 type is used. The parabolic shape of the wire rope and
coordinates of the brass connection points are shown in Fig. 14. All the units given in the
figure are in millimeters.

Shape of Post-tensioned Wire Rope

0 100 200 300 400 500 600 700 800 900 1000
26 A 0:-28.5 1.000; -28.5
" 937.5; -44.2
S 62.5; -44.2 ;
o 187.5; -69.3
812.5; -69.3
‘86 312.5; -86.0 687.5; -86.0
-106 437.5; -94.4 562.5;-94.4

Fig. 14 - Geometry and coordinates of post-tensioned wire rope connectors

The set-up of a T-beam sample without post-tensioning is displayed in Fig. 15a and the set-
up of post-tensioned T-beam in Fig. 15b.
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Fig. 15 - Test set-up of T-beam (a) without post-tensioning and (b) with post-tensioning

5.2. Conducting the Tests and Obtaining the Results

Three specimens of each type (float and tempered) of T-beams with and without post-
tensioning tests were conducted. The specimens were loaded until their fracture point. The
float glass without post-tensioning fractured at the constant moment zone due to tensile stress.
The crack started at the constant moment zone of the tensile area and fragmented upwards to
the compression zone (Fig. 16).

Fig. 17 - Tempered glass T-beam exposed to its ultimate loading
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Tempered glass T-beam fractured into small pieces at its ultimate load in the maximum
moment zone without any ductility as shown in Fig. 17.

The load-displacement graphs of float and tempered glass T-beam specimens are given in
Fig 18. Rapid unloading at about 10 kN and 15 kN loads indicated some energy dissipating
mechanisms, which may be related to the hydraulic loading jack’s damping properties.
However, no residual deformations were observed as all tests returned to their original
starting points.

Float Glass (P-9)
5000 ¥2=7286.5x- 216.1
4500

¥3 =8348.7x+ 359.3
4000

3500

~ 3000 y1=7164.2x-267.9
f, 2500
= 2000
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© 1500
- e FloatGlass2
1000 == FloatGlass3
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0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Displacement (mm) ( a)
Tempered Glass (P-9)
30000
Yy 58028.4x- 187.1
25000
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Fig. 18 - Load-displacement graph of (a) float and (b) tempered glass T-beam without post-
tensioning

Although promising results were obtained from the tests compared with hand calculations
and FEMs, the modulus of elasticity and characteristic strength of the T-beam without post-
tensioning are also calculated as it was done for material tests. The aim was to confirm
whether the T-beam concept was proper with the bonding material and aluminum L-shaped
angle. The results of the modulus of elasticity and characteristic strength calculations are
given in Table 5.
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Table 5 - Calculation results of characteristic modulus of elasticity and strength for glass
T-beam samples

Characteristic Tensile Strength Characteristic Modulus of Elasticity

(MPa) (GPa)
Float Glass 29.34 52.21
Tempered 160.04 61.23
Glass

As it is seen, the characteristic strength and modulus of elasticity results obtained for the T-
beam were almost the same results in the material tests, so the glue material used and the T-
beam concept were accepted.

The T-beams for post-tensioning tests were prepared in the same way as the T-beam without
post-tensioning. The tests conducted for T-beams with post-tensioning were the most crucial
and difficult part of the study since the wire rope slipping problem had to be overcome. This
problem was overcome with grips used at the supports which are used to grasp wires tightly
with no movement. After the setup was prepared, the wire rope was tensioned to 8.25 kN for
float glass and to 21.58 kN for tempered glass. These post-tensioning forces were determined
by following the standard procedure of concrete beams except for shrinkage losses. The
relaxation, slippage, and creep losses were considered and transfer stresses (tension at the
top) and design loads (tension at the bottom) were considered. Web shear, support bearing,
flange-web shear transfer, flange, and web buckling checks were made.

Starting loading, the first crack was observed at the maximum moment region in the tests of
float glass with post-tensioning. As the loading progressed, more cracks were observed
propagating towards the supports of the beam and from the bottom (tension) to the top
(compression) zone (Fig. 19).

Deflection-controlled loading test results for the post-tensioned float glass T-beam are given
in Fig. 20. The graph shows how the mid-span of the beam deflects with post-tensioning load
and vertical loading. The upward direction was assumed a positive deflection and the
downward as a negative deflection.

The float glass T-beam deflected 0.62 mm upward at its mid-span when post-tensioning of
8.25 kN is applied (Point 1 in Fig. 20). Then, the beam was loaded at 8 points in a pattern
close to uniform loading and cracked at 10.86 kN corresponding to 0.749 mm downward
deflection at the mid-span (Point 2 in Fig. 20). The cracks first appeared around the maximum
bending moment zone at the mid-span and then spread out towards the supports while the
beam was continued to be loaded (Between points 2 and 3 in Fig. 20). The fluctuations
occurred as a result of progressing cracks.

The beam was unloaded at 15.72 kN load which corresponds to 12.5 mm deflection at its
mid-span, where cracks were too large to proceed with the test (Point 3 in Fig. 20). The tests
for the second and the third samples of post-tensioned float glass T-beams were conducted
the same way and the results were all close to each other.
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The tempered glass T-beam with post-tensioning fractured into small pieces at its cracked
and ultimate load condition as shown in Fig. 21.

Fig. 19 - Float glass T-beam with post-tensioning after the fracture.
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Fig. 20 - Load-displacement graph of post-tensioned float glass T-beam
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Fig. 21 - Post-tensioned tempered glass T-beam after fracture.

The tempered glass T-beam had been post-tensioned to 21.54 kN. The sample deflected 1.66
mm in an upward direction upon post-tensioning (Point 1
loaded at 8 points and started to deflect downward. The first sample cracked at 37.98 kN
corresponding to 4.26 mm downward deflection at its mid-span. The first crack also marked
the ultimate load capacity of the beam since tempered glass breaks in an explosive manner
separating into small pieces of glass (Point 2 in Fig. 22).

in Fig. 22). Then, the beam was
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Fig. 22 - Load-displacement graph of post-tensioned tempered glass T-beam

The loading tests were repeated three times on similar samples and the average test results of
T-beam samples are summarized below (Table 6).

After the tests, it was seen that T-beams without post-tensioning had a brittle failure. The
tempered glass beam failed at 25.69 kN, which is 5.39 times higher than the float glass beam
failure at 4.76 kN. Tempered glass T-beam with post-tensioning again had a brittle failure
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but at 1.55 times higher load (39.79 kN) compared with the same tempered glass T-beam
without post-tensioning. The capacity increase of the maximum load that T-beams with post-
tensioning can resist depends on the post-tensioning design such as the tensioning ratio, the
quantity of the wire rope, etc. However, a more preferable result was obtained from post-
tensioned float glass which had a ductile failure. The crack load was 11.15 kN, which is 2.34
times higher than the same beam without post-tensioning. Moreover, the ultimate load was
recorded as 19.28 kN, which is 4 times higher than the load float glass T-beam without post-
tensioning can sustain. The comparisons between different types of the same dimensioned T-
beams according to the test results are displayed in a column chart in Fig. 23.

Table 6 - Summary of T-beam test results

T-beam without PT T-beam with PT
Float Tempered
Float Glass Tempered Glass Glass Glass
Pcrack/ultimate (kN) 4.76 25.69 11.14 39.79
dmax (mm) 0.63 3.28 0.75 4.05

The capacities are accepted to be the cracking point, even though the post-tensioned float
glass T-beam had post-tensioning ductile behavior. It can be concluded that the most
preferable result was obtained from post-tensioned float glass, which had a ductile failure
and a good post-fracture performance. The same amount of tempered glass may provide up
to 4 times the strength; nevertheless, a sudden brittle failure may not be acceptable.

Load Carrying Capacities of T-beams

45 4 Tempered
P

with PT

40

35 4

30 - Tempered

without PT
25

20 4

15 - Float

Crack/Ultimate Load (P) (kN)

with PT
Float
without PT

Fig. 23 - Load-carrying capacities of the same dimensioned T-beams
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The results for T-beam of finite element models (FEMs), hand calculations, and tests were
compared with load-deflection behavior and tabulated in Table 7 for T-beams without post-
tensioning and in Table 8 for post-tensioned T-beams.

Table 7 - Summary of the results for T-beam without post-tensioning

Float Glass Tempered Glass
Pcrack (kN) 8max (mm) Pcrack/ultimate (kN) 8max (mm)
Hand Calc. 4.86 0.66 25.19 3.37
FEM 4.86 0.70 25.19 3.64
Test 4.76 0.63 25.69 3.28

Table 8 - Summary of the results for T-beam with post-tensioning

Float Glass Tempered Glass
Pcrack (kN) 6max (mm) Pcrack/ultimatc (kN) 8max (mm)
Hand Calc. 10.53 0.81 39.97 3.75
FEM 10.53 0.82 39.97 3.92
Test 11.14 0.75 39.79 4.05

Comparison of hand calculations and FEM analyses with the test results showed a good
correlation within the range of about +3%. These results can be deemed as in good agreement,
considering that the glass test results had a scatter of about £4%. It can be concluded that
both hand calculations and FEMs are valid for the design of post-tensioned glass T-beams.

6. CONCLUSION AND FUTURE WORK

The chosen problem is to investigate the feasibility of using post-tensioning to improve the
structural performance of glass beams, specifically T-shaped beams. The use of glass as an
architecturally appealing and structurally high-strength material (float glass tension capacity
40 MPa compression capacity 400 MPa and tempered glass tension capacity 120 MPa
compression capacity 400-800 MPa) for load-carrying members is studied. The study
includes numerical and experimental work on T-shaped glass beams considering post-
tensioning. A minimalistic geometric approach was taken with the T-shape as the floor
formed the top flange. One of the best outcomes of this study is that float glass post-cracking
deflection can be drastically increased in a ductile manner while about a 55% increase in
strength is achieved. This means that glass may be used as a beam in the construction field.
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Comparison of the hand calculations, FEM analyses, and test results gave close values;
therefore, analyses are close to the experimental results showing confidence for design.

Although the capacity of tensile strength increased in tempered glass T-beam, it still fractured
and collapsed suddenly at its ultimate strength as expected. However, the superior post-
cracking performance was achieved for post-tensioned float glass as an additional safety
property even though glass is a brittle material.

Studies for the behavior of laminated or heat-strengthened glass with samples being tested
under combined or more complex loading scenarios may be studied as future work. Also,
glass being a visco-elastic material having some liquid-like properties, post-tensioned glass
beams may be better checked for post-tensioning force losses at certain time intervals.
Furthermore, exploring practical methods for fabricating, installing, and maintaining post-
tensioned glass beams in real-world applications and analyzing the life cycle assessment of
post-tensioned glass T-beams to understand their environmental impact compared to
traditional materials contributes to the usage of glass as a viable and sustainable option for
modern architecture.
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6 Subat 2023 Depremleri ve Saha Gozlemlerine Dayal
Bina Hasarlar1 Hakkinda On Degerlendirme

Cem YENIDOGAN!

(0V/

6 Subat 2023 depremleri genis bir cografyada hissedilmesi ve yaratmis oldugu yikim ile son
yiizy1lin en yikict depremleri arasinda yerini almistir. 6 Subat depremlerinde olusan karmasik
kaynak o6zellikleri, deprem kayitlarinin karakterizasyonu, afet bolgesi ilan edilen 11 sehir igin
yiiriitiilen hasar tespiti ¢alismalart mithendisler i¢in ¢ok 6nemli veriler barimndirmaktadir.
Hazirlanan bu ¢aligmanin amaci depremin ikinci giiniinden itibaren periyodik bir sekilde afet
bolgesi ilan edilen 11 ilde saha gozlemleri 6zelinde 6 Subat depremlerinin sismo-tektonik,
gliclii yer hareketi kayitlarinin Ozellikleri, binalarda ortaya cikan hasar dagilimi ve
karakteristik 6zellikleri hakkinda bulgulari paylagmaktir. Depremden etkilenen bdlgede agir
hasarin yogunlastigi illerde elde edilen verilere yonelik tespitler bu ¢aligma kapsaminda
kisaca agiklanmaya g¢alisilmistir. Derlenen veriler yetkili kurumlar tarafindan paylasilan
raporlar, duyurular ve yiiriirliikte olan deprem yonetmeligi dikkate alinarak bolgede hakim
olan bina tipi mevcut yap1 envanterinden faydalanarak elde edilmistir. Kirsal kesimde ve
sehir merkezlerinde hasar dagilimi incelendiginde tescilli kiiltiir varlig1 statiisiindeki yigma
binalar diginda hakim yapisal sistemin gehir merkezlerinde miihendislik hizmeti almis, orta
yiikseklikte betonarme binalar oldugu, kirsal kesimde ise miihendislik hizmeti almamis, az
katli betonarme, karma veya yigma tipi binalar oldugu belirlenmistir. Hasar tespitinde gegmis
deneyimlerle kiyaslandiginda akademisyenler tarafindan verilen egitimlere katilmis olan
saha ekiplerinin goreceli olarak daha hizli ve titiz bir calisma ortaya koyduklar1 goriilmiistiir.
Geleneksel binalara ek olarak hastane binalarma yonelik ¢alismalarda deprem yalitimi
uygulanmis binalar ve geleneksel binalarin kiyaslanmasi bir sistematik igerisinde
gergeklestirilmistir.

Anahtar Kelimeler: 6 Subat 2023 depremleri, hasar gozlemleri, Tiirk Bina Deprem
Yonetmeligi, hastane hasarlari, afet yonetimi, 6 Subat 2023 deprem kayitlart.

Not: Bu yazi
- Yaym Kurulu’na 2 Agustos 2023 giinii ulagmistir. 6 Mayis 2024 giinli yayimlanmak iizere kabul
edilmistir.
- 30 Kasim 2024 giiniine kadar tartigmaya agiktir.

o hitps://doi.org/10.18400/tjce.1335742

1 Yildiz Teknik Universitesi, Insaat Miihendisligi Boliimii, Istanbul, Tiirkiye
cem.yenidogan@jyildiz.edu.tr - https://orcid.org/0000-0001-9842-3607
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ABSTRACT

February 6, 2023 Earthquakes and Preliminary Assessment of Building Damage Based
on Field Surveys

February 6 earthquakes have taken its place among the most destructive earthquakes of the
last century, due to extend of the damage, complexity of the source mechanism and being
felt in a wide geography. Eleven cities were declared as disaster region by the administration.
The source mechanism of the 6 February earthquakes, the characterization of earthquake
records, and the rapid damage assessment carried out for 11 cities in the disaster area offers
important findings and valuable data for engineering society. The aim of this study is to share
the preliminary findings about the seismo-tectonic, strong ground motion characteristics of
the earthquake records of the 6 February 2023 earthquakes and the building damage
observation. Provinces that were declared as disaster region is periodically visited since the
second day of the earthquake. The strong ground motion data obtained in the heavily
damaged region have been tried to be explained briefly within the scope of this study. The
compiled data were obtained by making use of the existing building inventory of the building
type prevailing in the region, considering the reconnaissance trips of the author, institutional
reports, press releases of the authorized institutions. When the damage distribution of city
centers is examined, it is determined that the dominant structural system is medium-rise
reinforced concrete buildings that have received engineering service, whereas predominant
structural systems were low-rise reinforced concrete, or masonry buildings that have not
received engineering service in rural areas. Compared to the past experiences in damage
assessment, it has been observed that the field survey teams, who participated in the training
given by the academicians, performed a relatively more meticulous and rapid work. In
addition to traditional residential buildings, the comparison of conventional earthquake-
resistant hospital buildings and seismically isolated hospital buildings were examined in a
systematic way.

Keywords: February 6, 2023 earthquakes, damage observations, disaster management,
hospital damages, Turkish Seismic Design Code for Buildings, February 6, 2023 earthquake
records.

1. GIRiS

Son yiizyilda Tiirkiye Cumhuriyeti sinirlart igerisinde meydana gelen depremler biiyiik can
ve ekonomik kayiplara neden olmustur. 6 Subat 2023 sabaha kars1 Tirkiye saati ile 04.17
sularinda AFAD tarafindan Pazarcik merkez iissii olan Mw=7.7, Amerika Birlesik Devletleri
Jeoloji Arastirmalar1 Kurumu (USGS) tarafindan Mw=7.8 biiyiiliiglinde bildirilen deprem
afet bolgesi ilan edilen 11 ilde yiliksek can ve mal kayiplarina neden olmus yikici bir
depremdir. Birinci depremin yarattig1 yikici etkiler genis bir cografyada hissedilirken,
Pazarcik depreminden sadece 11 dakika sonra Mw=6.6 biiyiikliigiinde bir art¢1 ve birinci
depremden yaklasik olarak dokuz saat sonra (UTC+3 13:24) AFAD tarafindan Mw=7.6,
USGS tarafindan Mw=7.5 biiyiikliigiinde oldugu bildirilen ve merkez iissii Kahramanmaras
Elbistan olan ikinci bir deprem can ve mal kayiplarinin artigina neden olmustur. Ardi sira
gergeklesen depremler, yasanan maddi ve ekonomik kayiplar diginda depremin ilk giiniinden
itibaren yikimimn biiyiikligiyle orantili olarak depremden etkilenen genis bir alanda
yiiriitillecek olan arama-kurtarma faaliyetlerini ve afet yonetimini olumsuz etkilemistir.
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Depremin ilk giinlerinde yasanan kayiplarin yiiksek sayilara ulasacaginin tahmin edilmesi,
sahada gorev yapabilecek sinirli sayida AFAD personelinin yetersiz kalma riski ve
depremlerin etkili oldugu bolgenin genisligi diisiiniilerek ortaya cikabilecek koordinasyon
aksakliklarinin en aza indirilmesi icin 11 il Afet Bolgesi ilan edilerek uluslararast yardim
cagrisinda bulunulmustur. Afet Bolgesi ilan edilen 11 ilin cografi konumu, giincellenmis diri
fay haritalar1 [1] ve en biiylik yer ivmesi (PGA) cinsinden binalar i¢in tasarim depremi igin
kullanilan DD-2 deprem yer hareketi seviyesi i¢in gelistirilen 2018 deprem tehlike haritalar
Sekil 1°de gosterilmistir. Kahramanmaras merkezli meydana gelen deprem ¢ifti ve artgilari
sadece Tiirkiye’de degil, Suriye dahil olmak iizere Irak, Ermenistan, Misir, Israil, Kibris,
Yunanistan, Urdiin, Liibnan gibi cevre iilkelerde de hissedilmistir. Belirtilen iilkeler arasinda
Suriye ise Tiirkiye’ye komsu iilkeler arasinda yiiksek can kaybinin yasandigi diger bir iilke
olmustur. 6 Subat deprem ciftinden sonra bolgenin artan sismik aktivitesinin tetiklemis
oldugu 20 Subat 2023 tarihinde ti¢lincii ayr1 bir deprem olarak Yayladagi depremi meydana
gelmistir. 6 Subat-6 Mayis 2023 tarihleri arasinda ana sok olarak tabir edilen {i¢ depremin
merkez iissii, odak mekanizmalari ile bolgede meydana gelen artgilarin dagilimi Sekil 2°de
gosterilmistir.

Sekil 1 - Afet bélgesi ilan edilen bélgenin PGA cinsinden Standart Tasarim Deprem Yer
Hareketi diizeyi (DD-2 seviyesi) icin kullanilan deprem tehlike haritasi ve bélgede bulunan
AFAD deprem istasyonlarimin yerleri (https://tdth.afad.gov.tr/)

31 Aralik 2022 tarihli giincellenmis resmi Adrese Dayali Kayit Sistemi (ADNKS) verilerine
gore bolgede toplam 14.013.196 kisi yasamaktadir. Bolgede yer alan ve afet bdlgesi ilan
edilen ti¢ sehrin demografik yapisi Cizelge 1°de gosterilmistir. Tiirkiye sinirlart igerisinde ii¢
deprem ile artcilarmin sonucu olarak Igisleri Bakani Ali Yerlikaya’nin 2 Subat 2024 tarihinde
yapmis oldugu basin agiklamasi dogrultusunda toplam can kaybinin 53.537 kisiye, yarali
sayisinin 107.213 kisiye ve yikilan bina sayisinin ise 37.984 ulastig1 teyit edilmistir. Suriye
sinirlar iginde ise 6li sayismin 7000 kisinin {izerinde oldugu belirtilmektedir. Belirtilen
60.000 kisinin {izerinde yasanan can kaybi ile sonu¢lanan depremler son yiizyillik siiregte
deneyimlenmis ve derin yaralar agan Kuzey Anadolu Fay hattinda meydana gelmis 1939
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Erzincan, 1999 Golciik, 2011 Van Depremleri ile 2020 yillinda Dogu Anadolu fay hatti
iizerinde yasanan Elazig depremlerinin ¢ok tizerinde bir yikima neden olmustur. Yikimlar
afet bolgesi ilan edilen 11 ilde yasayan toplam 14013196 kisinin hayatint olumsuz
etkilemistir. Tiirkiye Cumhuriyeti Cumhurbaskanli Strateji ve Biitce Baskanlig1 tarafindan
hazirlanan Kahramanmaras ve Hatay Depremleri Raporunda sigortacilik sektorii ve
makroekonomik Ol¢ekte ekonomik kaybin 103.6 milyar dolar olarak tahmin edildigi
raporlanmustir [2].

Cizelge 1 - 2022 ADNKS verilerine gire Afet Bilgesinde niifus ve yas dagilimi

il Toplam (0-17) | (15-24) | (15-29) (0-29) [ (15-64) 65+
Adana 2.274.106 | 650.919 | 337.196 | 500.939 |1.040.186|1.523.411| 211.448
Adiyaman 635.169 | 213.088 | 104.216 | 151.927 | 329.544 | 404.271 | 53.281
Diyarbakir 1.804.880 | 677.944 | 323.328 | 479.726 |1.051.408|1.140.208| 92.99
Elazig 591.497 | 152.439 | 93.264 | 136.714 | 262.186 | 401.774 | 64.251
Gaziantep 2.154.051 | 790.077 | 373.459 | 543.469 |1.206.932(1.366.161| 124.427
Hatay 1.686.043 | 537.008 | 265.09 | 382.846 | 828.626 |1.102.478| 137.785
Malatya 812.58 | 215.978 | 126.831 | 184.285 | 361.013 | 545.21 | 90.642
Kahramanmaras | 1.177.436 | 373.637 | 193.881 | 278.382 | 586.363 | 764.905 | 104.55
Sanliurfa 2.170.110 | 974.864 | 403.597 | 580.835 |1.414.726|1.246.531| 89.688
Kilis 147.919 | 48.947 | 27.599 | 39.283 | 80.164 | 95.119 11.919
Osmaniye 559.405 | 171.036 | 87.769 | 125.901 | 266.411 | 366.904 | 51.991
|Bolge Toplami__| 14.013.196|4.805.937]2.336.230| 3.404.307 7.427.559| 8.956.972| 1.032.972
Erkek 7.049.219 |2.461.656(1.196.670| 1.731.596|3.792.656|4.524.779| 463.38
Kadin 6.963.977 [2.344.281]1.139.560|1.672.711| 3.634.903|4.432.193| 569.592

Bolgede karayolu ve havayolu ulasim aglarinin hasar gérmesi ve yasanan olumsuz hava
kosullar1 arama-kurtarma faaliyetlerinin ve acil miidahalenin gecikmesi, 72 saatlik kritik
stirecin koordinasyonu ve yonetiminde zorluklar yaratmistir. Bolgede yer alan Hatay
havalimaninin hasar gérmesinden dolay1 bdlgeye ekiplerin ulasimi ¢evre illerde yer alan
havalimanlar1 ve karayolu iizerinden oncelikli olarak arama kurtama ekiplerinin ve Cevre
Sehircilik ve Iklim Degisikligi Bakanhig: tarafindan gorevlendirilen idari ve akademik
personelin kullanimina ac¢ilmustir.

Bu calisma kapsaminda 6 Subat depremleri sonrasinda afet bolgesi ilan edilen illerde sismo-
tektonik yapi, AFAD istasyonlarindan elde edilen gii¢lii yer hareketi kayitlarinin, binalarda
ortaya ¢ikan hasar dagilimi ve hasarin karakteristik ozellikleri saha gozlemlerinden elde
edilen bulgular yardimi ile paylasilmaktadir. Bina hasarlarina yonelik olarak bolgede yer alan
konutlar, is yerleri, hastaneler, kiiltiir varlig: statiisiinde olan binalar ve endiistriyel yapilar
saha gozlemleri 6zelinde incelenmistir. Ayni giin igerisinde meydana gelen Pazarcik ve
Elbistan merkez iislii iki depremin ¢ok kisa siire araliginda olmasi iki depremin farkli
etkilerinin bina hasarlar1 agisindan kayit altina alinmasini engellemistir. Bina hasarlar ile
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ilgili degerlendirmeler iki depremin ardindan ortaya ¢iktigi kabulii {izerinden
paylasilmaktadir.

r) Bayburt AFAD AFET VE ACIL DURUM
7 : YONETIMI BASKANLIGI

v -

Mw 64

Biiyiiklitk (M)

<3
30-39
40-49

50-59

60-69

s

Sekil 2 - 6 Subat Depremlerinin ve 20 Subat Yayladag depreminin merkez iissii ve artcilarin
dagilimi [1]

2. BOLGENIN SiISMOTEKTONIK YAPISI

Tiirkiye Cumbhuriyeti sinirlart igerisinde meydana gelen biiyiik depremler batiya dogru bir
hareket doguran iki biiyiik aktif tektonik yapiya sahip olan sag yanal atimli Kuzey Anadolu
Fay Hatt1 ile sol yanal atimlit Dogu Anadolu Fay hattinda meydana gelmektedir. Olusan bu
yap1 jeolojik agidan degerlendirildiginde Miyosen donemden bu yana Arabistan-Avrasya
plakalarinin birbirini etkileyen hareketleri ve birbirine yakinlagmakta olan Avrasya ve Afrika
plakalarinin hareketi neticesinde Tiirkiyenin sinirlarina yakin bolgelerde depremler meydana
getirmektedir [7]. 6 Subat 2023 tarihinde merkez iissii Pazarcik olan Mw=7.8 olan deprem
biiytiklik agisindan 33000 can kaybinin yasandigi Erzincan depremi ile birlikte Tiirkiye
sinirlar1 icersinde dlgiilen en biiyiik ve en yikici depremler arasinda tarihte yerini almistir. 6
Subat Pazarcik depremi toplam uzunlugu yaklasik olarak 550 {izerinde oldugu diisiiniilen
kuzeydogu-giineybati yonelimli sol yanal atimli olan Dogu Anadolu Fay Hatt1 iizerinde
meydana gelmistir (Sekil 3 - (a) Pazarcik depreminin meydana geldigi Dogu Anadolu Fay
Zonu batiya dogru yonelimli Anadolu Blogunun giineybati sinirlarinit olusturmaktadir (Sekil
3a).
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Dogu Anadolu Fay zonunun igerisinde yer alan segmentler ve mekanizmasi ile ilgili birgok
aragtirmaci tarafindan detayli caligmalar gergeklestirilmistir [5-16]. Derlenen deprem katalog
calismalarinda sismik bosluktan dolay1 bolgede biiyiik bir deprem tehlikesi altinda oldugu
bir¢ok aragtirmaci tarafindan bilinmekteydi. Sismik tehlike ¢caligmalari i¢in derlenen tarihsel
depremler, bolgenin biiyilk deprem iiretme potansiyeline sahip oldugu gorisiini
desteklemekteydi. Tarihsel depremler arasinda yiizey dalgasi biiylikliigii olarak Ms=7.4 olan
1513 Tirkoglu, Ms=7.5 olan 1822 Halep, Ms=7.2 olan 1872 Amik golii depremi ve son
olarak 1893 Malatya depremleri yer almaktadir [13-15]. Fakat tahmin senaryolarinda ortaya
cikabilecek ¢oklu yirtilmaya bagli en kotii senaryolardan bir tanesi sehir bazli deprem kaybi
kestirim ¢aligmalarinda dikkate alinmamistir. AFAD-RED tarafindan hazirlanmis olan
Kahramanmaras Deprem Kayip ve tahmin senaryosunda 6n goriilen rakamlar ve deprem
biiyiikliigli meydana gelen Pazarcik depreminin altinda kalan rakamlar isaret ediyordu.

(@) ﬁﬂf»k * Eurasian .,\Plalc N

Iske}

Sekil 3 - (a) Pazarcik ve Elbistan depremlerinin meydana geldigi deprem bolgesi ve
tektonik levhalar [10-12] (b) tarihsel depremlerin yillara gore dagilimi [17]

6 Subat depremlerinde karmasik deprem kaynak 6zelliklerine sahip olmasinin nedenlerinden
bir tanesi ayn1 anda ¢oklu fay kiriklarinin olugmasidir. Ayrica yirtilmanin her iki yonde farkl
yayilim ozellikleri gostermesi deprem kayitlarinda yakin saha 6zelliklerine yansimistir.
Fayin taban ve tavan bloklarinda deprem yer hareketleri hiz zaman tanim alaninda
cizdirildiginde itkiler kolaylikla gosterilebilmektedir. Bu durum mevcut deprem
senaryolarindan farkli bir biiyiikliikte bir deprem ve genis bir bolgede biiyiik bir yikim ortaya
¢ikarmustir. 6 Subat 2023 Pazarcik ve Elbistan depremlerinin sonlu fay modeli bolgede yer
alan ivme Olgerler, GPS cihazlar1 ve telesismik verilerden faydalanarak yapilan
giincellemeler, depremin ilk haftalarinda kaynak mekanizmasi hakkinda bilgiler saglamistir
(Sekil 4). Elde edilen sonlu fay modelinden depremin etkin siiresi giiglii yer hareketi
kayitlarin1 destekleyecek bilgiler sunmaktadir (Sekil 5). Ayrica elde edilen uzun siireli
deprem kayitlar1 yazarin saha incelemelerinde elde ettigi kamera goriintiilerinde de
dogrulanmaktadir.
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Sekil 5 - USGS tarafindan yiiriitiilen sonlu fay modellerinden elde edilen kaynak oézellikleri
(https://earthquake.usgs.gov), son giincelleme tarihi 2023-02-21 03:47:31 (UTC))
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Geligen teknoloji ile birlikte uydu goriintiileri ve mevcut araglar kullanilarak aktif fay izi ve
yilizey kiriklarinin dagilimlari Kahramanmaras depremleri sonrasinda goriintiilenebildiler.
AFAD tarafindan fay kiriklar1 ve bolgede kiigiik 6lgekli depremler ile birlikte meydana gelen
tiim artcilar Sekil 6’da gosterilmistir[18].

- Ylizey kiriklari

o ) Faylanma
— Yuzey kiriklari —— Emin olunan
Faylanma = = Kuskulu
.\"‘ Emin olunan X Tahn;ini Yer Deéistirmé [epessn &
7 ) = = Kugkulu Mertebeleri(m)
b \\ f -
7 \ ol / 1 ]
q‘:uky;_;-\u;i oAleppo /-. P Ao 'D's
x ‘ As Safirah 1 N 2 5
. JJdiib o} p s — : A

Sekil 6 - (a) Haritalandirilmis fay kiriklar: ve olusan depremlerin biiyiikliikleri
(https://tadas.afad.gov.tr/) (b) 6 Subat 2023 depremleri sonrasinda tespit edilen
yiizey kariklart ve tahmini yer degistirme mertebeleri
(https://usgs.maps.arcgis.com/apps/webappviewer/index.html?id=5229bb842bd64b
688d769abbefe43b46)

Ug ana depremin ve biiyiikliigii 5.5 ve iizeri olan art¢1 depremlerin listesi Cizelge 2’de
verilmistir.
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Cizelge 2 - Afet bolgesinde ii¢ ana deprem ve biiyiikliigii 5.5 iizeri olan art¢t depremlerin

listesi[18]
Tarih ve Zaman (UTC) Epicenter (ilce/ 1) Biiyiikliik Mw/ML) Derinlik
6 Subat 2023, 01:17:32 Pazarcik / Kahramanmaras 7.7 8.6
6 Subat 2023, 01:26 Nurdag1 / Gaziantep 5.6 6.98
6 Subat 2023, 01:28 Nurdagi / Gaziantep 6.6 6.2
6 Subat 2023, 01:36 Islahiye / Gaziantep 5.7 11.19
6 Subat, 2023, 02:03 Dogangehir / Malatya 5.6 10.23
6 Subat 2023, 10:24:47 Elbistan / Kahramanmaras 7.6 7
6 February 2023, 10:26 Yesilyurt / Malatya 5.8 6.89
6 February 2023, 10:32 Ekinozii / Gaziantep 5.5 10.93
6 February 2023, 20:37 Pazarcik/Kahramanmaras 5.5 5.96
20 February 2023, 17:04 Yayladag: / Hatay 6.4 21.73
20 February 2023, 17:04 Samandag / Hatay 5.8 6.64
27 February 2023, 09:04 Yesilyurt / Malatya 5.6 6.15

3. DEPREMLERDEN ELDE EDIiLEN YER HAREKETI KAYITLARI VE HASAR
DAGILIMININ TAHMININDE KULLANILAN HARITALAR

AFAD Tiirkiye’de meydana gelen depremlerin 6l¢iilmesi ve kayit altinda tutulmasi amaci ile
genis bir kuvvetli yer hareketi ag1 olusturarak, depremlerden sonra elde edilen ham ve
islenmig deprem kayitlarini bilimsel ¢evreler ve miihendislik camiasi ile paylasmaktadir.
Kahramanmaras depremlerinden sonra elde edilen deprem kayitlarinin paylasimi, genis bir
alan1 etkileyen depremler sonrasi yapisal hasarin kestirimi agisindan onemli katkilar
saglamistir. Pazarcik depreminde kayit istasyonlarmin MMI siddet haritasinda dagilimi
incelendiginde bina hasarlarinin yogunlastigi bdlgelerde uyumlu olarak haritalandiriimis
olduklar1 goriilmektedir (Sekil 7, Sekil 8). Siddet haritasinda 6 Subat 2023 Pazarcik depremi
sonrasinda Antakya merkezde 9.3 MMI siddeti seviyelerine ulasan degerler elde edilmistir
ve 6 Subat Elbistan depremlerinde benzer sekilde Goksun civarinda bu degerler MMI siddeti
cinsinden 9.2 seviyelerine ulagmaktadir [19]. Benzer sekilde yazarin igerisinde bulundugu
aragtirma ekibi tarafindan gelistirilen ve Tiirkiye'de farkli kurumlar tarafindan kullanilan
ELER adli program kullanilarak benzer sarsinti haritalar1 da elde edilebilmektedir[20].

2018 yilinda hazirlanan ve 2019 yilinda yiiriirliige giren Tiirkiye Bina Deprem Y 6netmeligi
(TBDY-2018) igin yenilenen deprem tehlike haritas1 ve Maden Tetkik Arama tarafindan
giincelenen diri fay haritasi dikkate alinarak deprem istasyonlarinin yerleri bolgenin
depremselliginin irdelenmesinde kullanilmigtir [5]. Deprem istasyonlarinin yerel zemin
kosullarina elde edilen elastik tasarim spektrumlar1 Hatay, Kahramanmaras ve Gaziantep
illeri 6zelinde dikkate alinarak, deprem kayitlarinin davranis spektrumlariyla kiyaslamali
olarak paylasilmigtir. Fakat her iki depremden elde edilen deprem kayitlarmin sayisinin
oldukca fazla olmasindan dolay1 bu calisma kapsaminda 6 Subat Pazarcik depreminde agir
hasarli bina sayisinin yiiksek oldugu il ve ilgelerden segilen sinirli sayida islenmis deprem
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siddet haritasi,(b) PGA kontur haritas, (c) PSAI kontiir haritalar: ve (d) PGV kontur
haritasi (https://earthquake.usgs.gov)[19]
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Sekil 8 - Merkez iissii Elbistan (Mw=7.5) depreminde giiclii yer hareketi istasyonlarinin

konumu ve hesaplanan (a) MMI siddet haritasi (b) PGA kontur haritasi (c) Psalsn igin
kontur (d) PGV kontur haritalari (https://earthquake.usgs.gov)[19]
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kayitlar1 kullanilarak giiclii yer hareketi parametreleri hesaplanmistir. Yer hareketi
kayitlarinin 6zellikleri zaman tanim alaninda ve frekans tanim alaninda gdsterilmistir.
Deprem bolgesinde agir hasar alan iller arasinda yer alan Kahramanmaras ilinde Pazarcik ve
Tirkoglu istasyonlari, Hatay ilinde yer alan Antakya, Hassa ve Kirikhan istasyonlarmin
verileri ve Gaziantep ilinde yer alan Nurdagi, Islahiye istasyonlarmin deprem kayitlari
yikimin siddetini yansitabilmesi i¢in bu boliimde paylasilmistir (Sekil 9-18). Deprem
kayitlarinin ti¢ giiclii yer hareketi parametreleri Cizelge 3’te listelenmistir. AFAD deprem
istasyonlarindan elde edilen AFAD tarafindan iglenmis olarak kullanicilara saglanan deprem
kayitlar1 kullanilmigtir. Deprem kayitlarinin 6 Subat Pazarcik depremi dikkate alindiginda
merkez iissline olan uzakliklari, yerel zemin kosullari, ve filtrelemede kullanilan bant araligi
ve filtre tipi Cizelge 3’te gosterilmistir. Biitiin kayitlar i¢in 17 farkli gliglii yer hareketi
parametresi hesaplanmustir. Hesaplanan 17 parametre arasindan hasar durumunu yansitanlari
secilerek Cizelge 4'te listelenmistir. Sunulan PGA ve PGV degerleri geoteknik
miihendisliginin ilgi alaninda olan altyap: elemanlarinda ortaya c¢ikacak hasar ve kayip
kestiriminin olasiliksal olarak hesaplanmasinda kullanilmaktadir.

Giiglii yer hareketi parametrelerinden en biiyiikk yer hizi1 (PGV) degeri deprem tehlike
haritalarinda hesaplanmasina ragmen bu parametre tasarim asamasinda Tiirk Deprem
Yonetmeliginde dikkate alinmamaktadir. Hasar kestiriminde yapisal 6zelliklere bagli olarak
en biiyiikk yer hizi parametresinin (PGV) ilerleyen siireglerde siinek tasiyici elemanlarin
davranisinda dikkate alinmasi, yazarin kisisel fikrine gore 6nemli katkilar saglayacaktir. 6
Subat deprem ¢ifti incelenirken alisilagelmis yakin saha kaynak parametrelerinden olan
yonelim (Direktivite), ve atim (Fling step) diye adlandirilabilecek yakin saha
parametreleriyle kiyaslandiginda tasarim miihendisleri tarafindan siineklik taleplerine
yonelik ¢alismalarda bir girdi parametresi olarak kolaylikla kullanabilecektir. Hasar ve
siinekligi dair benzer bulgular yazar tarafindan gergek 6lg¢eklerinde test edilmis yapisal ve
yapisal olmayan sistemlerin performans degerlendirmesi igin yliriitillen sarsma masasi
testlerinde perde duvar ve yapisal olmayan eleman hasarlarinda etkin rol oynamistir [21]. 6
Subat 2023 deprem ¢iftinin kayitlarindan elde edilen PGV degerleri deprem tehlike
haritalarinda 6n goriillen PGV degerleriyle kiyaslama yapma olanagi sunmaktadir. PGV
degerleriyle ilgili Japon yonetmeliginde yer alan tasarim kriterlerine atfen yapilarin siinek
tasarlanan elemanlarinda ortaya ¢ikabilecek hasarlar hakkinda fikir verebilmektedir. Deprem
bolgesi incelendiginde deprem yonetmeliginde yer alan Seviye 1 ve Seviye-2 spektrumu hiz
degerleri ile uyumlu PGV kontur haritalari ortaya ¢ikmustir.

AFAD tarafindan islenmis veriler kullanilarak spektral ivme, spektral hiz ve spektral
deplasman degerleri Tiirkiye Bina Deprem Yonetmeliginde yer alan DD-1 ve DD-2 deprem
yer hareketi diizeyleri i¢in elde edilen tasarim spektrumlar ile kiyaslanmistir. Deprem kayit
istasyonlarindan 4615 Pazarcik, 2712 nolu Nurdag: istasyonu deprem kayitlar1 spektral
ivmeler cinsinden incelendiginde DD-1 deprem yer hareketi seviyesini her ii¢ bilesen i¢in de
belirli araliklarla astig1 gézlemlenmistir. Agir hasarli binalar ve toptan gd¢menin yogun
gozlemlendigi Antakya il merkezinde 3123 Antakya istasyonu incelendiginde spektral ivme,
spektral hiz ve spektral deplasman degerlerinin asildigi gozlemlenmistir. Benzer ¢ikarimlar
3143 nolu Hatay Kirikhan istasyonu iginde gecerlidir.
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Sekil 13 - 3132 Antakya istasyonu (a) Ivme-Hiz-Deplasman zaman tarihcesi (b) Sa-Sv-Sd
Davranmig Spektrumu (c) Frekans icerigi
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Sekil 14 - 3143 Hassa istasyonu (a) Ivme-Hiz-Deplasman zaman tarihgesi (b) Sa-Sv-Sd
Davranisg Spektrumu (c) Frekans icerigi

91



6 Subat 2023 Depremleri ve Saha Gézlemlerine Dayali Bina Hasarlari Hakkinda ...

) 3145-Dogu-Bat1 i 3145-Kuzey-Giiney i 3145-Diisey
@ 0.5 0.5 0.5
g
=z 0 0 0
-0.5 -0.5 -0.5
0 50 100 0 50 100 0 50 100
10 i = S
Q
(E, 0 0
(@) =
= -100 -100 -100
-200 -200 -200
0 50 100 0 50 100 0 50 100
7 100 100 100
U
-1
<
£ 0 0 ——-———/\\/,m
Z
-
7
2-100 -100 -100
0 50 100 0 50 100 0 50 100
Zaman(sn) Zaman(sn) Zaman(sn)
3145-Dogu-Bat1 3145-Kuzey-Giiney 3145-Diisey

w

— DD-2 Horizontal| | 3 —DD-2 Horizontal| |
-----DD-1 Horizontal -----DD-1 Horizontal

Sa(g)

G
SV(m/s)

——DD-2 Horizontal
DD-1 Horizontal

0.1

SD(m)

0 2 4 6 8
Periyot(s) Periyot(s) Periyot(s)
H 3145-Dogu-Bati H 3145-Kuzey-Giiney 3145-Diisey
Z60 S40 S40
= = =
2 2.30 230
@« 40 2 7]
- - -
@ % £ £
5} o 2
:20 Q10 Q10
3 3 3
g 0 , 3° . 3005 .
£ 107 10° 102 £ 107 10° 100 £ 107 10° 10°
I'rekans|1lertz| I'rekans|lertz] I'rekans|lertz]

Sekil 15 - 3145 Kurikhan istasyonu (a) Ivme-Hiz-Deplasman zaman tarihgesi (b) Sa-Sv-Sd
Davranig Spektrumu (c) Frekans igerigi
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Sekil 16 - Gaziantep 2712 Nurdag istasyonu (a) Ivme-Hiz-Deplasman zaman tarihgesi (b)
Sa-Sv-Sd Davranis Spektrumu (c) Frekans icerigi
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Sekil 17 - Gaziantep 2718 Islahiye istasyonu (a) Ivme-Hiz-Deplasman zaman tarihgesi (b)
Sa-Sv-Sd Davranig Spektrumu (c) Frekans igerigi
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Cizelge 3 - Incelenen deprem kayitlarimin alindigi istasyonlar icin elde edilen Vs30 kayma
dalgasi hizi, merkez iissiine olan uzaklik ve filtre tipi, mertebesi ve filtreleme bant araliklar

.AFAD Deprem Enlem | Boylam Repi Uzaklik Filtre Tipi | Mertebe L-Cut Freq | H-Cut Freq (| Vs30

Istasyonu Kodu (km) (Hz) Hz) (m/s)
4615-Dogu Bati Butterworth 2 0.026 15.01 484
4615-Kuzey-Giiney 37.138 37.387 13.83 Butterworth 2 0.057 13.94 484
4615-Diisey Butterworth 2 0.045 18.72 484
4616-Dogu Bati Butterworth 2 0.025 22.26 390
4616-Kuzey-Gliney 36.838 37.375 Butterworth 2 0.057 19.21 390
4616-Diisey 20.54 Butterworth 2 0.070 34.68 390
3123-Dogu-Bati Butterworth 1 0.025 40.00 470
3123-Kuzey-Guney 36.160 36.214 143 Butterworth 1 0.025 40.00 470
3123-Disey Butterworth 1 0.025 40.00 470
3129-Dogu-Bati Butterworth 2 0.018 23.97 447
3129-Kuzey-Guney 36.134 36.191 146.39 Butterworth 2 0.033 27.79 447
3129-Disey Butterworth 2 0.055 34.68 447
3132-Dogu-Bati Butterworth 1 0.025 40.00 377
3132Kuzey-Guney 36.172 | 36.207 143.12 Butterworth 1 0.025 40.00 377
3132-Diisey Butterworth 1 0.025 40.00 377
3143-Dogu-Bati Butterworth 1 0.025 40.00 444
3143-Kuzey-Guney 36.557 36.849 65.13 Butterworth 1 0.025 40.00 444
3143-Diisey Butterworth 1 0.025 40.00 444
3145-Dogu-Bati Butterworth 2 0.013 20.68 533
3145-Kuzey-Guney 36.406 36.645 91.13 Butterworth 2 0.020 22.82 533
3145-Diisey Butterworth 2 0.015 30.66 533
2712-Dogu-Bati Butterworth 2 0.026 35.55 -
2712-Kuzey-Guney 36.733 37.184 29.79 Butterworth 2 0.014 34.68 -
2712-Dusey Butterworth 2 0.025 35.55 -
2718-Dogu-Bati Butterworth 2 0.021 34.68 -
2718-Kuzey-Guney 36.627 37.008 483 Butterworth 2 0.021 35.55 -
2718-Dusey Butterworth 2 0.016 37.34 -

6 Subat 2023 depremleri, ¢ift yonlii yirtilmanin yarattig1 yakin saha depremlerinin diisey
ivmeler acisindan etkileri deprem kayitlarinda kendisini gdstermistir. TBDY-2018
yonetmeliginde diisey tasarim spektrumu sabit deplasman boélgesinin basladigi kisimdan
itibaren degerlendirmeye alinmadigindan, diisey yer hareketi ancak tasarim spektrumlarinin
3sn degerine kadar ¢izdirilmistir. Bu agidan degerlendirildiginde AFAD 2708 ve 2718 nolu
Islahiye kayitlarinda yiiksek yatay ivme degerlerinin sirastyla yaklasik olarak %901 ve
%83’line karsilik gelmektedir. Yiiksek diisey yer ivmelerinin olumsuz etkileri bina
hasarlarinin yani sira prekast endiistriyel yapilarda saha incelemelerinde gozlemlenmistir.

Bu calisma kapsaminda degerlendirilen bina tipi yapilar diisiiniildiigiinde spectral ivme
degerleri yardimi ile ¢izilen tasarim spektrumu ve kayitlarin davranis spektrumlarinin
kiyaslanmasi ise ingaat miihendisleri i¢in 6 Subat depremlerinin karmasik yapisi
diistintildiiglinde kisitl da olsa 6nemli bulgular sunmaktadir. Tasarim spektrumu degerlerinin
DD-2 ve DD-1 seviyelerinde asilmasi yaygin kanmin aksine dogru bir plan diizeni ve
kapasite spektrum prensiplerine gore tasarlandiginda toptan gé¢menin ortaya ¢ikmasinin
yasanan kayiplara gore daha az olmasi gerektigini isaret etmektedir.

Yerin en biiyiik hiz degeri olarak ifade edilen (PGV) ve en biiyiik yer ivmesi (PGA) degerleri
TBDY-2018 yonetmeliginde lokasyon bazli elde edilmesine ragmen bina tipi yapilarm hi¢bir
tasarim asamasinda kullanilmamaktadir. Bu agidan yazar giiglii yer hareketi parametreleri
arasinda yer alan bu iki parametreyi Avrupa deprem yonetmlikleri ve Japon deprem
yonetmelikleriyle bir kiyaslama yapilabilmesi amaciyla Cizelge 4’te sunmustur. Bir
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algoritma esliginde daha once paylasilan PGV tabanli sarsint1 haritalarinda Japon deprem
yonetmeliginde yer alan ikinci deprem seviyesi olarak tanimlanan tasarim depremi degerine
ulastig1 goriilmektedir[21].

Cizelge 4 - Giiclii yer hareketi parametreleri

istasyon Parametre |'PGA(m/s2)'|'PGV(cm/s)'['PGD(cm)'|'Acc. RMS(cm/sec2)' | 'Arias Intensity(m/sec)' [ 'Sl(cm)' | 'Brack. Duration(sec)

Dogu-Bati 5.56 131.20 64.60 59.08 5.87 4653.35 32.11

4615 | Kuzey-Giiney 5.85 141.10 91.70 57.57 5.57 4475.45 32.11
Diisey 6.56 75.80 37.40 40.12 2.71 2603.71 32.11

Dogu-Bati 4.29 86.50 73.60 47.10 3.73 3311.96 20.68

4616 | Kuzey-Giiney 6.10 95.60 56.40 61.88 6.44 4988.08 20.68
Diisey 3.88 24.20 13.60 35.38 2.10 2155.83 20.68

Dogu-Bati 5.82 98.70 92.80 61.06 7.46 5333.57 40.85

3123 | Kuzey-Giiney 6.52 186.80 63.70 68.03 9.26 6272.72 40.85
Diisey 8.41 52.40 17.80 48.05 4.62 3724.17 40.85

Dogu-Bati 11.99 75.90 76.50 94.76 17.97 10312.03 29.28

3129 | Kuzey-Giiney 13.52 171.30 51.30 111.12 24.71 13095.61 29.28
Diisey 7.17 42.60 22.40 57.18 6.54 4834.30 29.28

Dogu-Bati 5.08 52.00 67.30 46.59 4.34 3554.91 22.57

3132 | Kuzey-Giiney 5.01 67.40 31.70 42.78 3.66 3128.62 22.57
Diisey 3.56 34.40 12.50 30.25 1.83 1860.17 22.57

Dogu-Bati 3.46 104.40 90.60 38.39 2.48 2437.62 25.72

3143 | Kuzey-Giiney 3.78 124.80 125.60 40.06 2.70 2597.51 25.72
Diisey 3.81 27.70 19.30 31.12 1.63 1779.16 25.72

Dogu-Bati 6.93 157.80 125.40 60.06 6.50 4936.21 40.64

3145 | Kuzey-Giiney 5.92 116.50 125.80 45.99 3.81 3307.39 40.64
Diisey 6.10 65.20 32.00 41.16 3.05 2800.32 40.64

Dogu-Bati 5.93 110.10 70.70 76.62 7.24 5887.46 33.90

2712 | Kuzey-Giiney 5.55 84.70 108.00 69.93 6.03 5133.45 33.90
Diisey 3.14 26.70 14.60 40.44 2.02 2258.04 33.90

Dogu-Bati 6.31 116.80 114.30 59.63 4.30 4000.33 26.05

2713 | Kuzey-Giiney 6.54 80.50 83.90 59.47 4.28 3984.74 26.05
Diisey 5.93 62.80 44.30 42.57 2.19 2413.08 26.05

4. BINA HASARLARINA YONELIK YAPILAN GOZLEMLER
4.1. Betonarme Konut Tipi Binalar

Depreme dayanikli binalarin insa edilmesine yonelik Tiirkiye’de yiiriitiilen ilk ¢alismalar
1939 Mw=7.8 olan Erzincan depremi sonrasinda ortaya ¢ikmistir. Son yiizyilda Tiirkiye
Cumbhuriyeti smirlar1 igerisinde meydana gelen en biiyiik depremler arasinda yer alan 1939
Erzincan depremi yapilarin belirli kurallar ¢cer¢evesinde tasarlanmasi gerekliligini gostermis
ve hedeflenen amaclarin saglanmasi icin asgari yasal sinirlarin belirtildigi yonetmelik
Erzincan depreminden sonra 1940 yilinda yaymlanmstir. Ilerleyen siireclerde gerekli
gilincelemeler sonrasinda Tiirk deprem yonetmeligi belirli araliklar ile gilincellenmistir.
Amerika’da bir milat olarak kabul edilen 1971 San Fernando depremi sonrasinda
gbzlemlenen hasarlara yonelik betonarme yapilarda siinek davranis temelli tasarim ilkeleri
icin uyulmasi gerekli olan detaylandirma kurallar1 1970’li yillarin ortalarindan baslayarak
deprem yonetmelikleri ve ilgili standartlarda yerini almistir [23]. Deprem yonetmeliklerinin
icerikleri bilimsel arastirmalar ve gozlemler 1s18inda can ve mal kayiplarii azaltilirken,
binlerce insanin hayatini kurtarmistir. 1999 Kocaeli Depremi, 2011 Van Depremi, 2020
Elaz1g ve izmir Bayrakli depremlerinde yasanan kayiplar ise karar verici mekanizmaya afet
yOnetimi ve zararlarin azaltilmasina yonelik alinmasi gerekli onlemler hakkinda doneler
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sunmus ve daha biiyiik 6lgekte yasanabilecek kayiplarin habercisi olmustur. 6 Subat 2023
depremleri sadece Tiirkiye’de degil diinyada etkiledigi alan ve gdstermis oldugu karmagik
kaynak ozelliklerinden dolay1 son 35 yil icersinde yasanan depremlerden farkli 6zellikler
icermektedir.

Ana sok sonrasi ortaya ¢ikan moment biyiikliikleri yiiksek degerlere sahip art¢1 depremler,
hasar gormiis olan yapilari gégme olasilig1 agisindan riskli hale getirirken, toptan gégme
performans seviyesine veya gd¢menin Onlenmesi performans seviyesine yaklagtirmistir.
Merkez tissli Kahramanmaras Elbistan olan Mw=7.6 olan ikinci deprem can ve mal kaybinin
artisinda etkin rol oynamistir. Calismalar kapsaminda ilk olarak sirasiyla hasar ve kayiplarin
yogun oldugu Gaziantep’e bagh olan Nurdag, islahiye ve Hatay’m Kirikhan ve Hassa ilceleri
saha incelemeleri yapmak igin ziyaret edilmistir. Takip edilen giinlerde ise Iskenderun,
Antakya merkez, Gaziantep merkez, Kahramanmaras’in Pazarcik ve Kahramanmaras
merkezde incelemelerde bulunulmustur. Gaziantep’in ilgelerinde yiriitilen ilk giin
calismalarinda toptan gog¢meye maruz kalan binalarda arama-kurtarma calismalarinin
oncelikli olarak Nurdag: ve Islahiye’de yiiriitiildiigii gézlemlenmistir. Gaziantep’e bagh
Nurdag: ilgesinde yapisal sistemlerin benzer hasarlara sahip oldugu goézlenmis ve kirsal
kesimde yer alan az katli binalarin ¢ogunun miihendislik hizmeti almadigi, usta ve kalfalar
tarafindan insa edildigi yerel halk tarafindan bildirilmistir. Bu ¢aligma kapsaminda depremin
ilk giinlerinde ve sonrasinda yazar tarafindan ¢ekilen fotograflar yardimiyla yap1 hasarlari
irdelenecektir. Depremin ilk giinlerinde yapilan saha gozlemleri Gaziantep’in Nurdag ilge
merkezinde yer alan tekil ve miihendislik servisi almamis olan az kath binalarda
gerceklestirilmistir. Ayni bolgede ¢ok katli yapilarda yapisal ve yapisal olmayan hasarlar
belirgin olarak gézlenmistir. Kirsal kesimde yer alan deprem yonetmeliginde aranan asgari
donat1 detay1 kosullarin1 ve eleman boyutlarini yerine getirmeyen binalar toptan gégmeye
maruz kalmistir. Bina stogunun yaslanmis olmasi, gliniimiiz modern yonetmeliklerinde yer
alan sartlar1 saglamayan kuvvetli kiris zayif kolon yaklasimlari ve kapasite korunumu
ilkelerini dikkate almayan sistemler toptan gé¢menin ortaya ¢ikmasina neden olmustur.

Sekil 18 - Kirsal kesimde az katli yapilarda gozlemlenen toptan gé¢me ve ilce merkezinde
stklikla rastlanan agir hasarly binalar

Betonarme yapilarda yer alan dis cephe kaplamalari ve dolgu duvarlar diizlem dis1 davranist
nedeniyle deprem sirasinda yaralanma, can ve mal kaybina sebep olmustur. Dolgu duvar
hasarlari, c¢atilara montajlanmis su 1sitma sistemlerinin devrilmesinden dolay1 cadde
kenarlarma park edilmis araglar kullanilamaz hale gelerek ekonomik kayiplar arttirmistir.
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Kahramanmaras Dulkadiroglu ilgesinde dolgu duvar hasalar1 dar sokaklarda arama kurtarma
faaliyetlerini sekteye ugratmistir. Depremin ilk giinlerinde fotograflanan bu durum, elektrik
verilemeyen gec saatlerde arama kurtarma faaliyetlerinde ciddi problemler yaratmistir.

Sekil 19 - Dolgu duvarlarin diizlem dist davranigina bagh yapisal olmayan hasarlar

NP

Sekil 20 - Kahramanmaras Dulkadiroglu bélgesinde 2. giin sonunda mevcut durum ve
arama-kurtarma faaliyetleri

Dogru bir tasityici sistem diizenlemesinin onemi ve yapisal davranigma hakim yetkin
miihendisler tarafindan tasarlanan veya giiclendirilen binalar deprem bdlgesinde ayakta
kalmay1 basardigr ve deprem yonetmeliginde hedeflenen kontrollii hasar performans
seviyesini saglamistir. Agir hasarli veya yikilan binalar incelendiginde ise mimari ve ticari
kaygilarla dogru bir yap1 diizenlemesinden uzak yapisal sistemler goriilmiistir. Diisey
tastyict elemanlardan kolon ve perde duvarlarin kat planlarinda gelisi giizel yerlestirildigi,
diizgiin bir aks sistemine sahip olmayan sistemler ve kolonlarin uzun kenarlarmin sadece
belirli bir yone dogrultulandirildigr anlasilmistir. Bu durum planda diizensizlik
siniflandirmasi arasinda yer alan burulma diizensizligini yaratmis ve yapilarin ileri seviyede
hasar gormesine neden olmustur. Uzun siire tekrarli yiliklere maruz kalan ve planda
diizensizliklere sahip binalarda burulmanin yaratmis oldugu hasarin artisi veya biiylitme
etkileri ¢oklu deprem etkisi altinda hasar durumunu arttirdig diistiniilmektedir. Bu durum
Gemici[27] tarafindan da yapilan bir ¢calismada diizgiin bir grid sisteme sahip olmayan
yapilara dair irdelemelerde de dile getirilmistir.

98



Cem YENIDOGAN

Saha gozlemlerinde bu durumun en bariz halini yumusak kat ve zayif kat etkilerine bagl
ortaya cikan yapisal hasarlar olarak belirlenmistir. Deprem sirasinda yassi kadayif tarzi
toptan gdcme gosteren binalar detayli olarak incelendiginde deneyimli bir mithendislik bakis
acisindan ziyade tastyici sistemin mimarlarin tercihleri dogrultusunda sekillendirilmesinin
irdelenmesi gerekmektedir. Bu agidan degerlendirildiginde insaat miihendislerinin ingaat
sektoriinde rekabetci ticari ortamin bir sonucu olarak ig tanimlarmin ve mesleki
yetkinliklerini projelere yansitamamalarmin altinda yatan nedenler karar verici mekanizma
tarafindan yeniden degerlendirilmelidir.

Sekil 21 - Kahramanmaras Dulkadiroglu ilgesinde yumusak kat hasari ve toptan gocme
sonrast vatandaslar tarafindan yiiriitiilen arama kurtarma faaliyetleri

Kirikhan ve Hassa’da yiiriitiilen saha ziyaretlerinde bolgede gozlemlenen bina hasarlarinin
afet bolgesinde hakim olan hasar dagilimina benzer bir egilim gosterdigi belirlenmistir.
Betonarme binalarda yumusak kat hasar1 disinda farkli tipte tasiyici elemanlarda ve dolgu
duvarlarda agir hasarlar goézlemlenmistir. Sahada yiiriitiilen ¢aligmalarda toptan gdé¢me
sonucu onemli kayiplar yasanmistir (Sekil 25a).

T = T aasa AR
Sekil 22 - Hassa bélgesinde (a) toptan gocmeye maruz kalmis bina (b) yumusak kat hasar
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Sekil 23 - Hatay i Kirikhan ilgesinde yumusak kat hasari ve binalarda toptan gé¢me

Kirikhanda vyiiriitiilen saha ziyaretlerde afet bolgesinin genelinde gozlemlenen hasar
dagilimina benzer bir dagilimin ortaya ¢ikt181 belirlenmistir. Betonarme binalarda yumusak
kat hasar1 disinda farkli tipte tasiyict elemanlarda ve dolgu duvarlarda agir hasarlar
gozlemlenmistir (Sekil 24).

Sekil 24 - Hatay Kirtkhanda yumugak kat hasari ve toptan gégmeye maruz kalan binalar

Hatay’in Samandag il¢esinde yazarinda igerisinde bulundugu saha inceleme ekibi tarafindan
yiiriitiilen detayli incelemelerde hafif hasarli olarak smiflandirilmis yapinin yaninda yikilan
yapinin yaratmig oldugu kiris hasar1 Sekil 25’te gdsterilmistir.
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Sekil 25 - Samandag il¢esinde hafif hasarli binanin (a) én cephesi ve (b) yan parselde yer
alan binanin ¢arpmasi sonucu arka cephesinde yapisal elemanlarda olusan hasarlar

Sekil 26 - (a)Asmolen déseme hasari (b) Yapisal diizenleme sonucu olusan kolon hasar

Doésemeler diizlem igi davranis agisindan yeterli dayanima sahip olurken deprem yiiklerinin
diisey tasiyici elemanlara tasinmasi ve dagitilmasinda Onemli rol {istlenen yapisal
elemanlardir. Deprem bolgesinde yayginca kullanim alani bulan déseme tipleri arasinda
yaygin kullanilan asmolen dosemeler yer almaktadir. Asmolen dosemeler zayif baglantilara
sahip olmasi yaninda kat seviyelerinde yapim tekniginden dolay1 ince 5-7 c¢cm araliginda
doseme kalinligina sahip ve diizgiin yiik transferi igin gerekli olan yeterli diizlem i¢i dayanim
kosulunu saglamakta problem yaratan sistemlerdir. Saha gozlemlerinde asmolen déseme
kaynakli hasarlar yayginca gozlemlenmistir. Bolgede yer alan gekirdek perdelerin
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kullanildig1 binalarda asmolen déseme tabir edilen disli désemelerin kullanimindan dolay1
perdelerin ¢evrelerinde ciddi hasarlar gdzlemlenmistir. Deprem yonetmeliginde her ne kadar
tek dogrultuda calisan asmolen dosemelerin kullanimi belirli kosullara bagli olarak
sinirlandirilmig olsada iki dogrultulu dosemelerde halen pratikte insaat sektoriinde yaygin
kullanim alan1 buldugu deprem bolgesinde de gozlemlenmistir. Asmolen dosemelerde ayrica
dar kolonlara genis kiriglerin oturtulmasina ¢alisilmasinin yaratmis oldugu olumsuz durumlar
gozlemlenmistir. (Sekil 26). Gaziantep Nurdag ve Islahiye bolgelerinde déseme hasarinin
gozlemlendigi binalarda ayrica asma katin yaratmis oldugu olumsuzluklar goze
carpmaktadir.

Dogru bir sekilde diizenlenmemis tasiyicit sisteme sahip binalarda perdeler ve kolonlar
tastyici cergevelerde gelisi glizel olarak yerlestirilmekte ve diizgiin bir aks yerlesimine sahip
olmayan yapisal sistemler ortaya ¢ikmaktadir. Ayrica kolonlarin uzun kenarlarmin genellikle
belirli bir dogrultuya baktig1 binalarda benzer hasar egilimleri gozlemlenmistir (Sekil 26b).

4.2. Hastane Hasarlan
4.2.1. Betonarme Hastane Binalari

Depremden sonra enkaz altindan c¢ikarilan ve depremde yaralanmalar gegiren insanlarin
kurtarilmasinda saglik hizmetlerinin eksiksiz verilmesi ve hastanelerin islevselligini
korumasi sayesinde saglanabilir. Bu yiizden depreme dayanakli hastane binalariin tasarimi
icin bina 6nem katsayist konut tipi yapilarin bir buguk kati olarak deprem yonetmeliginde
yer almaktadir.

Yiriitiilen saha incelemelerinde bolgede bulunan geleneksel yontemlere gore insa edilmis
olan Kahramanmaras, Antakya ve Iskenderun illerinde bulunan 6zel hastanelerin birgogu
ileri seviyede hasar veya gogme bolgesi performans seviyesine ulagsmis oldugu belirlenmistir.
Kahramanmarag bolgesinde yer alan 6zel hastanelerden Megapark ve Vatan hastaneleri
depremin en kritik saatlerinde almis olduklar1 yapisal ve yapisal olmayan hasarlardan dolay1
kullanilamaz hale gelmistir (Sekil 27). Okuyucu daha detayli resimler ve hasar
degerlendirmesi i¢in yazarin Hastaneler hakkinda yayinlamis oldugu yayinlara bagvurabilir.
Agir hasar alan illerden biri olan Kahramanmaras’ta bircok 6zel hastane agir hasar alip
hizmet veremezken tarihsel siirecte sehrin eski yerlesim yerlerinden olan Oniki Subat ilgesi
Mimaroba’da insa edilmis olan Kahramanmaras Necip Fazil Sehir Hastanesi Kadin Dogum
ve Cocuk Ek Hizmet Binasi ve Kadin Dogum ve Cocuk Hastaliklar1 Hastanesi ilk
miidahalelerin yapildigi hastaneler olmustur

Erzin bolgesinde konut tipi yapilarda afet bolgesi ilan edilen diger illere gore hasar sinirh
seviyelerde kalmasina ragmen Erzin Devlet Hastanesinde ortaya ¢ikan yapisal olmayan
eleman hasarlar1 hastanenin deprem sonrasindan islevselligini kaybetmesine neden olmustur.
Geleneksel hastane binalar1 arasinda olan Erzin ve Mustafa Kemal Universitesi Arastirma
Hastanesinde gozlemlenen yapisal hasar yaninda yapisal olmayan hasarlar geleneksel
yontemlere gore tasarlanmis bu iki hastanede islevselligin kaybina neden olmustur. Bu iki
hastanede hastalar depremin ilk giiniinde kurulan sahra hastanesine tasinmuslardir. Islevsellik
kaybina ugramis olan Mustafa Kemal Universitesi Arastirma Hastanesi ve Erzin Devlet
Hastanesi herhangi bir yikimin ortaya ¢ikmamasindan dolay1 deprem yalitimli Hatay Dortyol
Hastanesi ile birlikte acil miidahale anlaminda 6nemli bir yiikii iistlenmistir. Hastanelerde
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gozlemlenen yapisal hasarlardan ¢ok yapisal olmayan hasarlar ve ¢alisanlarin deprem sonrast
icerisinde bulunduklari psikoloji nedeniyle depremin ilk haftasinda hastane personeli sahra
hastanelerinde hizmet vermeye devam etmistir. Erzin Hastanesinde kurulan sahra hastanesi
su anda konteyner hastane olarak bir doniisiim yasamustir (Sekil 28).

Sekil 27 - 6 Subat Pazarcik depreminden sonra kullanilamaz hale gelen (a) Megapark ve
(b) Vatan Hastaneleri

Sekil 28 - Erzin Devlet Hastanesi (Sol) ve Mustafa Kemal Universitesi Egitim Arastirma
Hastanesi
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4.2.2. Deprem Yahtimli Hastane Binalar:

Deprem yalitim sistemleri 1970 yilindan bu yana teknolojinin gelistiricilerinden olan iilkeler
arasinda yer alan Japonya, Amerika, Italya ve Yeni Zelanda’da yaygm kullanim alani
bulmustur [28]. Ulkemizde ise son yillarda kullanini Saglhk Bakanligmin almis oldugu karar
dogrultusunda 100 yatak veya tizeri insa edilecek hastane binalarinda deprem yalitiminin
uygulanmasi sarti ile artig gostermistir [29]. Deprem yalitim sistemleri tek bir tip cihazin
farkli boyut ve 6zelliklerde veya birkag tip farkli yalitim cihazinin birlikte kullanilmasi ile
uygulamada kullanilabilir. Deprem bdlgesinde yer alan hastanelerde biri yerli olmak {izere
¢ farkl: iiretici tarafindan 11 hastane binasinda deprem yalitim teknolojisinin uygulandigi
belirlenmistir. Deprem yalitiml1 hastanelere ziyaretler gergeklestirilmistir (Sekil 29). Ziyaret
edilen deprem yalitimli hastane binari arasinda bazilari insa asamasinda olan yapilar yer
almustir (Sekil 30). Bolgede meydana gelen depremleri deneyimlemis bu hastanelerin deprem
performanslart da incelenmistir. Tiim hastanelerde sarkag tipi siirtiinmeli deprem yalitim
cihazlart kullanilmigtir. Toplamda 10 hastanede siirtiinme ylizeyi sayisi iki olan cihazlar
kullanilirken sadece Adana Sehir Hastanesinde dort ylizeyli siirtinme tipi sarkag¢ cihaz
kullanilmistir. Adana Sehir hastanesi bolgede yer alan en ¢ok yatak kapasitesine sahip saglik
tesisidir. Adana’nin diger afet bolgesinde yer alan Hatay, Kahramanmaras ve Gaziantep’e
nispeten daha az etkilenmesinden dolay1 agir hasarin odaklandigi sehirlerden Adana ve
Kayseri’ye hasta transferleri gerceklestirilmistir.

Malatya Battalgazi, Hatay Dortyol ve Elbistan Devlet Hastanesinde kullanilan ¢ift yiizeyli
siirtiinme tipi sarka¢ deprem yalitim cihazlar1 basarili uygulamalari ile hasarin kozmetik
seviyelerde kalmasina neden olmustur (Sekil 31). Fakat Dogangehir ve Malatya Kadin
Dogum Hastanelerinde yeterli sismik boslugun saglanmamasindan dolay1 binalarda yapisal
olmayan hasarlar ortaya ¢ikmistir.

Sekil 29 - Afet Bélgesi ilan edilen illerde ziyaret edilen deprem yalitimli hastanelerin
verleri ve ana sok olarak tamimlanan Subat 2023 depremlerine gore haritalandiriimasi
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Deprem Yalitimli Binaj
insaat Alanie = \

Sekil 30 - Kahramanmaras ilinde insast devam eden deprem yalitimli hastane binasinin
inga siireci( Fotograflar TIS firmasi izniyle firmanin proje kataloglarindan ve uydu
goriintiilerinden alinmistir)

Sekil 31 - Malatya Battal Gazi(Sol), Hatay Dértyol (TIS firmaswun izni ile resimler proje )
ve Elbistan Deviet Hastanesi (Drone resimleri Kahramanmaras Valiliginin izni ile
websitesinden alinarak kullamilmistir)

4.3. Tescilli Kiiltiir Varh Statiisiinde Yapilarda Ortaya Cikan Hasarlar

Gaziantep kalesi depremin ilk giiniinde konumundan dolayi hasar durumu kolaylikla
gozlemsel olarak tespit edilen kiiltlir varliklarindan bir tanesi olmustur. Yerel halk ile
yiiriitiilen gériismelerde hasarin agirlikli olarak restorasyon ve yenileme galigmalar1 yapilan
bolgelerde ortaya ¢iktigi belirlenmistir (Sekil 32).

Sekil 32 - Gaziantep Kalesi depremlerden sonra yaganan hasarlar

Hatay ili siirlart igerisinde ge¢cmisten giiniimiize tarihe 151k tutan bir ¢ok tescilli ve Kiiltiir
Bakanlig tarafindan tescil edilmeyi bekleyen bir¢ok yap1 depremde agir hasar gormiistiir.
Kiiltiir varliklar ile ilgili Hatay’da hasarin yogunlastigi bolgelerden bir tanesi Kurtulus
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Caddesidir. Kurtulus Caddesinde ana yol disinda arka sokaklara erisim yigma binalarin
toptan gogmesinden dolay1 saglanamamistir (Sekil 33).

Ny . " - AN

Sekil 33 - Antakya Kurtulus Caddesinde tescilli kiiltiir varkliklarinda yigma yapi hasarlart

4.4. ibadethanelerde Gozlemlenen Hasarlar

Birgok depremde gozlemlendigi gibi narin yapisal sistemler olan cami minareleri ve tastyici
ve tastyici olmayan yigma duvarlar hasarlari depremlerin ve art¢ilarin bityiikliiklerinin etkisi
ile Hatay Hassa, Kahramanmaras ve Gaziantep illeri smirlarinda ibadethanelerde
gozlemlenmistir (Sekil 34).

Sekil 34 - Ibadethanelerde gozlemlenen tasiyict ve tasiyict olmayan yigma duvar hasarlart
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4.5. Ulastirma Aglarinda Ortaya Cikan Hasarlar

Deprem bolgelerinde acil miidahalenin yapilabilmesi i¢in sehirler arasinda baglanti yollari
ve kopriiler afet bolgesi igin sehirlerin can damarlarint olusturmaktadir. Depremin ilk
giinlerinde iist gegit olarak kullanilacak koprii tabliyesinin yolu kapatmasi ve karayollarinda
deprem sonrasinda olusan hasarlardan dolay1 ulasimda aksamalar meydana gelmistir (Sekil
35).

Sekil 35 - Karayollarinda depremin ilk giinlerinde ortaya ¢ikan deprem hasari

4.6. Deprem Sonrasi Yapilan Geoteknik Degerlendirmeler

Sivilagsma Adiyaman Gélbast ve Hatay’1n Iskender’un ilgesinde 6zellikle Atatiirk Bulvari ve
Cay mahallelerinde kum kaynamalari seklinde gozlemlenmistir. Limanda ayrica
gdzlemlenen su tagkini, boru hatlarinda yasanan 6nemli hasarlarda alt yap1 hizmetleri ile ilgili
kesintiler ve salgin hastalik riski yaratmistir. Adiyaman Golbasinda yerel zemin kosullar
nedeni ile yasanan yapi temellerinde rijit donmeler nedeni ile ortaya ¢ikan bina hasarlar1 géze
carpmaktadir. Bolgede yer alan Kay1 Apartmaninda gézlemlenen rijit donme nedeni ile diger
bir binanin iizerine yatmasi ile 6 Subat deprem ¢iftinin yasandigi bolgede geoteknik agidan
onemli sembol bina hasarlarindan olmustur (Sekil 36). Bolgede yer alan binalarda dikkatli
incelemeler ve dlgiimler 15181nda birgok binada zemin kaynakli donme ve oturmalara bagl
hasarlarin ortaya ¢iktig1 gézlemlenmistir. Yan yatan ve agir hasarli binalarin yikim islemleri
Adiyaman Goélbast bolgesinde bu galisma yayin siirecindeyken devam etmektedir.

Iskenderun Bélgesinde liman tarafinda yasanan su taskini ve yerel zemin kosullar1 nedeni ile
kanalizasyon sisteminde ortaya ¢ikan hasarla kanalizasyon atiklarinin suya karismasinin
olumsuz etkileri gozlemlenmistir (Sekil 37).
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Sekil 36 - Adiyaman ilinde yerel zemin kosullarina bagl ortaya ¢ikan hasar ve
oturmalar(Anadolu Ajanst)

Sekil 37 - Iskenderun’da konteyner bélgesindeki baslayan yangin ve Iskenderun limaninda
olusan su taskini

4.7. Endiistriyel Yapi Tesislerinde Gozlemlenen Hasarlar

Deprem sonrasinda bolgede yer alan endiistriyel tesisler belirli bir siire ile ¢aliganlarinin veya
calisan yakinlarinin kaybindan dolayir Antakya ve Kahramanmaras Organize Sanayi
bolgelerinde iiretime ara vermek zorunda kalmistir. Celik yap1 sistemlerinde Antakya (Sekil
38). Yapisal hasar disinda yapisal olmayan ekipmanin hasar goérdiigii ve fabrikanin ekipman
kaynakl1 iiretime ara verildigi tespit edilmistir. Kuru tahil silolar1 ve sivi yag silolarina sahip
firmalarda depolama tanklarinda goriilen farkl: tipte hasarlar tespit edilmistir (Sekil 39).
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Sekil 38 - Antakya OSB icerisinde yapisal sistemi ¢elik olan hasarsiz iiretim tesisi ve
depremde elemanlari hasar almis olan precast endiistriyel tesis

Sekil 39 - Endiistriyel tesislerde silolar ve prekast elemanlarda gozlemlenen deprem
hasarlari

5. SONUC

Tiirkiye depremselligin yiiksek oldugu bir cografyada yer almasindan dolayr 1939’dan bu
yana yasamis oldugu biiyliik depremlerde 6nemli kayiplar yasayan bir iilkedir. Bir deprem
ilkesi olmanin sorumlulugu ile dogru tasarim ve denetim mekanizmalarindan ge¢mis
depreme dayanikli yapilarin bu cografyada insa edilmesi bir zorunluluk olarak karsimiza
¢ikmaktadir. Merkez iissii Pazarcik ve Elbistan olan ve ard1 sira meydana gelen depremlerin
ortaya ¢ikardigi deprem senaryosu, bugiine kadar iizerinde ¢alisilmis tehlike ¢alismalarina
gore beklenen depremin tizerinde bir biiytikliikte ve karmasik kaynak 6zelliklerinde meydana
gelerek biiyiik can ve mal kayiplari ile sonuglanmuistir.
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Yapisal tasarimda mimari ve ticari kaygilarla, mithendislik 6ngoriisiinden uzak sadece
program ¢iktilarindan ve deprem yonetmeligi sartlarini tam anlamiyla anlamadan
hareket eden, miihendislik muhakemesinden uzak yapisal tasarimlara odaklanmak,
depreme dayanikli yapi tasarimi ilkelerini gozardi edilmesine ve projelerin yetkin
olmayan miihendisler tarafindan yapilmasina neden olmustur.

Gelismis tlkelerde uygulanan yetkin miihendislik yasasinin eksikligi ve denetim
mekanizmasinda yasanan sorunlar bolgede insa edilmis olan binalarin statik ve mimari
projelerinde giin yiiziine ¢ikmistir.

6 Subat depremlerinde beklenenin iizerinde can kayiplari ve yapi hasarlarinin ortaya
cikmast gercek bir laboratuvar olarak islevsellige sahip deprem bdlgesinde Snemli
dersler cikarilmasmi saglamistir. Ortaya g¢ikan hasarlar kaynak ozellikleri, enerjinin
yayilimi, yapisal sistem sorunlari, yerel zemin kosullart gibi birgok etkinin bir araya
gelmesi ile yapilarin toptan gdogmesine veya ileri hasar seviyelerine ulasmasina neden
olmustur.

6 Subat 2023 depremlerinde yasanan aci kayiplar ayrica sehir planlanmasi, yapisal
sistem tasariminda mimarlar ve mithendilerin iletisimi, projelerin insa siirecinde bu iki
meslek grubunun etkilerini, sahada denetim siireci ve onay asamasinin da iginde
bulundugu tiim paydaslarin rollerinin karar verici mekanizma tarafindan yeniden
degerlendirilmesi gerektigini gdstermistir.

Bu ¢alisma kapsaminda yapisal sistem hasarlari incelendiginde yonsellik, atim, deprem
kaydmin igerdigi itkiler, depremin siiresi, betonarme binalarda basit detaylandirma
problemleri, diisiik kaliteli malzeme kullanimi, denetim ve lisanslama problemleri olarak
Ozetlenebilir.

6 Subat depremleri kaynak ozellikleri ile yiizlerce istasyondan alinan deprem kayitlari
yardimryla ile diinya literatiiriine 6énemli katkilarda bulunurken, ¢oklu fay kirilmasi,
¢oklu deprem etkisi ve tek depreme gore yiiriitiilen siinek tasarim ilkelerinin bolgesel
bazda degerlendirilmesi gercegini ve spekral parametreler diginda hizin dinamik
davranisa katkisinin parametrik etkilerinin iliskilendirilmesi agisindan miihendislik
camiasina 6nemli sorular1 giindemi tagimustir.

6 Subat deprem ¢ifti ve sonrasinda bdlgede yasanan sismik aktivitede deprem yalitimli
hastaneler gelencksel binalara gore uygulama hatalarina ragmen {istiin performans
gostererek pasif kontrol sistemleri anlaminda toplumun artan ilgisi ile daha giivenli ve
depremlere direngli bir yapiya erisilmesinde etkin rol oynayabilecegini kanitlamistir.
Bolgede toplamda 11 deprem yalitimli hastane, saha incelemeleri sirasinda ziyaret
edilmistir. Deprem yalitimli hastane binalarinda yaliim sisteminden bagimsiz olarak
sahada yapilan uygulama hatalarindan dolay1 yapisal olmayan elemanlarda hasarlar
gozlemlenmistir. Yapisal olmayan hasarlar deprem yalitimli hastanelerin deprem
sirasinda en ¢ok ihtiya¢ duyulan zamanda tam kapasite ¢calismasinin oniinde bir engel
yaratarak, islevsellik kaybina neden olmustur.

Giuglii yer hareketi istasyonlarinda kaydedilen Kahramanmaras depremlerinden elde
edilen yer hareketleri ¢ift yonli yirtilmanin yaratmis oldugu oldukga karmasik bir yapiya
sahiptir. Tirkiye Deprem Tehlike Haritalarindan elde edilen tasarim spektrumu ve 6
Subat depremlerinde 200’{in iizerinde AFAD istasyonunda kayit altina alinan ivme
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kayitlartyla davranis spektrumlari kiyaslandiginda spektrumun sabit hiz bdlgelerinde
pratikte kayit seciminde beklenilen yatay ivmelerin 2/3 katinin iizerine ¢ikildigi
gozlemlenmistir. Yer hareketi kayitlarinin itki icerigi ve yliksek degerlere sahip diisey
bilesenleri hasarin artmasinda ve hasarli binalarin yikilmasinda etkin rol oynamaistir.
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ABSTRACT

In this study, frictionless receding contact problem of two elastic layers which one is
functionally graded material (FGM) resting on a Pasternak foundation is considered. The
external load is applied to the homogeneous elastic layer by means of a circular rigid block
and the functionally graded layer rests on a Pasternak foundation. The effect of gravity forces
is neglected, and only compressive normal tractions can be transmitted through the interfaces.
Displacement and stress expressions for the layers are obtained using the theory of elasticity
and integral transformation technique. By applying the boundary conditions for the problem,
reduced to two integral equations in which the contact stresses and contact lengths are
unknown. The system of integral equations is numerically solved by making use of
appropriate Gauss Chebyshev integration formulas. The equilibrium conditions are satisfied
in the solution and the contact stresses and contact distances related to the problem are
obtained for various dimensionless quantities.

Keywords: Contact problem, functionally graded material, Pasternak foundation.

1. INTRODUCTION

In everyday life, objects are commonly in contact with one other, resulting in displacements
and deformations within these objects. To calculate these displacements and deformations,
the field of mechanics has transformed such objects into ideal problems that can be solved.
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A Receding Contact Problem of Two Layers one of Functionally Graded, Loaded by ...

In the literature, these issues are commonly referred to as contact problems. Throughout
history, numerous contact problems requiring complex and lengthy procedures in various
geometries have been studied by numerous researchers.

The contact of a layer resting on an elastic half-plane and loaded by a rigid circular block
was examined by Dhaliwal [1]. The problem was reduced to a Fredholm integral equation
and was solved using power series and numerical methods. The frictionless contact problem
of an elastic sheet resting on an elastic half-plane with a spring load applied to the entire
surface except for a specific length of the sheet was investigated by Keer and
Chantarammungkorn [2]. The contact situation of the elastic layer pressed against a block
with different profiles was addressed by Ratwani and Erdogan [4]. Both frictional and
frictionless contact of a layer resting on an elastic half-plane and loaded from above by a
rigid flat block were explored by Cakiroglu [5]. A contact problem for an elastic layer
supported by two elastic quarter planes was analyzed by Aksogan [6]. The contact problem
of a composite layer consisting of two elastic beams resting on an elastic base according to
the theory of elasticity was solved by Birinci and Erdél [7]. The contact problem involving
two infinite elastic layers resting on the Winkler foundation and subjected to symmetrical
distributed loads was studied by Birinci and Erddl [8]. Frictionless double contact problem
for two elastic layers which the lower one is entirely bonded to a rigid support was
investigated by Comez [9]. A double receding contact problem involving a rigid stamp and
two layers was explored by Comez et al. [10]. The plane problem of a frictionless receding
contact between an elastic functionally graded (FG) layer and a homogeneous half-space
when the two bodies were pressed together was investigated by El-Borgi ef al. [11]. A
frictionless receding contact problem between an anisotropic elastic layer and an anisotropic
elastic half plane, with both bodies pressed together by means of a rigid circular stamp, was
analyzed by Kahya ef al. [12]. The frictionless contact problem of two elastic layers with
different elastic properties and heights, resting on two homogeneous, isotropic, and
symmetric elastic quarter planes according to the theory of elasticity, was examined by
Yaylact and Birinci [13]. A contact model between a homogeneous half-space with a linearly
graded layer and a rigid punch was examined by Chen and Chen [14]. The plane problem of
a smooth double receding contact between an FG layer and an elastic layer when pressed
together was studied by Yan and Li [15]. The moving contact problem for a rigid cylindrical
punch and a functionally graded layer was solved by Comez [16]. Continuous contact on a
functionally graded layer was analyzed using the finite element method by Polat et al. [17].
The plane contact problem based on the theory of elasticity following indentation into an
elastic transversely isotropic half-plane with a transversely isotropic FG coating using a non-
deformable punch with a flat base was examined by Vasiliev et al. [18]. The discontinuous
contact problem between a functionally graded (FG) layer, loaded symmetrically with a point
load P through a rigid block, and a homogeneous half-space was addressed by Oner and
Birinci [19]. The quasi-static frictional contact problem of a rigid rounded punch sliding over
a bi-directionally graded half-plane within the framework of plane strain elasticity was
examined by Arslan [20]. A method for determining the parameters of the exponentially
varying shear modulus of an FG half-space was proposed by Zelentsov et al. [21]. The effect
of punch speed on frictional contact mechanics of finite-thickness graded layer resting on the
rigid foundation researched by Balci [22]. A double receding contact problem of a
functionally graded layer and a homogeneous elastic layer resting on a Winkler foundation
was investigated by Birinci et al. [23]. Contact analysis of an elastic layer supported by a
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wedge in plane was investigated by Bakioglu ef al. [24]. The problem was formulated with
closed-form integral equations. An analysis of a contact problem using analytical, finite
element method (FEM), and multilayer perceptron (MLP) approaches was conducted by
Yaylact ef al. [25]. The main objective of this study was to assess the applicability of MLP
analysis for the frictionless contact problem of an FG layer bonded to a rigid foundation. An
analytical approach to solving the continuous and discontinuous contact problems of a
functionally graded (FG) layer subjected to a distributed load was proposed by Adiyaman et
al. [26]. The problem was analytically solved by applying boundary conditions for both
continuous and discontinuous contact cases.

In this paper, the frictionless contact problem of two infinite layers resting on a Pasternak
foundation and loaded by a circular rigid block is considered according to theory of Elasticity.
The layers have different material properties and heights, with the upper layer being
homogeneous and the lower layer functionally graded. The problem is assumed that contact
along the interface is frictionless, and the effect of gravity force is neglected. By applying the
boundary conditions for the problem, reduced to two integral equations in which the contact
stresses and contact lengths are unknown. Solving the integral equations numerically by
using appropriate Gauss Chebyshev integration formulation, and the contact stresses and
contact lengths are investigated for various dimensionless values in the problem.

1.1. Formulation of the Problem

Consider the receding contact problem between a homogeneous elastic layer and an FG layer
resting on a Pasternak foundation and loaded by a circular rigid block, as shown in Fig.1.

Fig. 1 - Geometry and loading of contact problem.

Observing that a circular rigid block with radius R transmits a concentrated normal force to
a homogeneous layer of thickness h,, and an FG layer of thickness h, rests on a Pasternak
foundation having an elastic spring constant k, and G Pasternak foundation moduli.
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The circular rigid block and homogeneous layer are in contact with each other on the interval
(-a, a), and the homogeneous layer and FG are in contact with each other on the interval (-b,
b). The thickness in the z-direction is unity. For the graded layer, the material was modeled
as an inhomogeneous isotropic material with a gradient oriented along the y direction. The
Poisson’s ratio, v, , was assumed constant, and the shear modulus, pu,, depended on the y-
coordinate only and is expressed as the following exponential function:

Uy = ﬂo-eﬁy' (=h, =y <0), (1

where (i is the shear modulus on the top surface of the FG layer (for y = 0), and f8 is the
stiffness parameter controlling the shear modulus variations in the graded medium. For the
homogeneous layer, the shear modulus and Poisson’s ratio are, y; and v;, respectively.

It is assumed that the contact surfaces are frictionless and only compressive normal tractions
can be transmitted through the contact interfaces. Observing that x = 0 is a plane symmetry,
it is sufficient to consider the problem in the regions (0 <x < o).
The displacement u(x, ), v(x, y) and stress components g, (x, y), g, (x, y) and 7, (x, y) for
the layers have been obtained using the basic equations of FElasticity and the Fourier
transform techniques as follows [27]:

For the homogeneous layer;
u () = 2 [[(Ay + A29) 7 + (As + A,y) sin(éx) dé (2a)

viCey) = 27 {141+ G2+ 0Ale ™ + =43+ (F = 1)AJe?feos(Ex) df (2b)

3—-K1

iaxl(x;}’) = %fom{[f(fh + A,y) — ( . )Az] e~ + [E(A3 + A+
(3—;1) A4] efy] cos(éx)dE  (2¢)

Ky +1

0, (0 y) = 2[5+ A0y) = () o] e + | —64s + 400) +
(k12+1) A4] efy} cos(&x)dé (2d)

-1

%mtxyl(x’ )= %fow{[_f(“ll +4zy) — ( . )Az] e s + [§(A3 +Ay) —
(Klz_ 1) A4] e’ } sin(§x)dé  (2e)

For the FG layer;
up(r,y) = = 7 T4, Bye i sin(§x) d§ (32)
v (x,y) = = [ L4y Bmye s cos(éx) dé (3b)
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0 () = 2 (254 B[(3 — kiymym + EGy + D]e” cos(§x)d (30)
0y, () = 29 [ 54| B Cesi cos(§x)d (3d)
Tay,(%,Y) = Zuoeﬁyf Y3.1B;Dje’i” sin(§x)d¢ (e)

where A, Bj(]' =1,...4) are the unknown functions which will be determined from
boundary conditions prescribed on y = h;,y =0 and y = —h,. k; = — for plane stress

and k; = 3 — 4v; for plane strain. C;, D, m; and s; (j = 1,...4) in the equatlons for the FG
layer are as follows:

C; =[G, + Dmysj + E(3 — k3)] 4)
Dj = [s; — &my] (5)

— (3B+25j—BK2)[5;(B+5) (k2 +1)—§2 (k2 +3)]
J §[482-B2(12-3) (12 +1)]

s1=—§<ﬁ+J452+ﬁ2 4€pi jf;) 2=—§<ﬁ—J452+ﬁ2 a¢pi [ f;) (7a)
s3=—§<ﬁ+J4fZ+BZ+4EﬁL jf;) 4=—§<ﬁ J462+ﬁ2+4€m e f;) (7b)

(6)

1.2. Boundary Conditions and Integral Equations

The contact problem must be solved under the following boundary conditions:

tem= [P 1 0Zx20)
Tuys (5, hy) = 0, (0 < x < ) (8b)
=[P 0Zx2)
a,,(x,0) = a,,(x,0), (0 < x < o) (8d)
Tuy, (%,0) = 0, (0 < x < o) (8¢)
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Tuy, (%,0) = 0, (0 < x < o) (8f)
gy, (x,—h3) = kov,(x, —hy) — GM (0 < x < ) (82)
Tay, (6, —h) = 0, (0<x<w) (8h)

= [y (x, hy)] = 22 (O<x<a) (8i)
2 [1,(x,0) — v,(x,0)] =0, (0<x <b) (8))

The equilibrium conditions of the problem are written as follows:

[ py(ydx =P, [ p,(x)dx = P )

Here, a and b are the half contact lengths between the circular rigid block and homogeneous
layer, and between the homogeneous layer and FG layer, respectively; p, (x) and p,(x) are
the primary unknown contact pressures on the contact surfaces; k, and G are the Winkler and
Pasternak foundation moduli, P represents the singular load applied through the circular rigid
block. F(x) is a known function denoting the profile of the circular rigid block and is
expressed as follows:

F(x) =R+ h, +§ — (R? —x?)% (10)
Derivative of this function with respect to x,

JF (x x x
% = e = R>»x (11)
In these expressions, § is the maximum vertical displacement of the layer on the symmetry
axis and R is the radius of the circular block. Using the boundary conditions in Egs. (8a-8h),
the unknown coefficients A;, B;(j = 1, ....4) appearing in equations (2a-3e) are determined
in the terms of the primary unknown contact pressures, p; (x) and p,(x). Thus, the stresses
and displacements can be expressed depending on the unknown contact pressures.

The unknown contact pressures, p,(x) and p,(x) are determined from the mixed
conditions in Eqs. (8i-8j), which have not yet been satisfied. After some routine manipulations
and using the symmetry property, these mixed conditions gave the following system of
integral equations depending on p; (x) and p,(x).

f p1(t1) {F1(x1't1) K1+1[ - 1]}dt1 +%f_bb P2 (t2) F(xq, t2)dt; Zﬁ (11a)

t1—x

Ky +1

2 ()T O tr) dty +2 7 py(6) {Ta G ) = Ty (ra, 12) + [ 11y
) ()}t =0 ()
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Integral kernels as given F;, F,,T;, T, and T3 have not been included in the paper due to the
extensive and intricate nature of their expressions.

1.3. Numerical Solution of the System of Integral Equations

Dimensionless quantities can be introduced to simplify the numerical solution to integral
equations,

s1 =x1/a S, =b/x, (12a)

Tl = tl/a, TZ = tz/b (12b)

Gi(r) =2pi(t),  Go(ry) =2p,(t2) (12¢)
=k =6

ky = o’ k, o (124d)

where k,, and k,, non-dimensional foundation moduli.

The normalized form of the integral Equations (11a-11b) and equilibrium conditions (9) may
be written as follows:

f_ll G1(ry) {hilF_1(Sl,T1) —far [ ! ]} dry ...

8uy Lry—sq

™ a/hy

b (1 T
et L Gy Py, ) = Sy 2

(13a)

= G )T (s m) dry .

...+f_1162(r2){h%(T_z(s2.r2)+T_3(sz,r2))+[("1“+ “2“)( ! )]}dr2=0 (13b)

8uug 8ug / \1z2-5;
a r1 b (1
h_f_l Gy(r)dn =1, h_f_l Gy(rp)dr, =1 (13¢)
1 1

Because of the smooth contact at the end points a and b, the contact pressures p, (x) and
p,(x) are zero at the edges. Thus, the integral equation (13) has an index of -1, and the
following expressions can be obtained [3]:

G (r,)=w (g (r,) wly)=0-nr)"®A+nr)", A=1,....,N) (14a)

G,(r,)=w,(,)g,(1,), Wa(r) = (1 —=1)"(1+1)%, (I=1,....N) (14b)
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where g,(r;) and g,(r,) are continuous and bounded functions in the interval [—1,1],
respectively. Using Gauss-Chebyshev integration formulas [3], equation (13) can be
converted to a system of algebraic equations as follows:

YL wig1i(rys) {%E(nlk'rli) e [ : ]}

8 Lryi—nik

b = w p1 a/h
o h_lzliv=1 W2iG2i (20 Fy (g 20) = 55027 T (15a)

N

a _

h_lz W1i91i (1) Ty (S2p, T14) oo
i=1

N
b — — Ki+1 Ky +1 1
+EW-g-(T-)—T(s ,12i) — Ts(Spp,120) ) + ( + )( ) =0
& 2iY2i \'2i hl(z 2k 20 3\°2k 21) 8[11 8[10 Toi — Sk

(k=1,....,N+1) (15b)
%Z?I:l Wiig1(r;)) =1(@(=1,....,N) (15¢)
hilzgv=1W2ig2(r2i) =1(G=1,...,N) (15d)

where 7; and s, are the zeros of the related Chebyshev polynomials and W;Vis the weighting
constant, expressed as follows:

1-17\ .
Wr=n(ZL)(i=1.....N) (16a)
T; = cos (ﬁ) i=1,..... ,N) (16b)
Sp = cos (gzﬁl) (k=1,.....N+1) (16¢)

It can be demonstrated that the (% + 1)-th equations in (15a) and (15b) are automatically

satisfied. Thus equation (15) 2N+2 algebraic equations to determine the 2N+2 unknowns,
namely g,(r1;), g.(r%;) (i = 1,.,N), a and b. The system of equations is linear in g, (ry;)
and g,(ry;), but nonlinear in a and b. Therefore, an iteration scheme should be used to
determine these two unknowns. This iteration scheme for the problem was created with a
code by using MATLAB program. Twenty Gauss points and Chebyshev function (N=20) are
used for the solution in the MATLAB code. Until the equilibrium conditions are satisfied,
iteration continue to verify the obtained contact stresses. Once the equilibrium conditions are
met with the desired precision, a solution is considered achieved. Figure 2 shows the
flowchart of the iterative MATLAB code.
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-
mitial estimations for unknown
contact distances (a, 5)

b
Solve Eq. (152-3b) for
Grpr o Gy A0 Gage e s oy

using 2N equations N
Verify
solution using falze Assume new values for

extra equations of
the problem
(13e-13d)

—| contact distances (=, b)

im

Solution done

Fig. 2 - Flowchart of the iterative algorithm

1.4. Numerical Results

This section presents numerical results and discussion for the contact pressures and contact
lengths at both interfaces of contact. Therefore, the effects of the different shear modulus
ratios of the layers (uo/u,) different radius of circular rigid block (R/h,), non-dimensional
Pasternak foundation parameter (k,) and different material properties (k;) the data obtained
from numerical applications are presented with the help of graphs.

Table 1 presents the number of iterations involving the equilibrium condition conducted to
achieve a solution for the receding contact problem. Iteration resultant the equilibrium
conditions should be equal to 1. Columns (1)—(4) of Table 1 correspond, respectively, to the

. . s . b

iteration number, value of the equilibrium condition (hi f_ll G, (r)dry, ™ f_ll G,(1y)dry),
1 1

the normalized receding contact length (a/hq, b/h;) and the relative error of the normalized

receding contact length between two successive iterations (E (%)).

Table 2-3 illustrates that for significantly high values of the spring constant in our study, the
foundation was assumed to be rigid and compared with a prior study conducted by Comez
[9]. As shown in the table, the results are consistent.
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Table I - Solution iteration of the receding contact problem including the equilibrium

condition for initial value af/hy = b/h; = 1.

1

wersiono. - tcl(rl)di alhy  EC%) ,% [ Grdrs bm E)
M @ ® @ @ o) @
1.0 1.0 1.0 1.0

1 -0.4556759 1.0000 -0.4583063 1.0000
2 -0.3024829 0.8922 -12.08 -0.3025341 1.5572 35.78
3 0.0331262 1.0986 18.78 0.0331247 1.7018 8.49
4 0.0004239 1.0802 -1.70 0.0004238 1.6904 -0.67
5 0.0000011 1.0799 -0.03 0.0000011 1.6903 0
6 0.9999999 1.0799 0 0.9999999 1.6903 0

Table 2 - Comparison of the half contact length (a/hy) between the values reported in the

literature and obtained in this study for various.
(hi/hy =2, py/pe =1, Ky = Kk = 2, ky, = )

100 250 500
H
P/h R/h =10 R/h =10 R/h =10
Comez (2003) 0.2202 0.1386 0.0978
This study 0.2204 0.1386 0.0978

Table 3 - Comparison of the half contact length (b/h,) between the values reported in the

literature and obtained in this study for various
c(hai/hy =2, pyfpe =1, Ky = Ky = 2,ky, = )

100 250 500
H
Plh R/h =10 R/h =10 R/h =10
Comez (2003) 1.2534 1.2446 1.2421
This study 1.2691 1.2599 1.2568

The reason for the 0.01 error rate in Table 3 is attributed to the stiffness parameter controlling

the shear modulus variations in the graded medium (Sh,) in the FG layer.
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Table 4-5 is compared with a previous study by Eytipoglu [28], where the stiffness parameter
of the FG layer is assumed to be homogeneous for a value of fh;=0.01 in our study. As
shown in the tables, the results agree.

Table 4 - Comparison of the half contact length (a/h,) between the values reported in the
literature and obtained in this study for various.
(hl/hZ = 1' HO/HI = 1) K1 =Ky = 2' kW = 1)

Bhy =0.01 R/h =10 R/h =50 R/ h =100
Eyiipoglu [28] 0.0975 0.2210 0.3173
This study 0.0980 0.2219 03177

Table 5 - Comparison of the half contact length (b/h,) between the values reported in the literature
and obtained in this study for various. (hy/h, =1, uo/t1 =1, Ky =k, =2, k,, = 1)

Bhy =0.01 R/h =10 R/ h =50 R /h =100
Eyiipoglu [28] 1.4454 1.4553 1.4684
This study 1.4450 1.4550 1.4680

Table 6, values of the half contact lengths are provided for various dimensionless values of
B and the ratio of the circular rigid block radius to (R/h,). In Figure 3, the values are
presented graphically.

Table 6 and figure 3 illustrates that as the radius of the circular rigid block increases, the
contact distances between the two contact surfaces also increase. Due to the FGM layer being
located at the lower part of the x-axis, an increase in the stiffness of the FGM layer leads to
an increase in the contact distance between the rigid block and the homogeneous layer, as
well as between the homogeneous layer and the FGM layer.

Table 6 - The variation of half-contact lengths with respect to values of circular rigid block
andﬁhl. (hl/hz = 1, ”1/“0 = 1, Ky =Ky = 2, kW = 1, kp = 1)

R/hy = 10 R/hy =50 R/h, = 100

Pl a/hy b/hy a/hy b/hy a/hy b/hy
1 0219854 | 1251549 | 0.500749 | 1323122 | 0.717755 | 1.413195
0.01 | 0220851 | 1332804 |0.510805 | 1.397999 | 0.741781 | 1.485439
1 0222252 | 1437649 | 0.525736 | 1.496970 | 0.778251 | 1.584113
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Fig. 3a - The variation of half-contact lengths (a/h,) with respect to values of circular
}"lgldblockandﬁhl (hl/hz = 1, /'ll//'lﬂ = 1, Ki =Ky, = 2, kW = 1, kp = 1)
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Fig. 3b - The variation of half-contact lengths (b/h,) with respect to values of circular
}"lgldblockandﬁhl (hl/hz = 1, /'ll//'lﬂ = 1, Ki =Ky, = 2, kW = 1, kp = 1)

Table 7 show the variation of half contact lengths for various non-dimensional Pasternak
foundation spring constant k,, and shear layer k,,. For very large values of the Pasternak
basic modulus (G), ky, is taken to infinity and the contact lengths are shown in Table 7 for
both contact surfaces.
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Table 7 - The variation of half-contact lengths with respect to dimensionless Pasternak
Jfoundation spring constant kw and shear layer kyvalues.

(hi/hy =1, p1/po =1, Ky =Ky = 2,Bhy = 0.01)
K k, =1 k, =5 k, =10
alh, b/h, alh, b/h, alh, b/h
10 0.219914 1.209245 0.219833 1.196974 0.219794 1.191304
100 0.219693 1.179251 0.219689 1.178665 0.219687 1.178266
o0 0.219661 1.174866 0.219661 1.174865 0.219661 1.174868

Figure 4a illustrates the distribution of contact stress along the contact distance between the
circular rigid block and the homogeneous layer for different dimensionless o/ values. In
Figure 4b, similar stress distributions are presented along the contact distance between the
homogeneous layer and the FG layer. Figure 5 illustrates the distribution of contact stresses
along the contact distance between the circular rigid block and the homogeneous layer, as
well as between the homogeneous layer and the FG layer. These distributions are observed
with respect to the increasing radius of various circular blocks (R/h4).
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Fig. 4b - Contact stress distribution
between homogeneous layer and FGM
layer for various values of 14 [l

Fig. 4a - Contact stress distribution between
circular rigid block and homogeneous layer
for various values of 1y [l
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Figure 6 illustrates the distribution of contact stresses along the contact distance between the
rigid block and the homogeneous layer, as well as between the homogeneous layer and the
functionally graded layer. These distributions are presented for varying values of the
Pasternak foundation parameter k,, within a specified range from zero to infinity.
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Fig. 7a - Contact stress distribution between Fig.7b - Contact stress distribution
circular rigid block and homogeneous layer ~ between homogeneous layer and FGM
for various values of ki and i, layer for various values of kyand K,

Figure 7 presents the distribution of contact stresses along the contact distance between the
rigid block and the homogeneous layer as well as the homogeneous layer and the functionally
graded layer. The variations in these distributions are observed for different values of material
properties.

The results of the study can be summarized as follows:

e  As the ratio po/pi increases, minimal variations are observed in contact stresses along
the contact distance between the circular rigid block and the homogeneous layer,
consistent with expectations. However, between the homogeneous layer and the FGM,
there is a reduction in the contact distance and a corresponding increase in contact
stresses.

e  With an increase in the radius of the circular rigid block, the contact distance between
the block and the homogeneous layer, as well as between the homogeneous layer and
the FGM, grows, leading to a decrease in contact stresses.

e As the value of Pasternak foundation moduli (kp) increases, contact stresses increase
and contact distances decrease. When compared with the study demonstrated in [23],
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the results indicate that the Pasternak foundation behaves more rigidly. Consequently,
contact distances decrease, leading to an increase in contact stresses.

e As the material properties (kq,k,) of the homogeneous and FD layer increase, the
contact distance increase and the contact stresses decrease.

e In this study, unlike previous studies in the literature, the FG layer was brought into
contact with the foundation and the results are presented in detail.

e The influence of the Pasternak foundation on contact problems has been demonstrated.

Symbols
a

b

P

F(x)
pi(x)
P2x)

Oy, Oy, Oy
Txyr Txzs Tyz
hi
h>

: Circular rigid block half contact length

: Half contact length between layers.

: Singular load

: A function defining the profile of a circular rigid block.
: Contact stress beneath the circular rigid block.

: Interlayer contact stress.

: Rigidity parameter.

: Shear modulus on the bottom surface of the FG layer

: Shear modulus of homogeneous layer

: Shear modulus of FG layer

: Material constant of homogeneous and FG layer

: Displacement components in X, y and z directions
: Normal stress components in x, y and z directions
: Shear stress components

: FD layer height

: Homogeneous layer height

: Total height of the layers

: Radius of the circular rigid block

: Non-dimensionless Winkler foundation moduli

: Non-dimensionless Pasternak foundation moduli

Note: Some symbols not given in this list are defined in the text where they are used.
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Flexural Experiments on B58 Type Railway Sleepers
with Different Dosages of Steel Fibers
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ABSTRACT

The flexural strengths and toughnesses of 15 post-tensioned B58 type railway sleepers
produced at the Turkish State Railroads Sivas Plant using C40 class concrete with addition
of hooked steel fibers at dosages of 0, 20, 30, 40, 50 kg/m* were experimentally determined.
Four-point flexural experiments were applied to them in one month after their production and
proper curing. Three cylindrical samples of 15x30 cm dimensions taken from the first and
the fourth batches apiece were subjected to standard compression tests with compressometer
rings mounted on each sample after having been cured in 21 °C water tank for 28 days,
resulting in their compressive strength and modulus of elasticity. Modeling a railway sleeper
as a post-tensioned reinforced-concrete beam, the maximum load it can resist in the
experimented configuration was calculated by the ultimate-strength method using its
dimensions and material properties. The experimentally-measured maximum load carried by
the reference sleeper without any steel fibers was found to be 1.34 times the theoretically-
calculated value, and the same ratio was found to be 1.59 for the sleepers having steel fibers
of 40 kg/m? dosage, accounting for an increase of 18%. And, the experimentally-measured
toughness of the sleepers with 40 kg/m? dosage steel fibers was found to be 23% greater than
that of the reference sleepers.

Keywords: Concrete railway sleepers, steel fibers, flexural strength, toughness.

1. INTRODUCTION

Addition of steel fibers to structural concrete with dosages of about 30 ~ 50 kg/m* improves
its crack behavior and its tensile strength by making it less brittle at the expense of a small
increase in its cost. There are standards, regulations and technical publications about steel-
fiber-added concrete [e.g. 1, 2, 3]. Experimental studies were done at the Civil Engineering
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Department of Erciyes University in 2000s about the effect of steel fibers on the flexural
strength of reinforced-concrete (RC) beams, RC box beams [4, 5], and on the bearing strength
of concrete sewer pipes [6]. Tangible improvements were observed in these elements using
standard hooked steel fibers [7] having a tensile strength of 1050 N/mm?, each having a
length of 60 mm and a diameter of 0.75 mm. Having been influenced by these positive results,
the same type of steel fibers were also tried in RC railway sleepers. They were produced as
post-tensioned precast RC beams of 240 cm lengths by Sivas Plant of Directorate General of
Turkish State Railroads (known by the acronym TCDD), as part of a M.Sc. thesis study [8].
Later, a few more experimental studies were done by other researchers about the effect of
steel fibers on various mechanical properties of prestressed RC sleepers [e.g. 9, 10, 11, 12,
13, 14].

The report by Weisheit and Metzler [9] presents the results of a comprehensive experimental
study which performed (1) compressive tests on 15 cm cubic samples, (2) four-point flexural
tests on RC sleepers produced with a hybrid combination of fibers of steel, of plastic, and of
glass as an admixture to high-strength concrete of C70 class, and (3) dynamic fatigue tests
on these sleepers. Significant improvements in cracking behavior and in flexural and fatigue
strengths were observed; however, no information about the cost of such modified sleepers
was given [9].

Sadeghi et al [10] did detailed static and dynamic tests on prestressed RC sleepers with
various amounts of a mixture of short and long steel fibers and different numbers of pre-
stressing steel wires whose results indicated that the use of hybrid steel fibers in the sleepers
led to tangible increases in their load-carrying capacity and flexural toughness while having
almost the same natural dynamic frequency and damping ratios as the conventional ones.
Sadeghi et al [10] concluded that such modified sleepers were more effective and cost
efficient for high-speed tracks when compared with the conventional ones.

Parvez and Foster [11] did flexural and fatigue experiments on eight prestressed RC sleepers
with steel fibers of dosages of 20 kg/m?® and 40 kg/m* and concluded that the cracking
behavior, the flexural and fatigue strengths of steel-fiber added sleepers improved; and, they
recommended the dosage of 40 kg/m? as its performance was better than that of 20 kg/m?.

Bae and Pyo [12] carried out flexural tests on post-tensioned RC sleepers produced by ultra-
high performance concrete with steel fibers added at dosages of 0.5%, 1%, 1.5% by volume
and recommended dosages of 1% and 1.5% for better flexural strength.

Wang et al [13] produced prestressed RC sleepers with four different combinations of steel
fibers, which had volumetric dosages of 0.5% straight plus 1.5% hooked, 1.0% straight plus
1.0% hooked, 1.5% straight plus 1.0% hooked, the diameters and the lengths of straight and
hooked fibers being 0.2, 13; 0.3, 22 mm. The tensile strength of these fibers were 2850
N/mm?. The dimensions of these fibers are much smaller than 0.75 mm and 60 mm and the
strength is much higher than 1050 N/mm? which are those of the hooked steel fibers used in
our study [8]. Compressive and split tensile tests on 15 cm cubic samples and three-point
flexural experiments yielded improved compressive, tensile and flexural strengths in all
combinations; yet, 1.0% straight plus 1.0% hooked combination slightly outperformed the
others, which revealed increases of 45% and 55% in compressive and flexural strengths as
compared to the reference concrete mixes used in sleeper production [13].
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In years 2021 and 2022, Cecen and Aktas published a few papers summarizing
comprehensive experimental and theoretical studies on innovative concrete railway sleepers
of the same dimensions as B70 type. Their developmental sleepers contained carbon-fiber-
reinforced polyurethane laminates embedded in them instead of the post-tensioned steel bars.
And, they asserted that these sleepers with no steel reinforcement bars had improved
peculiarities over prestressed RC B70 type sleepers produced at Sivas Plant of TCDD. Those
studies resulted in a novel patented non-prestressed product with a higher flexural strength,
a highly improved fatigue behavior, much smaller probability of resonance with moving rail
cars, smaller size crack formations, and much better damping ratios even after 50 cycles of
330 kN impact loadings than those of standard prestressed B70 type sleepers [15, 16, 17, 18,
19, 20, 21]. The post-tensioned steel tendons used in the conventional B70 sleepers are
imported while the carbon-fiber-reinforced polyurethane (CFRP) laminates are produced in
Tiirkiye. The cost of these new sleepers comprising CFRP laminates is just a little higher
than that of the B70 types, but, the benefits such as no steel reinforcement and hence no post-
tensioning, shorter manufacturing time, better fatigue strength, and longer service life will
outweigh the B70 type sleepers. Although this newly put forth L-CFRP sleeper was shown
to outperform the commonly used B70 type in many relevant peculiarities, it is yet to be
verified in actual field applications.

Ahmed et al [14] applied static bending tests on B70 type of prestressed RC sleepers
produced with C50 class of concrete in which steel fibers at volumetric dosages of 0%, 0.5%,
1%, and 1.5% were added, and they found that the first cracking load, failure load, failure
mode, crack sizes, and load-deflection curve peculiarities of the steel-fiber added sleepers
improved significantly.

Cankaya and Akan experimentally determined that addition of steel fibers to their concrete
mixtures by a dosage of 1% in absolute volume increased the flexural strength of reinforced
concrete beams by about 10% [22].

Tiirker et al, as a result of four-point flexural experiments on beams of 150x250x2500 mm
dimensions, experimentally determined that addition of commonly used hooked steel fibers
to ultra-high-performance concrete mixtures improved the flexural strength of reinforced-
concrete beams by about 15% with appreciably improved crack formations [23].

The objective of this note is to summarize the findings of the flexural experiments done on a
total of 15 post-tensioned B58 type of RC sleepers produced with addition of 0, 20, 30, 40,
50 kg/m? hooked steel fibers of diameters and lengths of 0.75 mm and 60 mm having a
minimum tensile strength of 1050 N/mm? in their concrete batches [8] and to compare their
results with those of similar studies. A total of 15 sleepers, three of which having the same
steel fibers dosage, were tested and the average values were reported. According to the 2022
Annual Report by the General Directorate of Turkish State Railways, the total lengths of the
conventional and the high speed railways under operation are 11688 km and 1460 km,
respectively [24]. Up until ten years ago, mostly B58 type of sleepers were laid under the
conventional railways. But, in recent years some of them have been replaced by higher-
strength sleepers. Still, the experimental results obtained with B58 type of sleepers should be
attributable to the B70 types because B70 are also prestressed RC units.

135



Flexural Experiments on B58 Type Railway Sleepers with Different...  Technical Note

2. MATERIAL AND METHOD
2.1. Materials

The cement used in producing B58 type sleepers at TCDD’s Sivas Plant is CEM [ 42.5 R by
EN 197-1. The 7-day and 28-day compressive strengths by the standard Rilem tests of EN
196 are about 40 and 50 N/mm?. The mix recipe of the concrete used for B58 sleepers is
given in Table 1.

Table 1 - Mix recipe of the C40 class of concrete used in B58 sleepers by Sivas Plant.

Ingredient Content (kg)
CEMI142.5R 450
Tap water 135
River sand (Dmax=8 mm) (SSD)* 940
Fine crushed aggregate (Dmax=16 mm) (SSD)* 400
Coarse crushed aggregate (Dmax=32 mm) (SSD)* 500

*: SSD means “saturated surface-dry”

Two steel bars, each having a diameter of 9.4 mm, are used for post-tensioning. There are
four circular tunnels throughout each sleeper of sufficient diameter so as to allow free passage
of the post-tensioning bars. Both tips of each bar are grooved to be bolted after post-
tensioning, and it is passed through two of the tunnels in diagonal position. A cross-shaped
canal exists at one end of the sleeper, and a total of 320 kN tension force is uniformly applied
to all four tip points of these two bars, and finally such stretched bars are firmly fixed in by
an appropriate nuts-and-lock mechanism.

The average values of yield and ultimate strengths of three randomly taken samples of the
post-tensioning steel bars used in the sleepers turned out to be 1264 N/mm? and 1619 N/mm?
after having been subjected to standard tests in a certified Universal Testing Machine [8].

Five different batches of the mixture given in Table 1 were produced with dosages of 0, 20,
30, 40, 50 kg/m? of steel fibers. Three cylindrical samples of 15%30 cm dimensions were
taken from the reference batch with no fibers and from the one with 40 kg/m? fibers and they
were subjected to standard compression tests in a certified Compression Machine with a
compressometer ring attached to each sample after having stayed for 28 days in curing tank.
For each sample, the modulus of elasticity was computed as the slope of the line on the stress-
strain curve passing through the points of 5% and 45% of the ultimate strength [8]. The
average 28-day strength and modulus of elasticity for each sample of the two batches are
given in Table 2.

The sleepers are treated in steam curing at 60 °C for about 10 hours in vapor room where
they stay for 24 hours. A few days later, 15 sleepers manufactured with different dosages of
steel fibers were transported from Sivas to the Structural Mechanics Laboratory of Erciyes
University in Kayseri.

136



Ercan KASAPOGLU, Tefaruk HAKTANIR

Table 2 - Average 28-day strength and elasticity modulus of concrete batches.

Batch Compressive Elasticity modulus
strength (N/mm?) (N/mm?)

Mixture in Table 1 with no steel fibers 48.8 32,000

Mixture in Table 1 with 40 kg/m® steel fibers 57.1 29,000

2.2. Experiments

Because the objective of this experimental study was to observe the effects of addition of the
hooked steel fibers of 80/60 dimensions having an ultimate strength of 1050 N/mm? in the
mixture of C40 class of concrete used in production of B58 type of railway sleepers on their
flexural strength and flexural toughness, each sleeper was treated as a simply-supported beam
and hence was tested in a certified beam-testing setup by two-point loading as shown in
Figure 1. In TS EN 13230-2 a similar configuration of flexural loading is specified [25] where
the span length between the supports is 150 cm, which is the same as that in our tests. In TS
EN 13230-2 a three-point flexural test is specified where the single load in mid-span of the
sleeper is exerted by a resilient pad of 10x30 cm dimensions. Our loading rate was 10
tons/minute which was very close to 120 kN/minute given in TS EN 13230-2. Figure 2 shows
the instant of placing a sleeper in the loading machine, and Figure 3 shows the beginning of
the flexural experiment. The mid-span deflections were read from a strain gauge of 0.01 mm
precision having a maximum range of 50 mm at every 0.5 tons of loading.

P P

JAY

i 1 i l
T T T T

45 45 60 45 45

L%

Figure 1 - Two-point loading configuration of a sleeper (dimensions are in cm).

These sleepers get slightly slender in height towards the mid-span, and the middle 30 cm part
is approximately rectangular with a width of 185 mm and a height of 175 mm. The applied
post-tensioning imposed a uniformly distributed compressive stress on the concrete part of
each sleeper. The peculiarities and relevant quantities of the concrete and the reinforcing bars
used in these sleepers were put in the appropriate steps of the analytical computations done
in accordance with the ultimate-strength theory of prestressed RC section as articulated in
Turkish Standard TS 3233 [26]. For example, the strain of the concrete (C40) at the outermost
edge of the resisting cross-section was taken as 0.003, and the ultimate compressive strength
of concrete was assumed to equal 85% of its characteristic strength. The details of these
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computations are given in [8]. The result of the theoretical analyses indicated an ultimate
load of 2P = 85 kN for the loading configuration applied during the flexural experiments [8].

{ p m

Figure 2 - A sleeper being carried to its position in the beam-loading machine (The other
sleepers in stack waiting for their turns to be tested).

Figure 3 - A sleeper placed in the beam-loading machine in a two-point-loading position at
the onset of the experiment.
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3. RESULTS

The plots of 2P loads in metric tons against the mid-span deflections were drawn for each of
the tested sleepers [8]. Here, Figure 4 shows the averaged such plots for all five combinations
of sleepers. Table 3 presents: (1) the theoretical ultimate load computed by the ultimate-
strength method treating a sleeper as a post-tensioned reinforced-concrete beam subjected to
the two-point loading configuration in Figure 1, (2) the averaged observed loads to the first
crack, (3) the averaged observed maximum resisted loads, and (4) the averaged flexural
toughnesses. Flexural toughness of a reinforced concrete beam is a measure of its energy
absorption capacity and is directly related to its ductility which characterizes its crack
resistance. Experimentally, the flexural toughness is determined as the area under the load —
midspan deflection curve. This area was computed numerically by the “trapezoidal
integration”.

14 Load (tons)

| 5 10 15 20 25 30 35 40 45 50
Deflection (mm)

Figure 4 - The averaged plots of 2P loads against the mid-span deflections for all five
combinations of sleepers.

Table 3 - Averages of the observed loads to the first crack, the maximum resisted loads, and
the areas under the load-deflection curves of the experimented sleepers.

Sleeper Type Theoretical Load to Experimental Flexural
ultimate first crack | ultimate load | toughness
load (kN) (kN) (kN) (kN-mm)
Slprs with no SF* 85 80 114 4700
Slprs with 20 kg/m3 SF 85 93 122 5200
Slprs with 30 kg/m3 SF 85 94 123 5300
Slprs with 40 kg/m3 SF 85 97 135 5800
Slprs with 50 kg/m3 SF 85 95 131 5900

*: SF means “steel fibers”
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We have contacted the responsible personnel both at the company producing the steel fibers
and Sivas Plant of TCDD and we have obtained the information that recently the unit cost of
the steel fibers is 1.5 Euro/kg and the cost of one standard sleeper is 55 Euro. Considering
the fact that the concrete volume of a B58 sleeper is about 105 dm?, 4.2 kg of steel fibers are
used in a sleeper with a fiber dosage of 40 kg/m?, bringing about an additional cost of 6.3
Euro per sleeper.

4. CONCLUSION AND DISCUSSION

Addition of steel fibers of 80/60 type which have an ultimate strength of 1050 N/mm? to the
batch of C40 class of concrete used in production of B58 type RC railway sleepers with a
dosage of 40 kg/m® (0.5% by volume) increased their flexural strength 18% and flexural
toughness 23%. These positive increases in mechanical peculiarities will be realized at an
additional cost of a 12% increase in the production of these sleepers.

Having done a detailed experimental study on the effects of various parameters of steel-fiber
added concrete such as water/cement ratio, binder content, and fiber dosage on its electrical
resistivity, Cleven et al [27] determined that the global electric resistivity of concrete with a
steel fiber dosage of 40 kg/m> was about 30 Qm while that of the reference concrete was
around 60 OQm in 185 days after pouring of concrete. Therefore, it is advisable to do in-situ
tests to check whether any interference by such steel-fiber added sleepers laid down under
railways will take place on signalization activities.
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